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ABSTRACT: The mathematical model for non-Newtonian magnetohydrodynamics flows across a vertically stretched
surface with non-linear thermal radiation, mass and heat transfer rates, thermophoretic and Brownian movements, bio-
convection, and motile microbes considered in the present work. It is possible to regulate the nanomaterial suspension
in the nanofluid using the growth of microbes. With the use of boundary layer approximation, highly nonlinear partial
differential equations were derived for the present flow model. The nonlinear partial differential equations are converted
into ordinary differential equations by utilizing similarity transmutations, which simplify them. Numerical elixirs for
ordinary differential equations are found through bvp4c. This guarantees accurate results for profiles of temperature,
concentration, velocity, and motile density. There is a good match between the numerical values shown graphically and
the existing data. As the thermal radiation parameter rises, the flow temperature grows. Increasing Lewis number values
is a sharp drop in the nanoparticle volume fraction. Bioconvection Lewis number reduces microorganism profiles. The
research work focused on electrical systems, heat transfer, acoustics, chemical processing, rigid body dynamics, fluid
mechanics, and solid mechanics, among others.
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1 Introduction
A nanofluid changes the heat transfer mechanism in coolants. Moreover, the coolant has a greater

thermal conductivity. Due to its increasing need in many industrial processes, heat transfer has recently been
a focus of major study. An important aspect of nanoparticle research is improving thermal conductivity.
Nanofluids exhibit excellent potential for achieving increased thermal conductivity in many applications.
A term used to describe these fluids is nanofluids [1]. Nanofluids consist of a uniform combination of
nanoparticles with a base fluid. When compared to base fluids, nanofluids exhibit superior thermophysical
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properties, including viscosity, diffusivity, conductivity, and heat transfer quantities [2]. Magnetized ferroflu-
ids consist of a base fluid suspended in a colloidal dispersion of nanoscale ferromagnetic particles. It has
several uses and was made artificially [3–5]. Heat treatment furnaces, lasers, avionics, nuclear power plants,
cooling agents, fiber optics, robotics, speakers, filters, refrigeration, drawing plastic, computer peripherals,
and semiconductor and crystal processing are just a few of the many applications for ferrofluids. Ghadikolaei
et al. [6] use numerical analysis to delve into the topic of nano C2H6O2-CNTs flow between revolving
channels. Hamid et al. [7] used numerical analysis to investigate the behavior of nanofluid thermal transfer
using several models of nanoparticles. Magnetized radiative Williamson nanofluids with heat sink were the
subject of research by Hamid et al. [8].

An electromagnetic wave is distributed through a medium as radiation. An example of thermal radiation
therapy is when doctors transmit heat below the skin friction into muscles and tissues to treat a pathological
condition. Nuclear power stations, turbines, and many propulsion mechanisms for satellites, airplanes, and
planetary vehicles are just a few examples of the various solar and power technology processes that rely on
heat transmission, which is affected by thermal radiation. The majority of the radiation emitted by Earth’s
objects falls into the ultraviolet region of the electromagnetic spectrum. That’s why radiation analysis plays
such a pivotal role in revealing the conversation systems’ thermal properties. The effects of radiation on nano
liquid via permeable entrenched cone were investigated by Chamkha et al. [9]. Over a flexible rotating disk,
Ijaz et al. [10] investigated the activation energy behavior of nano Sisko liquid with radiation. The impact
of Rosseland’s nonlinear/linear radiation on natural laminar steady convection over an isothermal plate was
studied by Pantokratoras [11]. Stratification and activation energy were taken into account by Ijaz et al. [12]
for Maxwell nanofluid convective flow. Using radiative flux in Rosseland’s estimate for radiation, Mushtaq
et al. [13] examine the steady and 3D boundary flow, across a stretched sheet. The activation energy for Casson
radiative flow using the Cattaneo model was numerically simulated via Ijaz et al. [14]. Microorganisms that
swim oxytactically or chemotactically were explored by Childress et al. [15].

Industrial operations with significant flow rates regularly exhibit stratified flows. An example of stratified
flow regime is used by pipelines that transport gas-condensate. By mixing liquids with varying density
and temperatures, or by fluctuating concentration, fluid stratification occurs naturally. In this case, the
variations in mass and energy transmission are stratified twice. One example of stratification is the removal
of heat from bodies of water such as lakes, rivers, and oceans. A power-law liquid in a porous media was
studied by Cheng [16] for its fluctuations in temperature and concentration stratification. They demonstrated
that increasing the thermal stratification parameter reduces the rate of change in energy transfer. Local
skin friction is reduced when the stratification parameter is increased, according to Hossain et al. [17],
who investigated the issue of spontaneous convective flow in a vertical cone with a thermal stratification
parameter. Fluid stratification’s effects in various contexts were investigated by Daniel et al. [18] and Ibrahim
et al. [19].

There has been an increase in interest in non-Newtonian fluid flow due to its increased industrial
and technological benefits in recent years. Viscoelastic fluids are non-Newtonian fluids with both elastic
and viscous properties. The rate of strain at a specified point is non-linear when it comes to such fluids.
An Oldroyd-B fluid is a special non-Newtonian fluid whose transport behavior cannot be appropriately
described by a simple shear flow’s typical relation between shear stress and shear rate. This has led to many
constitutive equations for these fluids being proposed. Oldroyd’s name is associated with the Oldroyd-B
fluid, an expansion of Maxwell fluid, providing a satisfactory explanation for retardation and relaxation times
behavior [20]. Siddiqui et al. [21] examined Oldroyd-B liquid flow amongst parallel plates, which is one
of the research projects on Oldroyd-B fluids. In their subsequent investigation on Oldroyd-B fluid’s time-
dependent flow, Jamil et al. [22] used the Hankel transform to solve the model equation. Brownian motion
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impact on Oldroyd-B transient fluid across an overextended surface was considered by Awad et al. [23].
Mixing chemicals with radiation and an Oldroyd-B, Irfan et al. [24] investigated the flow across a stretched
cylinder surface. Over a spinning disk, Abbas et al. [25] studied a thin film response of an Oldroyd-B liquid
with homogeneous/heterogeneous. The incompressible Oldroyd-B liquid model’s global regularity was the
subject of Ye’s [26] research.

Brownian motion and thermophoresis effect are significant because they can affect the behavior
and movement of particles in multiple systems. Brownian motion describes the random movement of
nanoparticles in a fluid caused by their collisions with one another. Thermophoresis is a temperature gradient
that causes nanoparticles to diffuse. It is essential to understand these effects in fields such as biotechnology,
environmental science, and materials science to design and optimize processes. Using analytical methods,
Pasha et al. [27] investigated the effect of Brownian motion, thermophoresis, and magnetic factors between
two plates; they found that the fluid’s thermal panels had grown in size due to an increase in thermophoretic
and Brownian motion. When discussing fluid flow on a surface, both of these concepts have substantial
effects on heat transmission. As a result of its effects on mixing and the fluid’s effective thermal conductance,
Brownian motion improves heat transmission. This effect makes cooling or heating the sheet more effective
by increasing convective heat transfer close to the surface. On the other hand, thermophoresis may either
improve or impede heat transmission, depending on the properties of the particles and the circumstances
of the flow. Particles may collect close to the surface of the sheet as a result of thermophoresis, forming a
layer of thermal resistance that prevents heat from transferring. Alternatively, thermophoresis may improve
heat transmission in some situations by removing particles from the surface, which lowers thermal resistance
and increases convective heat transfer. Researchers Thirupathi et al. [28] observed that the thermal and
concentration distributions have grown with an increase in the thermal Biot number in their study of three-
dimensional gyrating nanofluid flow over an extended sheet with influences of heat sink/source. There has
been an increase in thermal distribution with the development in volume fractions, according to Sheri
et al. [29], who studied the effects of mass and thermal transportation on convective nanofluid flow.

To improve the mixing of nanoparticles and fluids, movable microorganisms are used, since they are
responsible for the biological transmission process. During metabolic energy consumption, an organism’s
motility refers to its capacity to move self-propelled. Magneto slip nano flow comprehending motile microbes
onto a vertical platform was conveyed by Khan et al. [30]. Researchers Kuznetsov [31] solved the bio
convection problem with nanoliquid and motile microorganisms analytically by using the Galeriken and
a linear instability approach. Using gyrotactic microbes as a model, Elbashbeshy et al. [32] investigated
the incompressible nano-liquid flow over a porous elongating surface. The results showed that when the
porosity of the material was decreased, the dragging force at the surface was also decreased. Researchers
Thumma et al. [33] looked at how heat dissipation affected the stationary point flow of 3-dimensional multi-
holomorphic fluid on a sinusoidal cylinder with a circular shape. When investigating the heating mechanism
of Carbon nanotubes with slip effects, Raza et al. [34] found that the thermal profiles of single-wall carbon
nanotubes have grown over time. In their study, Souayeh et al. [35] examined the behavior of gyrotactic
microorganisms in an incompressible tri-hybrid nanofluid flow over a stretched surface. Radiation factor
and Brownian motion improved the microbiological profile, according to their results. Utilizing influences
of varied thermal conductance, Haq et al. [36] investigated the Darcy-Forchheimer flow of Williamson bio-
convective nanofluid. Using magneto hydro dynamics and the behavior of motile microorganisms, Makkar
et al. [37] examined bio-convective fluid flow on an expanding surface. Based on the results, the author
concluded that a high-volume chemical reaction resulted in a decrease in fluid concentration. By simulating
the reviewed Fick’s and Fourier’s laws on a cylinder with chemical reactivity, microorganisms, and dual
diffusive effects computationally, Haq et al. [38] found that concentration and thermal distributions decrease
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as mass and relaxation times increase. The effects of activation energy and microorganisms on optimizing
entropy for bio-convective and chemically reactive nanofluid flows were investigated by Hussain et al. [39].
The magnetized bio-convective nanofluid flow on a gyratory disk with the activation energy as an effect was
mathematically and theoretically investigated by Haq et al. [40]. The numerical analysis of the bio-convective
nanofluid flow on a stretched cylinder by Saleem et al. [41] revealed an increase in heat distribution with an
increase in the Eckert number. Dinarvand et al. [42] studied an application of a mass-based hybrid nanofluid
model. The nanofluid flow with physical properties can be found in [43]. The hybrid nanofluid flow of
blood with homogeneous and heterogeneous reactions and the optimization of heat transfer nanofluid blood
flow have been discussed in [44,45]. A numerical scheme for a time-dependent electroviscous and hybrid
nanofluid has been presented in [46].

Currently, a vertically stretched sheet with nonlinear radiation has not been investigated for mixed
convection MHD flow over a bioconvection flow. Accordingly, an objective and novelty of the present
study is to address and perform thermal radiation impact towards heat transfer phenomena along with
Oldroyd-B nanofluid and triple stratified medium in the energy equation of physical flow system. A gap
in the research was filled by this study. The purpose of this study is therefore to cover this topic. The
relevant Partial Differential Equations are transformed into nonlinear differential equations because of their
similar flow characteristics. Runge-Kutta fourth-fifth is used to obtain a numerical solution for the proposed
system. To evaluate the flow and heat transfer rate characteristics, the flow-controlling parameters at the
center of this study are represented graphically and tabularly. To determine the accuracy of the proposed
method, we compared the results of this study to those reported in previous studies. The quality of an
agreement is noticeable. This work pertains to bioinspired nanofluid-enhanced fuel cells and nanomaterial
manufacturing processes.

In this study, the following main research questions are addressed:

1. What is the impact of thermal radiation parameters on temperature behavior?
2. What effect does Lewis number have on concentration pattern?
3. In what ways does bioconvection Lewis number affect motile density?

2 Mathematical Formulation
Flow of Oldroyd-B viscoelastic nanofluid is presented, which results from a non-isothermal vertical

surface containing microorganisms and floating nanoparticles. Fig. 1 shows the process of flow.

• The x̂1 and ŷ1 are the coordinates that expand towards the surface and normal to that.
• The uw = ax̂1 , increasing the sheet towards vertical direction, where a > 0, stretching speed.
• Radiation and dissipation are assumed.
• Induced magnetic field is neglected.
• Wall temperature Tw is varied towards x̂1-direction.
• Assuming Ohm’s law applies, the flow occurs.
• The magnetic field is kept constant.
• The surface of a non-isothermal vertical chamber contains floating nanoparticles and microbes that

travel through gyro-tactic motion is assumed.
• Governing equations under the above norms are [47]:
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∂Ĉ
∂ŷ1
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û1
∂n̂
∂x̂1
+ v̂1

∂n̂
∂ŷ1
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The boundary conditions are [42]:

û1 = ûw = ax̂1 , v̂1 = 0, T̂ = T̂w = T̂0 + b1 x̂1 ,
Ĉ = Ĉw = Ĉ0 + d1 x̂1 , n̂ = n̂w = n̂0 + e1 x̂1 ,

as ŷ1 = 0, (6)

û1 → 0, ∂û1

∂ŷ1
→ 0, T̂ = T̂∞ = T̂0 + b2 x̂1 ,

Ĉ = Ĉ∞ = Ĉ0 + d2 x̂1 , n̂ = n̂∞ = n̂0 + e2 x̂1 ,
as ŷ1 →∞. (7)

Stratification refers to the process of forming separate layers with different densities. In thermal and
mass stratification, differences in concentration and temperature are prevented from exchanging or mixing
liquids with different densities to develop the activities of living organisms. Heat transfer from thermal
sources, such as condensers of power plants, can be done in many ways, including dissipating heat into the
atmosphere through oceans, lakes, and rivers, storing thermal energy, for instance with solar ponds, and
transferring heat from thermal sources, such as lakes and seas.
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Figure 1: Physical flow process
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Considered non-dimensions are:
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An obtained ordinary differential equation:
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3 Method of Solution
One of the main advantages of bvp4c is it adapts to stiff problems and complex boundary conditions to

provide reliable solutions. An error tolerance of this method 10−3 ≤ η ≤ 10−8.
The bvp4c is used here to solve (11)–(14) with (14).
Reduced 1st order differential equation system is:
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y
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where y1 = f1 , y2 = f
′

1 , y3 = f
′′

1 , y4 = f
′′′

1 , y5 = θ , y6 = θ′, y7 = ϕ, y8 = ϕ′, y9 = Γ, y10 = Γ′.
Following is an equivalent boundary condition:

y1 = 0, y2 = 1, y5 − 1 + S1 = 0, y7 − 1 + S2 = 0, y9 − 1 + S3 = 0, At η = 0, (19)
y2 → 0, y3 → 0, y5 → 0, y7 → 0, y9 → 0, as η →∞. (20)

Convergence Concerns: Convergence can be challenging for bvp4c, especially for problem types that
are highly nonlinear or complex. Convergence of the solver depends on a good initial guess for the solution.
Generating Mesh: bvp4c automatically adapts the mesh, but it may not generate a sufficiently detailed mesh
when problems exist with sharp gradients or complex behaviors. Enormous Systems: Large systems of ODEs
can be computationally expensive and memory-constrained with bvp4c.

4 Validation of Results
As part of the approval process for the proposed method and results, Table 1 shows a comparison of the

study results with previous outcomes in [48,49] for approval purposes. Exam results demonstrate a profound
understanding of this study. Validation of Nu for distinct Pr values with S1 =M = Nb = Nt = Rb = Nr = λ =
β1 = α1 = 0. There is decent agreement between the results.

Table 1: Validation of Nu for distinct Pr values with S1 =M = Nb = Nt = Rb = Nr = λ = β1 = α1 = 0

Pr Ref. [48] Ref. [49] Present results
0.07 0.0663 0.0656 0.065563
0.2 0.1691 0.1691 0.169089
0.7 0.4539 0.4539 0.453916
2 0.9113 0.9114 0.911358
7 1.8954 1.8954 1.895403

20 3.3539 3.3539 3.353904
70 6.4621 6.4622 6.4622

Future Scope: In the future, the model can be modified as follows:

1. While the present problem focuses on two-dimensional flows, it may be extended to three-dimensional
flows as well.

2. Second-order slip is a noteworthy advancement over conventional first- or no-order slip.
3. This model will produce entropy at a calculated rate.
4. Models such as this could have applications in biomedical engineering and biotechnology.

5 Results and Discussion
Oldroyd-B nanofluid flow over a stretchy sheet with swimming microbes is analyzed with graphs

in this work. As a consequence, the flow-controlling parameters are used to analyze velocity profiles,
motile densities, nanoparticle concentrations, and temperature profiles. The impact of thermophoresis and
Brownian motion on magnetohydrodynamic nanofluids in bioconvection boundary layer flows has been
illuminated by the present investigation. The calculations might have implications for biofuel cell materials
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production and other applications (Khan et al. [50], Eswaramoorthi et al. [51], Bhatti et al. [52]). Through
graphs, we have examined the effects of different parameters on the solution of the problem to understand
its physics. The impact of the Deborah number or material parameter (α1) on f

′

1 distribution is seen
in Fig. 2. Because of the viscoelastic properties of the fluid, the relaxation time, which is related to the
parameter (α1), indicates a decrease in velocity. Rheologists often use Deborah’s number (De) to describe
the fluidity of materials under various flow conditions. Physically, as the elasticity and viscosity effects are
in inverse proportion, increasing viscosity decreases fluid velocity. A plot of the material parameter (β1)
is shown in Fig. 3. As the material parameter (β1) increases, the fluid velocity strengthens. Physically, β1
includes retardation time, which increases the velocity of fluid particles. A dimensionless velocity can be
affected by a magnetic parameter (M) in Fig. 4. A significant decrease in the velocity of the flow occurs
throughout the fluid domain as the magnetic parameter is strengthened. An electrically conducting fluid
is subjected to the Lorentz force when a magnetic field is applied to it. Therefore, the fluid’s velocity
decreases. A dimensionless velocity can be affected by a buoyancy ratio parameter (Rb) as seen in Fig. 5. A
higher buoyancy ratio leads to a reduction in velocity and the momentum barrier layer becomes thinner.
In light of the dynamic viscosity correlation, and also in light of the governing equations, it decreases in
velocity. Deborah number/material parameter (α1) influences the temperature profile, as seen in Fig. 6.
When Deborah’s number is greater, boundary layer thickness can be effective. Fig. 7 is drawn to illustrate the
impacts on temperature in more detail. Material parameter (β1) comprises retardation time, which decreases
temperature, and this tendency is physically significant for that reason. The effect of the mixed convection
parameter on the momentum field and the other field is seen in Fig. 8. The same value causes a little drop
in the thermal field, as seen in Fig. 8. From a physical standpoint, forced convection loses ground to natural
convection as the mixed convection parameter increases. Fig. 9 shows how the dimensionless temperature
is affected by the Brownian motion parameter. Fig. 9 confirms that when Nb rises, θ(η) also increases.
Physically, raising the nanofluid temperature causes an upsurge in thermal energy, which increases the
number of collisions between nanofluid particles. Fig. 10 shows that the dimensionless temperature increases
when Nt, the thermophoresis parameter, is increased. Physically, a very fast flow away from the stretched
sheet is created by thermophoretic force, which is itself caused by a temperature differential. This moves
the fluid away from the surface that is being stretched and makes it more heated. Changing the thermal
radiation parameter (Rd) on the flow temperature influences is shown in Fig. 11. As the thermal radiation
parameter rises, the flow temperature grows. Physically, Thermo-radiation improves heat transmission, since
thermal layer thickness grows concerning the radiation intensity and growth in Rd improves the temperature
distribution. The working fluid’s temperature and thermal layer thickness are both increased when the
thermal radiation parameter’s value increases. Fig. 12 also shows that a larger thermal stratification parameter
(S1) results in a thicker thermal boundary layer. The temperature of the fluid dropped because, as S1 rises,
physically, the temperature differential between the distant and heated surfaces drops. Lewis number effect
on dimensionless concentration is seen in Fig. 13. An obvious effect of increasing Le values is a sharp drop
in the nanoparticle volume fraction. Physically, a dimensionless Lewis number is the heat diffusivity divided
by the mass diffusivity. Fig. 14 shows Nb influence on the concentration of nanoparticles in the boundary
layer region. The figure clearly demonstrates that when the parameter and Solutal boundary layer thickness
increase, the Brownian motion decreases, and the concentration changes become minor. Physically, when the
Brownian motion parameter increases, the nanoparticles’ concentration drops because their random motion
is accelerated. The thermophoresis parameter (Nt) effect on the concentration profile is seen in Fig. 15. As
shown in Fig. 15, the concentration profile in the flow domain grows exponentially with increasing values of
the thermophoresis parameter. A higher thermophoresis produces a thicker concentration boundary layer,
while a higher mass transfer rate results in a thicker mass boundary layer. Accordingly, the resistance to mass
diffusion increases with an increase in the thermophoresis parameter. Fig. 16 confirms the enhancement
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of the concentration profile by mass stratification (S2). While increasing the mass stratification (S2), a
decrease in the volume fraction between the reference nanoparticles and the surface concentration is noticed.
Consequently, there is a lower concentration dispersion. Fig. 17 displays the variations in motile microbe
profiles vs. different values of the Lewis bioconvection number. While the bioconvection Lewis number
reduces microorganism profiles. For larger levels of Lb, the microbial diffusivity drops, leading to a lower
motile density. Fig. 18 shows the impact on the motile density of the variation in the constant concentration
Ω of microorganisms. It was also noted that the density profile decreased as Ω increased. Figuratively, Fig. 19
confirms Peclet number Pe impact on the two-dimensionally mobile bacteria. There will be a significant
reduction in microbial density as the concentration of Pe rises. By establishing this connection, heat transfer
can occur through conduction as well as convection. Greater Peclet numbers indicate that convection
dominates conduction for heat transfer. Fig. 20 shows how the cell motility stratification parameter S3 affects
the cell motility density in nanofluids. The results demonstrated that the boundary layer thickness values of
motile microorganisms decreased as the S3 value increased. The relationship between the heat transfer rate
and Eckert number is seen in Fig. 21. The rate of heat transmission decreases, and Eckert’s number rises.
The thermal layer is therefore thinner as a result. As the thermophoresis parameter values increase, Fig. 22
displays the characteristics of the mass transfer rate. The Sherwood number is shown to have grown. As the
values of Lb increase, Fig. 23 reveals the characteristics of the motile organism’s rate of density. The density
rate of motile organisms decreases as Lb grows.

Figure 2: Profiling of velocity under Deborah number (α1)
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Figure 3: Profiling of velocity under material parameter (β1)

Figure 4: Profiling of velocity under magnetic parameter (M)
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Figure 5: Profiling of velocity under buoyancy ratio parameter (Rb)

Figure 6: Profiling of temperature under Deborah number (α1)
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Figure 7: Profiling of temperature under material parameter (β1)

Figure 8: Profiling of temperature under mixed convection parameter (λ)
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Figure 9: Profiling of temperature under Brownian motion parameter (Nb)

Figure 10: Profiling of temperature under Thermophoresis parameter (Nt)
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Figure 11: Profiling of temperature under radiation parameter (Rd)

Figure 12: Profiling of temperature under thermal stratification parameter (S1)
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Figure 13: Profiling of concentration under Lewis parameter (Le)

Figure 14: Profiling of concentration under Brownian motion parameter (Nb)
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Figure 15: Profiling of concentration under Thermophoresis parameter (Nt)

Figure 16: Profiling of concentration under mass stratification parameter (S2)
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Figure 17: Profiling of motile density under bio-convective Lewis number (Lb)

Figure 18: Profiling of motile density under Microorganisms concentration difference parameter (Ω)
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Figure 19: Profiling of motile density under Peclet number (Pe)

Figure 20: Profiling of motile density under Motile density stratification parameter (S3)
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Figure 21: Nusselt number variations under Eckert number

Figure 22: Sherwood number variations against Thermophoresis parameter
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Figure 23: Motile density variations against Lewis number (Lb)

6 Conclusions and Limitations
The impact of thermal radiation and two-phase nanofluid on magnetohydrodynamic bioconvection

boundary layer flows has been illuminated by the present investigation. The calculations might have
implications for biofuel cell materials production.

• Strengthening Deborah’s number slows down the fluid velocity.
• Reinforcing material parameters, the fluid velocity strengthens.
• A significant decrease in the velocity of the flow occurs throughout the fluid domain as the magnetic

parameter is strengthened, subjected to the Lorentz force.
• A higher buoyancy ratio leads to a reduction in velocity and the momentum barrier layer becomes

thinner.
• When Deborah’s number is greater, boundary layer thickness can be effective.
• Material parameter comprises retardation time, which decreases fluid temperature.
• The thermal field is lowered with mixed convection parameters.
• Dimensionless temperature is affected by the Brownian motion parameter.
• Raising the nanofluid temperature causes an upsurge in thermal energy, which increases the number of

collisions between nanofluid particles.
• Fluid temperature increases when Nt the thermophoresis parameter is increased.
• As the thermal radiation parameter rises, the flow temperature grows.
• Increasing Lewis number values is a sharp drop in the nanoparticle volume fraction. Bioconvection

Lewis number reduces microorganism profiles.
• A significant reduction in microbial density as the concentration of Peclet number rises.

Convergence region fluid flow has certain limitations:

1. Measures of physical limits that are appropriate.
2. Each parameter value was selected based on the applied correlations.
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3. If we ignore the thermal radiation effect − 1
(ρc) f

∂qr

∂ŷ1
from Eq. (3), the rest of the results are splendid

agreement, is noticed.
4. To ensure that the problem is accurate and reliable, validation is necessary.
5. Research has been limited to settings where turbulence is severe since it hasn’t been made to account

for turbulent flow during high Reynolds number settings.
6. Accordingly, the validity of the scheme depends on specific examples, making it necessary to expand it

to cover more complex fluid scenarios and behaviors.
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Nomenclature
(x̂1 , ŷ1) The directions the velocity components are (û1 , v̂1)
uw = ax̂1 The velocity in a vertical direction
a > 0 The stretching speed rate (s−1)
ρ̂ f , ρ̂m , ρ̂p Densities of fluid, microorganism, nano particle (kg m−3)
μ f Viscosity of fluid (m2 s−1)
k f Thermal conductivity (m kg s−3 K−1)
DT ,DB The thermophoretic diffusion and Brownian motion coefficients (m2 s−1)
τ The effective heat capacity ratio of nanoparticle to the heat capacity of base fluid
A1 & A2 Relaxation time and retardation time
α f Thermal diffusivity of the fluid
qr The radiative heat flux
α1, β1 The material parameters
M Magnetic parameter
λ Mixed convection parameter
Nr The buoyancy ratio parameter
Pr The Prandtl number
Nt The thermophoresis parameter
Nb The Brownian motion parameter
Ec The Eckert number
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Le The Lewis number
Lb The bioconvection Lewis number
Pe The Péclet number
Ω The difference concentration parameter of microorganisms
S1, S2, S3 The thermal stratification, mass stratification and stratification parameters of motile density
Rd The radiation parameter
T̂ Energy field (K)
Ĉ Nano fluid concentration
n̂ Bioconvection concentration
T̂∞ Ambient temperature (kg m−3)
Ĉ∞ Ambient nano particle concentration (kg m−3)
n̂∞ Ambient microorganism concentration (kg m−3)
σ̂ Electrical conduction
D̂B , D̂T , D̂n Diffusivities of nanofluid concentration, temperature, microorganism concentration
Wc Maximum speed of swimming organism
b1 , b2 , c1 , c2 , n1 , n2 Constants coefficients
T̂0, Ĉ0, n̂0 Reference energy, reference concentration, reference concentration of gyrotactic microbes

(kg m−3)
T̂∞, Ĉ∞, n̂∞ Temperature at surface, nano particle concentration at surface, microorganism concentration

at surface (kg m−3)
Cp Specific heat (J kg−1 K−1)
η Similarity parameter
λ Mixed convection parameter
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