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Abstract: Ferro liquids derive their magneto–viscous behavior from the suspended magnetic
nanomaterial that enables tunable changes in temperature, as well as nano-structured fluid
characteristics. A theoretical model that depicts the bioconvection flow of cross nanofluid with a
magnetic dipole subjected to a cylindrical surface was developed and numerically solved. The model
encountered nonlinear thermal radiation, activation energy, and second order slip. The flow equations
were reduced and are presented in dimensionless forms, and they were solved numerically using
the shooting technique, which is a built-in feature of MatLab. The model encountered symmetrical
constraints for predicting velocity, temperature, concentration, and gyrotactic microorganism
distribution and profiles. Moreover, the numerical values were computed for local Nusselt number,
local Sherwood number, and motile density number against each physical parameter.

Keywords: cross nanofluid; ferrohydrodynamic; cylindrical surface; bioconvection; second order
velocity slip

1. Introduction

Nanofluids have increasingly attracted the interest of researchers due to the beneficial aspects of
their use in several industrial processes and fields such as geothermal technology, mechanical-chemistry,
nuclear reactor cooling, microelectronics, product degradation, refrigerants for nuclear reactors, solar
cells, oil emulsions, and bio-medical applications. Recently, for scientific purposes nanoparticles
have helped to develop a better understanding of the relationship between heat and mass analysis
phenomenon in the presence of chemical reactions. Nanofluids are a mixture of a base fluid (ethylene
glycol, oil, and water) and nanoparticles (1–100 nm) that are uniquely dissolved as a suspension.
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The presence of nanoparticles in a base liquid boosts its thermal features, which leads to a significant
enhancement in various thermal extrusion systems. Due to stable and improved thermal conductivity,
the nanoparticles play valuable roles in the cooling processes, solar energy systems, radioactive waves,
chemo-therapy, and alternate sources of energy. The initial idea that; ed towards such enriched
thermo–physical nanoparticles was reported by Choi [1] in 1995. Later on, Buongiorno [2] established
several slip mechanisms of nanofluids that deal with the roles of Brownian motion and thermophoresis
aspects in such homogenous mixtures. Comprehensive studies in literature that examine heat and
mass transportation based on Buongiorno’s nanofluid model [2] are available. Uddin et al. [3]
investigated the thermal potential of nanofluid utilization over a convectively heated vertical surface
featuring Newtonian heating. Sui et al. [4] investigated a Maxwell nanofluid with slip effects that was
characterized by generalized flux expressions. A thermally radiative nanofluid flow with uniform
thermal conductivity under the influence of magnetic field was numerically inspected by Afzal and
Aziz [5]. Fetecau and co-workers [6] reported an interesting extension associated with the natural
convective flow of fractional nanofluids configured by an isothermal plate. Based on reported graphical
computations, it has been claimed that the change in wall shear stress is more progressive for a fractional
order nanofluid than an ordinary nanofluid. The rheological consequences of a Williamson nanofluid
with thermal radiation, as caused by a stretching and shrinking geometry, was addressed by Bhatti and
Rashidi [7]. Turkyilmazoglu [8] examined the heat transfer characteristics in the single phase flow of
nanoparticles over a wall jet. Nadeem et al. [9] dealt with the flow of a micropolar nanofluid induced
by an oscillatory porous surface subjected to slip consequences. A practically reported investigation
concerned with cooling of solid particles with nano-materials over a moving bed was reported by
Turkyilmazoglu [10]. Waqas et al. [11] discussed multiple momentum and thermal slip features over
a moving disk, where a dimensionless model was proposed and numerically tackled via a shooting
procedure. The analytical evaluation of third grade nanofluid over an accelerated surface was done by
Khan and Shehzad [12]. A stability analysis for single phase nanofluid flow influenced by magnetic
field was recently performed by Turkyilmazoglu [13]. Some critical reviews have pointed out that a
strong understanding for nano fluid behavior has not been established yet, and a lot of further research
is needed in the field of nanofluids’ property characterization [14,15].

The fascinating application of bioconvection in biological systems, bio-technology, and medical
sciences has drawn extensive scientific interest and investigations, especially in the 21th century.
The phenomenon of bioconvection is associated with the floating of microorganisms at the macroscopic
level due to density gradients. In fact, microorganisms convey a diverse palette of materials in industrial
and commercial products like ethanol and fertilizers. Molecular heat transfer or convection is considered
a physical phenomenon that is associated with the transpiration of heat within matter. Naturally, it has
been observed that cold and hot winds bring changes in environmental temperature. Microorganisms
are considered a source of convection in liquids, and they mimic the movement of nanoparticles in
nanofluids. The phenomenon of bioconvection is assumed to be an impulsive unicellular microbe
movement within fluids that results in their unequal distribution due to their relative densities with
respect to fluid molecules. Usually, the movements of unicellular microbes are classified as taxis, and,
depending upon the stimulus and direction of movement, the taxis can further be subcategorized
asphototaxis, gyrotaxis, gravitaxis, etc. The bioconvection patterns of fluids with unicellular microbes
are highly sensitive to illumination with electromagnetic waves. Therefore, phototaxis is regarded as
the key factor responsible for changes in bioconvection patterns because most microbes are positively
phototactic. Bioconvection has applications in bio-technology for biofuels. Bioconvection is usually
classified according to various types of microorganisms like chemotaxis, gyrotactic, and geotactic
microorganisms. An interesting feature about microorganisms is their movement of such self-oriented
objects in specified direction in a given environment. Gyrotactic microorganisms are encountered in
the practical applications like hydrogen and biodiesel production, which is considered one of the most
useful energy resources in water treatment plants. In order to further explore the significance of such
microorganisms, it is necessary to explore the behavior of such swimming microorganisms, along
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with mass transfer consequences. The phenomenon of bioconvection is related to the microscopic
level swimming of such microorganisms in random liquids. Some useful applications based on
the bioconvection phenomenon involve bio-fuels, enzymes, biosensors, bio-reactors, agriculture
biotechnology, and nano-drug formulations. It has been emphasized that microorganisms are
self-repelled, while nanoparticle transpiration is based on Brownian motion and thermophoresis
features. However, the utilization of microorganisms in nanoparticles has been found to improve the
stability of nanoparticles and to enhance their thermo–physical features. The leading approach to
bioconvection, specified for nanofluids, was initiated by Kuznetsov [16,17], and this approach was
further worked on by numerous researchers in the presence of different flow features. The suspension of
magnetized nanoparticles containing gyrotactic microorganisms was numerically examined by Akbar
and Khan [18]. Raju et al. [19] focused on the wedge flow of Casson nanofluid subjected to the gyrotactic
microorganisms and thermal radiation features. Khan et al. [20] reported the gyrotactic microorganism
phenomenon in a moving cone with a suspension of nanoparticles. Numerical continuations
were successfully performed by employing a finite difference technique. The study of a mixed
convection nanofluid flow with the involvement of bioconvection in a vertical cylinder was handled
by Sudhagar et al. [21]. Khan et al. [22] focused on the impact of nonlinear thermal radiation
in flow of the Burgers nanofluid, which contains gyrotactic microorganisms. Sohail et al. [23]
focused on the rheological prospective of the bioconvection flow of a non-Newtonian nanofluid
with temperature-dependent thermal characteristics. 3D simulations for the slip flow of a Casson
nanofluid with gyrotactic microorganisms were presented by Nayak et al. [24]. Khaled et al. [25]
utilized bioconvection in a tangent hyperbolic nanoliquid in the presence of nonlinear thermal radiation
features. Tlili et al. [26] explored the activation energy and thermal radiation aspects of the flow of an
Oldroyd-B nanofluid configured by a stretched cylinder. The flow pattern was further truncated with
the amplification of second order slip and convective boundary constraints near the surface.

Ferroliquids comprise an inimitable type of magnetized nanoparticles suspended in a solo
domain and a transporting material. The basic concept of such ferromagnetic materials was
conceptualized by Stephen [27]. Ferromagnetic material and energy transportation flow can be
regulated by external magnetism, a subject that has attracted numerous scientists because its
massive applicability in microelectro–mechanical systems (MEMS), lithographic patterning, chemical
engineering, and biomedicine [28–30].

Due to their interdisciplinary dynamics and complex rheological features, the non-Newtonian
materials are still objects of great appreciation in chemical, mechanical, and processing engineering
fields. Substantially significant nonlinear materials include polymer solutions, slurries, human blood,
polymer melts, paints, printing ink, gum solution, and honey. However, it is commonly stated that
a single constitutive relation for explaining the all physical consequences of such non-Newtonian
materials cannot be predicted. To this end, some diverse viscoelastic fluid models have been proposed
in the literature; cross nanofluid is one of these models that has been characterized as a subclass
of non-Newtonian fluid that has industrial importance due to the presence of its time constant.
This fluid model is also used to synthesize the polymeric solutions. Some reported continuations of
this non-Newtonian fluid model with different features and geometries can be seen in [31–36].

After carefully examining the literature, the main motivation of this investigation was to develop
a mathematical model for the bioconvection of cross nanofluid with a magnetic dipole induced by
a stretched cylinder in a symmetrical way. The reported novel flow problem was tackled via the
following processes:

• The cross nanofluid was inspected with related equations over a stretching cylinder with magnetic
dipole aspects.

• Nanofluid features, like Brownian movement and thermophoresis, were inspected via the famous
Buongiorno nanofluid model.

• A famous ferroliquid was inspected to gather whether its thermal physical features were like
those of non-Newtonian nanofluids.
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• Heat transfer mechanisms were characterized by thermal radiation, variation thermal conductivity,
and heat absorption generation features.

• Second order slip effects were implemented near the surface to control the boundary layer of
moving nanoparticles.

• The well posed modeled equations for current flow problem were numerically tackled by imposing
a shooting technique.

2. Flow Model

Figure 1 shows the flow problem of the time-dependent ferromagnetic flow of a cross nanofluid
that was induced with a magnetic dipole. Additionally, nonlinear thermal radiation, activation
energy, and gyrotactic motile microorganisms were affected by a dipole that was modeled over a
stretching cylinder. The hydromagnetic properties contributed to the magnetization of the nanoliquid.
The magnetic dipole, assumed to be along the y-axis, occupied the center a from the surface.
The magnetic dipole in the positive x− direction, which divided the cylinder in two symmetric
parts, resulted in the same magnetic force that is associated with saturated ferroliquids. Second order
slip relations were employed on the stretched surface. The variable thermal conductivity and thermal
radiation were implemented in the energy equations, while the activation energy features were
implemented in the concentration equation by taking symmetric parameters in account. The Joule
heating and viscous effects were ignored by assuming that the internal heat transfer within the fluid
particles was quite small. Convective Nield boundary constraints were carried out to perform the heat
and mass transfer analyses. Considering the Buongiorno model, the thermophoresis and Brownian
movement impact were introduced into the model. In view of such assumptions, the constructed flow
model resulted in the following set of equations [35,36].
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The governing relations for thermal radiation and heat absorption and generation are expressed
in the following forms:
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where u and v are velocity components, x, r are cylindrical coordinates, λ0 is magnetic permeability,
ρ f is the nanofluid density, β∗ is the volume suspension coefficient, g∗ is gravity, C is nanoparticle
concentration, T is temperature, σs is the Stefan Boltzmann constant, ρp is the nanoparticle density, (h, h∗)
are the temperature-dependent heat absorption/generation coefficients, K(T) is thermal conductivity,
k∗ is the mean absorption coefficient, DB is the Brownian diffusion coefficient, τ = (ρc)p/(ρc) f is
the liquid heat capacity to nanoparticles heat capacity ratio, Q′′′ is the heat source sink, Kr is the
chemical reaction, Ea is the activation energy, n is the power law index, DT is the thermophoretic
diffusion coefficient, Wc is the maximum amount of swimming cells, b is chemotaxis, and T∞, C∞,
and N∞ represent the temperature, concentration, and microorganism density far away from the
surface, respectively.

The above flow equations retain following boundary conditions:
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 (8)

The slip velocity defined in Equation (8) is assumed to be second order in following form [37–39]:
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(9)

where Kn is the Knudsen number, A and B are continual, β∗∗ is the molecular mean free path, and α∗∗

represents the momentum coefficient.

2.1. Interaction of Ferromagnetic Dipole

Aferroliquidis affected by magnetic force, which is subjected to amagnetic dipole with thescalar
potential of:

X =
lx

2π
(
x2 + (r + c)2

) , (10)
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where l is the strength of the magnetic dipole The expression for magnetic force H∗ is given by:

H∗x = −Φx =
γ∗

[
x2
− (r + c)2

]
2π

(
x2 + (r + c)2

)2 , (11)

H∗r = −Φr =
γ∗[2x− (r + c)]

2π
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x2 + (r + c)2

)2 , (12)

The absolute magnetic field is directly tied to the seductive body force. The magnitude seductive
intensity is given below:

H∗ =
√
(H∗x)

2 + (H∗r)
2, (13)

In view of Equations (11) and (12), Equation (13) yields:
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The expression of magnetization with temperature can be utilized in the following form:

M = K∗(Tc − T), (16)

where M, K∗, and Tc are magnetization, the paramagnetic constant and, the Curie temperature,
respectively. It is known that a ferrohydrodynamic interaction must satisfy T < Tc.

2.2. Dimensionless Variables

In order to reduce the flow equations in dimensionless forms, the following dimensionless
variables are reported [31,32]:
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yields:

[
1 + (1− n)(We f ′′ )n

]
(1 + 2γζ) f ′′′ + 2γ f ′′

[{
(We f ′′ )n

(
1−

n
2

)}]
+

[
1 + (We f ′′ )n

]2
[

f f ′′ + f ′2 + S
(

f ′ +
ζ
2

f ′′
)]

−(1 + 2γζ)
[
1 + (We f ′′ )n

]2
−

(
2βθ
ζ+ S

)
+ λ(θ−Nrφ−Ncχ) = 0,

(18)

(1 + 2γζ)(1 + εθ)θ′′ + εζ(θ′)2 + 2γθ′ +
[
2θ′′ (1 + 2γζ) +ω

(
θθ′′ + θ′2

)]
+ Pr fθ′

−PrS
ζ
2
θ′ + Pr(1 + 2γζ)(Nbθ′φ′ + Ntθ′) +

2
3Nr

 {
1 + (θn − 1)θ

}3(2γθ′ + 2θ′′ (1 + 2γζ))

+6
{
1 + (θn − 1)θ

}2


+(θn − 1)θ′2(1 + 2γζ) + Pr[δ1 f ′ + δ2θ] = 0,

(19)

(1 + 2γζ)φ′′ + 2γφ′ + LePr fφ′ + [(1 + 2γζ)θ′′ + 2γθ′]
( Nt

Nb

)
− LePrS

ζ
2
φ

−LePrσ(1 + δθ)Pφ exp
(
−E

1 + δθ

)
= 0,

(20)



Symmetry 2020, 12, 1019 7 of 23

(1 + 2γζ)χ′′ + Lb[(1 + 2γζ)( f ′χ)] − Pe[φ′′ (χ+ Ω1) + χ′φ′], (21)

f (0) = 0 f ′(0) = 1 + α f ′′ (0) + Λ f ′′′ (0) ,θ′(0) = Bi(θ(0) − 1), Nbθ′(0) + Ntφ′(0) = 0 χ(0) = 1,

f ′(∞)→ 0, θ(∞)→ 0, φ(∞)→ 0, χ(∞)→ 0

, (22)

where ζ, f ′, φ, and χ are the non-dimensional velocity profile, temperature distribution, volumetric
concentration of the nonmaterial, and the density of the motile microorganisms, respectively.
Furthermore, γ is the curvature parameter, We is the Weissenberg number, β is the ferromagnetic
parameter, λ is the mixed convection parameter, Nr is the buoyancy ratio parameter, Nc is the
bioconvection Rayleigh number, Le is the Lewis number, NR is the radiation parameter, Nt is the
thermophoresis number, Nb is the Brownian motion, Pr is the Prandtl number, θn is the temperature
ratio parameter, E is the activation energy, σ is the chemical reaction parameter, δ is the heat source
parameter, Ω1 is the bioconvection constant, Lb is the bioconvection Lewis number, Pe is the Peclet
number, S is the time-dependent parameter, α is the first order velocity slip, and Λ is the second order
velocity slip; these are defined below:
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R

√
U0

νl
, Λ = (1 + 2γζ)

U0

νl
B.


2.3. Physical Quantities

The physical quantities involved in the reported study are the wall shear stress C f , the local
Nusselt number Nu, the local Sherwood number Sh, and the density of motile microorganisms Nh,
which are defined as:

C f =
τrx

ρU2 , Nu =
xqw

k
(
T f − T

) + qr
∣∣∣
r=R, Sh =

xqm

DB(Cw −C∞)
, Nn =

xq j

DB(Nw −N∞)
,

τrx = µ0


1

1 +
(
Γ
∂u
∂r

)
, qw = −k(T)

(
∂T
∂r

)∣∣∣∣∣∣
r=R

, qm = −DB

(
∂C
∂r

)∣∣∣∣∣∣
r=R

, q j = −DB

(
∂N
∂r

)∣∣∣∣∣∣
r=R

.


(23)

The non-dimensional form of the above expression is:

Re0.5C f = f ′′ (0)
(

1
1 +

{
We f ′′ (0)

}n

)
,

Re0.5Nu = −θ′(0)
(
1 +

4
2Nr

{
1 +

(
θ f − 1

)
θ(0)

}3
)
,

Re−0.5Sh = −φ′(0),

Re−0.5Nh = −χ′(0).


(24)
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where Re = xuw/ν is the Reynolds number.

3. Numerical Approach

In this section, ashooting scheme is adopted to develop the numerical solution of non-dimensional
differential Equations (18)–(20) with the boundary condition represented in Equations (21) and (22).
Following the basic methodology of this technique, this dimensionless boundary value flow system
was converted into first order system via the following substations:

f = S1, f ′ = S2, f ′′ = S3, f ′′′ = S′3, θ = S4, θ′ = S5, θ′′ = S′5,

φ = S6, φ′ = S7, φ′′ = S′7, χ = S8, χ′ = S9, χ′′ = S′9,
(25)

S′3 =

−2γS3

[{
(WeS3)

n
(
1−

n
2

)}]
−

[
1 + (WeS3)

n
]2
[
S1S3 + S2

2 + A
(
S2 +

ζ
2

S3

)
+

2βS4

ζ+ S

]
− λ

(
S4 −NrS6

−NcS8

)
[
1 + (1− n)(WeS3)

n
]
(1 + 2γζ)

,

−εζ(S5)
2
− 2γS5 −ωS2

5 − PrS1S5 + PrS
ζ
2

S5 − Pr(1 + 2γζ)
(

NbS5S7

+NtS5

)
−

(
θ f − 1

)
S2

5(1 + 2γζ)

S′5 =

−Pr[δ1S2 + δ2S4] −
2

3Nr

[{
1 + (θn − 1)S4

}3(2γS5) + 6
{
1 + (θn − 1)S4

}2
]

wS4 + 2(1 + 2γζ) + (1 + 2γζ)(1 + εS4) +
2

3Nr

{
1 + (θn − 1)S4

}3(2 + 4γζ)
,

S′7 =

−2γS7 − LePrS1S7 −
[
(1 + 2γζ)S′5 + 2γS5

]( Nt
Nb

)
+ LePrS

ζ
2

S7 + LePrσ(1 + δS4)
PS6 exp

(
−E

1 + δS4

)
(1 + 2γζ)

,

S′9 =
−Lb[(1 + 2αζ)(S2S8)] + Pe

[(
S′7S8 + Ω1

)
+ S9S7

]
(1 + 2γζ)

,



(26)

with boundary conditions:

S1(0) = 0, S2(0) = 1 + αS3(0) + ΛS′3(0), S5(0) = Bi(S4(0) − 1), NbS5(0) + NtS7(0) = 0, S8(0) = 1,

S2(∞)→ 0, S4(∞)→ 0, S6(∞)→ 0, S8(∞)→ 0

 (27)

4. Physical Interpretation of Results

After successfully performing the numerical computations of formulated problem, this section
discussesthe physical consequences of various flow parameters like the ferrohydrodynamic interaction
parameter, including the Weissenberg number We, the first order velocity slipα, the second order velocity
slip Λ, the mixed convection parameterλ, the bouncy ratio parameter Nc, the time-dependent parameter
S, the Prandtl number Pr, the thermophoresis parameter Nt, the Biot number Bi, the temperature ratio
parameter θn, the Brownian motion Nb, the bioconvection Raleigh number Nr, the Lewis number Le,
the bioconvection Lewis number Lb, the Peclet number Pe on the variation of velocity f ′, the temperature
distribution θ, the concentration distribution φ, and the density of motile microorganism profile χ.
Since this flow model wasbased on theoretical assumptions instead of experimental data, the physical
parameterswere assigned fixed arbitrary values like β = 0.1, We = 0.2, S = 0.2, α = 0.3, Λ = 0.2,
λ = 0.2, Nc = 0.4, Nr = 0.4, Pr = 0.5, Nt = 0.4, Bi = 0.5, θn = 0.4, Nb = 0.4, δ1 = 0.2, δ2 = 0.3,
Le = 0.3, Lb = 0.3, and Pe = 0.4. It is worth mentioning that all the graphical analyses were reported for
two cases—flat plate (γ = 0) and stretching cylinder (γ = 0.2). Such a comparative analysis wasmore
useful to appreciate the significance of each parameter on both configurations simultaneously.

Figure 2 interprets the physical behavior of ferro-hydrodynamic interaction parameter β against
the velocity profile f ′. The flow velocity was reduced with higher values of the ferro-hydrodynamic
interaction parameter β. It was further noticed that the decreasing trend wasmore dominant in case
of the stretching cylinder. Figure 3 reveals the impact of the Weissenberg number We on the velocity
distribution f ′. The declining trend wasdue to variations of We associated with relaxation times, where
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the velocity field effectivelydecelerated. Physically, an incremental increase in We resulted in a larger
relaxation time, which offered resistance to the flow and subsequently the velocity profile decreased.
The results communicated in Figure 4 show a declining velocity distribution forseveral values of the
first order velocity slip α. The utilization of slip consequences altered the velocity distribution and
control the associated boundary layer. The decreasing trend was more permanent for γ = 0.2. The slip
flow phenomenon has valuable applications in the petroleum industry and geo-physics. Figure 5
portrays the impact of the second order velocity slip Λ on f ′. Again, similar to first order slip parameter,
a decreasing variation in f ′ was been captured for the second order slip Λ. The change in velocity
distribution f ′ for the mixed convection parameter λ is shown in Figure 6. Physically, the mixed
convection parameter reflected the ratio of the buoyancy force to the viscous force. The higher values
of λ reflected the higher buoyancy ratio force; consequently, an increasing variation in fluid particles
was observed. The behaviors of the bouncy ratio parameter Nc and the bioconvection Raleigh number
Nr are illustrated in Figures 7 and 8, respectively. It was found that the velocity profile decayed with
growing the values of both the bouncy ratio parameter Nc and the bioconvection Raleigh number Nr.
When Nr was assigned its maximum value, the buoyancy force due caused bybioconvection reduced
the fluid velocity. It was found that the effects of various temperature, concentration, and gyrotactic
microorganism parameters on velocity were quite small, though thisis not discussed here.
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The change in the temperature distribution θ for various parameters is explored in Figures 9–15.
Again, the graphical results are reported for flat surface by taking γ = 0 and stretching cylinder
with γ = 0.2. Figure 9 addressed the significance of ferro-hydrodynamic interaction parameter β on
the temperature field θ. The presence of ferrohydrodynamic interaction parameters is more useful
forimproving the temperature field θ, which is more convenient for flat surface geometry.

Figure 10 shows the influence of the first order slip parameter α on θ. It is seen that θ increased
with the increasing of α. Figure 11 shows the role of the thermophoresis parameter Nt on temperature
field θ. It was noticed that higher values of Nt caused an efficient enhancement of temperature behavior.
The thermophoresis phenomenon wasassociated with fluid particle motion from hot to cold regions
due to an increasing temperature gradient. The effectof the mixed convection parameter λ on the
temperature distribution θ is shown in Figure 12. It is evident that temperature distribution θ decreased
with the growing of λ.
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Figure 13 shows the observations based on the variation of the heat source parameter δ1. Physically,
heat source is considered an external source of energy thatefficiently enhances nanoparticle temperature.
The graphical explanation for the Biot number Bi versus temperature distributionθ is shown in Figure 14.
From the figure, it can be estimated that θ increased with the rising values of Bi. The Biot number
had a relationship with the heat transfer coefficient in which temperature fewup to themaximum
level. Whensimulating the overall physical consequences of all these parameters, it was found that the
changes in temperature due to heat source parameter, Biot number, and the thermophoresis parameter
were progressive.
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Figure 15 shows the variation of the temperature ratio parameter θn on the nanoparticle
temperature θ. The temperature distribution θ was upturned as θn was assigned maximum values.

The concentration of nanoparticles φ was examined for various parameters, as shown in
Figures 16–20. The impact of the thermophoresis variable Nt on the concentration profile φ is
shown in Figure 16. In increased concentration distribution φ was impacted by variations of Nt due
to temperature and concentration gradients. Figure 17 shows the effects of the Brownian motion Nb
on the concentration distribution φ. By comparing the change in concentration due to these flow
parameters, it was found that the activation energy and thermophoresis parameters were more effective
atenhancing the concentration profile.Symmetry 2019, 11, x FOR PEER REVIEW 16 of 30 
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The Brownian motion, which is the random movement of fluid particles, was found to more
effectively reduce the concentration distribution. Figure 18 shows the impacts of the activation energy
constant E on φ. The physical activation energy is the minimum energy amount which is necessaryfor
each step of the reaction process. Figure 19 characterizes the impact of the Lewis number Le on
φ. A decrease in the concentration distribution is reported due to the fact that the Lewis number
wasinversely proportional to the mass diffusion. The significance of the bioconvection Lewis number
Lb on the density of motile microorganisms χ is shown in Figure 21. It is seen that microorganism
concentration χ declined with increases in the bioconvection Lewis number. Figure 22 demonstrates the
deviation of the Peclet number Pe versus the microorganism profile χ. The relationship of the density
of microorganism χ decay with the rising of Peclet number Pe can be clearly observed. The higher
values of Pe corresponded to a minimum motile diffusivity, due to which a declining microorganism χ
was configured. Figure 23 shows the effect of Nc, which is the bioconvection Rayleigh number, on χ,
which increased with an increasing Nc. The output of α on χ is shown in Figure 23. It wasobserved that
an increment in α led to an increment in χ. In was further found that changes in the microorganism
profile werequite dominant for the bioconvection Lewis number and Peclet number.
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Figure 23. Impact of α on χ

The variation in f ′′ (0) for various values of β, S, We, Nr, Nc, λ, and n is shown in Table 1. Here,
the numerical results were update for the moving plate (γ = 0.0) and the stretching cylinder (γ = 0.2).
It was found that f ′′ (0) increased with enlarged values of β and S, while the reverse trend wasrevealed
for all remaining parameters. Moreover, it is important to remark that theincreasing trend for the
moving plate case wasrelatively minimal. Table 2 shows the numerical computations for −θ′(0) against
various values of Pr, β, Nt, Le, S, λ, ε, and δ1. An increasing change in −θ′(0) was observed for S, Pr,
and λ. Table 3 shows that −φ′(0) increased by varying Pr, Le, S, and λ; however, the opposite numerical
iterations were noted for β, Nt, and σ. The numerical treatment for −χ′(0) in view of involved flow
parameters like Pe, Lb, δ, S, β, Nr, Nc, and λ for two different values of γ is shown in Table 4. It was
noticed that −χ′(0) got higher values for Pe, Lb, δ, and λ. However, with the increment of S and β, for
both cases, −χ′(0) decreased. Finally, Table 5 summarizes the range of various involved parameters, as
well as the response of velocity, temperature, concentration, and microorganism profiles against these
flow parameters.

Table 1. Variation of f ′′ (0) for different values of β, S, We, Nr, Nc, λ, and n.

Flow Parameters f ”(0)

β S We Nr Nc λ n γ = 0.0 γ = 0.2

1.0
1.5
2.0

0.1 1.0 0.1 0.1 0.1 0.8
0.4713
0.5431
0.5988

0.5038
0.5656
0.6153

0.5 0.2
0.5
0.8

0.4110
0.4632
0.5020

0.4554
0.4999
0.5336

2.0
3.0
4.0

0.3741
0.3573
0.3392

0.4121
0.3845
0.3544

0.5
1.0
1.5

0.3887
0.3878
0.3870

0.4359
0.4345
0.4330

0.2
0.3
0.4

0.3923
0.3952
0.3982

0.4426
0.4482
0.4539

0.2
0.3
0.4

0.3691
0.3500
0.3318

0.4372
0.4229
0.4092

1.0
2.0
3.0

0.3880
0.3810
0.3742

0.4530
0.4575
0.4620
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Table 2. Numerical variation in the local Nusselt number −θ′(0) for δ1, Pr, β, Nt, S, λ, ε, and δ1.
Pr: Prandtl number.

Flow Parameters −θ′(0)

Pr β Nt S λ ε δ1 γ = 0.0 γ = 0.2

1.3
1.5
1.7

0.5 0.3 0.1 0.1 0.3 0.1
0.4704
0.4974
0.5212

0.5977
0.6170
0.6341

1.2 1.0
1.5
2.0

0.3952
0.3260
0.2629

0.5503
0.5098
0.4736

0.4
0.7
1.0

0.4492
0.4300
0.4104

0.5795
0.5559
0.5319

0.2
0.5
0.8

0.4855
0.5678
0.6356

0.6109
0.6757
0.7302

0.2
0.3
0.4

0.4670
0.4771
0.4862

0.5872
0.5937
0.5997

0.4
0.6
0.8

0.4373
0.4006
0.3632

0.5748
0.5502
0.5261

0.4
0.6
0.8

0.3037
0.1918
0.0693

0.4795
0.4010
0.3164

Table 3. Numerical variation in the local Sherwood number −φ′(0) for Pr, β, Nb, Le, S, λ, Nt, and σ.

Flow Parameters −φ′(0)

Pr β Nb Le S λ Nt σ γ = 0.0 γ = 0.2

1.3
1.5
1.7

0.5 0.3 2.0 0.1 0.2 0.2 0.5
0.7056
0.7461
0.7818

0.8966
0.9255
0.9512

1.2 1.0
1.5
2.0

0.5929
0.4891
0.3944

0.8255
0.7647
0.7104

0.4
0.7
1.0

0.8983
1.5051
2.0521

1.1589
1.9458
2.6597

3.0
3.5
4.0

0.6779
0.6790
0.6943

0.8558
0.8639
0.8722

0.2
0.5
0.8

0.7283
0.8516
0.9534

0.9163
1.0135
1.0953

0.2
0.3
0.4

0.7005
0.7157
0.7294

0.8807
0.8906
0.8996

0.5
0.7
0.9

0.2733
0.1952
0.1518

0.3569
0.2563
0.2004

0.6
0.8
0.9

0.6902
0.6880
0.6870

0.8838
0.8817
0.8807
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Table 4. Numerical variation in local motile density −χ′(0) for Pr, Lb, δ, S, β, Nr, Nc, and λ.

Flow Parameters −χ′(0)

Pe Lb δ S β Nr Nc λ γ = 0.0 γ = 0.2

0.4
0.6
0.8

2.0 0.1 0.1 0.5 0.1 0.1 0.1
0.9507
1.0705
1.1920

0.7466
0.7787
0.8110

0.1 2.5
3.0
3.5

0.8774
0.9707
1.0561

0.8044
0.9000
0.9876

0.2
0.3
0.4

0.7789
0.7838
0.7887

0.6999
0.7012
0.7026

0.2
0.5
0.8

0.7467
0.6752
0.6164

0.6723
0.6038
0.5484

1.0
1.5
2.0

0.7740
0.7729
0.7686

0.6734
0.6723
0.5878

0.5
1.0
1.5

0.8364
0.8329
0.8286

0.7322
0.7311
0.7300

0.2
0.3
0.4

0.8283
0.8173
0.8058

0.7287
0.7244
0.7199

0.2
0.3
0.4

0.7980
0.8194
0.8387

0.7528
0.7709
0.7877

Table 5. The range of parameters and theirresponse tovelocity, temperature, concentration,
and microorganism profiles.

Range of Parameter Velocity Profile Temperature Profile Concentration Profile Microorganism Profile

0.1 ≤ Nc ≤ 1.2 Decrease Increase Increase Increase

1.0 ≤ α ≤ 4.0 Decrease Increase Increase Increase

0.5 ≤ β ≤ 2.0 Decrease Increase - -

0.1 ≤We ≤ 1.2 Decrease - - -

−1.0 ≤ Λ ≤ −4.0 Decrease - - -

0.1 ≤ λ ≤ 1.2 Increase Decrease Decrease -

0.1 ≤ Nr ≤ 1.2 Decrease Increase Increase -

0.1 ≤ Nt ≤ 1.5 - Increase Increase -

0.1 ≤ δ1 ≤ 1.0 - Increase - -

0.1 ≤ Bi ≤ 1.0 - Increase - -

1.5 ≤ θn ≤ 1.8 - Increase - -

1.0 ≤ E ≤ 2.0 - Increase - -

1.0 ≤ Le ≤ 2.0 - - Decreases -

0.1 ≤ Pe ≤ 1.0 - - - Decrease

5. Conclusions

The current research was concernedwith thebioconvection flow of a cross nanofluid over a stretched
surface that wasexposed to a magnetic dipole. The analysis wassupported by novel multidisciplinary
features like thermal radiation, heat absorption generation, activation energy, and the second order
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slip. The governing equations for the present flow model were constructed and numerically solved
using the shooting procedure. The graphical results for both flat configuration and stretched cylinder
were reported for each flow parameter. The main observations are summarized as:

• For the viscous case, i.e., We = 0 the fluid velocity was larger than that of We = 0.1, 0.4, 0.8, 1.2.
• When γ = 0, the flow problem was reduced to a flat plate, while γ = 0.2 represents the flow

induced by the stretching cylinder.
• The effects of these parameters were more effective for the plate than the cylinder.
• The variation of slip factors, the buoyancy ratio constant, the Rayleigh number, and the

ferrohydrodynamic interaction parameter decayed the velocity profile for the flat plate and
the stretching cylinder.

• More improved temperature distribution was claimed with the interaction of slip factors, the Biot
number, the ferrohydrodynamic interaction constant, and the curvature parameter. The change in
temperature wasmore dominant for flow in the flat plate case than the stretching cylinder case.

• The increase of the temperature ratio parameter, the thermophoresis parameter, and the Brownian
motion constant led to anenhanced temperature profile.

• The presence of activation energy and the thermophoresis parameter increased the concentration
profile, while a decreasing trend was noticed with the Lewis number.

• The microorganism distribution decreased with thePeclet number and thebioconvection
Lewis number.

• It was further found that the buoyancy ratio constant and the first order slip parameter canlead to
increments in the microorganism distribution.

• The observations based on the reported results can be used to improve thermal extrusion processes,
bio-technology, biofuels, enzymes, etc.
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Nomenclature

(u, v) are the velocity components
DB is the Brownian diffusion coefficient
λ0 is the magnetic permeability
ρ f is the nanofluid density
β∗ is volume suspension coefficient
g∗ is gravity
C is the nanoparticle concentration
T is temperature
σs determines the Stefan Boltzmann constant
ρp is the nanoparticle density
l is the strength of the magnetic dipole
K(T) is the thermal conductivity
k∗ is the mean absorption coefficient,
DT is the thermophoretic diffusion coefficient
τ is the liquid heat capacity to nanoparticles heat capacity ratio
Q′′′ is the heat source sink
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Kr is the chemical reaction,
Ea is the activation energy
n is the Power law index
b is chemotaxis
Wc is the maximum amount of swimmingcells
T∞ is the free stream temperature
C∞ is the free stream concentration
N∞ is the free stream microorganism density
Kn is the Knudsen number
α∗∗ represents the momentum coefficients
β∗∗ is the molecular mean free path
H∗ is the magnetic force
M is magnetization
K∗ is the paramagnetic constant
Tc is the Curie temperature
f ′ is the dimensionless velocity profile
θ is the dimensionless temperature profile
φ is the dimensionless concentration profile
χ is the dimensionless microorganism profile
We is the Weissenberg number
β is the ferromagnetic parameter
λ is the mixed convection parameter
Nr is the buoyancy ratio parameter
Nc is the bioconvection Rayleigh number
Le is the Lewis number
NR is the radiation parameter
Nt is the thermophoresis number
Nb is Brownian motion
Pr is the Prandtl number
θn is the temperature ratio parameter
E is activation energy
σ is the chemical reaction parameter
δ is the heat source parameter
Ω1 is the bioconvection constant
Lb is the bioconvection Lewis number
Pe is the Peclet number
S is the time-dependent parameter
α is the first order velocity slip
Λ is the second order velocity slip
C f is the wall shear stress
Nu is the local Nusselt number
Sh is the local Sherwood number
Nh is the density of motilemicroorganisms
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