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Background: The mechanics of heat and mass transfer via nanofluid flow across
many media are currently being discussed. “Nanofluids” are fluids that include
highly heat-conductive nanoparticles, and they are essential for resolving
engineering problems. Under the effects of activation energy, thermal
radiation, and motile microorganisms, the process of heat and mass transfer
through steady nanofluid flow crosses over stretched surfaces in this scenario.

Methodology: For mathematical evaluation, the system of partial differential
equations (PDEs) is used to describe this physical framework. By introducing
suitable similarity variables with a set of boundary conditions, this mathematical
systemof PDEs has become a systemof ordinary differential equations (ODEs). To
obtain numerical results, the MATLAB built-in program “bvp4c” is used to solve
the system of first-order equations.

Results: In the findings and discussion section, the resulting outcomes are
thoroughly examined and visually shown. The flow rate in these systems
increases due to the erratic movement of microorganisms. The graphical
representation shows the impacts of involving physical factors on the
microorganism, thermal, concentration, and momentum profiles. Variations/
changes in these profiles can be observed by adjusting the parametric values,
as depicted in the graphs. Consequently, thermal transport is boosted by 25%.
Additionally, the skin friction, Nusselt, Sherwood, and microbe density numbers
are determined numerically. The findings demonstrate that increasing the
magnetic field parameter causes the velocity profile to decrease, increasing
the radiation parameter leads to an increase in temperature description, and
increasing the Lewis number causes the microorganism profile’s transport rate
to decrease.
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1 Introduction

Nanofluids have gained much importance in recent times due to
their uses in information technology, especially in modern appliances.
In engineering processes, these are utilized as coolants in refrigeration
and various forms in other phenomena. Nanofluid was first introduced
by Choi and Eastman (1995). Hayat et al. (2017) investigated a 3D
stream of Williamson nano-liquid passing via a convectively warmed
stretching surface having the Darcy–Forchheimer effect. Kiyani et al.,
2021 took into account the dual-directional Williamson nano-liquid
passing through a stretching surface using the improved Darcy’s law.
Raza et al. (2021) discussed the mechanism of heat transport through a
curved stretching medium via the movement of radiative Williamson
liquid. Sharif et al. (2022) introduced the theoretical model of mass and
heat transfer through a flexible medium. Algehyne and Saeed (2022)
conducted a numerical study of the Williamson nano-liquid stream
through irregular surfaces, including those with gyrotactic microbes.
Hussain et al. (2022a) elaborated on a two-phase stream of Williamson
nano-liquid through a stretching sheet and investigated the impacts of
electromagnetism and radiation on it.

Thermal radiation, commonly known as heat radiation or
infrared radiation, is a form of electromagnetic radiation released
by any object having a temperature greater than absolute zero
(−273.15°C or 0 K). This type of radiation is caused by the
thermal energy held by the atoms and molecules within the item.
Khan et al. (2017) analyzed the impacts of thermal radiation and
Soret and Dufour effects on the Williamson nano-liquid flow
passing via a stretchable surface. Shah et al. (2018) explored the
radiative time-dependent Williamson nano-liquid moving through
a porous, flexible thin film. Hashim et al. (2019) examined the
influences of thermal rays over the stagnation point stream of
Williamson nano-liquid via an extendable sheet. Tlili et al. (2020)
reported the pseudo-plastic nano-liquid stream, which is chemically
charged through a nonlinear medium involving thermal rays.
Mangathai (2021) discussed a comparative analysis of time-
dependent Casson and Williamson nano-liquids under the
influences of viscous dissipation and radiation.

To start a chemical reaction, reactant molecules need to reach a
certain energy level, known as the activation energy. The molecules
of the reactant can only move on to produce products when they
have enough energy to cross the activation energy barrier. The
reaction becomes exothermic (releases energy) or endothermic
(absorbs energy) once the activation energy has been exceeded,
depending on whether the products have a lower or greater amount
of energy than the reactants. Jyotshna and Dhanalaxmi (2022)
considered the influence of the minimal required amount of
energy and thermal sink/source over a tri-directional stream of
Williamson nano-liquid passing above a shrinkable surface.
Dharmaiah et al. (2023) investigated the heat transfer through
Williamson nano-liquid flowing through an exponentially
stretched medium. Gadelhak et al. (2023) expressed that the
FDM approach is more suitable for evaluating energy transfer
through Williamson nano-liquid over a curved extendable
medium. The numerical solution of a nonlinear oscillator is
acquired by using the Laplace transform and investigating heat
transport rate increment by adding motile microorganisms in the
suspension [as mentioned in the following studies: Basit et al.
(2023a); Basit et al. (2024a); Basit et al. (2024b); Imran et al.

(2024)], and response surface methodology is implemented to
check the optimality of the mathematical model. Salahuddin
et al. (2023) experimented with double stratification and
activation energy impacts on the nanofluid stream over a
stretchable medium. Taj and Salahuddin (2023) scrutinized the
impacts of activation energy and radiation, which are not linear
over the 3D flow of Williamson nano-liquid through the stretchable
surface. Basit et al. (2023b); Basit et al. (2023c) numerically inspected
nanofluid and hybrid nanofluid passing through a porous medium
and rotating disk by taking nanoparticles and the base fluid of blood
and water, respectively.

A phenomenon known as bioconvection is seen in some
biological systems, especially in suspensions of motile
microorganisms like specific strains of bacteria, algae, and
protozoa. In response to environmental cues like gravity or light
gradients, these microorganisms move and organize as a group. Abdal
et al. (2022) investigated the impacts of Fourier flux and radiation on
thermal transport through a bioconvective Williamson nano-liquid
stream via an extending surface. Cui et al. (2022) introduced the
influence of the chemical process over forced convective nano-liquid
passing through a stretchable medium. Siddique et al. (2022)
elaborated on the mechanism of heat transport in bioconvective
Maxwell nano-liquid flow through an extendable cylinder. Abdul
Basit et al. (2023b) showed the PDEmodeling of parabolic surfaces by
considering bioconvective Sutterby nano-liquid movement. Farooq
et al. (2023) presented the latest modifications in the bioconvective
Carreau nano-liquid involving gyrotactic microorganisms passing
through a stretchable cylinder that is not linear and subject to
activation energy. Ahmad et al. (2023) examined the MHD
nanofluid stream flow involving Dufour and Soret effects, multi-
slip conditions, and chemical processes. Anjum et al. (2023)
investigated a radiative 3D cross nano-liquid stream through a
surface subject to activation energy. Çolak et al. (2022) applied an
artificial neural network approach to model bioconvective
Powell–Eyring nanofluid flow subject to the Darcy–Forchheimer
flow. Shafiq et al. (2022a); Shafiq et al. (2022b); Shafiq et al. (2023)
enumerated the thixotropic nanofluid flow, magnetized Walter B
nanofluid flow, andMHDWilliamson nanofluid flow over a variety of
geometries. Various studies on nanofluids are reported by
Nojoomizadeh and Karimipour (2016); Javadpour et al. (2020);
Noreen et al. (2021); Dash et al. (2022); Kumari et al. (2022);
Singupuram et al. (2023), subject to distinct physical quantities
while keeping in mind the importance of heat and mass transfer.
Numerical treatments of nanofluid problems are performed (Rasheed
and Anwar, 2018; Ali et al., 2021; Hussain et al., 2021; Hussain et al.,
2022b; Anwar et al., 2023a; Anwar, 2023; Anwar et al., 2023b; Anwar
et al., 2023c) by fractional approaches, and the impacts of involving
parameters are discussed with the graphical representations.

Researchers are motivated to investigate heat andmass transport
through stretchable media by involving various physical quantities,
like activation energy and thermal radiation. Most importantly, they
are motivated to consider the presence of motile microorganisms.
Figures 1A, B show the applications of nanomaterials and the
physical utilization of nanofluids in various domains of life and
engineering. The assumptions are as follows:

• The presence of living organisms increases thermal transport
in such mechanisms.

Frontiers in Energy Research frontiersin.org02

Shang et al. 10.3389/fenrg.2024.1360120

https://www.frontiersin.org/journals/energy-research
https://www.frontiersin.org
https://doi.org/10.3389/fenrg.2024.1360120


• Activation energy initiates the movement of microorganisms.
• Thermal radiation and physical quantities are considered in
the flow problem.

• The outcomes were numerically evaluated using the
MATLAB package.

This work aimed to figure out how thermal radiation, activation
energy, and the involvement of motile microorganisms impact
nanofluid flow through stretchable surfaces.

2 Mathematical formulation

Consider a time-dependent laminar Williamson nanofluid
stream through a porous, shrinkable surface subject to slip
boundary constraints and the effects of magnetic field and
electric charge on the normal state of the fluid-flowing surface.

The coordinate system has taken the x-axis as a stretching
surface and the y-axis as normal to it. u and v are velocity
components of the x- and y-axis, respectively. The geometry of
the flow is shown in Figures 1C, D from both perspectives when the
sheet is stretching and shrinking. uw(x, t) and vw(x, t) denote the
momentum of the shrinking sheet and momentum of mass transfer,
respectively, where x is the distance and t is the time. Under the
above assumptions, the governing equations (Maiti and Nandy,
2023) are as follows:

∂u
∂x

+ ∂v
∂y

� 0, (1)

∂u
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∂u
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∂N
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∂
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n

ΔC
∂C
∂y

( ) � Dm
∂
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∂N
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with B.Cs

u � uw x, t( ) + uslip x, t( ), v � vw x, t( ), T � Tw, C � Cw,N � Nw at

y � 0u → 0, T → T∞, C → C∞, N → N∞ as y → ∞,

(6)

FIGURE 1
(A) Exploration of the applications of nanomaterials. (B) Physical usage of nanofluid. (C) Geometry (when the surface is stretching). (D) Geometry
(when the surface is shrinking).
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where uw(x, t) � −(ax)/(1 − λt), uslip(x, t) � N1υ(∂u/∂y),
N1 � N(1 − λt)1/2 is the slip velocity, and N is the initial velocity
slip. The mass transport velocity becomes

vw x, t( ) � −
�����
aυ

1 − λt

√
s. (7)

In Eq. 7, s is the wall’s mass transport constant. For
implementing similarity transform, take B0 � B/

�����
1 − λt

√
, and the

similarity variables are

ψ �
�����
aυ

1 − λt

√
xf η( ), θ η( ) � T − T∞

Tw − T∞
,ϕ η( ) � C − C∞

Cw − C∞
,

χ η( ) � N −N∞
Nw −N∞

, η � y
��������

a

υ 1 − λt( )
√

, (8)

where the stream function is defined as u � ∂ψ
∂y

and v � −∂ψ
∂x

. (9)

Now, implementing the similarity variables defined in Eqs 8, 9 to
governing equations alongwith boundary conditions in Eqs 1–6, we have

f‴ + ff″ − f′2 − A f′ + η

2
f″( ) + βf″f‴

−Mf′ + λ θ −Nrϕ − Rbχ( ) � 0,
(10)

1
Pr

1 + 4
3
Rd( )θ″ + f − A

η

2
( )θ′ +Nbθ′ϕ′ +Ntθ′2 � 0, (11)

ϕ″ + Le f − A
η

2
( )ϕ′ + Nt

Nb
θ″ − Sc*Aϕ 1 + δθ( )m exp

−E
1 + δθ

( ) � 0,

(12)
χ″ + 1

2
Sc fχ′ − Pe χ′ϕ′ + χ + 1( )ϕ″[ ] � 0, (13)

with

f 0( ) � s, f′ 0( ) � −1 + δf″ 0( ), θ 0( ) � 1,ϕ 0( ) � 1

f′ ∞( ) � 0, θ ∞( ) � 0,ϕ ∞( ) � 0.
(14)

The involving quantities are as follows:
A � (λ/a) is the unsteadiness variable, the Prandtl number is

Pr � υ
a, β � ( �

2
√

Γ/υ1/2)(a3/2x)/(1 − λt)3/2 shows the Williamson
fluid variable, the Brownian motion is Nb � (τDB(Cw − C∞))/υ,
M � σB2

ρa denotes the Hartmann number, the Lewis number is
Le � (υ/DB), and Nt � (τDT(Tw − T∞))/(υT∞) is a
thermophoresis variable.

The physical parameters involved in the heat transfer through
fluid flow are the local Nusselt number, microorganism density
number, local Sherwood number, and local skin friction coefficient,
which are given as follows:

Nux � xqw
α Tw − T∞( ), Nnx � xqn

Dm Nw-N∞( ),

Shx � xqm
DB Cw − C∞( ), Cf � τw

ρu2
w

. (15)

Here, in Eq. 15 qw is the wall heat flux, τw is the shear stress, and
qm is the wall mass flux, and their relations are given as Eq. 16

FIGURE 2
Exhibits λ over f′

FIGURE 3
Exhibits M over f′.

FIGURE 4
Exhibits Nc over f′.
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qw � −α ∂T
∂y

( )
y�0

, τw � μ
∂u
∂y

+ Γ
2

∂u
∂y

( )2[ ]
y�0

,

qm � −DB
∂C
∂y

( )
y�0

. (16)

Hence, implementing the defined variables, we get

R
��
ex

√
Cf � f″ 0( ) 1 + β

2
�
2

√ f″ 0( )[ ], (17)
R��
ex

√ Nux � −θ′ 0( ), (18)
R��
ex

√ Shx � −ϕ′ 0( ), (19)
R��
ex

√ Nnx � −χ′ 0( ), (20)

The physical quantities are described as in Eqs 17–20.
where Rex � (uwx)/υ is the local Reynolds number.

3 Numerical algorithm

For the numerical solution, we have to develop a numerical
algorithm for the implementation of the numerical approach. After
implementing similarity variables, we have nonlinearODEswith a set of
boundary constraints. To tackle the system of ODEs numerically, we
use the built-in package ofMATLAB called “bvp4c.” This package gives
us very fine results compared to other techniques because it has a very
low error tolerance (i.e. 10−6). For this, dummy variables are first
introduced for conversion to first-order nonlinear ODEs. Here,

f � 1, f′ � 2, f″ � 3, f‴ � 3
′

θ � 4, θ′ � 5, θ″ � 5
′

ϕ � 6,ϕ′ � 7, ϕ″ � 7
′

χ � 8, χ′ � 9, χ″ � 9
′.

Then, the system of Eqs 10–14 along with boundary conditions
are transformed by using above dummy variables as in Eqs 21–25

3
′ � 1

1 + β3( ) −13 + 2
2 + A 2 + η

2
3( ) +M2 − λ 4 −Nr6 − Rb8( )[ ],

(21)

5
′ � − 1

1
Pr 1 + 4

3Rd( ) 1 − A
η

2
( )5 −Nb57 −Nt2

5, (22)

7
′ � −Le 1 − A

η

2
( )7 − Nt

Nb
5
′ + Sc*A6 1 + δ4( )m exp

−E
1 + δ4

( ),
(23)

9
′ � Pe 97 + 8 + 1( )7

′[ ] − 1
2
Sc18, (24)

with

1 0( ) � s,2 0( ) � −1 + δ3 0( ),4 0( ) � 1,6 0( ) � 1

2 ∞( ) � 0,4 ∞( ) � 0,6 ∞( ) � 0.
(25)

FIGURE 5
Exhibits Nr over f′.

FIGURE 6
Exhibits M over θ.

FIGURE 7
Exhibits Nb over θ.
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4 Outcomes and discussion

In this section, we discuss the outcomes obtained through this
approach and the effects of involving physical quantities on the
bioconvective flow of time-dependent heat transport through the
MHD stream of Williamson nano-liquid passing through a
shrinking sheet. The velocity, temporal, concentration, and
microorganism profiles are visualized and discussed in Figures
2–14, respectively. In Figure 2, the impact of the mixed convection
variable over the momentum depiction shows increasing behavior
while boosting the values of the parameter. In mixed convection,
density changes brought on by temperature differences and
external forces (forced convection) can both affect the fluid
flow. These two processes’ relative dominance is influenced by a
number of variables, including fluid velocity, temperature

gradients, fluid characteristics, and the geometrical layout of the
system. Figure 3 exhibits the impact of the magnetic field on the
fluid flow through a shrinking surface. A magnetic field decreases
the nanofluid flow by increasing the values of variables. The MHD
phenomenon is associated with the physical importance of the
magnetic field in fluid movement. The study of
magnetohydrodynamics examines how magnetic fields affect
electrically conductive liquids, such as liquid metals, plasmas,
and ionized gases. Figure 4 displays the impact of the
bioconvection Rayleigh number on the momentum profile. It
causes resistance to the flow of fluid and decreases mass and
heat transport rates. In bioconvection, environmental
conditions frequently impact microorganism migration. The
presence of nanoparticles in a nanofluid may result in
interactions with microorganisms, and the Rayleigh parameter

FIGURE 8
Exhibits Nt over θ.

FIGURE 9
Exhibits Rd over θ.

FIGURE 10
Exhibits E over ϕ.

FIGURE 11
Exhibits Le over ϕ.
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might influence the strength and type of these interactions.
Figure 5 shows the influence of the buoyancy ratio variable on
the momentum depiction of the flow problem. The buoyancy ratio
variable, which has no dimensions, is used to describe how fluids
behave in buoyancy-driven flows, especially when natural
convection is present.

The thermal profile of the flow problem is discussed and
visualized in Figures 6–9, involving various physical parameters.
Figure 6 displays the variation that occurred due to the magnetic
field over the thermal profile of the flow problem. The increase in
temporal depiction arises because of the increase in the counts of
the concerned parameter. Figure 7 shows the significance of the
Brownian motion on the temperature articulation of stretching
surface nano-liquid flow, which shows an increase in mass and
heat transport rates because of the increased count of
nanoparticles with random motion. Nanoparticles’ random

motion can facilitate their penetration into biological tissues
and delivery to particular target locations, thereby boosting the
efficiency and efficacy of therapeutic or diagnostic procedures.
Figure 8 depicts the breakthrough of thermophoresis variable
involvement in the nano-liquid stream and its influence on the
transfer rate, as shown in the increased figure rate when the
values of the variable were boosted. The interplay of
thermophoresis and temperature gradients has the potential
to affect nanofluid stability. Nanoparticles’ temperature-
induced mobility may have an impact on the overall stability
of the dispersion. Figure 9 shows the influence of thermal
radiation on temporal depiction. The increment in the flow
rate is noticed by inclining the values of the variable. A
primary way to transport energy is through thermal radiation.
Thermal radiation is produced by objects that are warmer than
absolute zero. The electromagnetic waves that make up this
radiation carry energy from the item.

The concentration profile of the mass and heat transport
mechanisms is explored in Figures 10–12. The impacts of
modeling variables on the profile are debated in an organized
manner. Figure 10 displays the influence on the concentration
depiction due to a minimal amount of energy. An increase in the
transfer rate is noticed by increasing the counts of parameters. The
pace at which a chemical reaction takes place is governed by
activation energy. Reactant molecules need more energy to cross
the energy barrier and change into products in reactions with higher
activation energies. Figure 11 depicts the variation in the Lewis
number over the concentration depiction of the flow problem. The
increment in the variable shows a fall in the flow rate. The Lewis
number is a tool used in heat transfer applications to analyze the
relationship between thermal diffusion and heat conduction. When
thermal diffusion predominates, it results in higher thermal
stratification and slower heat transfer rates, as indicated by a
high Lewis number. Figure 12 shows the impact of Brownian
motion on the concentration depiction. Scattering in the
concentration occurs due to the enhancement of the values of the
variable. With regard to nanoparticles and colloidal suspensions, in

FIGURE 12
Exhibits Nb over ϕ.

FIGURE 13
Exhibits λ over χ

FIGURE 14
Exhibits Lb over χ.
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particular, the Brownian motion is a crucial factor in
nanotechnology. It is possible to manage the stability and
behavior of nanoscale systems and nanoparticles in a variety of
applications, including drug delivery, nanomedicine, and
nanocomposites, by comprehending the Brownian motion.

The influence of the number of physical variables on the
motile microorganism profile is visualized in Figures 13, 14.
Physical quantity effects are very important in the flow of
nano-liquids through stretchable media. Figure 13 shows the
variation that occurred in the microorganism profile of the
thermal transport mechanism due to the Maxwell variable,
which minimizes the transport rate. Figure 14 explains the
impact of the bioconvection Lewis number over the
microorganism depiction, which shows a decrease in the
transport of heat and mass through the flow of nano-liquid
over a stretchable surface. Specifically, taking into account
heat conduction and mass diffusion, the “bioconvection Lewis
number” would most likely relate to how the mobility and
distribution of microorganisms during bioconvection (i.e., its
physical presence) affect the transport processes in the fluid. The
movement of the microorganisms may vary or have an impact on
the ratio of thermal diffusivity to mass diffusivity, which might
potentially alter the overall transport phenomenon.

The comparison of our computed outcomes with already
reported outcomes is tabulated in Table 1, and the accordance of
results shows the smoothness of our results.

5 Conclusion

In this study, heat and mass transport through time-dependent
bioconvectiveWilliamson nanofluid flow through stretchable surfaces
subject to activation energy and thermal radiation are investigated.
Additionally, the significance of gyrotactic motile microorganisms in
the transport rate is enumerated. The numerical results are discussed
and graphically visualized, along with the impacts of physical
parameters. The major outcomes of the study are as follows:

❖With an increase in λ, the momentum profile increases. On the
other hand, by increasing the values of the buoyancy force,
magnetic field, and buoyancy ratio variables, the momentum
profile shows a decrease in the flow rate.

❖ In the thermal profile, by increasing the counts of the magnetic
field, Brownian motion, thermophoresis, and thermal rays, an
increment is noticed.

❖ An increase in the values of activation energy shows an increase in
the concentration profile, whereas an increase in the counts of the
Brownianmotion and Lewis number shows a downfall. Physically,
by increasing the Lewis number, the concentration of
particles decreases.

❖ The microorganism density profile shows a downfall by
boosting the values of the mixed convection parameter and
bioconvection Lewis number.

❖ Graphical visualization clearly shows that our boundary
conditions are asymptotically satisfied.

In the future, this idea may be extended to any other physical
problem and also used to scrutinize heat and mass transfer efficiency
using hybrid particles.
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TABLE 1 Comparison of recent results with published results for distinct values of λ � 0.1,0.2, and0.3.

λ Malik et al. (2016) Ibrahim and Negera (2020) Current results
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