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Abstract: Due to its widespread applications in areas
including heat exchangers, cancer therapy, heat storage
devices, biomedicine, and biotechnology, nanofluid has
become one of the most important fluids in thermal
engineering. One difficulty with these applications of nano-
fluids is the improvement of heat conductivity via nanopar-
ticles. This aims to illustrate the bioconvectional cross-flow of
a nanofluid in the existence of swimming gyrotactic micro-
organisms over a vertical stretching cylinder. We consider
the chemical reaction and thermal radiation in the energy
and concentration equations. Through the use of appropriate
dimensionless variables, a nonlinear system of partial differ-
ential equations has been transformed into ordinary differ-
ential equations (ODEs). The BVP4c method is applied to
construct the resultant governing ODEs. The significance of
physical variables is demonstrated through plots and tabular
data. Our finding explains that the temperature intensifies
due to larger curvature parameters and Weissenberg vari-
ables, while the opposite effect is examined in the velocity
profile. With upsurge in thermophoresis parameter, the tem-
perature upsurges accordingly. As the bioconvection Lewis
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number rises, microbial concentration falls. The results
obtained in this investigation could be useful in practical
applications like numerous areas of engineering, biotech-
nology, nanotechnology, and medical sciences etc.
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Abbreviations

We Weissenberg parameter

Rm bioconvection Rayleigh number
Nc buoyancy parameter

B; biot number

Nb brownian motion

Nt thermophoresis force

Pr Prandtl number

Rd radiation parameter

K* mean absorption

Sc Schmidt number

F’ radial velocity

0 temperature field

I concentration field

Y microorganism field

T ratio of effective heat capacity
K chemical reaction

Pe Peclet number

Lb bioconvection Lewis number
w microorganism concentration difference
cf skin friction coefficient

Nu, Nusselt number

Sh, Sherwood number

Nh motile density

u, v component of velocity

é curvature parameter

A mixed convective parameter
Cp specific heat

g acceleration due to gravity
U dynamic visocisty

Vg kinematic viscosity of EG
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as thermal diffusivity

Vg kinematic viscosity of EG

as thermal diffusivity

k thermal conductivity

Ps nanofluid density

Pm microorganism particles density

Dy Brownian diffusion coefficient

Dy thermophoretic diffusion coefficient

Dy microorganism diffusion coefficient

o* Stefan-Boltzmann constant

T temperature of the fluid

Tw wall temperature

T, ambient temperature

T; surface heat

h coefficient of heat transfer

Yy surface concentration of microorganisms
Y. ambient concentration of microorganisms
q; radiative heat flux

1 Introduction

Cross-fluid flow over a stretched cylinder describes the
movement of a fluid across the surface of a cylindrical
object that is undergoing stretching or elongation. This
phenomenon is encountered in various practical applica-
tions, such as the coating process in manufacturing, polymer
processing, and fiber spinning. When a cylinder is stretched,
the fluid on its surface experiences both tangential and
normal forces. The tangential forces arise due to the stretching
motion, causing the fluid to move along the surface. The
normal forces act perpendicular to the surface and induce a
cross-flow across the cylinder. This cross-flow is characterized
by fluid moving from one side of the cylinder to the other.
The flow behavior of the fluid on a stretching cylinder con-
tains several influences, including the velocity of stretching,
the viscosity of the fluid, and the surface properties of the
cylinder [1,2]. As the stretching velocity increases, the cross-
flow becomes more pronounced [3]. Higher fluid viscosity
tends to resist the cross-flow, while lower viscosity promotes
it. The surface properties of the cylinder, such as its roughness
or surface tension, can also influence the cross-flow behavior
[4]. By gaining a deeper understanding of cross-fluid flow on a
stretching cylinder, engineers develop more efficient pro-
cesses, improve product quality, and optimize material usage
in various industrial applications [5]. Khan et al. [6] evaluated
computationally the thermal transportation for cross-flow of
Williamson fluid on an elongating and contracting surface
using thermally radiative effects. Khosravi and Javan [7] dis-
cussed 3D thermal transportation considering deep cross-flow
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using mesh refinement. Understanding the dynamics of cross-
fluid flow on a stretching cylinder is essential for optimizing
processes that involve the coating or spreading of materials
[8]. Darvesh et al. [9] examined the 3D cross-flow of nanofluid
using the density of microorganisms and noted that a slight
change in the Brownian motion parameter has a significant
impact on the concentration of nanoparticles and motile
microorganisms. They have also shown that there was an
approximately 80.21% reduction in the concentration as a
result of the slight modification in the Brownian movement
variable.

Nanofluid flow describes the motion of a mixture of
nanoparticles and a base fluid. A nanofluid consists of solid
nanoparticles, typically in the range of 1-100 nm, dispersed
in a liquid medium. This combination of nanoparticles and
fluid exhibits unique flow characteristics and properties
compared to pure fluids as introduced initially by Choi
and Eastman [10]. When nanofluids flow, the nanoparticles
interact with the base fluid, leading to alterations in the
overall fluid behavior [11]. These interactions can affect
various flow parameters such as viscosity, thermal conduc-
tivity, density, and heat transfer capabilities. Consequently,
nanofluid flow has garnered significant interest in several
fields, including engineering, materials science, and energy
applications. One crucial aspect of nanofluid flow is the
enhanced thermal conductivity [12]. Nanoparticles, due to
their larger surface area-to-volume ratio, can significantly
improve the thermal properties of the base fluid when
dispersed [13]. As a result, nanofluids have been explored
for features such as heat transport enhancement in cooling
systems, thermal executive of electronic devices, and solar
thermal collectors. The flow behavior of nanofluids is influ-
enced by factors such as nanoparticle concentration, size,
shape, and surface characteristics [14]. These parameters
can affect the stability and dispersion of nanoparticles
within the fluid medium, leading to variations in the
flow properties. Understanding the flow dynamics of nano-
fluids helps in optimizing their usage in different applica-
tions and designing efficient heat transfer systems [15].
Nanofluid flow has proved to have potential in various
fields, including heat exchangers, microfluidics, biome-
dical engineering, and energy conversion systems [16].
Khan et al. [17] studied thermally the blood-gold nanofluid
flow on a surface through the impacts of microorganisms
and noted that thermal panels were reinforced by intensifica-
tion in thermophoresis factor, volumetric fraction, Brownian
movement, and radiation variables, as they were opposite via
the Prandtl number. The fluid concentration augmented
through an upsurge in activation energy parameters and
decayed on boost in thermophoresis factor and the Schmidt
number. Many investigations are witnessed of nanofluid flow
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on cylindrical surfaces with a remarkable contribution to the
thermal flow analysis [18]. Bhatti and Ellahi [19] studied com-
putationally the nanofluid non-Darcian flow on an elastic as
well as elongating surface using thermal and velocity slips.
As the fluid flows over the cylinder, a boundary layer
forms near its surface. In the stretching cylinder, the
boundary layer can undergo separation, where it lifts off
the surface. The occurrence of boundary layer separation is
influenced by the stretching rate and fluid viscosity [20]. The
separation of the boundary layer has significant conse-
quences for the flow behavior, including changes in pres-
sure distribution and drag forces. The stretching of the
cylinder can induce a transition from laminar to turbulent
flow [21]. The critical Reynolds number for this transition
depends on factors such as the stretching rate, surface
roughness, and fluid properties. Turbulent flow typically
exhibits higher drag forces compared to laminar flow. The
stretching of the cylinder can also cause changes in the flow
velocity; in some cases, the fluid can be accelerated along
the cylinder’s surface, resulting in increased flow rates [22].
However, depending on the stretching rate and other fac-
tors, the fluid can also decelerate as it moves along the
cylinder. Reddy et al [23] discussed thermal generation
and absorption for nanofluid magnetohydrodynamics
(MHD) flow on a stretch cylinder through a porous surface
and noted that growth in the curvature and the porosity
factors are expected to amplify the thermal layer within
the boundary layer region surrounding the cylinder.
Othman et al [24] simulated computationally the flow of
nanoparticles in combination with microorganisms and
activated energy on an elongating and inclined cylinder
and have observed that inclination angle and Richardson
number have been observed to cause a reduction in the
velocity curve, while it has boosted in response to changes
in the curvature factor. They have also noted that the energy
field is enhanced by the inclination angle and heat source
term, but it has diminished through the Prandtl number
and Richardson number. Shaheen et al [25] discussed
time-dependent bio-convective fluid flow on an elongating
cylinder under the impact of different flow constraints.
Bio-convection flow discusses the convective motion of
a fluid induced by the collective movement of microorgan-
isms or biological entities within the fluid. This phenom-
enon is commonly observed in various biological systems,
such as suspensions of swimming bacteria, algae, or other
microorganisms [26]. Bio-convection arises due to the inherent
biological activity of these organisms, which can result in the
generation of concentration gradients or localized heating [27].
These gradients lead to buoyancy forces that drive fluid
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motion. The collective movement of microorganisms, typically
driven by their motility mechanisms, can create vortices, flow
patterns, and instabilities in the fluid flow [28]. In research
and scientific studies, bio-convection flow has been investi-
gated to understand various biological and ecological pro-
cesses [29]. It plays a significant role in diverse fields,
including microbiology, ecology, biophysics, and bioengi-
neering. Saraswathy et al [30] studied theoretically the
bio-convective fluid flow over a sheet by incorporating the
effects of heat and mass flux models proposed by Cattaneo-
Christov and have noted that their results have been in
remarkable agreement with established data. Chu et al
[31] explored the significance of bio-convection with activa-
tion energy on the magnetic field on a stretching surface
through the famous Buonigiorno model and noted that velo-
city distribution has declined while thermal panels are
amplified and grow. Hussain et al. [32] inspected the impact
of bio-convection using microorganisms on a fluid layer
through two infinite plates with gravitational effects.

Fluid flow with the effect of thermal radiative encom-
passes a complex relation between fluid dynamics and
heat transfer. When thermal radiation is considered in a
flow system, it introduces an additional mode of heat
transfer alongside conduction and convection [33]. Unlike con-
duction and convection, which require a material medium,
thermal radiation involves the emission, absorption, and
transmission of electromagnetic waves. Radiative heat
transfer plays a crucial role in influencing the energy bal-
ance and temperature distribution within the flow system
[34]. The amount of heat transfer through radiation depends
on the temperature and emissivity of the surfaces involved.
It can lead to both heating and cooling effects, depending on
the temperature gradient and emissivity distribution. The
absorption and emission of radiation by the fluid and solid
surfaces within the flow system significantly impact the
overall energy exchange. The absorption of radiation by
the fluid can increase its temperature, while the emission
of radiation from the fluid and solid surfaces affects the
overall heat transfer. The emissivity and absorptivity of
the surfaces determine the extent of these interactions. To
analyze fluid flow with the effects of thermal radiation,
mathematical models such as the radiative transfer equa-
tion are employed [35]. These models incorporate the radia-
tive heat transfer mechanisms and interactions within the
system, allowing for predicting temperature distributions,
flow patterns, and overall system behavior. Dharmaiah
et al. [36] applied Jeffery MHD fluid flow factor to the
nuclear reactor with Brownian motion and thermophoresis
effects and thermal radiations on a wedge and noted that
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fluid velocity panels have reduced and thermal panels have
boosted with growth in magnetic factor. Suresh Kumar et al.
[37] analyzed computationally the MHD fluid flow with
impacts of microorganisms and thermally radiative effects
and Hall current. Pandey et al [38] discussed the relation
between thermal radiations with mixed convection for a
fluid flow on a stretching surface. Alrehili [39] analyzed
the upgradation of applications regarding the field of engi-
neering and technology for dissipative nanofluid flow on a
nonlinear elongating sheet using thermally radiative effects.
Sharma et al. [40] studied the generation of entropy and
thermally radiative effects for Jeffery electro magnetohydro-
dynamics fluid flow with impacts of nanoparticles and
have noted that velocity distribution has retarded while
thermal panels have boosted with growth in magnetic
factor and concentration of nanoparticles.

When a force is applied to a fluid, the fluid undergoes a
deformation or a change in shape or structure. Non-Newtonian
fluids include things such as toothpaste, ketchup, paint, blood,
starch, and so forth, while Newtonian fluids have a linear
relationship between applied force and deformation. There
are a wide variety of mathematical models available for inves-
tigating the characteristics of these non-Newtonian fluids.
Many models have been proposed to explain fluid behavior,
including Burger’s, Jeffery’s, Ree-Eyring, Power law, and many
others. Cross [41] used the cross-fluid model to represent the
characteristics of any fluid at both high and low shear rates.
Rehman et al [42] explained the force convection flow subject
to the effect of thermal diffusion and mass diffusion with cross-
flow through a variable needle. Azam et al [43] examined the
solar aspect of the magnetic flow of cross nanofluid due to
convective flow. Yao et al [44] investigated the impact of an
orthogonal magnetic dipole on cross-fluid, which exhibits
numerous characteristics. Khan et al. [45] illustrated the activa-
tion energy and thermophoretic effect on cross-fluid. Sharma
and Mishra [46] provided an interpretation of the higher-order
mechanism of chemical reaction and the effect of Lorentz force
on cross-fluid.

The main aim of this analysis is to examine the cross-
nanofluid flow caused by cylinder’s stretching. Because of
the presence of mixed convection, it is presumed that the
flow is vertical. Based on the aforementioned review of the
literature and to the best of the author’s knowledge, no
research has been done on the interaction of cross-nano-
material with microorganisms. As a result, closing this gap
is the primary focus of our argument. So, our investigation
explains the cross fluid in the presence of thermal radiative,
mixed convective flow, and microorganisms. Convective
boundary conditions are imposed along with impacts of
Brownian motion and thermophoresis motile microorgan-
isms. In this work, we used the Bvp4c technique to calculate
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the numerical solutions. Plots are also elaborated to inter-
pret the features of other physical variables.

2 Modeled formulation

We investigate the 2D cross-mixed convective flow of an
incompressible viscoelastic nanoliquid comprising chemical
reaction and convective condition on a stretched cylinder,
taking into account the effects of thermal radiation, as shown
in Figure 1. The symbols T.., C., and Y., respectively, represent
the temperature, the concentration, and concentration of
microorganism at free stream. The physical nature of the
model is outlined below.

Therefore, the constitutive equation of the flow model
expression is described as follows [43-45]:

oru orv
T A 1
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The boundary constraints are applied as follows [43-45]:
Up oT
= — = —Jfr— = T--T =
=XV 0, kar T - T),C=C,,
Y=Y, at r=R,
u-07r-r7T,C—-C,, Y- Y, as

(6)

r-»oo,

where u and v represent the velocity component along the
x- and r-axis. I' is represented by the relaxation time, n is
the power index, p; is the density of the fluid, p,, describes
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Figure 1: Geometry of the flow problem.

the density of nanoparticles, p,, denotes the density of
microorganisms, (pCp)r denotes the specific heat capacity
of the fluid, T is the temperature of the fluid, Dy, describes
microorganism diffusion, bW, displays cell’s swimming
speed, Dy defines the thermophoretic diffusion, 7 is defined
as the heat capacity ratio of nanofluid, v defines as the
kinematics viscosity, and u defines the dynamic viscosity.
Similarity transformation is [43-45]

(U [rP-R*|  upx _ R [uy

E_ Vfl ZR , U= l F(E),V— r l F(E)r (7)
T-T. C-Co» Y-Y,

I = Ti- Tw,¢(5) =T Cm,H(f) A

After applying above-mentioned transformation to
equations (2)-(6), the nonlinear dimensionless ordinary
differential equations (ODEs) are obtained as follows:

@+ 285)[(1 + (1 - n)(WeF ))F"]

+ 26F" ‘1 + [1 - %](We]—"”)”’

8
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+ PrNtd’% = 0,
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® (1+ 266) + 6" + ScFP’ + N—b[(l +288)3 + 6D

(10)
- ScéP = 0,
II'(1 + 288) + SIT' + LbFII’ - Pe[II'®’ + (1 + 6&)D” )
+ 8§@")II + w)].
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F(0) = 0, F’(0) = 1,9'(0) = -B;(1 - 8(0)),
®0)=110)=1 as &=0 12)

F-0,9-0&-0II-0 as

§— o,
where We is the Weissenberg number, § denotes the curva-
ture variable, A denotes the mixed convective parameter, Nc
represents the buoyancy parameter, Rm denotes the biocon-
vection Rayleigh number, Pr denotes the Prandtl number,
Nb denotes the Brownian motion, Sc is the Schmidt
number, Nt is the thermophoretic diffusion, Lb denotes the
bioconvection Lewis number, Pe denotes the Peclet number,
w denotes the microorganism difference, Bi denotes the Biot

number, and Rd exhibits the thermal radiation factor
[‘uo 1/2 Vfl 12
We = |—2| Re'2§=|—| ,
l ] X TN

_ (- C)(T - T)Bg Ne = Py = P)(Cw — Co)

A ,Nc =
Z[uo]z Bl - C(T; - T)ps
l
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Rm = (P~ P)(Fy — Yo)y Pr = & Nb = ™Dp(Cw — Cao) Using similarity transformation to equation (14), we
BA - Ce)(T; - To)p;’ k’ Ve obtain
Sc = 2, Nt = 7TDT(TfT_ k) .
B Vit CfRe!? = F/(0)| |,
1+ (WeF (0))
b= pe=2WC o Lo p R M 4
Dn’ Dn’ Yo-n BT NuRe2 = -9°(0)[1 + ng], s)
40*T3
Rd = Zk* . ShRe1?2 = -3(0),
NhRe™? = -I1(0),

Engineering quantities of interest are [43-45]

where Re, = xUy,/vr is the local Reynolds number.

G = b ,
peUw
Nu= - w 2.1 Numerical procedure
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Sh = Xqim’ It is vital to compute the technique after reducing the pro-
Dp(Cw = Ca) blem to a lower order. Examining the given equations
Nh = X—q“ shows their highly nonlinear nature, posing challenges in
Din(Yy = ¥e) maintaining analytical expressions. Initially, the condi-
Tars Qyyr Gy @Nd ¢, are described as follows: tions are estimated using a shooting approach. To achieve
this, we utilize the finite difference technique with the
bvp4c code in computer models and simulations. With
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= Hogy 1+ [Fa_u]" blem into a first-order system
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S A+ 2851 + (1 - m)(WeAs)) ’
, —8A5 - PrAAs - PrNbA5A7 - PI'NtA52
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Subject to the boundary conditions
Ay =0,4; =1,A5 = -Bi(1 - Ay),As = 1,

Ag=1 as ¢=0
Az—’O,A4—’O,A6—’0,A3—’0 as

@1
£-0.

3 Results and discussion

This portion comprised the mechanism of various physi-
cal factors’ impacts on profiles F’(§), 3(¢), €(¢), and
II(¢). The range of all these factors are given as
01<We<12,01<8§<0.7,01<Nb<04,01<Nt<0.5
1.0 <Pr < 25,10 <Sc <20, 1.0<Pe<20, 1.0<w<20,
1.0 < Lb < 2.0.

a
@) 1 :
We =0.1
We = 0.4
08 We=0.8] ]
We=1.2
0.6}
o
i,
0.4}
0.2t
) .
0 1 2 3 4 5 6
I3
(© ;
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Figure 2(a—c) shows the variations in velocity (F'(£)),
temperature (3(§)), and concentration (®(§)) profiles
via Weissenberg number (We). It is clear to note that
there are two cases at all: i.e., when n > 1, then it is called
shear thickening case while when n <1 then this case
is called shear thickening case. It is understood that the
Weissenberg number reduces the fluid velocity for the
case of shear thinning, which is focused in the present
analysis (Figure 2(a)). However, in general, the fluid velo-
city increases via the Weissenberg number for the case of
shear thickening. Figure 2(b) shows the variation in $(¢)
via Weissenberg number (We). The temperature boundary
thickness expands with the increasing We because the
increasing We conduct low resistive force to the flow tem-
perature and can take an infinite time to meet the ambient

® 4,

We=0.1
We = 0.4

0.15

0.1t}

Y

0.051

(9

Figure 2: (a-c) Impact of Weissenberg number (We) on (a) F'(§), (b) 3(£), and (c) ¢(£).
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temperature. Thus, the increasing We heightens the tem-
perature boundary layer thickness and temperature pro-
file as well. The same is the case for the concentration
profile, as shown in Figure 2(c).

Figure 3(a—c) shows the impact of curvature factor ()
on F(¢), 8(¢), and &(&), respectively. From these figures,
we see that the higher curvature factor causes an increase
in fluid velocity as well as in thermal distribution while
reducing the concentration profiles. The higher curvature
factor means that the cylindrical surface converts to a flat
surface when 6 tends to infinity. By the fact that velocity
and thermal distribution are always dominant in the case of
flat surfaces as compared to the cylindrical surface. The same
is the case for the velocity and thermal layer of the nanofluid
flow over a cylindrical surface (Figure 3(a and b)). On the other
hand, the higher curvature factor declines the concentration
boundary layer thickness which declines the concentration
profile of the nanofluid flow.

DE GRUYTER

The significance of Brownian movement Nb over tem-
perature profile §(¢) and concentration of Cross-fluid @(¢) is
acknowledged in Figure 4(a and b). The intensifying magni-
tude of Nb strengthened the liquid temperature. Due to the
increased heat generated by the random motion of nanopar-
ticle components with varying temperatures, Nb grows and
the thickness of the related thermal layers upsurges. More-
over, enhancing Nb depreciates the concentration profiles
@(&). Physically, Nb increases due to collisions between mate-
rial particles and lowers the concentration profile.

Figure 5(a) and (b) shows the impact of Nt on 9(§) and
®(&), respectively. Larger values of Nt cause improvement
in both the temperature and concentration field. Physically,
the thermophoresis factor plays a vital role. Thermophoretic
forces are generated with increasing Nt. These forces tend to
move the fluid nanoparticles from hot to colder surface
regions. Due to this transport phenomenon, both the nano-
particle’s concentration and temperature boundary layer

(a) (b)
1 0.14
——d=01 —d=01
—d0=03 0.12 —dJ4=03] 1
0.8 | —6=0.5|1 —d=05
\ 5=0.7 01l 5=0.7| |
0.6 ¢
o 0.08 v
9
o4l 0.06
0.04 1
0.2}
0.02 ¢
0 L 0 .
0 2 4 0 2 4 6
'3 ¢
(c) 1 .
—d=0.1
—=03
| —d=0.5||
0.8 5=0.7
\0.6 F
NA
ST
0.4}
0.2}
0 L
0 2 4 6
'3

Figure 3: (a-c) Impact of curvature parameter § on (a) F'(¢), (b) 9(£), and (c) ®(£).
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Figure 4: Impact of Brownian motion Nb on (a) 3(¢) and (b) ®(¢).

(@
0.35

——Nt=0.1
—Nt=0.2|-
——Nt=0.3

Nt=0.5 | |

Figure 5: Impact of Nt on (a) 9(¢) and (b) ®(£).

thicknesses heighten, which causes augmentation in the tem-
perature and concentration profiles of the nanofluid flow.
Figure 6(a) shows the variation in temperature profile
via Prandtl number (Pr). The ratio of momentum to thermal
diffusivity is known as the Pr. The increasing Pr means that
the momentum diffusivity is greater than the thermal diffu-
sivity, which shows that the thermal boundary thickness
reduces and, hence, the temperature profile reduces. Thus,
a decreasing impact in the temperature profile via Pr is
perceived. Figure 6(b) shows the impact of Sc on the
concentration profile. The higher the Sc, the lower the con-
centration profile. Actually, the higher Sc means the low
Brownian diffusivity, which results in a reduction in the
concentration boundary layer thickness. Thus, a higher Sc

Thermal radiative flow == 9
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0.81

0.6
=~
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S
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0.2}
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0 2 4 6 8
¢
(b)
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decays the concentration boundary layer thickness and con-
centration profile as well.

For higher estimates of (Lb), Figure 7(a) shows the
deprecation in the motile density. Physically, when (Lb)
is greater, as microorganisms are less likely to move
through a fluid, so II(¢)goes down. Figure 7(b) makes it
easy to see that when (Pe) grows, II(¢) decreases. Since
the diffusivity of higher (Pe) microorganisms diminishes,
so does the thickness of the corresponding layer. To
verify the impact of (w) on microbial concentration II(¢),
Figure 7(c) is sketched. We found that as the temperature
of cross-fluid has increased, its viscosity (w) decreased.
Motile density decreases as the concentration of microor-
ganisms in ambient fluids grows with w.
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Figure 8: Contour plot for (a) mixed convective flow and (b) without mixed convective flow.
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Figure 9: Streamline for the (a) mixed convective and (b) without mixed

Figure 8(a and b) shows the contour graphs for fluid flow
with and without mixed convection characteristics. Greater
values of mixed convective parameters get larger in the pat-
tern of flow and cause enhanced viscosity of the fluid. Figure
9(a and b) shows streamlines created at various values
assigned to We, A, Rm, and Nc. For larger values, flow is
enhanced more rapidly and is moved away from the origin.

Table 1 consists of the comparison of our results with
published work. Table 2 summarizes the data of skin fric-
tion measured at a cylindrical surface. From this table, it
has been noticed that when We and § are increased, skin

X
(b)
9 N X . 1
With out Mixed Convection
8 We=1.0, A=Rm=Nc=10.0
0.8
0.6
w
0.4
0.2
0

convective.

Table 1: Comparative analysis of §'(0) when Nb =0, Nt =0, Rd =0

Pr  Bidin and Nazar [47] Rafique et al. [48]  Current result
1 0.9548 0.9548 0.95481
2 1.4714 1.4714 1.86912
3 1.8691 1.8691 1.86915

friction is reduced, but when A is increased, skin friction is
escalated. Greater values of the dimensionless parameters
Rd, Nt, Nb, Pe, Lb, Pr, and Sc  reduced the heat, mass, and
motile microorganism density, as observed in Tables 3-5.
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Table 2: Numeric data for Skin friction against variations in various Table 4: Numeric data of Sherwood number against variations in var-
factors ious factors
) We A Nc Rm Rel?cf Nb Nt Kr ] Sc —Re'2gh
1.1 0.5 0.1 0.1 0.1 1.6861 1.1 0.5 1 0.1 0.3 1.1623
13 1.6341 1.6 0.9809
1.5 1.6027 2.1 0.8970
1.8 1.5599 2.6 0.8495
1 1.9861 1 1.2250
1.4 0.9012 14 1.0350
1.6 0.7345 1.6 0.9809
1.9 0.5783 1.9 0.9244
1.0 0.2 1.6920 1.1 11517
1.2 1.7464 1.2 1.4243
2.1 1.7897 13 1.5415
3.2 1.8353 1.4 1.6997
0.1 3.4716 0.1 1.1845
0.3 3.1512 0.3 1.2180
0.5 2.8879 0.5 1.2531
0.7 2.6659 0.7 1.2831
0.1 2.6239 1.1 1.4840
0.3 2.5041 13 1.4978
0.5 2.3949 1.5 15117
0.7 2.2949 17 1.5255

Table 3: Numeric data for Nusselt number against variations in various  Table 5: Numeric data of motile density against variations in various

factors factors
Nb Nt Pr 8 Rd —Re2Nu Pe Lb ) ) Sc —Re'2Nh
0.1 0.5 1 0.1 0.3 0.2073 1.1 0.5 1 0.1 0.3 2.5994
0.3 0.1980 1.6 2.5362
0.5 0.1840 21 2.4665
0.8 0.1702 2.6 2.3909
1 0.1389 1 2.5994
14 0.1276 1.4 2.6109
1.6 0.1116 1.6 2.6221
1.9 0.1056 1.9 2.6332
0.3 0.1583 1.1 3.6269
1.2 0.1470 1.2 3.7781
2.1 0.1348 1.3 3.9266
3.2 0.1218 1.4 4.0750
0.1 0.3098 0.1 3.5144
0.3 0.2949 0.3 3.5487
0.5 0.2891 0.5 3.5863
0.7 0.2722 0.7 3.6238
0.1 0.3498 1.1 3.4617
0.3 0.3349 1.3 3.4428
0.5 0.3291 1.5 3.4066

0.7 0.3143 1.7 3.4046
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4 Conclusion

The influence of linearly radiative and bio-convective cross-
nanofluid flow across a vertical cylinder under convective
conditions at the boundary is investigated numerically. The
heat and mass transfer features of nanofluids are shown in
the associated tables and figures. Below is a list of some
salient points:

* Growth in We reduces the velocity profiles while an
upsurge in 6 boosts the velocity curve.

* As the curvature parameter is increased, the velocity
field and temperature field decreased, close to the sur-
face of the cylinder.

» The temperature has increased for both Brownian move-
ment and thermophoresis force, whereas these variables
behave differently on the concentration profiles.

» The temperature and concentration fields of nanoparti-

cles are diminished by augmentation in the Pr and the Sc,

while growth in B; enhances the temperature profiles.

Upsurge in the Peclet number decays the microorganism

density profiles.

Increases in the curvature parameter and the Weissenberg

number caused skin friction to decrease.

* The Sherwood number declines with the escalation in
the chemical reaction and the Sc.
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