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The amalgamation of microorganisms in the nanofluid is significant in beautifying
the thermal conductivity of several systems, such as microfluid devices, chip-
shaped microdevices, and enzyme biosensors. The current investigation studies
mixed convective flow of the entropy minimization of unsteady MHD tangent
hyperbolic nanoliquid because a stretching surface has motile density via
convective and slip conditions. For the novelty of this work, the variable
transport characteristics caused by dynamic viscosity, thermal conductivity,
nanoparticle mass permeability, and microbial organism diffusivity are
considered. It is considered that the vertical sheet studying the flow. By using
the appropriate alteration, the governing equations for the most recent flow
analysis were altered into a non-dimension relation. Through MATLAB Software
bvp4c, the PDE model equations have been made for these transformed
equations. Engineering-relevant quantities against various physical variables
include force friction, Nusselt number, Sherwood number, and microorganism
profiles. The results showed good consistency compared to the current literature.
Moreover, these outcomes revealed that augmentation in the magnitude of the
magnetic field and velocity slip parameter declines the velocity profile. The reverse
impact is studied in We. In addition, heat transfer is typically improved by the
influence of thermal radiation parameters, Brownian movement, and
thermophoretic force. The physical interpretation has existed through graphical
and tabular explanations.
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1 Introduction

A passion sparked by the study of non-Newtonian fluids in recent decades. Several
researchers have various features in the technological, chemical, and mechanical industries.
The most convenient applications to encounter non-Newtonian fluids like polymeric
relation, atomic rector, solvent, biomedical in tumor, and many more. Because of the
complexity of their design and subsequent management according to the model of power
kind, non-Newtonian fluids can produce a connection between shear stress and shear rate
that is non-linear. Because of the complexity of these fluids, it is not possible to understand
the rheological properties of fluids of this type using a straightforward relation, in contrast to
the Newtonian fluid. In order to determine the nature of these occurrences, the researchers
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offered a number of mathematical studies to investigate the material
associated with non-Newtonian fluids. The tangent hyperbolic fluid
model illustrates a model in which an increase in the shear effect
reduces the effective viscosity of the fluid. References [1, 2] first
described the flow of tangent hyperbolic fluid in a boundary layer
caused by a stretched sheet. Hayat et al. [3] described the boundary-
layer flow of tangent hyperbolic fluid under mass flux conditions.
The double solution of tangent hyperbolic was probed by
Nagendramma et al. [4]. The effect of convective conditions on
tangent hyperbolic fluid induced by the
homogenous–heterogeneous reaction was completed by Kumar
et al. [5]. The bioconvection flow of tangent hyperbolic due to a
movable surface using numerical methods was completed by Kamel
et al. [6]. The effect of numerical analysis of the bioconvection flow
on the tangent hyperbolic fluid past Riga plate was scrutinized by
Waqas et al. [7]. The impact of the zero mass flux condition for the
tangent hyperbolic nanoparticles past an exponential surface due to
statistical analysis was found by Shafiq et al. [8]. The unsteady flow
on the tangent hyperbolic fluid past a wedge surface was conducted
by Ali et al. [9]. Hussain et al. [10] scrutinized the unsteady flow of
permeable surfaces for the tangent hyperbolic fluid under slip
conditions. Shafiq et al. proposed the influence of Newtonian
heating having microorganisms on tangent hyperbolic nanofluid
[11]. Ramzan et al. presented the 3D tangent hyperbolic nanofluid of
the heat flux theory with activation energy [12].

According to experts, nanoliquid is the most innovative and
compelling technology currently used in engineering and
technological products, including cooling agents, vehicles, catalyst
reactions, and computer chips. The thermophysical characteristics
of a nanoliquid are more important than those of a regular liquid.
The presence of the nanoparticle in the regular fluid is investigated
for potential effects on the fluid’s thermophysical characteristics.
Choi [13] created the main invention in this field. The Williamson
nanofluid due to the permeable surface was done by Bhatti and
Rashidi [14]. Hayat et al. [15] described the melting heat transfer
with thermal radiation induced by the variable thickness of the
carbon nanotubes (CNT). Kumar et al. studied the effect of
semiconductors on the thermal properties of CuO-H2O with the
base fluid of nanoparticles [16]. The influence of thermal radiation
using Sisko nanofluid with activation energy was evaluated by Ijaz
et al. [17]. Khan and Shehzad [18] investigated the joule heating
effect for the flow of third-grade nanomaterials due to the periodic
motion sheet. The induction of nanoparticles in solar energy was
discussed by Fayaz et al. [19]. Faizan et al. [20] examined how fluids
move thermally and generate entropy during the tangent hyperbolic
flow with the Darcy–Forchheimer flow across a stretching surface.
Olanrewaju et al. [21] exploited Maxwell nanofluid due to the
permeable surface by second law analysis. The heat transfer in
the porous surface for the second law analysis of Maxwell
nanofluid was reported by Alagumalai et al. [22], elaborating on
applying nanofluid with thermal energy and technological
applications. Tayebi et al. [23] discovered the natural convection
flow of nanofluids with entropy generation due to annular enclosure.
Chamka et al. [24] constituted anMHD natural convection flow and
thermal radiation in the cavity enclosure using the finite element
method. Seyyedi et al. [25] examined the MHD natural convection
flow of nanofluids on entropy minimization in a wavy porous
enclosure. Dogonchi et al. [26] explained the combined effect of

thermal radiation and joule heat on the natural convection of
nanoliquid between two disks. Eshaghi et al. [27] discussed the
Baffle length H-shaped cavity with the addition of nanoparticles.
Afshar et al. [28] probed the free convection flow of nanofluids
inside the porous wavy enclosure. A titanium dioxide nanofluid
based on 10 W40 subjected to electroosmotic forces and peristaltic
propulsion in a curved microchannel is the subject of the current
study, which focuses on the fluid flow analysis and heat transfer
properties of the material explored by Akram et al. [29]. Maraj et al.
[30] analyzed the oscillatory pressure-driven MHD flow of a hybrid
nanofluid in a vertical rotating channel with velocity slip, thermal
periodic limitations, and the effect of hall current, which are the
main topics of the current mathematical investigation. Akram et al.
[31] investigated the fluid flow properties and heat transmission by
the drilling muds augmented with nanoparticles flowing through the
drilling pipes under different physical conditions. Shah et al. [32]
investigated how energy is transferred as engine oil-based
Prandtl–Eyring nanofluid flows across a heated stretching
surface. The influence of slip velocity across a vertically declining
sheet, heat generation and absorption, and convection in a two-
dimensional magnetic nanofluid are all statistically investigated by
Asghar et al. [33]. Some other important studies can be found
[34–39].

Researchers have used the oxytactic and erratic motion of
microorganisms as a model to examine the processes of
bioconvection. Slanting swimming cells are related to
bioconvection, which focuses on different types of
microorganisms. Ecological systems, biofuels, biosensors, and
many more technologies successfully use the physical meaning of
bioconvection. Due to the interaction of microorganisms, the
bioconvection of nanoparticles is correlated with density. It has
been noted that gyrotactic bacteria successfully increased the
stability of nanoparticles. In recent years, several researchers have
examined significant events. The effect of bioconvection employing
nanoparticles past a permeable sheet was studied by Saini and
Sharma [40]. Dhanai et al. [41] investigated the MHD flow
gyrotactic microorganism on the nanoparticles past an inclined
sheet. The force connection with bioconvection resulting from a
vertical wedge plate was performed by Mahdy [42]. Avinash et al.
[43] found the magnetic field of natural convective and
microorganisms together with nanoliquid. Makinde and
Animasaun [44] analyzed the impact of non-linear thermal
radiation induced by the microorganism with a magnetic field
and nanofluid. The impact of the slip effect with MHD flow on
gyrotactic microorganisms was conducted by Khan et al. [45]. The
mixed convective flow of bioconvection past a spongy plate was
designed by Mutuku and Makinde [46]. The impact of convective
conditions on the magnetic field flow of bioconvection was worked
on by Khan et al. [47].

It has been brought to our attention that the second law analysis
of bioconvection phenomena in the flow of tangent hyperbolic
nanofluids with a slip effect under thermal radiation has not yet
been considered. The motive is to fill the gap. This was discovered
after careful observation of the review highlighted previously. In
contrast to the standard approach, the flow, in this case, is caused by
a vertical surface. It has been thoroughly reviewed and determined
that such characteristics are not researched. Fluid flow past vertical
stretching sheets has been proven to have numerous applications in
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current times due to physical and technological applications, such as
the processing of polymers, the petrochemical sector, various
production processes, glass production, and rolling hot. Because
of these motivating factors, we decided to direct our attention to this
substantial research gap. The present investigation was performed
by simulating the features of thermal radiation, which has studied a
large variety of features in thermal extrusion processing, solar
energy, defense system, heavy automatic equipment, atomic chain
reactions, and many other processes. The answer to the inserted
problem is approached by methodically computing it using the
BVP4c approach. The graphical results of various emerging
variables besides the flow field are studied and evaluated.

2 Problem formulation

We presume a two-dimensional, laminar, unsteady, velocity
effect of an MHD incompressible tangent hyperbolic nanofluid
comprising bioconvection with entropy analysis. The fluid system
is surrounded by a stretched sheet that is saturated with motile
microorganisms and has a velocity of Uw(x, t)(� cx

1−ε�t) along the (�x)
direction. Magnetic fields and stretched sheets are perpendicular to
one another, whereby the induced magnetic field is ignored by the

truly low magnetic Reynolds number (Figure 1). The Roseland
approximation can be used to anticipate the radiation effect
because the fluid is considered optically thick. Furthermore, it is
assumed that the temperature of the fluid Tw on the sheet is higher
than the temperature T∞ in the free stream. The mathematical
formulation in this study employs the Cartesian coordinate. The
impacts of Brownian motion, thermophoresis, and convective
effects are used to examine the heat, concentration, and motile
density of the transit rates of microorganisms. The flow phenomena
are described using the following equations.

The constitutive equation for the flow of the model (continuity,
momentum, energy, concentration, and microorganism) is
represented as follows [48–53]:

zu

z�x
+ zv

z�y
� 0,

zu
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+ u

zu
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+ v

zu

zy
� υ 1 − n( ) z
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FIGURE 1
Geometry of the problem.
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The corresponding boundary conditions are

u � Uw + Uslip, v � 0,−k zT
zy

� h t( ) Tf − T( ), C � Cw, χ � χw at y � 0

u → 0, T → T∞, C → C∞, χ → χ∞as y → ∞

⎫⎪⎪⎬⎪⎪⎭.

(6)
Here, the component of velocity is (u, v) in the direction of

(x, y), volume expansion of the fluid is β, stretching velocity is Uw,
gravity of the fluid is g, heat transfer coefficient is h(t),
thermophoretic diffusion is DT, Brownian movement is DB,
microorganism diffusivity is Dm, specific heat is CP, kinematic
viscosity is ], electric conductivity of the nanofluid is σ,
temperature of the fluid is T, density of the nanofluid id ρf,
swimming speed cell is Wc, density of the nanomaterial is ρp, the
density of microorganism particles is ρm, ambient temperature is
T∞, ambient concentration is C∞, and ambient microorganism
concentration is N∞.

By considering the appropriate transformation [20],

η � y
��������

c

υ 1 − εt( ),
√

ψ � x
�������

cυ

1 − εt( )
√

f η( ), u � cx

1 − εt( )f′ η( ), h t( ) � d�������
1 − εt( )√

] � −
�������

cυ

1 − εt( )
√

f η( ), θ η( ) � T − T∞
Tw − T∞

, ϕ η( ) � C − C∞
Cw − C∞

, χ � N −N∞
Nw −N∞

.

⎫⎪⎪⎪⎪⎬⎪⎪⎪⎪⎭ .

(7)

The application of the suitable alteration in Eqs 2–5, subject to
the boundary conditions in Eq. 6, is rendered into a system of
ODEs [48]:

1 − n( )f‴ + nWef″f‴ − f′( )2 + λ θ −Nrϕ − Rbχ( )
−A f′ + η

2
f″( ) −Mf′ � 0, (8)

θ″ 1 + 4
3
Rd( ) + Pr fθ′ − η

2
Aθ′ +Nbθ′ϕ′ +Ntθ′2( ) � 0, (9)

ϕ″ + Scfϕ′ − η

2
ScAϕ′ + Nt

Nb
θ″ − κϕ � 0, (10)

χ″ − Peϕ″ + fχ′ + ϕ′χ′ − Lb
1
2
ηScAχ′( ) � 0. (11)

The boundary conditions are as follows [20], [42], [48]:

f 0( ) � 0, f′ 0( ) − 1 − ϒf″ 0( ) � 0, θ′ + Bi 1 − θ 0( )( ) � 0, χ 0( ) � 1
f′ ∞( ) � 0, θ ∞( ) → 0, ϕ ∞( ) → 0, χ ∞( ) → 0

}.
(12)

The dimensionless variables in the aforementioned equations
are the unsteady parameter denoted by A, Weissenberg number
denoted by We, magnetic number denoted by M, Brownian
motion denoted by Nb, thermophoretic parameter denoted by

Nt, Schmidt number denoted by Sc, Peclet number denoted by
Pe, bioconvection Lewis number denoted by Lb, Biot number
denoted by Bi, heat capacity ratio of the nanofluid denoted by τ,
Prandtl number denoted by Pr, microorganism concentration
difference denoted by ω, mixed convection parameter denoted by
λ, bouncy force denoted by Nr, and bioconvection Rayleigh
number denoted by Rb:

A � ε

C
( ),We �

���
2a3

√
ΓU�
υ

√( ),M � σB2
°

ρa
( )

Nb � τDB Cw − C∞( )
υ

( ), Nt � τDT Tw − T∞( )
υ
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Sc � υ

DB
( ), Pe bWe

Dm
( ), Lb � ]f

Dm
( ),

Bi � h

k

��������
υ 1 − αt( )

a

√( ), τ � ρc( )p
ρc( )f⎛⎝ ⎞⎠,

Pr � υ

αf
( ),ω � N∞

Nf −N∞
( ), λ � Gr

Re2x
( ),

Nr � gβc Cw − C∞( )
gβT Tw − T∞( )( ), Rb � γ1 ρm − ρf( ) Nw −N∞( )

ρfβ 1 − C∞( ) Tw − T∞( )
⎛⎝ ⎞⎠.

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩
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(13)

Skin friction, Nusselt number, Sherwood number, and motile
microorganism are as follows:

Cf � 2τw
ρu2

w

,

Nux � xqw
k Tw − T∞( ),

Shx � xqm
DB Tw − T∞( ),

Nnx � xqn
Dm Nw −N∞( ),

⎫⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎬⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎭
(14)

The values for the aforementioned quantities are as follows:

τw � μ 1 − n( ) zu
zy

+ 2Γn zu

zy
( )2( ),

qw � zT
zy

∣∣∣∣∣ y�0,
qm � zC

zy

∣∣∣∣∣ y�0,
qN � zN

zy

∣∣∣∣∣ y�0.

⎫⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎬⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎭
(15)

Equation 14 and Eq. 15 by using Eq. 7

CfRe
0.5
x � 1 − n( )f″ 0( ) + n

2
Wef″ 0( )2( ),

Nux

Re0.5x
� −θ′ 0( ),

Shx
Re0.5x

� −ϕ′ 0( ),

Nnx
Re0.5x

� −χ′ 0( ).

⎫⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎬⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎭
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3 Implemented strategy

It is obvious that the presented problem Eqs. (8–11) with
boundary assumptions Eq. 12 cannot be handled analytically due
to the problem’s extreme non-linearity. Hence, we employ the
well-known BVP4c technique to simulate the numerical solution.

Actually, BVP4c is used as a powerful method to achieve accurate
results. The ordinary differential boundary value problem is
resolved using this method. Each method, such as bvp4c
MATLAB, has advantages and disadvantages. The main
advantage is that it accepts multipoint BVPs natively, in
contrast to many other solvers. As the source code is public,

FIGURE 2
(A–F) f′(η), θ(η),ϕ(η), χ(η),Ns(η), and Be(η) profiles for dissimilar n values.
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we can easily and gratis modify it to function with already-
existing equations. MATLAB is an interpreted language; thus,
making corrections is easy. Moreover, there are several issues
concerning its ability to resolve first-order differential equations.
You must first reduce your system to the first order before
utilizing the bvp4c MATLAB method to solve higher orders.
MATLAB executes more slowly than C and C++ because, as was
already mentioned, it is an interpreted language. The technique
turns the initial BVP into an IVP by applying the following
presumptions: we will assign a few extra variables to accomplish
this goal:

f � R1

f′ � R2

f″ � R3

f‴ � _R3

⎛⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎝ ⎞⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎠ θ � R4

θ′ � R5

θ″ � _R5

⎛⎜⎝ ⎞⎟⎠ ϕ � R6

ϕ′ � R7

ϕ″ � _R7

⎛⎜⎝ ⎞⎟⎠ χ � R8

χ′ � R9

χ″ � _R9

⎛⎜⎝ ⎞⎟⎠⎫⎪⎪⎪⎬⎪⎪⎪⎭, (17)

_R3 �
A R2 + η

2
R3( ) + R2( )2 − R1R3 +MR2 − λ R4 −NrR6 − RbR8( )

1 − n( ) + eWeR3( )
_R5 � −Pr R1R5 − η

2
AR5 +NtR5R7 +Nt R5( )2( )

_R7 � η

2
AScR7 − ScR1R7 + Nt

Nb
Pr R1R5 − η

2
AR5 +NtR5R7 +Nt R5( )2( )( )
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η

2
ScAR9( ) − R7R9 − R1R9 + Pe

η

2
AScR7 − ScR1R7+

Nt

Nb
Pr

R1R5 − η

2
AR5+

NtR5R7 +Nt R5( )2

⎛⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎝ ⎞⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎠⎛⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎝ ⎞⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎠
⎛⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎝

⎞⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎠

⎫⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎬⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎭

.

(18)

The criteria for new variable boundaries include

R1 0( ) � 0, R2 0( ) � 1 + ϒR3 0( ), R5 0( ) � −Bi 1 − R4 0( )( ), R8 0( ) � 1
R2 ∞( ) � 0, R4 ∞( ) � 0, R6 ∞( ) � 0, R8 ∞( ) � 0

}. (19)

FIGURE 3
(A–D) f′(η), θ(η), ϕ(η), and χ(η) profiles for dissimilar A values.
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The far boundary is η → ∞; we put it by η � 5 (for different
distributions). The method produces consistent and quick
convergence throughout the extensive deviation of calculating
parameters. We utilized the step size of 0.001 and continued to
perform this method until the parameters for the tolerance level
were reached 10−6.

4 Entropy generation

The influence of the magnetic field, thermal radiation and
diffusion, and entropy generation SG for the tangent hyperbolic
nanofluid is given by [54]

SG � k

T∞
1 + 16σ*T3

∞
3kk*

( ) zT

zy
( )2

+ μ

T∞

zu

zy
( )2

1 − n( ) + nΓ�
2

√ zu

zy
[ ]

+ RDm

C∞

zC

zy
( )2

+ RDm

T∞

zT

zy
( ) zC

zy
( ) + RDm

χ∞

zN

zy
( )2

+ RDm

T∞

zN

zy
( ) zT

zy
( ) + σB2

°

T∞
u2.

(20)
Eq. 20 shows the formation of entropy through the first phrase,

which represents heat transfer, the second term, fluid friction, and
the third term through the sixth term, diffusive irreversibility. The
importance of entropy production can be expressed
mathematically as

FIGURE 4
(A–F) f′(η), θ(η), ϕ(η), χ(η),Ns(η), and Be(η) profiles for dissimilar
We values.

FIGURE 5
(A–F) f′(η), θ(η), ϕ(η), χ(η),Ns(η), and Be(η) profiles for dissimilar
M values.
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S°
‴ � κ ΔT( )2

L2T2∞
. (21)

Using Eq. 6, it is possible to modify the rate of entropy
minimization using tangent hyperbolic [54]:

NS � SG
SG°

� 1 + Rd( )θ′2 + Rex
Br

Π 1 − n( )f″2[ ] + nWe2

2
Br

Π Rexf
‴3 + Rex

Γ
Π( )2

ϕ2

+ Rex
Γ
Π( )ϕ′θ′ + Rex

ξ

Π( )2

χ′2 + Rex
ξ

Π( )χ′θ′ + Br

Π Mf′2,

(22)
Be � Entropy due to heat transfer

Total entropy
, (23)

Be � 1 + Rd( )θ′2 + Rex Γ
Π( )2ϕ2 + Rex Γ

Π( )ϕ′θ′ + Rex
ξ
Π( )2χ′2 + Rex

ξ
Π( )χ′θ′

1 + Rd( )θ′2 + Rex
Br

Π 1 − n( )f″2[ ] + nWe2

2
Br

Π Rexf
‴3 + Rex

Γ
Π( )2

ϕ2

+Rex Γ
Π( )ϕ′θ′ + Rex

ξ

Π( )2

χ′2 + Rex
ξ

Π( )χ′θ′ + Br

Π Mf′2. (24)

5 Result and discussion

The numerous variables over
f′(η), θ(η), ϕ(η), χ(η), Ns(η), Be(η) are elaborated in Figures
2–10. It has been noted that each flow variable has remained
constant throughout the procedure, such as M � 0.4, Nr �
0.1, Rb � 0.7, Lb � 0.2, Pe � 1.2,We � 1.1, n � 1.0, A � 0.2, Pr �
Sc � 1.0, Nb � Nt � 0.4. This section describes the behavior of
each of the physical parameters. Figures 2A–F show the variation
of n on velocity profile f′(η), temperature field θ(η), concentration
ϕ(η), motile density profiles, χ(η) entropy production Ns(η), and
Bejan number Be(η).

Figures 2A–F show the variation in power index number n over
f′(η), θ(η), ϕ(η), χ(η), Ns(η), and Be(η). It is clear from
depreciating in f′(η) with the larger value of n. Physically, the
fluid’s viscosity, or its thickness, is determined by this characteristic.
For small values of n, the fluid exhibits shear thinning
characteristics; for larger values of n, shear thickening; and for
n � 1, Newtonian characteristics. When n is larger than one, the
fluid’s velocity slows down, producing a weaker velocity field. The

FIGURE 6
(A–D) f′(η), θ(η), ϕ(η), and χ(η) profiles for dissimilar ϒ values.
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thermal layer field θ(η), concentration of nanoparticles ϕ(η), and
motile density profiles χ(η) are shown in Figures 2B–D. The thermal
field θ(η) and corresponding layer thickness have been improved for
the bigger magnitude of n. In essence, the described model becomes
more sophisticated as the power-law index rises. With the
development of this component, the fluid’s non-Newtonian
properties steadily get worse. As a result, the velocity’s
diminishing tendency can be explained. Figures 2C, D show
concentration ϕ(η) and motile density profiles χ(η) and exhibit
observable similarities in their behavior. With an increase in the
power-law coefficient n, the fluid becomes more viscous. As a result,
the concentration and motile density profile improve gradually.
Figures 2E, F present the influence of n onNs(η) and Be(η) profile.
It is reported that with the increase in n values, the entropy

generation increased significantly, whereas the Bejan number fell
considerably. Figures 3A–D show the A over velocity curve f′(η),
temperature field θ(η), concentration ϕ(η), and motile density
profiles χ(η). Figure 3A shows that the velocity distribution
f′(η) has been minimized to achieve a more accurate assessment
of A. Actually, the slower pace of the stretched sheet allows the fluid
to cool down. As a result, the fluid’s particles settle down, and the
system’s heat is released. The effect is that fluid viscosity also
gradually increases. As a result, as can be seen in the image, the
profile gradually decreases as the unsteadiness parameter’s values
rise. The increase in the value of A induces an acceleration in all
three profiles—thermal θ(η), concentration ϕ(η), and motile
density χ(η)—as shown in Figures 3B–D. An increase in the
unsteady parameter A results in an increase in the kinetic energy

FIGURE 7
(A,B) f′(η) and θ(η) profiles for dissimilar λ values.

FIGURE 8
(A,B) θ(η) and ϕ(η) profiles for dissimilar Pr and Sc values.
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of the fluid, which increases the motion of the liquid film. Figures
4A–F show fluctuation ofWe on velocity profile f′(η), temperature
field θ(η), concentration ϕ(η), motile density profiles χ(η), entropy
production Ns(η), and Bejan number Be(η). When applied to the
flow field,We reflects the fraction of the time scale corresponding to
the actual time. Accordingly, the increase in We improves the
velocity profile f′(η) shown in Figure 4A. Actually, the
movement of fluid slowly decreases with the Weissenberg
number. Moreover, We is the proportion of relaxation time and
other process time due to this relaxation time depreciating the fluid
velocity increase withWe. Figures 4B–D show the temperature field
θ(η), concentration ϕ(η), and motile density profiles χ(η)
diminished with a larger value of We. The Weissenberg number
influence on entropy generation and Bejan number are revealed in
Figures 4E, F. For larger, We the Ns(η) and Be(η) enhances.
Physically, for higher We, more heat is lost because of relaxation
time and more resistance between fluid particles, which is the reason
Ns(η) and Be(η) increase. Figures 5A–F show the performance of
M for velocity profiles f′(η), temperature fields θ(η),
concentrations ϕ(η), motile density profiles χ(η), entropy
production Ns(η), and the Bejan number Be(η). For larger
magnitudes of the magnetic field M, it is obvious that the
velocity profile f′(η) will decrease due to an increase in the
magnetic field’s strength. When M � 0, the flow is
hydrodynamic, and when M ≠ 0, the flow is magnetic. Actually,
the decrease in velocities is caused by the resistive force of the
magnetic field, which is always normal to an electrically conducting
fluid flow. The Lorentz force is the name of this opposite force. There
is a consequent consequence of fluid flow retardation. There is a
deceleration in the velocity as a result. Moreover, a thickening of its
boundary layer is observed. Figures 5B–D illustrate how
temperature, concentration profile, and motile density tend to
grow dramatically along with an increase in M. Figures 5E, F
depict the independent effects of magnetic field M on the
formation of entropy and the Bejan number. In contrast to Bejan
number’s effect, entropy creation has risen. The entropy generation

becomes better due to a rise in hostility to big M. Actually, as the
Lorentz magnetohydrodynamic body forces grow strong, the rate of
heat transmission (temperature gradient) at the wall increases. The
fact thatNs(η) is a function of temperature gradient causes stronger
magnetic field effects to increase Ns(η) levels. The Bejan number
decreases because viscous effects dominate the heating and mass
transfer effect in our situation. Generally, in this plot, in the free
stream, far from the stretching sheet, the Bejan number plummets to
zero, whereas the maximum Bejan number arises closer to the wall.
Based on these data, the Ns(η) profile increases and the Be(η)
profile decreases. Figure 6A displays the performance of the slip
parameter over the dimensionless velocity. Here, when the slip
parameter is estimated to be larger, the dimensionless velocity
curves fall. Figures 6B–Dshow that θ(η), ϕ(η), and χ(η) are
mounting behavior leading to the slip parameter ϒ. Figures A, B
manifest the impact of the mixed convection parameter λ on
momentum boundary layer f′(η) and temperature θ(η), showing
that the improve value of λ let the velocity gradient profile fall. In
fact, magnifying λ produces a less bouncy force due to this diversity
in the velocity of the fluid. In contrast, reducing performance is
noted for the temperature profile in Figure 7B. Figure 8A depicts the
impact of Pr on temperature. The Prandtl number governs the
thermal pattern in the illustration Pr. The arcs in this diagram
demonstrate how the energy profile decreases as Pr increases
because the heat conductivity diminishes as Pr increases. A high
Pr value indicates poor thermal conductivity, which lowers the
thermal boundary layer and, consequently, conduction, resulting in
a drop in fluid temperature. Figure 8B illustrates how the Schmidt
number affects the concentration profile ϕ(η). The results of this
figure show that when Sc increases, the thickness of the layers and
the associated ϕ(η) also increase. Momentum diffusivity divided by
thermal diffusivity gives the Schmidt number. In fact, when Sc
increases, momentum diffusivity improves. This is why ϕ(η)
declines.Figures 9A, B show the effect of density on the Lewis
number Lb and Peclet number Pe. Restoration in motile density
is correlated with increasing levels of the bioconvection Lewis

FIGURE 9
(A,B) χ(η) profiles for dissimilar Lb and Pe values.
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number Lb. As the Lewis number Lb increases, the microorganism’s
diffusivity increases, leading to a progressive rise in the fluid’s motile
density. The thickness of actively moving microorganisms decreases
as the Peclet number Pe increases. The Peclet number quantifies the
physical relationship between the prolixity of a microbe and its top
swimming speed of individual cells. As the Peclet number rises, the
rate at which the cell can swim increases. As the Peclet number of
bioconvection increases, the density of motile bacteria decreases.
The dispersion of motile microorganisms in the nanofluid is reduced
in both scenarios with increasing diffusivity.

The impact of Re1/2x Cf, Re−1/2x Nux, Re−1/2x Shx, Re−1/2x Nhx
versus magnetic parameter (M) and Peclet number (Pe) has
been shown in Figures 10A–H for different values
[n � 1.0, n � 1.5]. Figures 10A–H show skin friction and
Nusselt enhancement, whereas Sherwood and motile density
decline as the Weissenberg number parameter (We) and the
Bioconvection Lewis number rise (Lb).

Table 1 compares the current problem with the published results
of Ali et al. [52] and Madhu et al. [55]. In this comparison, the
current outcomes present excellent achievement with the existing
published results. Table 2 shows the variation Cf with different
values A,M,We, and λ for the two cases when n � 1.0 and n � 1.5.
The skin friction is enhanced by enhancing values of A andWe. The
escalating performance is bigger for the two cases n � 1.0 and
n � 1.5. The numerical simulation for Nu is seen in Table 3 for
n � 1.0 and n � 1.5. Nu is lessened for the larger values of Nb, Nt,
and Bi. The Nusselt number is declined for the case of n � 1.0 and
n � 1.5. The influence of flow variables on Sh for two values of n �
1.0 and n � 1.5 is presented in Table 4, showing that Sh is enhanced
for the larger values of n � 1.0 and n � 1.5. Table 5 discovers that the

FIGURE 10
(A–H) Fluctuation of Re1/2x Cf , Re−1/2x Nux , Re−1/2x Shx , and Re−1/2x Nh
for M and Lb versus We and Pe.

TABLE 1 Comparison of f@(0) for A.

A Ali et al. [52] Madhu
et al. [55]

Current
result

0.8 −1.261479 −1.261211 −1.260691

1.2 −1.377850 −1.377625 −1.377710

TABLE 2 Numerical simulation of the skin friction coefficient −Re0.5x Cf .

Parameter −Re0.5x Cf

A M We λ n � 0.5 n � 1.0

0.1 0.5 0.1 0.1 1.059210 0.996875

0.5 0.1 1.076897 1.029871

1.0 0.5 0.2 1.093914 1.051456

1.5 0.3 0.1 1.135687 1.093247

0.1 0.7 0.3 0.5 1.094578 1.003693

0.5 0.7 0.3 1.112587 1.031456

1.0 0.4 0.5 1.154879 1.091025

1.5 0.5 1.195465 1.152765

0.1 0.9 0.6 1.0 1.125479 1.061945

0.5 0.6 1.165899 1.102791

1.0 0.6 1.0 1.184578 1.153754

1.5 0.9 0.7 1.292145 1.195476

0.1 1.1 0.8 1.5 1.174783 1.094269

0.5 1.3 0.9 1.102547 1.153794

1.0 1.5 0.9 1.235789 1.181745

1.5 1.5 0.9 1.5 1.262144 1.257956
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bigger magnitude of n � 1.0 and n � 1.5 leads to depreciation with
numerous values of Lb and Pe.

6 Final remarks

This study measured the impact of velocity slip on the erratic
flow of a mixed convection MHD tangent hyperbolic nanofluid
containing moving microorganisms. The articulated ordinary
differential equation and specified boundary conditions generated
from the similarity solutions are resolved using the bvp4c solver in
MATLAB. MATLAB bvp4c is time-saving, efficient, durable, fast-
converging, and consistent with earlier studies. The effects of a few
associated control parameters are highlighted. The physical variables
over f′(η), θ(η), ϕ(η), χ(η), Ns, Be, Cf,Nu, Sh, and Nh have been
discussed in detail, and the cogency of the numerical results gained
in this study is confirmed by relating them with those obtained
earlier. The main result is given as follows:

• Boundary-layer thickness augments for temperature,
concentration, and density distributions, although the
velocity profile decays as an enhancement in M due to
resistive Lorentz force.

• The velocity profile declines in contrast to the increasing value
of the power law index. Since the dimensionless parameter n
controls how the fluid behaves under shear, as the power index
law magnitude rises, more resistance is put up to the fluid
velocity, which decreases the flow.

TABLE 3 Numerical simulation of the local Nusselt number Re−0.5x Nux . Pr �
2.5, Sc � 0.5.

Parameter Re−0.5x Nux

A Rd Nb Nt Bi n � 1.0 n � 1.5

1.0 0.5 1.0 1.3 0.1 0.615793 0.594833

1.0 0.516896 0.537169

1.5 0.456345 0.479256

2.0 0.396453 0.496371

2.0 0.5 1.1 1.4 0.2 0.535465 0.573915

1.0 0.596486 0.523975

1.5 0.414568 0.469145

2.0 0.356822 0.409762

3.0 0.5 1.2 1.5 0.4 0.591176 0.535978

1.0 0.4 0.551978 0.493671

1.5 0.439165 0.427196

2.0 0.398121 0.393971

4.0 0.5 1.3 1.6 0.493145 0.497345

1.0 0.437128 0.456914

1.5 0.371930 0.409725

2.0 0.5 0.309153 0.346571

TABLE 4 Numerical simulation of the local Sherwood number Re−0.5x Shx .Pr �
2.5, Sc � 0.5.

Parameter Re−0.5x Shx

A κ Nt Nb n � 1.0 n � 1.5

1.0 0.5 1.0 1.2 0.056978 0.031456

1.5 0.089231 0.078841

2 1.2 1.4 0.157895 0.124556

0.2 0.459612 0.201356

2.0 0.2 0.045789 0.041789

1.5 0.094578 0.079684

0.3 1.3 0.154789 0.135461

0.235841 0.267245

3.0 0.3 1.3 1.6 0.034569 0.045179

0.091785 0.096548

0.4 0.174589 0.186145

1.4 0.257114 0.269674

4.0 0.4 1.5 1.6 0.286745 0.265481

0.5 0.334789 0.307896

1.7 0.378913 0.381745

0.5 1.6 0.423456 0.443679

TABLE 5 Numerical simulation of the motile density microorganisms.

Parameter −Re0.5x Nhx

Pe Lb A Sc n � 1.0 n � 1.5

0.1 1.0 1.0 0.1 0.461478 0.443971

0.5 0.395789 0.375412

1.0 2.0 0.1 0.368971 0.336971

1.5 0.2 0.319782 0.308715

0.1 3.0 1.5 0.2 0.407812 0.347892

0.5 0.358136 0.224789

1.0 4.0 0.207834 0.157896

1.5 0.2 0.112536 0.114736

0.1 5.0 0.3 0.331401 0.269445

0.5 2.0 0.241789 0.204698

1.0 6.0 0.3 0.204695 0.145698

1.5 0.133541 0.043508

0.1 7.0 2.5 0.4 0.198713 0.167891

0.5 0.147123 0.125789

1.0 0.102369 0.096314

0.5 8.0 0.5 0.056941 0.037558
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• When the unsteady variable values increase, the temperature
profile increases; however, when the Weissenberg number
increases, it decreases.

• The microorganism field has diminished due to the change in
Pe and Lb.

• Rising the values of Nb reduces the concentration of the
nanoparticles because when Nb grows, the particles prefer
to cluster closer together. Conversely, an opposite effect is
examined inNt. Actually, thermophoresis is the movement of
tiny particles from a hot to a cool area.When the nanoparticles
migrate in the presence of a thermal radiation parameter,
more particles are introduced to the process.

• At higher quantities of Pr and Sc, temperature and concentration
decrease. Actually, the Prandtl number is determined by the
thermal diffusivity to momentum diffusivity ratio. Also, the
mass diffusivity decreases with increasing Sc, causing the
temperature and concentration contour to be smaller.

• Cf,Nu, Sh, andNh have revealed accelerating and decreasing
behavior through dissimilar values of parameters
A,M, λ, Bi, Pe, Lb,Nt,Nb, and We.
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Nomenclature

A unsteady parameter (dimensionless)

B° magnetic field strength (kgs−2A−1)
C
.

nanoparticle volume fraction (dimensionless)

C
.

fx skin-friction coefficient (dimensionless)

C
.

p specific heat (JKg−1K−1)
λ mixed convective parameter (dimensionless)

DB coefficient of Brownian diffusion (m2s−1)
DT coefficient of thermophoresis diffusion (m2s−1)
Dm microorganism diffusion coefficient (m2s−1)
M magnetic field parameter (dimensionless)

n
.

power-law index (dimensionless)

Nb motion of Brownian parameter (dimensionless)

Nt parameter of thermophoresis (dimensionless)

Nux local Nusselt number (dimensionless)

Pr Prandtl number (dimensionless)

Rex local Reynolds number (dimensionless)

Sc Schmidt number (dimensionless)

Shx local Sherwood number (dimensionless)

T
.

temperature (K)
T
.

w temperature at the wall (K)
T
.

∞ ambient fluid temperature (K)
N microorganism profile (dimensionless)

Nw surface concentration of microorganisms (kgm−3)
N∞ ambient concentration of microorganisms (kgm−3)
Wc maximum cell swimming speed (ms−1)
Pe Peclet number (dimensionless)

Lb bioconvection Lewis number (dimensionless)

Sg local volumetric entropy generation rate (WK−1m−3)
t time (s)

Rb bioconvection Rayleigh number (dimensionless)

Nr nanoparticle concentration (dimensionless)

Uw stretching sheet velocity (ms−1)
(u., v

.) velocity components (ms−1)
We Weissenberg number (dimensionless)

(x.) direction along the sheet (m)
(y.) direction normal to the sheet (m)
ϒ slip parameter (dimensionless)

Bi Biot number (dimensionless)

h(t) coefficient of heat transfer (Wm−2k−1)
Ns entropy generation (dimensionless)

Be Bejan number (dimensionless)

C stretching parameter (S−1)
Rd radiation parameter (dimensionless)

Greeks

Γ time constant (sec )
ψ stream function (dimensionless)

ϕ dimensionless concentration (dimensionless)

ρf density of fluid (Kgm−3)
ρp density of particles (Kgm−3)
Γ time material constant

θ dimensionless temperature (dimensionless)

η similarity variable

α thermal diffusivity (m2s−1)
(ρc)f heat capacity of fluid (JK−1)
(ρc)p effective heat capacity of the nanoparticle material (JK−1)
β volume expansion coefficient (K−1)
τw wall shearing stress

σ electrical conductivity (S3m2kg−1)
] kinematic viscosity (m2s−1)
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