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Abstract: Thermal management is a crucial task in the present era of miniatures and other gadgets of
compact heat density. This communication presents the momentum and thermal transportation of
nanofluid flow over a sheet that stretches exponentially. The fluid moves through a porous matrix
in the presence of a magnetic field that is perpendicular to the flow direction. To achieve the main
objective of efficient thermal transportation with increased thermal conductivity, the possible settling
of nano entities is avoided with the bioconvection of microorganisms. Furthermore, thermal radiation,
heat source dissipation, and activation energy are also considered. The formulation in the form of a
partial differential equation is transmuted into an ordinary differential form with the implementation
of appropriate similarity variables. Numerical treatment involving Runge–Kutta along with the
shooting technique method was chosen to resolve the boundary values problem. To elucidate the
physical insights of the problem, computational code was run for suitable ranges of the involved
parameters. The fluid temperature directly rose with the buoyancy ratio parameter, Rayleigh number,
Brownian motion parameter, and thermophoresis parameter. Thus, thermal transportation enhances
with the inclusion of nano entities and the bioconvection of microorganisms. The findings are useful
for heat exchangers working in various technological processors. The validation of the obtained
results is also assured through comparison with the existing result. The satisfactory concurrence was
also observed while comparing the present symmetrical results with the existing literature.

Keywords: magnetohydrodynamics; chemical reaction; nanofluids; stretching sheet; bioconvection

1. Introduction

The incompressible flow of viscous magnetic fluids across a boundary sheet is impor-
tant in numerous industrial manufacturing processes. They can also be used in foamed
and foam solids, porous rocks, microemulsions, and polymer blends, etc. Magnetohy-
drodynamics has a lot of applications in space sciences, generators, various machines,
and drugs [1,2]. Abdal et al. [3] described how magnetohydrodynamics mixed the convec-
tion time-dependent stream of micro-polar nanofluids past a stretching/shrinking surface
with radiations in the presence of a thermal source, multiple slips, and thermodiffusion.
The influence of the slip on the time-dependent MHD mixing the convection of nanofluid
through an extending sheet with a heat energy and electrical field was introduced by
Daniel et al. [4]. Kumar et al. [5] discussed the influence of thermal radiation on MHD
natural convection for nanofluids’ heat transport on a vertical plate. Rashed [6] analyzed
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the generation of entropy caused by radiation and the MHD impacts of varying thickness
along a permeable spherical pipe. Poply et al. [7] deliberated a stretchable cylinder, with the
stability assessment of a magnetohydrodynamics exterior velocity flow. Dawar et al. [8]
studied the heat and mass transfer of micropolar liquid with a microstructural slip and
chemical reaction over a stretchable sheet. Khan et al. [9] introduced the fixed element
system of several slip impacts on an MHD time-dependent viscoelastic nanofluid stream
through a porous extending sheet. Jabeen et al. [10] debated whether magnetohydrody-
namic fluids in porous medium could linearly extend the sheet with a chemical reaction,
heat absorption/generation, thermophoresis, and radiation.

The thermal conductivity of base fluids is improved by mixing nanoparticles. The base
fluid can be lubricants, ethylene glycol, water and kerosene oil, etc. Processing industries,
cancer therapy, cooling, biomedical and some engineering applications were among the
first to use nanofluids. Choi et al. [11] were the first to show that nanofluids contained
nanoparticles in 1995. Gopal et al. [12] discussed the impact of viscous dissipation in a
numerical study of higher-order chemical reactions in electrically magnetohydrodynamic
nanofluids. Ghasemi et al. [13] presented the impact of solar radiation on MHD that
influenced the two-dimensional stagnation point flow and heat transfer of a nanofluid
over a stretching surface. Krishna et al. [14] analyzed the absorption of radiation by a
vertically moving permeable plate in the MHD convection flow of nanofluid. Hybrid
nanofluids flowing through a nonlinear stretched cylinder with an inclined magnetic field
were introduced by Abbas et al. [15]. Zainal et al. [16] examined the flow stability of an
MHD hybrid nanofluid with a nonlinear shrinking/stretching sheet. Sreedevi et al. [17]
illustrated the impact of slip effects and chemical reaction on heat and mass transportations
in an unsteady hybrid nanofluid flow overextending surface using thermal radiation.
Shoaib et al. [18] worked over a stretching layer and numerically investigated the rotating
flow of the heat and mass transfer in a 3D MHD hybrid nanofluid with thermal radiation.
Narender et al. [19] investigated the relation of viscid dissipation because of a convective
stretchable surface with chemical reaction and thermal radiation. Rashid et al. [20] analyzed
the flow of magnetohydrodynamic nanofluids and their thermal transfer past a stretching
sheet through the impact of the nanoparticles’ form.

The flow over a stretchable sheet has favorable applications in various fields of en-
gineering. In the manufacturing of plastic sheet and wire drawing, some significant
applications of flow through a stretched sheet of paper and glass production. Crane [21]
was the first to define the steady flow through a stretching surface. Numerous authors
have extended Crane’s work by examining many physical processes, magnetic fields,
the impacts of suction or injection, and heat transfer on such flow overextending sheets.
Gupta et al. [22] studied the stretching flow with suction or injection. Yasmin et al. [23]
addressed the study of thermal and mass transportation in the magnetohydrodynamic
flow of micropolar fluid through a curved stretching surface. Swain et al. [24] established
the impact of embedding in a permeable approach on MHD flow, thermal transport joule
heating and viscous dissipation over a stretching surface. Reddy et al. [25] analyzed the
influence of heat absorption/generation on the flux of magnetohydrodynamic copper and
water nanofluid through a shrinking/stretching surface. Singh et al. [26] discussed the
nonlinear magnetohydrodynamic flow of mass transpiration because of the permeable
stretching sheet. Murtaza et al. [27] explained the heat transport and MHD flow on the bent
extending sheet given nonlinear thermal conductivity. A numerical explanation of the mag-
netohydrodynamics of 2-D stagnation point flow to an extending sheet was presented by
Narsingani et al. [28]. Ali et al. [29] deliberated passing an axisymmetric nanofluid stream
through a stretched sheet with heat diffusion that has a time-dependent thickness influence
on varying MHD. Ullah et al. [30] analyzed the suction/injection influence at the boundary
of a magnetohydrodynamic curve hyperbolic fluid stream with an extended surface.

In 1961, Plat [31] proposed the idea of bio-convection. Biological polymer manufactur-
ing, biotechnology and bio-sensors, as well as the testing and laboratory sectors, etc., are
all examples of bioconvection applications. Ferdows et al. [32] examined the MHD biocon-
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vection flow and thermal transfer of nanofluid as well as gyrotactic microorganisms which
were studied by the side of an exponentially stretching layer. Alsenafi et al. [33] discussed
a nonlinear shrinking/stretching sheet with unsteady nanofluid and bio-convective trans-
portation features, as well as the mathematical analysis of the nanofilms’ stagnation stream.
Waqas et al. [34] investigated the impact of viscous dissipations via the numerical analysis
of higher-order chemical reactions in electrical MHD nanofluids. Ayodeji et al. [35] explored
the flow of nanofluid by bioconvection MHD via a flexible surface with velocity slip and
viscous dissipation. Pal et al. [36] analyzed the influence of thermal radiation and gyrotactic
microorganisms through an exponentially stretchable sheet in the presence of bioconvec-
tion MHD nanofluids. The bioconvection flow of visco-elastic nanofluids with magnetic
motile and dipole microorganisms was examined by Alshomrani [37]. Zhao et al. [38]
analyzed the suspensions of gyrotactic microorganisms with the heat of bioconvection
which required immediate steadiness. The micropolar fluid mass and heat transformation
through a perpendicular stretch sheet below the influence of motile microorganisms were
investigated by Zadeh et al. [39]. Jawad et al. [40] studied the nanoparticles and motile
microorganisms of the magnetohydrodynamics fluid through a permeable stretching sheet.
Malek et al. [41] analyzed the unsteady free convection boundary-layer flow over a vertical
surface Lie symmetry group. Lund et al. [42] expressed symmetrical solution and duality
in the rotating 3D flow of hybrid nanofluid on exponentially shrinking sheet. Sindhu and
Atangana [43] discussed the exponentiated inverse Weibull distribution and inverse power
law and used them both in their reliability analysis. Shafiq et al. [44] analyzed the tangent
hyperbolic nanofluid flow with Newtonian heating in a bioconvective MHD flow.

As we can observe, the literature has sought to address tackling the issue of the inclu-
sion of nanoparticles which are responsible for enhancing the thermal conductivity of the
base fluid. This can be helpful in the thermal management of industrial and technological
processes as well as for heat exchangers and in microelectronics. However, the question of
the sedimentation of nanoparticles may arise. Thus, the rising need for efficient thermal
transportation can be achieved to cope with the issue of thermal balancing. This study
explored the role of the bioconvection of microorganisms for the MHD flow of nanofluids
due to the exponentially stretching sheet. Thermal radiation, chemical reaction, activa-
tion energy, and the Cattaneo–Christov heat flux were also considered. The results were
numerically computed by using the Runge–Kutta method and coding the MATLAB scripts.

2. Problem Formulation

Here, the flow of nanofluids was undertaken when the sheet was stretched along the
x axis with a stretching velocity of Uw = U0ex/`. The flow was steady with the condition of
incompressibility. The mild diffusion of the nanoparticles and microorganisms was set in
the base fluid. The system of coordinates was chosen in such a way that the x axis aligned
with the vertical plate and the y axis was perpendicular to the plate. The microorganisms
moved independently with respect to the nano entities. The magnetic field of strength
B0 acted in the y direction. Thermal radiative and Cattaneo–Christov heat fluxes were
considered. Bioconvection takes place due to the movement of microorganisms. The fluid
velocity component for two-dimensional flow is u,v. The temperature is symbolized by T.
The concentration of nanoparticles is C and that of microorganisms is N. The temperature
Tw(x), species concentration Cw(x) and microorganism concentration Nw(x) take a uniform
value at the plate. In the far-off field, the volume of concentration, temperature, and
microorganism concentration are presumed to be C∞(x) = C∞,0 + B1x, T∞(x) = T∞,0 +
A1x, and N∞(x) = N∞,0 + C1x, respectively, where A1, B1, and C1 are constants and vary
with the changing strength of stratification in the medium and N∞,0, C∞,0, and T∞,0 are
the ambient of the microorganism concentration, the nanoparticle concentration, and the
temperature at x = 0. The physical design of this problem is presented in Figure 1.
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Figure 1. Geometry of the problem.

The governing equations of the fluid flow are given [45–47].
The Continuity Equation is as follows:

∂u
∂x

+
∂v
∂y

= 0. (1)

The Momentum equation [48] is as follows:

u
∂u
∂x

+ v
∂u
∂y

= ν
∂2u
∂y2 −

σB2
0

ρ f
u− ν

K′p
u +

1
ρ f

[gβρ f (1− C∞)(T − T∞)− g(ρp − ρ f )(C− C∞)

−gγ(ρm − ρ f )(N − N∞)]. (2)

The Energy equation [48] is as follows:

u
∂T
∂x

+ v
∂T
∂y

+ λ2

[
u

∂u
∂x

∂T
∂x

+ v
∂v
∂y

∂T
∂y

+ u
∂v
∂x

∂T
∂y

+ v
∂u
∂y

∂T
∂x

+ 2uv
∂2T
∂x∂y

+ u2 ∂2T
∂x2 + v2 ∂2T

∂y2

]
= α

∂2T
∂y2

− 1
ρCp

∂qr

∂y
+

Q
ρCp

(T − T∞) +
ν

Cp

(
∂u
∂y

)2

+ τ

(
DB

∂C
∂y

∂T
∂y

+
DT
T∞

(
∂T
∂y

)2)
. (3)

Concentration equation [45]:

u
∂C
∂x

+ v
∂C
∂y

= DB
∂2C
∂y2 +

DT
T∞

∂2T
∂y2 − Kr(C− C∞)− K2

r (C− C∞)

(
T

T∞

)n

exp
(
−Ea
kT

)
. (4)

The Bioconvection equation [48] is as follows:

u
∂N
∂x

+ v
∂N
∂y

+
bWc

(Cw − C∞)

∂

∂y

(
N

∂C
∂y

)
= Dm

∂2N
∂y2 . (5)
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The boundary conditions are [45]:

u = Uw(x) = U0ex/`, v = 0, T − Tw = 0, C− Cw = 0, N − Nw = 0, as y = 0,

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

}
(6)

Using the Roseland approximation for radiation, the radiative heat flux qr is given
by [49]

qr =
−4σ∗

3k∗
∂T4

∂y
, (7)

where σ∗ is the Stefan–Boltzman constant and k* is the coefficient of mean absorption. We
assume that the temperature difference within the flow is sufficiently small. The expression
for T4 we obtain using the Taylor series in powers of (T − T∞) when higher-order terms
are neglected, is:

T4 ≈ 4T3
∞T − 3T4

∞,

qr =
−16σ∗T3

∞
3k∗

∂T
∂y

, then
∂qr

∂y
=
−16σ∗T3

∞
3k∗

∂2T
∂y2 . (8)

The stream function is:

u =
∂ψ

∂y
, v = −∂ψ

∂x
. (9)

Considering the similarity transformation [45]:

ξ = y

√
U0

2ν`
e

x
2` , u = U0e

x
` f ′(ξ), vs. = −

√
νU0

2`
e

x
2` [ f (ξ) + ξ f ′(ξ)],

T = T∞ + T0e
x
2` θ(ξ), C = C∞ + C0e

x
2` φ(ξ), N = N∞ + N0e

x
2` χ(ξ), B = B0e

x
2` .

 (10)

In view of the above appropriate relations Equation (1) is satisfied and Equations (2)–(5),
respectively, become:

f ′′′(ξ) + f (ξ) f ′′(ξ)− 2( f ′)2(ξ)− (M +
1
Kp

) f ′(ξ) + λ(θ(ξ)− Nrφ(ξ)− Rbχ(ξ)) = 0, (11)

1
Pr

(1 +
4
3

Rd)θ′′(ξ) + f (ξ)θ′(ξ)− f ′(ξ)θ(ξ) + Sθ(ξ) + Ec( f ′′)2(ξ) + Nbθ′(ξ)φ′(ξ)+

Nt(θ′)2(ξ)− δ2[3 f ′2(ξ)θ(ξ)− 3 f (ξ) f ′(ξ)θ′(ξ)− θ(ξ) f (ξ) f ′′(ξ) + ( f )2(ξ)θ′′(ξ)] = 0, (12)

φ′′(ξ) + Sc[ f (ξ)φ′(ξ)− f ′(ξ)φ(ξ)− Crφ(ξ)− σmφ(ξ)(1 + δθ(ξ))nexp(
−E

1 + δθ(ξ)
)]

+
Nt
Nb

θ
′′
= 0, (13)

χ′′(ξ) + LbPr f (ξ)χ′(ξ)− LbPr f ′(ξ)χ(ξ)− Pe(σ1φ′′(ξ) + χ(ξ)φ′′(ξ) + χ′(ξ)φ′(ξ)) = 0. (14)

The boundary conditions (6) are reduced to the following form:

f ′(0) = 1, f (0) = 0, θ(0) = 1, φ(0) = 1, χ(0) = 1, at ξ = 0,

f ′(∞)→ 0, θ(∞)→ 0, φ(∞)→ 0, χ(∞)→ 0 as ξ → ∞.

}
(15)

The associated parameters, as they appear in the modeled problem, are:

M =
2σB2

0`
ρ f Uw

, Pr = ν
α , Kp = 2ν`

K′pUw
, λ = (1−C∞)βg(Tw−T∞)2`

U2
w

, Nr =
(ρp−ρ f )(Cw−C∞)

β(1−C∞)ρ f (Tw−T∞)
, τ =



Symmetry 2021, 13, 2334 6 of 16

(ρC)p
(ρC) f

Rb =
(ρm−ρ f )γ(Nw−N∞)

ρ f (1−C∞)β(Tw−T∞)
, S = 2`Q

ρ f UwCp
, Ec = U2

w
(Tw−T∞)Cp

, Nt = τDT(Tw−T∞)
νT∞

, Nb =

τDB(Cw−C∞)
ν ,

δ2 = λ2Uw
2` , Cr = 2`Kr

Uw
, σm = 2K2

r `
Uw

, δ = (Tw−T∞)
T∞

, E = Ea
kT∞

, Rd = 4σ∗T3
∞

k∗κ , Sc = ν
DB

,

α = κ
ρ f Cp

, Lb = α
Dm

, Pe = bWc
Dm

, σ1 = N∞
Nw−N∞

.

The shearing stress at the surface of the wall τw is given by

τw = −µ

[
∂u
∂y

]
y=0

= −µ

[
U0e

3x
2`

√
U0

2ν`
f ′′(0)

]
, (16)

where µ is the coefficient of viscosity. The skin friction coefficient is defined as

C f =
2τw

ρ f U2
w

, (17)

using Equation (16) in Equation (17), we obtain:

C f Re
1
2
x√

2
= − f ′′(0). (18)

The heat transfer rate at the surface of the wall is given by

qw = −k
[

∂T
∂y

]
y=0

= −κ

[
(Tw − T∞)e

x
2`

√
U0

2ν`
θ′(0)

]
, (19)

where κ is the thermal conductivity of the fluid. The Nusselt number is defined as

Nux = −
√

2`
κ

qw

(Tw − T∞)
, (20)

using Equation (19) in Equation (20), we obtain:

NuxRe−
1
2

x = −θ′(0). (21)

The mass flux at the surface of the wall is given by

qm = −DB

[
∂C
∂y

]
y=0

= −DB

[
(Cw − C∞)e

x
2`

√
U0

2ν`
φ′(0)

]
, (22)

where DB is the Brownian diffusivity. The Sherwood number is defined as

Shx = −
√

2`
DB

qm

(Cw − C∞)
, (23)

using Equation (22) in Equation (23), we obtain:

ShxRe−
1
2

x = −φ′(0). (24)

The density of the motile microorganisms’ density at the surface of the wall is given by

qn = −Dm

[
∂N
∂y

]
y=0

= −Dm

[
(Nw − N∞)e

x
2`

√
a0

2ν`
χ′(0)

]
, (25)
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where Dm is the microorganisms’ diffusion coefficient. The density of motile microorgan-
isms is defined as

Nnx = −
√

2`
Dm

qn

(Nw − N∞)
, (26)

using Equation (25) in Equation (26), we obtain:

NnxRe−
1
2

x = −χ′(0). (27)

where Rex represents the local Reynolds number and it is defined as Rex = Uw`
ν .

3. Solution Procedure

The resulting set of ODEs (11–14) with the boundary conditions (15) constitutes a
highly nonlinear boundary value problem. It seems difficult to find any closed-form
solution. It was treated numerically by hiring the Runge–Kutta method, along with
the shooting technique method. The implementation of the scheme requires first-order
differential equations to be acquired as follows:
w′1 = w2,
w′2 = w3,
w′3 = (−1)[w1w3 − 2w2

2 − (M + 1
Kp

)w2 + λ(w4 − Nr w6 − Rb w8)],
w′4 = w5,
w′5 = (−Pr)(1 + 4

3 Rd)−1[w1w5 − w2w4 + Sw4 + Ec w2
3 + Nbw5w7 + Ntw2

5 − δ2(3w2
2w4 −

3w1w2w5 − w4w1w3 + w2
1w
′
5)],

w′6 = w7,
w′7 = (−Sc)[w1w7 − w2w6 − Crw6 − σmw6(1 + δw4)

nexp(− E
1+δw4

)]− Nt
Nb w′5,

w′8 = w9,
w′9 = (−1)[PrLbw1w9 − PrLbw2w8 − Pe[w′7(w8 + σ1) + w7w9]],
along with the boundary conditions:
w2 = 1, w1 = 0, w4 = 1, w6 = 1, w8 = 1, at ξ = 0,
w2 → 0, w4 → 0, w6 → 0, w8 → 0 as ξ → ∞.

This system of first-order differential equations were coded in the MatLab environment
and computations were performed for the varying values of influential parameters.

4. Analysis of Results and Discussion

This segment presents the results as enumerated from the aforementioned coding
for the varying behaviors of fluid velocity, temperature, skin friction factor, concentra-
tion function, bioconvection function, Nusselt number, motile microorganisms’ number,
and Sherwood number, which are observed and tabulated for the suitable ranges of sundry
parameters. The estimates of the present findings are computed by putting the values
of the involved parameter to be fixed as: Cr = 0.2; M = 1.0; Rd = 0.2; Ec = 0.1; S = 0.10;
Pr = 1.0; Sc = 0.22; Kp = 100; λ = 0.2; Nr = 0.03; Rb = 0.2; Nb = 0.1; Nt = 0.1; δ2 = 0.1; σm = 0.3;
E = 0.6; n = 0.5; δ = 0.3; Lb = 1.8; Pe = 0.1; σ1 = 0.3. The validation of the present numeric
outputs was achieved through their acceptable comparison with previous studies [49,50].
Tables 1 and 2 exhibit the comparative data for the skin friction factor − f

′′
(0) and Nusselt

number −θ
′
(0). Table 3 presents the results for the Sherwood number −φ

′
(0) and Table 4

for the density of motile microorganisms −χ
′
(0). The graphical outputs are mentioned

in Figures 2–11. From Figure 2a, the variation of the velocity in the reducing pattern is
noticed against exceeding inputs of magnetic parameters M. The growing strength of M
means a larger resistive force to the flow. The resistive Lorentz force comes into play with
the interaction magnetic and electric fields. This result is in concurrence with [45]. The sup-
porting role of the porosity parameter Kp on the velocity f ′(ξ) is depicted in Figure 2b.
The parameter Kp is reciprocal to the viscosity and directly proportional to the permeability
of the medium. The larger values of Kp mean enhanced permeability which gives rise to the
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flow and enhances the velocity curve directly increasingly with Kp. The mixed convection
parameter helps to improve the flow speed f ′(ξ) as noticed in Figure 3a. The convection
provides an increased buoyancy effect to the flow with the temperature difference and
density variation. This phenomenon accelerates the flow. The growing buoyancy ratio
parameter Nr diminishes the fluid velocity f

′
(see Figure 3b). Figure 4a delineates the

temperature curve to increase with the magnetic parameter M. This is because the flow is
slowed and kinetic energy is transferred to the heat energy and enhances the temperature
of the fluid. Figure 4b exhibits the reducing patterns of temperature θ(ξ) concerning the
parameter λ. Figure 5a exhibits the impact of the Prandtl number Pr over the temperature
profile θ(ξ). It can be noticed that the thickness of the thermal boundary layer is mini-
mized by the growth in the amount of Prandtl number. The increases in the radiation
parameter Rd lead to enhanced temperature θ(ξ) due to the incremented radiative heat
transport, as depicted in Figure 5b. Figure 6a presents the influence on the temperature
profile θ(ξ) of the source parameter S. The temperature profile θ(ξ) is noticeably enhanced
as the source parameter S increases. Figure 6b sketches the reducing temperature θ(ξ)
due to enhanced values of the thermal relaxation parameter. Figure 7a presents the rising
behavior of θ(ξ) with the enhanced Brownian motion of nano entities to be responsible for
improved thermal distribution. The thermophoretic effects which cause the nano entities
to move from warm regions to colder ones also increased the temperature, as shown in
Figure 7b. Figure 8a demonstrates the reducing behavior of the concentration function φ
as inversely related to the Schmidt number. The larger Schmidt number means a smaller
diffusion coefficient and hence, results in the reduction in φ(ξ). The chemical reaction
parameter Cr also causes a decrement in φ(ξ), as displayed in Figure 8b. This is because the
faster chemical reaction reduces the concentration. The reaction rate parameter σm notably
decreases the concentration, as can be seen in Figure 9a. However, the activation energy
parameter E enhances the concentration function φ(ξ) as seen in Figure 9b. The effects
of the bioconvection Rayleigh number Rb on the density of the motile microorganisms
χ(ξ) in nanofluid were shown in Figure 10a. The density of the motile microorganisms
χ(ξ) increases as Rb increases. The impact of the bioconvection Lewis number Lb on the
microorganism χ(ξ) is inspected in Figure 10b. The tense product exhibits how the motility
distribution reduces because of the effect of Lb because of the lower dispersion of microor-
ganisms. Usually, we can say that Lb assumes a more grounded job to decline the χ(ξ)
of nanofluid. Figure 11a recommends the effect of the Peclet number Pe on motile χ(ξ).
The advanced estimations of Pe compared to the motile dissemination were chosen because
of the diminishing microorganism χ(ξ). Figure 11b displays the effect of the difference
factor of the microorganism concentration σ1 on the motile thickness of the microorganism.
It can be seen in the figure that both the limit of the layer thickness of the microorganism
and the thickness decreases for expanding values of σ1.

Table 1. Comparison of C f Re
1
2
x (skin friction coefficient) − f ′′(0) with the variation of the magnetic

parameter M when Kp, λ, Nr, Rb = 0.

M Kameswaran et al. [46] Our Results

0 1.281809 1.281816
1 1.629178 1.629178
2 1.912620 1.912620
3 2.158736 2.158736
5 2.581130 2.581130

10 3.415290 3.415290
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Table 2. Comparison of NuxRe−
1
2

x (−θ′(0)) values for the Prandtl number Pr, radiation number Rd,
magnetic parameter M and other parameter Kp, λ, Nr, Rb, S, Ec, Nb, Nt, δ2 = 0.

Pr Rd M Ishak [47] Mukhopadhyay [51] Our Results

1 0 0 0.9548 0.9547 0.9548
2 1.4715 1.4714 1.4715
3 1.8691 1.8691 1.8691
5 2.5001 2.5001 2.5001

10 3.6604 3.6603 3.6604
1 1 0.8611 0.8610 0.8615

0.5 0 0.6775
1 0.5312 0.5311 0.5313

1 0.4505 0.4503 0.4620
2 0.5 0 1.0734 1.0735

1 0.8626 0.8629
3 0.5 1.3807 1.3808

1 1.1213 1.1214

Table 3. Influence of various physical parameters over the Sherwood number ShxRe−
1
2

x =−φ′(0).

Sc Cr σm Nt Nb n E Shx

0.3 0.4789
0.5 0.6808
0.7 0.8504
0.9 0.9998

0.2 0.2119
0.3 0.2341
0.4 0.2548
0.5 0.2743

0.2 0.1937
0.4 0.2291
0.6 0.2610
0.8 0.2901

0.1 0.2119
0.2 0.1490
0.3 0.1084
0.4 0.0596

0.1 0.2119
0.2 0.2474
0.3 0.2595
0.4 0.2656

1.0 0.2144
4.0 0.2264
7.0 0.2410
10.0 0.2588

0.3 0.2119
0.9 0.1882
1.5 0.2738
2.0 0.1664
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Table 4. Influence of various physical parameters over the density of motile microorganisms

NnxRe−
1
2

x =−χ′(0).

Pe Lb σ1 Pr Nnx

0.1 1.2508
0.3 1.2726
0.5 1.2947
0.7 1.3172

1.0 0.6965
1.5 0.9985
2.0 1.2508
2.5 1.4714

0.1 1.2502
0.3 1.2508
0.6 1.2518
0.9 1.2528

1.1 1.3436
1.2 1.4314
1.3 1.5149
1.4 1.5946
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Figure 2. Sketch of f ′ for different inputs of (a) for M and (b) for Kp.
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Figure 3. Sketch of f ′ for different inputs of (a) for λ and (b) for Nr.
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Figure 4. Sketch of θ for different inputs of (a) for M and (b) for λ.
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Figure 5. Sketch of θ for different inputs of (a) for Pr and (b) for Rd.
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Figure 6. Sketch of θ for different inputs of (a) for S and (b) for δ2.
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Figure 7. Sketch of θ for different inputs of (a) for Nb and (b) for Nt.
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Figure 8. Sketch of φ for different inputs of (a) for Sc and (b) for Cr.
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Figure 9. Sketch of φ for different inputs of (a) for σm and (b) for E.
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Figure 10. Sketch of χ for different inputs of (a) for Rb and (b) for Lb.
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Figure 11. Sketch of χ for different inputs of (a) for Pe and (b) for σ1.

5. Conclusions

Numerical and theoretical analyses of microorganisms and their activation energy
effects were performed for the flow of nanofluids due to the exponentially stretching
sheet. Cattaneo–Christov heat diffusion and thermal radiation fluxes were considered.
Furthermore, the validation of important findings and results were deliberated. The satis-
factory concurrence was observed when results were compared with the existing literature.
The controlling parameters were varied in appropriate ranges to elucidate their impacts
on temperature, velocity, microorganisms’ distribution, and nanoparticle volume fraction.
Some salient outputs are summarized:

• The velocity profile was escalated for the mixed convection parameter and porosity
parameter while it was depressed for the buoyancy ratio parameter and magnetic
field parameter.

• The fluid temperature was increased for the magnetic parameter, radiation parameter,
heat source parameter, thermophoresis, and Brownian motion parameters while it
was decreasing against the Prandtl number, mixed convection parameter, and thermal
relaxation parameter.

• The concentration of nanoparticles was reduced due to the Schmidt number, chem-
ical reaction parameter, and reaction rate parameter, while it was boosted with the
activation energy parameter.
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• The density of the motile microorganism is a decreasing function of the Peclet number,
bioconvection Lewis number, and bioconvection difference parameter while it is
increasing for the bioconvection Rayleigh number.

• Nanoparticles slip parameters Nb and Nt showed an increment in the temperature
profile. Furthermore, the parameters due to bioconvection had a significant influence
on the flow of fluid.

• Furthermore, a study can be carried out with an increment in the volume fraction,
and non-Newtonian base fluid, and hybrid nanofluids.
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Nomenclature

Symbol Explanation Symbol Explanation
B0 Coefficient of magnetic field C Concentration of nanoparticles
Cp Specific heat capacity N Concentration of microorganisms
Nt Thermopherosis parameter (x, y) Cartesian coordinates

Cr Chemical reaction parameter (u, v)
Velocity components along (x, y)
axes

K
′
p Permeability of the fluid ξ Similarity variable

Q Dimensional heat source φ Dimensionless concentration
qr Radiative heat flux ρ Density
Uw Stretching velocity µ Dynamic viscosity of the fluid
DB Brownian diffusivity σ Electrical conductivity
Kp Porosity parameter ψ Stream function
Rd Radiation parameter δ Temperature distinction parameter
Sc Schmidt number λ Mixed convection parameter
Ec Eckert number ν Kinematic viscosity
Pr Prandtl number θ Dimensionless temperature

S Source parameter χ
Dimensionless microorganism
factor

M Magnetic field parameter ρ f Density of nanofluid
Nr Buoyancy ratio parameter ρm Density of microorganism particles
Rb Bioconvection Rayleigh number ρp Density of nanoparticles
Nb Brownian motion parameter κ Thermal conductivity
n Fitted rate constant parameter α Thermal diffusivity

K2
r Chemical reaction rate constant β

Volumetric coefficient of thermal
expansion

E Dimensional activation energy γ Average volume of microorganism
Lb Bioconvection Lewis number λ2 Relaxation time of the heat flux

DT
Thermophoretic diffusion
coefficient

δ2 Thermal relaxation parameter

Wc Maximum cell swimming speed σm Dimensionless reaction rate
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Symbol Explanation Symbol Explanation

Dm
Microorganism diffusion
coefficient

σ1 Bioconvection difference parameter

Kr Rate of chemical reaction w Condition at the wall
Pe Peclet number ∞ The outer edge of boundary layer
g Gravity τ Heat capacity ratio
T Temperature Shx Local Sherwood Number
σ∗ Stefan Boltzman constant Nux Local Nusselt number
C f Local skin friction number Rex Local Reynolds number
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