Journal of Radiation Research and Applied Sciences 18 (2025) 101879

Contents lists available at ScienceDirect

JourNAL OF

ADIATION

Journal of Radiation Research and Applied Sciences

s =
ELSEVIER journal homepage: www.journals.elsevier.com/journal-of-radiation-research-and-applied-sciences

Significance of thermal radiation in a non-Newtonian (Reiner-Rivlin) model
past a cylindrical surface with application in a thermal management system

A.M. Obalalu®, Ayodeji Felix Isarinade ", Umair Khan ©4" " Aurang Zaib©,
Najiyah Safwa Khashi’ie’, Dalia H. Elkamchouchi "

& Department of Mathematics and Statistics, Kwara State University, Malete, Nigeria

b Department of Mathematics and Data Science, Wigwe University, Isiokpo, Rivers. State, Nigeria

¢ Department of Mathematics, Saveetha School of Engineering, Saveetha Institute of Medical and Technical Sciences, Saveetha University, Chennai, 602105, Tamil Nadu,
India

9 Department of Mathematics, Faculty of Science, Sakarya University, Serdivan/Sakarya, 54050, Turkey

¢ Department of Mathematics, University of Karachi, Karachi, 75270, Pakistan

f Fakulti Teknologi dan Kejuruteraan Mekanikal, Universiti Teknikal Malaysia Melaka, Hang Tuah Jaya, Durian Tunggal, 76100, Melaka, Malaysia

8 Department of Information Technology, College of Computer and Information Sciences, Princess Nourah bint Abdulrahman University, P.O. Box 84428, Riyadh 11671,
Saudi Arabia

ARTICLE INFO ABSTRACT
Keywords: The study of thermal radiation in fluid mechanics has gained considerable attention due to its pivotal role in heat
Reiner-Rivlin (non-Newtonian) fluid and mass transfer processes across various industrial and engineering applications. Building on this motivation,

stagnation point flow
Chebyshev collocation method
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this study emphasizes how thermal radiation affects the transport of heat and mass in the flow. Specifically, it
explores the stagnation-point flow behavior of a Reiner-Rivlin type non-Newtonian fluid that arises due to a
stretching cylindrical surface. The analysis is extended to incorporate bioconvective transport due to motile
microorganisms, Soret and Dufour effects, and Joule heating effects. The boundary conditions assume prescribed
wall temperature and solute concentration, enabling the derivation of the similarity variables. Curvature effects
are introduced through a dimensionless curvature parameter, defined in terms of the inverse of the cylinder
radius, which quantifies deviations from a flat plate configuration. This parameter is varied to investigate its
impact on the structure of stagnation-point flow and thermal transport. The transformed nonlinear ordinary
differential equations are numerically solved using the Chebyshev Collocation method. Validation of the
computational results is performed by comparing them with existing solutions under certain limiting cases. The
study further investigates the interplay between thermal radiation and microorganism motility, which occurs
through the radiation-induced temperature rise influencing bioconvective density gradients and microorganism
distribution. Parametric studies are carried out to examine how key factors such as curvature, thermal radiation,
bioconvective parameters, diffusion coefficients, and Reiner-Rivlin fluid characteristics affect flow profiles,
temperature and concentration distributions, motile microorganism density, and skin friction. The findings
reveal that an increase in thermal radiation leads to a rise in temperature distribution and modifies the bio-
convective flow field. These insights are vital for optimizing the design of systems involving non-Newtonian
fluids in energy, biomedical, and microfluidic applications.
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Nomenclature
Symbol Meaning SI Unit
He Cross-viscosity parameter Pars (Pascal-second)
HesPf Dynamic viscosity and mass density of fluid  Pars, kg/m?
Ko, Qo Chemical reaction and internal heat s, W/m®
generation rates
E, Activation energy constant J/mol
Bp Applied magnetics flux intensity T (Tesla)
ks Thermal conductivity W/(m -K)
n Microbial population density 1/m?
Dy, Microorganism motility diffusion rate m? /s
vy = pg/ Kinematic viscosity (momentum diffusivity) ~— m?2/s
Ps
of Electrical conductivity of the fluid S/m (Siemens per
meter)
exp (E) Arrhenius temperature function Dimensionless
kT,
(cp) - Specific heat at constant pressure J/(kg.K)
kr Thermodiffusion (Soret effect) coefficient K!
Moo Ambient microbial concentration (far field) 1/m?
W, Peak velocity of microorganism m/s
Sr Soret factor Dimensionless
Du Dufour factor Dimensionless
Q Heat generation parameter Dimensionless
Pr Prandtl Number Dimensionless
S Suction parameter, Dimensionless
Ec Eckert Number Dimensionless
K Chemical reaction parameter Dimensionless
Rd Thermal radiation parameter Dimensionless
qw Wall heat flux W/m?
A Velocity ratio parameter Dimensionless
Pe Peclet (Pe) number Dimensionless
M curvature parameter Dimensionless
Ha magnetic Dimensionless
interaction parameter
Lb bioconvective Lewis parameter Dimensionless
B Reiner-Rivlin fluid parameter Dimensionless
Sc Schmidt Number Dimensionless
Rey local Reynolds number Dimensionless

1. Introduction

Thermal radiation refers to the emission of electromagnetic radiation
from a body due to its temperature. It arises from the random motion of
charged particles within matter. The intensity and wavelength distri-
bution of this radiation are determined by both the temperature and the
surface properties of the emitting body. Unlike conduction and con-
vection, thermal radiation does not require a medium for transfer. As
such, it plays a crucial role in high-temperature environments, vacuum
conditions, and radiative heat transfer applications in engineering and
astrophysics. This form of heat transfer does not require a medium,
making it essential in applications involving high temperatures, vacuum
environments, and radiative heat transfer analysis in engineering and
astrophysics. Objects naturally release electromagnetic radiation
through thermal radiation which originates from their temperature
level. Thermal radiation is among three fundamental transfer mecha-
nisms of heat with conduction and convection (Galal et al., 2025a).
Thermal radiation stands apart from conduction and convection because
it transfers heat through electromagnetic waves without requiring any
medium and thus makes it essential in numerous natural and techno-
logical applications even in vacuum conditions. The scientific field of
thermal radiation started in the early 19th century through work con-
ducted by Wilhelm Stefan and Joseph John Tyndall. The insights that led
to radiation being recognized as a quantum phenomenon first occurred
when Max Planck conducted his groundbreaking work during the
beginning of the twentieth century. This research established essential
principles between modern quantum mechanics and thermodynamics
(Anjum et al., 2025). Thermal radiation encompasses a wide range of
electromagnetic waves, from infrared radiation to visible light and
beyond (Khan, Obalalu, et al., 2025). Lower temperature bodies release
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infrared radiation which gradually shifts to visible spectrum frequencies
and then to ultraviolet at higher temperatures (Cao et al., 2025). The
intensity of thermal radiation depends on two fundamental factors:
temperature and emissivity level of an object. Thermal radiation oper-
ates as the critical operational component in the technology industries.
Such systems depend on thermal radiation principles to operate as the
primary technological component in aerospace applications. To operate
successfully in space vacuum satellite and space station temperature
control systems need the use of spacecraft radiators as heat release
systems (Obalalu, Salawu, et al., 2025). The design process of heat ex-
changers and power plants and furnaces depends on perfect thermal
radiation controls for achieving both operational safety standards and
performance efficiency (Eswaramoorthi et al., 2025). Medical pro-
fessionals use thermal radiation fundamentals to operate infrared pain
treatment systems while operating diagnostic instruments that rely on
thermal imaging cameras. Various current applications and future
technologies benefit from thermal radiation which has led to multiple
useful applications across present-day applications and future techno-
logical systems (Dou et al., 2025). Galal et al. (Galal et al., 2025b) study
the thermal radiation effect on thermo-bioconvection flow due to a
ternary hybrid nanoliquid across a sheet that offers the impacts of a heat
source by the accompanying thermophoresis impacts. The research
emphasized the importance of thermophoretic transport of particles
along temperature gradients, which is a significant process in such fields
as aerospace, electronic cooling and bio-medical device engineering.
Also, the recent work of Gasmi et al. (Gasmi et al., 2025) study the
thermal characteristics of trihybrid nanofluid flow over a rotating disk
subjected with the effect of local thermal non-equilibriu thermal radi-
ation, gyrotactic microorganisms, porous media, and Marangoni con-
vection. Zheng et al. (Zheng et al., 2024) investigate the potential of a
hexagonal ring nanostructure to function as both a solar absorber and a
thermal emitter. The results show that the structure is of
high-performance in terms of the absorption and radiation and have the
potential of being deployed in the field of solar power harvesting,
thermal emitters, and other complex photothermal utilization.

The research on deforming cylinders has also gained momentum in
recent years, especially since 2020, and has found extensive applications
in engineering, biomechanics, fluid-structure interaction and soft ro-
botics (Obalalu, Khan, et al., 2025). Deforming cylinders refer to those
structures that deform dynamically either due to the action of external
forces, internal loads, thermal gradients or other time-dependent
boundary conditions that result in shape change or variation in vol-
ume. These deformations may be axial, radial, torsional, or a mixture of
the modes. Research on deforming cylinders repeats most of its analysis
across solid mechanics followed by material science and structural en-
gineering (Mao et al., 2025). The definition of a cylinder includes par-
allel straight sides that run throughout its body together with circular
forms in its cross-sections. Various forces consisting of tension and tor-
sion and bending reduce essential performance levels of cylinders when
deformations occur. Deformation refers to the change in shape or size of
an object due to applied forces or environmental conditions. Engineer-
ing investigations benefit from theories about cylinder deformation
under applied loads because they serve multiple engineering applica-
tions and natural science studies. Multiple sectors require cylindrical
structures for pipe and shaft production before applying them to civil
engineering applications including columns and silos and pressure ves-
sels. Cylindrical body deformation processes depend heavily on four
major components that involve material characteristics and load in-
tensity together with the influence of boundary limits and loading va-
rieties (Galal et al., 2025c). External forces cause elastic cylinder
deformation hence returning to the original form but leave behind
permanent shape changes because of plastic deformations. Engineers
who collaborate with designers should grasp elastic and plastic behavior
because it provides both safety characteristics and extended operational
lifespans to cylindrical structures Aerospace system designs depend on
cartilage material because it constitutes crucial elements such as fuel
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tanks and rocket boosters and fuselages that need high-pressure and
heat-resistant materials. Automobile industries require cylindrical
components to construct engines and maintain exhaust systems with
suspension systems. Better vehicle security and longer lasting perfor-
mance emerge when engineers achieve successful control and pre-
dictions of system deformations in these applications (Imran et al.,
2025a). The study of deforming cylinders provides major advantages to
the industrial manufacturing sector. Cylindrical materials undergo
changes to both their external appearance and internal substance
through force application throughout extrusion and rolling and forging
processes (Hussain et al., 2025). The comprehension of deformation
processes by manufacturers serves their goal to reach maximum pro-
duction efficiency while minimizing waste and developing top-quality
end products. Cylinder deformation stands as a primary technology in
the field of energy management. Research of pressure-induced along
with force-induced deformation mechanisms in cylindrical pipes during
pipeline development becomes vital for preventing system breakdowns
(Kumari et al., 2025). Deforming cylinders play an important role in the
study of biological systems which includes blood vessels and plant stems
that support mechanical stresses and strains in cylindrical structures.
Structures containing cylindrical shapes show functional modifications
when strained because they affect the dynamics of blood flow and pat-
terns of plant expansion (Aich et al., 2025). Cylindrical body deforma-
tion ability enables scientists to advance both theoretical study and
practical application while improving engineering structures and opti-
mizing production and natural process evaluation. The evolution of
technology enables new assessment methods and modification ap-
proaches for these deformations so they become more applicable in
contemporary engineering and scientific disciplines. The recent work of
Yang et al. (Yang et al., 2025) explore a new technique of production of
thin-walled hydrogen storage cylinders full active counter-roller spin-
ning (FACRS) of cylinders. The research provides valuable knowledge on
the texture development and deformation processes, which shows
FACRS as a potential alternative of conventional spinning over mandrel
of hydrogen bottles liner. Cham et al. (Cham & Mustafa, 2024) describe
an elaborate numerical study of an axial fluid motion forced by
deforming cylinder or plate in partial slip and viscoelastic settings. The
authors investigate skin friction coefficients and rates of heat transfer
over several parameters of the second-grade fluids having used a
powerful numerical routine. Jamshidi et al. (Jamshidi & Arefi, 2024)
examine the mechanical behavior of cylindrical shells made of func-
tional graded porous materials (FGPMs), whereby three distributions are
placed under investigation in terms of porosity, namely monotonous,
non-symmetric and symmetric distributions.

Reiner Rivlin model is a mathematical model in fluid mechanics,
applicable to the behavior of non-Newtonian liquids, especially, visco-
elastic materials. In contrast to Newtonian fluids models where stress is
proportional to the strain rate, the ReinerRivlin model supports
nonlinear stress strain behavior hence its application to more complex
fluids like polymers, slurries and some biological fluids (Mohammed
et al., 2023). Scientists developed the Reiner-Rivlin model during the
middle period of the twentieth century as an extension theory for fluid
mechanics to study complex materials. The viscoelastic nature of a
substance exists when flow occurs through viscosity while the material
reverts its original form because of its elastic qualities. Material science
benefits from this specific property because the model emphasizes it for
its crucial role (Galal et al., 2025d). Time-dependent responses together
with material recovery between stresses can be properly represented by
the Reiner-Rivlin model’s mathematical structure which makes it a
significant achievement in rheological research. The stress level in
Reiner-Rivlin model operates based on the current deformation rates
which measure how fast the system stretches or shrinks along with the
elastic capabilities of the fluid (Rauf et al., 2025). The model enables
memory effects because fluid performance depends on current condi-
tions in combination with its previous deformation behaviors. When
adding memory effects through complex modeling approaches the
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outcomes differ from simple modeling systems which generate imme-
diate force output. The Reiner-Rivlin model gained its importance
because it creates accurate fluid descriptions of materials beyond
Newtonian fluids. Through the Reiner-Rivlin model researchers can
achieve fundamental scientific insights into polymers solutions as well
as liquid crystals and biological fluids and industrial materials display-
ing mixed liquid-solid characteristics (Ogunsanwo et al., 2025). Scientist
uses this model to study viscoelastic movement of lava flows and other
natural phenomena involving such behavior patterns. Research-based
rheological understanding enables scientists to estimate material
movements that helps improve natural disaster risk reduction while
developing earthquake-resistant structures (Muhammad & Haider,
2025). Imran et al. (John & Aderemi, 2023). investigated how ther-
modiffusion, bioconvection, and viscous dissipation influence the
transport of heat and mass. Their study focused on the bioconvective
flow of a non-Newtonian Reiner-Rivlin fluid near the stagnation point
over a stretching cylindrical surface. It combines the analyses of entropy
generation in order to determine the irreversibility of transport pro-
cesses. Shoaib et al. (Shoaib et al., 2025a) examined the effects of Soret
and Dufour mechanisms on entropy generation in a two-dimensional
magnetohydrodynamic (MHD) flow of a Reiner-Rivlin fluid. In their
study, they applied artificial intelligence techniques to analyze and
evaluate the behavior of the flow system. The article shows the advan-
tages of neural network-based methods in the solution of complicated
thermofluid problems and optimization of the temperatures and flows of
non-Newtonian fluids. Abhijith et al. (Abhijith et al., 2025) study the
flow behaviour of the Reiner-Rivlin nanofluid on inclined flat plate,
which includes the effect of magnetic field and quadratic thermal radi-
ation and buoyancy forces.

A stagnation point is a point in a fluid flow at which a fluid has zero
velocity relative to the surface or body. When the fluid reaches this
point, it stops completely, because of an obstruction, the leading edge, a
solid surface, or a bluff body in the flow (Anwar, 2025a; Zeb et al.,
2025). In the case of airflow over an aircraft or a sphere, there are
commonly stagnation points at the leading edge of the object, where the
fluid first encounters the object. At this point, the kinetic energy of flow
changes into pressure energy according to the principle of Bernoulli. The
analysis of stagnation points is critical in analyses of design nozzles, heat
exchangers, wings and spaceships where great importance is attached to
the prediction of pressure loads and thermal loads (Khan, Ahmad, et al.,
2025). Heat energy develops entirely from fluid kinetic energy because
of the friction that occurs between the layers. Stagnation points display
significant roles as they control the conversion of key fluid dynamics
that take place within these regions (Galal et al., 2025e). A fluid’s
contact interactions with obstacles depend on the occurrence of points
where fluids become stagnant. The boundary conditions produced by
multiple engineering processes and natural and atmospheric systems
produce stagnation point formation. Surface airflow results in an aircraft
nose stagnation point because the airspeed becomes zero within that
region. The application of aerodynamic evaluation depends on stagna-
tion points because these points provide the necessary data for calcu-
lating body-force distributions in mobile objects (Xu et al., 2025).
Stagnation points are frequently calculated in steady incompressible
fluid flows since these critical points contain important attributes that
emerge during rapid compressible flight of aircraft and rockets. The
amount of temperature change in stagnant fluid during compression
becomes significant due to total conversion of kinetic energy into in-
ternal energy. Engineers use stagnation points as their main heat dissi-
pation element when designing spacecraft systems because these
temperature effects are employed in various applications involving
space heat shields (Obalalu et al., 2024). The investigation of boundary
layers and flow separation within turbulent flow requires the stagnation
point to serve as the main reference system (Abbas et al., 2024).
Near-stagnation fluid movements assist scientists in discovering turbu-
lence controls and flow separation principles that enhance wing and
turbine system functionality.
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A bioconvective flow develops when biological organisms come into
contact with their surrounding fluid medium resulting in macroscopic
movement patterns which stem from the organisms’ motion. The or-
ganisms move through their fluid environment by swimming or drifting
actions which generates flow according to the fluid characteristics
(Imran et al., 2025b). Bioconvection describes the collective movement
from distinct biological agents producing major flow structures through
these agents’ coordinated activities. The collective behavior of these
microorganisms with fluids creates various structures and vortex-like
formation that produces distinctive non-convective flow patterns from
biological movements and organism activities (Shoaib et al., 2025b).
Bioconvective flows naturally occur in various environmental and bio-
logical contexts. Scientific evidence indicates that microbial aggrega-
tions, such as plankton colonies, represent one of the earliest natural
examples observed in aquatic environments. The cellular propulsion
systems of flagella or cilia generate different patterns of organismal
motion when organisms move independently through upwelling mo-
tions and form vortex structures and convection rolls. The movements
spread from aquatic environments down to sediment layers and micro-
bial biofilms while preserving their presence in particular biomaterials
(Oyoru & John, 2022). Microorganisms react to environmental gradi-
ents through density changes that create different fluid movements from
cyclic to oscillatory and other types. The study of bioconvective flows
demands combination between fluid mechanics and biological knowl-
edge and physics expertise. Bioconvective flow provides scientific fields
with necessary knowledge about microorganism molecular movement
patterns because it studies environmental influence at various scales.
Natural biological environments use such flowing mechanisms to direct
nutrient transportation and waste elimination processes and determine
whether a population will cluster or occupy the entire habitat. The
combination of planktonic species in aquatic environments leads to
bioconvective processes that regulate how nutrients are distributed
among different water depths which affects aquatic food systems. Bio-
convection enhances nutrient and gas mixing operations in stratified
water bodies by acting as their principal mixing process (Gull et al.,
2024). The biomedical engineering and biotechnology field requires
bioconvective flows to optimize and enhance bioreactor design and
development. Biological process effectiveness along with nutrient de-
livery performances and waste removal functions directly respond to
changes in microorganism behavior in such systems. Police-based
convective processes reveal potential uses for creating new drug de-
livery methods by improving the targeted motion of pharmaceutical
agents (Li et al., 2025). Environmental science benefits from bio-
convection research that shows the connection between sediment
transport methods and pollutant dissipation together with aquatic or-
ganism behavior thus enhancing water body management procedures.
Venkatadri et al. (Venkatadri et al., 2025) explore the natural magne-
tohydrodynamic (MHD) triple convection flow of electrically con-
ducting water with oxytactic microorganism and electromagnetic
microbial fuel cells. Sowayan et al. (Sowayan et al., 2025) explore the
heat and mass transfer properties of a Jeffrey nanofluid having micro-
organisms passing a porous and two directional moving boundaries. The
experiment investigates the effect of prescribed surface temperature
(PST) as well as prescribed heat flux (PHF) systems. ATSS model based
upon applications of Cattaneo-Christov thermal analysis for entropy
optimized ternary nanomaterial flow with homogeneous-heterogeneous
chemical reactions were study by (Razaq et al., 2023). Modified thermal
and solutal fluxes through convective flow of Reiner-Rivlin material
were study by (Khan, Razagq, et al., 2023). HARK formulation for entropy
optimized convective flow beyond constant thermophysical properties
were study by (Hayat, Alsaedi, et al., 2024). KHA model comprising MoS
4 and CoFe 2 O 3 in engine oil invoking non-similar Darcy—Forchheimer
flow with entropy and Cattaneo—Christov heat flux were study by (Khan,
Hayat, & Alsaedi, 2023). SAT formulation for entropy generated hybrid
nanomaterial flow: modified Cattaneo-Christov analysis were study by
(Khan et al., 2024). TASA formulation for nonlinear radiative flow of
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Walter-B nanoliquid invoking microorganism and entropy generation
were study by (Hayat, Razzaq, et al., 2024). Impact of bioconvection on
the free stream flow of a pseudoplastic nanofluid past a rotating cone are
study by (Puneeth et al., 2022). Heat transfer in MHD convective stag-
nation point flow over a stretching surface with thermal radiations are
study by (Anwar, 2025b). Fractional calculus approach for the phase
dynamics of Josephson junction are study by (Ali et al., 2021). Nu-
merical analysis of nonlinear time-fractional fluid models for simulating
heat transport processes in porous medium are study by (Khan, Rasheed,
& Anwar, 2023). Investigation of heat transfer characteristics in MHD
hybrid nanofluids with variable viscosity and thermal radiations are
study by (Anwar et al., 2025). Heat transfer optimization through
viscous ternary nanofluid flow over a stretching/shrinking thin needle
are study by (Yu et al., 2025). Numerical study of nonlinear thermal
radiation and Joule heating on MHD bioconvection Carreau nanofluid
with gyrotactic microorganism are study by (Irfan et al., 2025). A novel
exploration of magnetized nano Jeffrey fluid flow over a chemically
reacted permeable disk with ohmic heating are study by (Dharmaiah &
Shankar Goud, 2025). A study of hybrid nano Ag-MgO-H20 flow fluid
past a slim needle with thermal radiation and Neild’s boundary re study
by (Dharmaiah et al., 2025). Influence of activation energy in steady
state hydro dynamic non-Newtonian nano fluid with mobile microor-
ganisms are study by (Dharmaiah et al., 2024). Flow over a stretchable
cylinder with nonlinear heat sources/sinks: magnetic dipoles applica-
tion are study by (Goud et al., 2024). Numerical analysis of heat and
mass transfer with viscous dissipation, Joule dissipation, and activation
energy are study by (Dharmaiah et al., 2023). Role of Joule heating and
activation energy on MHD heat and mass transfer flow in the presence of
thermal radiation are study by (Shankar Goud & Dharmaiah, 2023).
Numerical solutions for thermal and solutal transport of Jeffrey fluid
flow subject to rotation via Keller-Box method are study by (Sarfraz &
Muhammad, 2025). Synergistic effects of cadmium telluride and
graphite nanoparticles with entropy analysis through Keller-box method
are study by (Sarfraz, Muhammad, Ahammad, & Elseesy, 2025).
Regression analysis of squeezing-induced hybrid nanofluid flow in
Darcy-Forchheimer porous medium are study by (Muhammad & Sarfraz,
2025). Heat and mass transfer analysis in flow of Walter’s B nanofluid: A
numerical study of dual solutions are study by (Sarfraz, Muhammad,
Alrihieli, & Abdelmohimen, 2025). Modulation of energy transport in
stagnation point flows involving hybrid nanofluids are study by (Sarfraz
& Muhammad, 2024). Significance of Brownian diffusion and thermo-
phoresis in energy and mass optimization for Newtonian and
Non-Newtonian fluid flow are study by (Muhammad, Sarfraz, Alrihieli,
& Elseesy, 2025). Optimization of energy transport via electro-thermal
hybrid nanofluid in parallel disks: A Keller-Box simulation are study
by (Muhammad, Sarfraz, Ebaid, & Elmannai, 2025). The uncondition-
ally stable Chebyshev finite-difference time-domain method using
piecewise calculation scheme was investigated by (Huang et al., 2025).

1.1. Statement of the problem

In numerous industrial and biomedical applications, such as heat
exchangers, bioreactors, and drug delivery systems, fluid flow behavior
near curved surfaces plays a crucial role in determining system effi-
ciency and performance. Traditional Newtonian fluid models often fail
to accurately represent the complex rheological characteristics
encountered in such scenarios, especially when dealing with non-
Newtonian fluids like Reiner-Rivlin fluids. Additionally, the presence
of microorganisms and bioconvective phenomena, along with thermal
and solutal gradients, further complicates the analysis. Despite the
importance of understanding these interactions, there exists a lack of
detailed studies that couple bioconvection, thermo-diffusion, and Joule
heating within non-Newtonian stagnation-point flows near curved ge-
ometries. This research addresses this gap by exploring the behavior of
Reiner-Rivlin fluids near a stretching cylindrical surface, incorporating
key thermal and mass transport mechanisms to enhance the predictive
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modeling of such systems.
1.2. Aim and objectives of the study

This study aims to analyze the stagnation-point bioconvective flow of
a Reiner-Rivlin non-Newtonian fluid over a stretching cylindrical sur-
face by incorporating the effects of Soret/Dufour, Joule heating,
chemical reaction and activation energy, Lorentz forces and bio-
convection induced by motile microorganisms. To achieve this goal,
several objectives are pursued. First, a mathematical model is developed
to describe the boundary layer flow of the Reiner-Rivlin fluid while
accounting for thermal, solutal, and bioconvective effects. Second, the
transformed governing equations are numerically solved using the
Chebyshev collocation method to examine the behavior of velocity,
temperature, concentration, and microorganism density profiles. Third,
the influence of key physical parameters such as curvature, Prandtl
number, and bioconvection parameters on the flow and thermal fields
are investigated.

2. Mathematical formulation of the flow problem

Consider the steady two-dimensional axisymmetric stagnation-point
flow of a Reiner—Rivlin fluid towards a permeable stretchable cylindrical
surface. The axial coordinate X is aligned along the surface of the cyl-
inder, while the radial coordinate  is normal to it. The flow is assumed
to be driven by the stretching of the cylindrical surface and stagnation
effects, which are common in processes involving extrusion, polymer
processing, and bio-transport. To model the thermal and solutal trans-
port in such systems, we incorporate the effects of thermal radiation,
Joule heating, and bioconvection due to motile microorganisms. The
linear velocity of the stretching surface is modeled as:

(%) = uo - €

where uy and L denote the positive constant velocity and characteristic
length scale, respectively. Therefore, the velocity component in the
external (distant) flow field is defined as:

Lo X
Ue (X) = uli ) (2)
where u; is called the positive constant velocity. In addition, the surface

temperature Ts(X) and surface concentration Cs(X) on the cylindrical
wall are given as follows:

2 <N\ 2
Ty(%) = T + To (’Lf> , Cy(%) =Ca + Co (’Lf) &)

where Ty and C, are the positive constant temperature and concentra-
tion, and T, and C,, are the ambient temperature and concentration,
respectively. In addition, the wall surface microorganism ;(X) is defined
as:

“N\ 2
(%) = oo + 1o G) @

where f,, and ny correspond the constant ambient and reference mi-
croorganisms, respectively.

Furthermore, Fig. 1a display the flow configuration of the problem.
The stress tensor for an inelastic Reiner-Rivlin fluid in index form is
defined as (Reiner, 1945):

Tj = —pdij + pse; + pcewey ; € =0, %)

in which 7;; stands for the stress tensor, 4 is the viscosity coefficient, p is
the pressure, . is the coefficient of cross viscosity, §; is the Kronecker
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Fig. 1a. Flow configuration of the problem.

symbol and e; =1 (% +%) is the deformation rate tensor. In addition,
G ' o

the stress tensor for an inelastic Reiner-Rivlin fluid in vector form as:
7= —pl+ue+pee (6)

Here, I is the identity tensor, p is the pressure (scalar), 4, is the dy-
namic viscosity (Newtonian part), y, is the material parameter for non-
linearity and e =1((VV)+(VV)") is the rate of strain tensor. The
equation (6) or Cauchy stress tensor for the Reiner-Rivlin (non-Newto-
nian) fluid can be written in terms of the first Rivlin-Erickson tensor as:

o= —pl+%0a, + e a4, %!
2 4

where A; = (VV) + (VV)” stands for the first Rivlin-Erickson tensor. On

the right-hand side of equation (7), the first term represents the isotropic

pressure component, second term linear viscous stress, and the third

term represents nonlinear quadratic contribution due to rate of

deformation.

Using the fundamental conservation laws for incompressible, un-
steady, two-dimensional flow of a non-Newtonian (Reiner-Rivlin) model
conveying microorganisms, heat and mass transfer along with other
distinct physical effects are given in vector notation as follows:

V-V=0 (8)
v
pf(EHV.V)V):v.HJXBJrFt ©9)
oT . o keDr_y: .
(pep); | 5+ (V9T | =k V2 T+ IV2C+Q + 2B x (V- V)P~ Vg,
ot CpCs s
(10$)
aC o on kiDr_ s .
5V VIC=DpVIC Y T—R(nc) 11)
on . . )
T (V-V)i=D,Vn—V-(nV,) 12)

Here, t is the time, V is the velocity field vector, J is the current
density, B is the magnetic field vector, V is the differential operator, F, is
the triple diffusive mixed convection, T is the temperature of the fluid,
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kr is the ratio of thermal diffusion, c, is the nanoparticle concentration
susceptibility, T, is the fluid mean temperature, Q" is the heat source/

Table 1
The mathematical symbol and their description.
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sink term, q, is the thermal radiative heat flux vector, o¢||B x (V. — V) I? Symbol Meaning SI Unit
is the joule heating with stagnation point velocity, C is the concentration e Cross-viscosity parameter Pars (Pascal-second)
of the fluid, Dy is the Brownian motion coefficient, Dy is the Thermo- Hps Py Dynamic viscosity and mass density of fluid  Pars, kg/m?
. . . A . . . . R hemical i i 1 h —1 3
phoresis coefficient, R(T7 C) is the chemical reaction rate with activa- Ko, Qo Chemical reaction and internal heat s, W/m
generation rates
tion energy, n is the concentration of motile microorganism, D,, is the E, Activation energy constant J/mol
diffusion coefficient of microorganism and V, is the swimming velocity Bo Applied magnetic field strength T (Tesla)
. . . e . . Dy Thermophoresis diffusion coefficient m?2 /s
vector of microorganism. For the simplification of the given model the , . o .
followi . . 1 d n Concentration of motile microorganism 1/m?
ollowing requisite assumptions are employed as: D Microorganism motility diffusion rate m?/s
vp = Us/py Kinematic viscosity (momentum m?/s
e Steady flow diffusivity)
oIncompressible flow Dp Brownian diffusion coefficient m? /s
eStagnation-point flow of Electrical conductivity of the fluid S/m (Siemens per
Triple-diffusi ixed ion fl meter)
elriple-dl uSl_Ve le? con.ve'ctlon ow Arrhenius temperature function Dimensionless
eNon-Newtonian (Reiner-Rivlin) model exp | —
eMagnetohydrodynamics EJ)
eHeat source/sink effects kT '
eJoule heating and thermal radiation effects (co)y Specific heat at constant pressure I/(kg K)
eSoret and Dufour effects kr Thermodiffusion (Soret effect) coefficient K1?
. . S . ) 3
eChemical reaction and activation energy Moo Ambient m.lcroblal.concentrzjltlon (far field) 1/m’
. . . 1A Peak velocity of microorganism m/s
eMotile-microorganisms
eBoundary-layer approximations
eBoussinesq approximation
Using the aforemen.tloned assumptions, the leading PDE equations o o bW, 0 (. o¢ Ph ol
that govern the behavior of the boundary layer flow problem are as ua—v+v—vz ———~ ||t || tDnl 5zt a7)
3 x  oF SR or \ or o oF F
follows (Eswaramoorthi et al., 2025): Ci—Cs

0

0

(13) Based on the assumptions of impermeability and the no-slip condi-

a—v(l’u‘) +07(w) =0
x tion, the corresponding boundary conditions are defined as follows:

ou  oi Hy (P dul U [ (v o\ (o°u il v oo 1 NV o
' F gy (arz*ﬂ v G w) e s) * (or 2am) o (-9 (T-T0) = (€-€2 ) () .
- - - -\ Of 2 levle
—(Pm n—nNg ,+ (U —1 | =Bg + Ue—=
(,0 pf)( )7 ( >/’f 0 dx
oT 0T  k (oT1 &T\ 16013 T kiDy (¢°C oC1 1 (( ,)2 ) s )
U—+V—= -ttt t— | ==+==c] + U, —U) Bsor+Qo|T— Ty (15)
x o (py), <6rr ar2> 3Kk (pcy), 07 cpes \ O OF T ) (pey), o%f °< )
_dC  _oC 0°C oC1\ kiDr (T oT1 . E,
”ax”af_D”(afﬁaff) T, \oF a7 *K°<C*Cw)exp<*kf) e
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Table 2
Dimensionless parameters.

Definition Description Definition Description

Soretand Dufour 4 _ up Velocity ratio

kTDT(TS - Tm)

Sr=——~ 7 parameters U parameter
(Cs — Coo) Trnvs
k.,.n,(a - cm)
Du=—7-—~——""-
(Ts — Too )CpCsVs
LQo Heat generation Pe — Web Peclet number
Uy parameter " Dp (Pe)
pr = oW Prandt]l number Lvy Curvature
= —— M = —_—
kf ugR? parameter
L Suction Ha = Magnetic
S=v _rof parameter, L(rfBz interaction
Tpo parameter
2 v, i i
Fe - 1o Eckert Number =2 BIOC'OIIVSCUVG
¢To m Lewis
a = (Ts -
To)/Te
X — LKo Chemical b= Hcllo Reiner-Rivlin
up reaction HeL parameter
parameter
d 46" Tgo Thermal Sc = v Schmidt number
Rd ="k, radiation Dy
of Wall heat flux Rey = usic/v Local Reynolds
qw = —kf e number
r=R
Uox %\ x\*
. - 0X = 3 A >
T:RCUZT,V: _VO7T:TOO+T0(Z> 7C:Cm-‘rCo Z) s

(18)

=

1X
L’

~
O
=

2

fl:flw+flo<—> ,T— 00 U= 1, (X) = 5Ty, C— Cu, ol

Equation (18) incorporates the assumption of no slip conditions for
both thermal and solutal fields, despite variations in surface tempera-
ture, motile cell concentration, and solute distribution. Additionally, a
constant suction velocity is applied along the surface of the cylinder. The
cylinder is considered to stretch axially within its own plane at a linearly
increasing velocity, assuming no wall slip occurs. Table 1 display of
symbols and their corresponding meanings used in the existing study.

The solutions to equation (14)-(17), subject to the boundary con-
ditions defined in Eq. (18), are obtained by applying the similarity
transformations as follows:

By using the similarity variables (19), the continuity equation (13) is
directly satisfied while the rest of the governing equations (14)-(17) are
reformulated into the following transformed expressions as follow:

(1+28M)p” +2Mp" +pp" —p? + (A —p')Ha* + A? + a(y — Nr¢p — Nc&)
+28{p"*(1+2M9) +pp'M+Mp'p} =0
(20)

%' (1+Rd)2M8 + 2My +Qy +Pr(py — 2py + (A — p')*Ha?Ec)

. , 21
+DuPr(¢'(1+2M9) +2M¢') =0
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@' (1+2M8) + 2¢'M + ScSr{y" (1 + 2M9) + 2y’ M} — Sck¢ exp (

E o
7@) +Sc(pd —20$)=0 (22)
E'(1+2M9) +LbEM —Pe(p& + ' E+od") =0 (23)
along with

9=0:p(9)=S,p(9)=1,4(9)=1,$(9)=1,0)=1,9 >
P(8) > A, x(8) = 0,¢(9) - 0,5(8)—>0 24

Table 2 displays the key dimensionless parameters used in the
above similarity equations.

It is important to note that the surface velocity of the stretching
cylinder exceeds the ambient fluid velocity at up > u;. As a result,
p’(0) <0, indicating that p'(9), which represents the axial velocity
profile, is a decreasing function with respect to 9. The expressions for the
skin friction coefficient, rate of heat transfer (Nusselt number), Sher-
wood number, and motile microorganism transfer rate (microbial
diffusivity rate) are defined as follows:

Skin friction coefficient:

Cr=Sulyn /i (25)

Nusselt number:

Nup=—— (25a)
Iy (T - 7o)
Sherwood number:
She= —Dg (‘;C) / Dg (CS - ém> , (25b)
r r=R
Motile microorganism transfer rate:
ny= — Dm (0_7) /Dm (ﬂs - ﬁoo) (25C)
or r=R

Furthermore, skin friction coefficient, rate of heat transfer (Nusselt
number), Sherwood number, and motile microorganism transfer rate
(microbial diffusivity rate) provide the following outcomes.

-C ii—n
= E(9) = ———== 19
- C,x, ns — Ny
Table 3
Grid convergence test for Chebyshev collocation method.
Grid Max Value of Max Value of Max Residual CPU Time
Points N P9 P(9) Error ||F||, (sec)
10 1.8245 0.9832 3.4x 102 0.21
20 1.8198 0.9854 4.7 x 1073 0.37
30 1.8183 0.9861 7.2x 1074 0.68
40 1.8180 0.9863 9.6 x 1075 1.02
50 1.8180 0.9863 1.1x 10°° 1.47
60 1.8180 0.9863 8.7 x 107° 1.95
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Table 4
Comparison of p”(0) and y/(0) for various Ha parameter.
Ha  p'(0) 7(0)
Gulletal. Imran Current Gulletal. Imran Current
(Gull et al. (Li result (Gull etal. (Li result
et al., et al., et al., et al.,
2024) 2025) 2024) 2025)
0.1 1.0051 1.0051 1.0052 3.6814 3.6813 3.6814
0.5 1.1181 1.1181 1.1179 3.6466 3.6466 3.6465
0.7 1.2206 1.2206 1.2205 3.6147 3.6147 3.6145
1 1.4142 1.4142 1.4141 3.5531 3.5531 3.5529
Table 5
~1/2

Computed values of Re, '“Nu (heat transfer rate) influence in stagnation-point
flow problem.

Parameters

Values  Re /2Ny

Interpretation

M

Rd

Ec

0.2

0.4

0.6

2.0

4.0

6.0

0.2

0.3

0.4

2.31852

2.28311

2.14287

2.14718

2.47419

2.77869

2.27338

2.35077

2.48723

2.29319

2.24672

2.17120

Heat transfer is moderately great at low
magnetic strength.

As M upsurges, the heat transfer rate slightly
declines due to the resistive Lorentz force
which reduces the flow and weakens
convection.

The higher magnetic field value drastically
declines the thermal transport rate in the
stagnation region.

At lower thermal radiation, the energy
transfer is relatively weak.

Increasing Rd enhances thermal energy
transport due to radiative heat addition to the
fluid.

Increasing radiation drastically increases the
thermal boundary layer and increases thermal
transport from the surface.

Heat generation contributes moderately to
thermal raise within the fluid.

As heat generation upsurges, internal heat
generation upsurges the temperature gradient,
growing surface heat flux.

Larger heat generation rate leads to a greater
thermal transport rate near the stagnation
point.

Low viscous dissipation results in better
cooling operation.

As Ec upsurges, the conversion of kinetic
energy to thermal transport suppresses the
temperature gradient close the wall.

Great viscous dissipation declines the rate of
heat transport via retaining heat within the
boundary layer.

Re,'2Cf = (1+ 2pMp(0)p'(0))

Re;'?Nu = —[(1 +Rd)y (0)],
Re;'/?Sh = —¢/(0),
Re;'2Sn = —£(0).

3. Numerical solution

(26)

3.1. Chebyshev Collocation method

Step 1: Define variables at collocation points

Let
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Fig. 1b. 3D plot of Rd on Re, 2Ny,

P'(s)

-0.5 A=10.3.0.50 |

0 1 2 3 4 5 ]
&

Fig. 2a. Effect of A on the p'(9).

L
19125(xf+1) @7
where
eos[FT) iz
x}7c05<N>,] 0,1,....N (28)

Step 2: Approximate derivatives
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L N NN e NN s
ijZk:o Dypr, pj "Zk:o (D )jkpk’pj ~ Zk:o (D )jkpk
Similarly, for all &,¢,y.

Step 3: Substitute into each equation

(1+29M)) ", (D°),pc+2M)_, (D), pi+p>, (D),

Journal of Radiation Research and Applied Sciences 18 (2025) 101879

@ 1y Rq)2MY;y " (D*), 2 +2MY_, Dy +DuPr

<(1 +2M.9,~)Zk (Dz)jkd)k + 2Mzk Djkgbk) +Qy;+Pr (pjzk Djcxi
2
—2) ", Db+ (A > Djkpk> HaZEc) =0

2 (3D
- (Zk Djkpk> + <A -y Djkpk>Ha2 +A%+a(y;— Negp — Ney;)
(14+2M9)) ", (D*); b +2MY_, Dicdhy+ScSr(1+2Mn) >, Dy
+..=0
E
(30) + 2MZk Djxxy, — Sckep; exp ( 17 50)(j> +Sc (pjzk Djci
-2y Djkpkfﬁj) =0
1.0 (32)
5 Lb
(1+2M8)>", (D), &+ ﬁzk Dy —Pe( | D Dy |
33)
0.5 I + (Zk (Dz)jkqbk) g+oy (Dz)jkqsk) -0
E__ Step 4: Apply boundary conditions
a Lo o .
| At boundary points j = 0 and j = N, apply:
0.0 Atj=N (ie,=0):py =S.py = 1,¢h = Lzy = 1,6 = 1At]
= O (16719:11) p’O :A7¢0 = O’ZO = 0760 = O
(€D)]
For Table 3, it was observed that the maximum values of p’ (8) and ¢
(9) stabilize after N > 40. The residual error decreases drastically with
-0.5 M=15.35.55 1 increasing N, signifying better accuracy. After N = 50, convergence is

0 1 2 3 4 5
d

Fig. 2b. Effect of M on the p'(9).

attained, and growing N further offers diminishing returns. The previ-
ously published results by Gull et al. (Gull et al., 2024) and Imran et al.
(Li et al., 2025) are in good agreement with the values of p"(0) and ¢ (0)
presented in Table 4 for different values of Ha. This consistency confirms
the reliability of the current results.

1.0}

0.8!

Fig. 2c. Effect of S on the p'(9).

0.6
E L
a
0.4!
Ly
0.2, Nr=01,03,07 j
Fof
_ 0.01/ _
7 0 2 4 & 8

Fig. 2d. Effect of Nr on the p'(9).
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1.0] -
0.8
0.6

04

P'(s)

0.2

~0.2}, Nec = 0.5, 0.6, 0.7

Fig. 2e. Effect of Nc on the p'(9).
4. Results and discussion

This section presents and analyzes the behavior of velocity, tem-
perature, concentration, and motile microorganism profiles under the
influence of key dimensionless parameters for Reiner—Rivlin fluid flow
over a stretching cylinder. Table 5 shows calculated values of the local
Nusselt number to check the performance of heat transfer in stagnation-
point flow of Reiner Riven fluid over a stretching cylinder. The table
provides how the various physical parameters affect the thermal trans-
port rate. From Fig. 1b, the Rd shows a positive influence on the

Re;l/z

Rex*Nu Indicating improved thermal energy due to radiative heating.

As the value of velocity ratio increases, the flow velocity increases as
seen in Fig. 2a. Physically, as there is a higher velocity jet injected into
the slower moving freestream (i.e. the high velocity ratio case), it creates
a patch of elevated momentum that strongly perturbs the initial velocity
field. This establishes a shear in the boundary of the two flows which
increases the mixing rate and momentum diffusion. With an increment
in the velocity ratio, the high-speed jet is more likely to enter the pri-
mary flow more deeply; thus, creating a velocity profile that is slanted
towards the jet axis. This leads to a non-uniform distribution of velocity
and larger gradient of velocities, particularly at the mixing interface. It
also results in a higher intensity of turbulence because of the increased
shear force, creating more complex flows and increasing energy dissi-
pation. As with the jet propulsion systems, the ratio of velocities is an
essential factor in optimizing thrust and efficiency of fuel utilized. Ve-
locity ratio has implications on the proper amalgamation of supply air
and the room air in HVAC (heating, ventilation, and air conditioning)
systems which are directly related to thermal comfort and energy
consumption.

Curvature parameter: The influence of curvature parameter on the
velocity distribution is shown in Fig. 2b, shows the importance of ge-
ometry in fluid dynamic. Curvature parameters are commonly attrib-
uted to the extent of the bending or a curve of a streamline or a flow
passage and its direct effect is the way the particles of the fluid accel-
erate, decelerate, and redistribute across the flow domain. With a rise in
curvature parameters, i.e. as the flow path becomes more bent or the
radius of curvature declines, velocity distribution raises. This asymme-
try is because of the effect of centrifugal forces on the elements of the

Nu, with greater values of heat transport leading to increased
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0.0l £=0203,05 ]

0 2 4 6 8
&

Fig. 2f. Effect of § on the p'(9).

P'(s)

0.2} ]

10 12

Fig. 2g. Effect of Ha on the p'(9).

fluid, as this causes pressure and velocity imbalances along the curved
part of the flow. Physically, Centrifugal force is therefore produced
when fluid flows on a curved surface or through a curved duct pushing
the fluid particles outwards toward the center of curvature. It arises due
to the force, which exerts pressure in the curved part resulting in a
pressure gradient wherein the outer part. This effect is more occurrent as
the curvature factor grows bigger (i.e. the curve would be more
centered), which results in the development of greater velocity gradients
and increases in shear stress at the boundaries.

Suction parameter (S): Fig. 2c¢ displays how the S parameter affects
the velocity distribution. This parameter plays an important function in
controlling boundary layer performance and flow regulation. It signifies
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how powerfully liquid is being pulled away from a surface perpendicular
to it through a porous wall into the surrounding environment. As the S
parameter elevate, the velocity boundary layer increased. In particular,
the boundary layer gets thinner, and the velocity profile gets bigger and
steeper towards the wall. This causes higher wall shear stress and lower
thickness of the boundary layer, and hence the flow is being pulled to-
wards the surface more closely. The physical reason for this behavior is
that, that there is an interaction taking place between the suction wall
and the momentum of the main flow. The mechanism of suction then is
to remove the low momentum fluid up to the near wall of the boundary
layer. The removal is efficient in terms that the flow is stabilized by
suppressing the development of the velocity disturbances and the delay
of the transition between the flows. The capability to regulate the fluid

0.5}\ 5

Fig. 3a. Effect of Ha on the y(9).

0.5} i

Fig. 3b. Effect of Rd on the y(9).
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flow through suction has substantial practical applications in both en-
gineering and scientific study. In the aerospace industry, suction is uti-
lized on aircraft wings and turbine blades to stabilize the boundary layer
flow. This aids to decrease drag, delay flow separation or stall, and ul-
timately increases lift and fuel efficiency.

The Effect of Rayleigh number is display in Fig. 2d, indicates a
declining influence of a buoyancy-driven convection in a fluid system.
The Rayleigh number is a dimensionless quantity that indicates how
strong the buoyancy forces caused by temperature differences are, in
comparison to the effects of fluid viscosity and heat diffusion. It is
essential in the process of natural convection. High values of Rayleigh
number mean that convective motion is strong and dependent on tem-
perature gradient; and low values show the conduction and viscosity
effects are strong in restraint of fluid movement. By reducing the Ray-
leigh number, the strength of the convective currents is reduced thereby
resulting in the reduced and flattened velocity distribution within the
flow field. The physical explanation of such behavior lies in the base
interaction between the forces of buoyancy and resistance in thermally
stratified fluid. At high Rayleigh numbers the heating of the fluid
adjacent to a hot surface causes large buoyant forces mostly because of
the thermal expansion of the fluid resulting in a tendency to rise because
hot fluid is now less dense than the cooler flow and would tend to sink.
This produces intense circulation and steep velocity gradient especially
in the vertical. But as the Rayleigh number is reduced (either by lower
temperature differences, greater fluid viscosity or increased thermal
diffusivity) these buoyancy forces are not as effective in generating the
flow. The effect is that natural convection is stifled, and the fluid moves
more slowly, there is less vertical velocity component and less dynamic
velocity profile. This can clearly be seen in Fig. 2d, as the Rayleigh
number is decreased and the velocity distribution is less, becoming more
diffusive. The notion has the utmost practical importance on natural
systems and engineered systems.

As shown in Fig. 2e, the buoyancy ratio decreases the velocity,
confirming that species-induced buoyancy has a weakening effect on
mixed convection flow. The dimensionless number which is the ratio of
solutal buoyancy to thermal buoyancy is called the buoyancy ratio. It is
the relative measure of strength of density differences due to concen-
tration gradients in comparison to those due to temperature gradients. A
reduction in the value of the ratio buoyancy, especially between the

0 ]
0.8 ]

0.61

Xx(s)

Fig. 3c. Effect of Q on the y(9).
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Fig. 4a. Effect of K on the ¢(9).

cases when the ratio value is positive and lower or negative, causes a
decrease in the impact of concentration-driven buoyancy. This behavior
finds its physical explanation in basic mechanics of double-diffusive
convection in which heat and mass transport induce fluid motion. At
high buoyancy ratios, the buoyancy caused by concentration differences
adds to the thermal buoyancy, which increases the overall upward or
downward motion of the fluid according to the gradient’s orientation.
This phenomenon has huge implications in different practical settings.
The concept of buoyancy is therefore vital in many areas of chemical
engineering such as reaction and separation process in reactors and
distillation columns where flow of products is often critical in enhancing
optimality in the purity of products and energy efficiency.

The subsequent phenomenon associated with an increase in value of

$(o)

Fig. 4b. Effect of Sc on the ¢(9).
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Fig. 4c. Effect of Sr on the ¢(9).

Reiner-Rivlin fluid variable which affects velocity distribution observed
in Fig. 2f illustrates one of the major differences between Classical
Newtonian fluid phenomena and the effect of non-Newtonian charac-
teristics of the fluid. Increasing the Reiner-Rivlin parameter enhances
the non-Newtonian behavior of the fluid, leading to a decrease in the
overall velocity throughout the flow field. Reiner-Rivlin liquids differ
from Newtonian liquids since their stresses are not just proportional to
the rate of strain but also depend strongly on the deformation fluid. The
higher the value of the Reiner-Rivlin variable the stronger these non-
linear effects get thus the more resistant the fluid becomes in deforma-
tion. The resulting enhanced resistance causes the fluid to be less able to
accelerate due to forces that are applied on it and this directly affects the
velocity of the flow in the entire flow field.

0.6/

§(o)

0.41\

0.2!

0.0/

Fig. 5a. Effect of Lb on the £(9).
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The effect of increasing the magnetic interaction parameter on the
fluid flow, as revealed in Fig. 2g, demonstrates a fundamental principle
of magnetohydrodynamics (MHD): the flow of an electrically con-
ducting fluid is affected by the presence of a magnetic field. The higher
this parameter the more is the decreased velocity distribution in the
fluid and the more is the damp and uniform flow. This is due to the
resistive force which the magnetic field introduces into the fluid,
namely, the Lorentz force, which acts to prevent the motion of the fluid
and hence reduce the flow field. Fig. 3a exemplifies that growing the
magnetic parameter raises the fluid temperature. This process is based
on the electrodynamic dynamics of a magnetic field interacting with a
moving electrically conducting fluid, i.e. a process formed on the laws of
magnetohydrodynamics (MHD). The Lorentz force that is thus generated
opposes the flow motion; it thereby causes further heating in the form of
Joule heating and hence causing a significant rise in fluid temperature.
Practically, the behavior plays a critical role in industrial where the
MHD effects are present. Also, in nuclear reactor applications such as in
cooling systems, MHD is used in the control of heat in coolant loops
involving the use of liquid metal coolants that are placed in magnetic
fields. The understanding of the role of the magnetic forces on temper-
ature distribution can help design and control systems where heat
transfer and electromagnetic effects play functional roles.

The changes in temperature distribution when thermal radiation
parameter is increased as shown in Fig. 3b indicates a vital physical
process that is vital to the process of heat transfer especially in high
temperature surroundings. With an increased value of the thermal ra-
diation parameter, the temperature distribution in the medium increases
as well which means that a stronger thermal response emerges. Such an
action is based on the basic laws of radiative heat transfer which is more
pronounced in applications involving large temperature gradients or
high emissive materials. Thermal radiation is physically the aspect
through which matter releases energy as electromagnetic radiation
based on the temperature it has attained. This radiation adds as an
alternative route of heat transport to the conduction and convection
effects in a thermal boundary layer. When the curvature parameter is
increased, the fluid flow reduces. This behavior is both physically and
practically explicable since geometry of a system directly affects manner
of convection or conductivity through a given system. Curvature phys-
ically adds geometric restrictions that alter the conducting and
convective ways of transferring heat. Where geometries are curved, the
radius of the roundness also varies the surface area, thereby influencing
the heating or cooling gradients. As curvature parameters increase, ge-
ometry tends to be more steeply curved and thus the spatial heat dissi-
pation rate changes. The influence of the rising heat generation
parameters on temperature distribution as in Fig. 3¢ shows a principal
behavior in thermodynamics: increase in internal heat generation in a
medium causes a rise in the total temperature in a system. Such iden-
tification is very important in comprehension of thermal behavior in the
systems where heat is not just conducted or carried by airflow or con-
vection of external sources of heat, but also generated internally by the
effect of physical, chemical, or electrical operations. Physically, this is
related as well to the issue of energy conservation and heat transfer
principles. Under conditions when there is a continuing production of
heat in a body and the rate of dissipation is not equal to the rate of
production then an increase in temperature is required to redress the
energy balance. This usually causes a maximum temperature at the
center of the domain or the area that is farthest away to cooling surfaces.

The influence of chemical reaction parameters on the mass concen-
tration profile shown in Fig. 4a. The chemical reaction parameter de-
scribes the rate or the strength of a chemical reaction, rises, and the
concentration of the species that react against each other in the system
drops. This is strongly evident in Fig. 4a, as an increment in the
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$(o)

Fig. 5b. Effect of Pe on the &(9).

Parameter of the Chemical reaction leads to a reduction in the mass
concentration. Such effect based on the main principles of the reaction-
diffusion processes in which the mass movement and the chemical
consumption are inseparably connected. Schmidt number is a dimen-
sionless parameter which is calculated as ratio involving momentum
diffusivity (kinematic viscosity) to mass diffusivity. Physically, it relates
the rate at which momentum is dispersed into a fluid body. The higher
the Schmidt number, it means mass diffusion is weak relative to mo-
mentum diffusion. These results in a reduced ability of the species to
diffuse throughout the medium, leading to a narrower concentration
boundary layer and, consequently, a diminished mass concentration
profile, as clearly demonstrated in the behavior depicted in Fig. 4b.
Physically, the rate at which a substance spreads within a fluid is
characterized by the Schmidt number. The influence of the Soret number
variation on the mass concentration profile show in Fig. 4c reflects the
basic features of mass transfer phenomena involving fluid viscosity and
mass diffusivity. Schmidt number is the ratio between momentum
diffusivity (kinematic viscosity) and mass diffusivity. The increasing
value of Soret number, the greater the momentum is the spread of the
momentum compared to that of the mass in the fluid. Fluid inertia
means the liquid resists moving and diffusion (due to its thickness or
viscosity), a greater Soret number shows that this resistance dominates
over the ability of the species to diffuse. As exposed in Fig. 4c, when the
Soret number upsurges, the mass concentration becomes more confined
and larger close the source or boundary layer.

The Lewis number (Le), which is the ratio of thermal diffusivity to
mass diffusivity, is important in transport phenomena, especially in heat
and mass transfer systems such as microbial growth on biofilms or in
porous media. As the Lewis number decreases, it means mass diffusivity
is more dominant than thermal diffusivity. This means, in microbial
systems, that the nutrient or substrate upon which the microorganisms
must grow can diffuse faster through the medium than heat can transfer
(Fig. 5a). Physically, a more dispersed distribution of nutrients, and this
will encourage more or longer microbial colonizing of the medium. On
the other hand, a higher Lewis number (Le > 1) implies that mass
diffusion is slower than thermal diffusion, leading to steeper gradients in
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nutrient concentrations and often causing microbial populations to
accumulate in regions with the highest nutrient availability. Higher Pe
reduces microbial density profile due to enhanced convective transport,
important in microbial fuel cells and bioreactors (see Fig. 5b).

5. Conclusions

This research provides a comprehensive analysis of non-Newtonian
stagnation-point bioconvective flow over a stretching cylindrical sur-
face, utilizing the Reiner-Rivlin fluid model. The study integrates the
effects of thermodiffusion, bioconvection, and viscous dissipation to
thoroughly explore the coupled transport of momentum, heat, and mass.
An entropy generation assessment further enhances the understanding
of energy losses and irreversibility within the system. The key outcomes
are listed below.

o Increasing the velocity ratio enhances the velocity distribution due to
stronger momentum coupling. Useful in optimizing flow in
biomedical and microfluidic devices.

Higher curvature increases both velocity and temperature distribu-
tions by inducing centrifugal forces, aiding fluid acceleration and
thermal mixing in curved microchannels.

Increased suction elevates velocity by stabilizing boundary layer
development, beneficial in filtration systems and biomedical fluid
control.

e An increase in Rayleigh number reduces the velocity due to
enhanced buoyancy-driven resistance.

A higher buoyancy ratio decreases velocity distribution by intensi-
fying thermal-solutal stratification.

Higher magnetic influence reduces velocity by inducing Lorentz
forces that resist fluid motion.

Increases in magnetic effects also raise the temperature distribution
due to magnetic heating, significant in MHD thermal systems.
Reduce the mass concentration profile by consuming species through
chemical transformation, relevant in biochemical reactions and drug
delivery systems.

Higher Sc reduces mass concentration due to lower species diffu-
sivity, important in species transport modeling.

As the radiation parameter (Rd) increases, a substantial enhance-
ment in the fluid temperature is observed across the flow domain.
Increasing the Soret number raises mass concentration via thermo-
phoresis (temperature-induced mass flux), relevant in thermal
diffusion studies.

Increased Lewis number reduces microbial density by decreasing
thermal diffusivity relative to mass diffusivity, applicable in multi-
species and microbial interaction systems.
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Future scope of the study
The future scope of this study includes extending the model to time-

dependent and three-dimensional flows, incorporating Carreau,
Oldroyd-B, or Powell-Eyring non-Newtonian fluid models, validating
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the results experimentally, exploring applications in porous media, and
integrating machine learning for optimization and predictive analysis.
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