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Abstract

This study is focused to investigate the blood flow pattern with motion of motile gyrotactic microorganisms. Since nanoparticles
play an essential factor for enhancing delivery efficiency in vascular flow therefore physiochemical properties of these particles
are considered in this examination. Prandtl fluid characteristics are instigated to discuss the blood flow rheology. Moreover,
considerations of gyrotactic microbes with nanoparticles will exaggerate the thermal features of considered base fluid. The
governing model output containing coupled nonlinear systems is evaluated by HPM technique. The features of flow defining
parameters in an anisotropic stenotic region with motile microbes are inspected and presented through different illustrations.
It is concluded from the governing nanofluid model that with addition of gyrotactic microbe’s hemodynamics factors of
stenotic lesion are enhanced. Heat transfer rate phenomena depict opposite trends for nanoparticles key parameters involved
in a governing problem.

Keywords Gyrotactic microbe’s movements - Bioconvection - Catheter insertion - Nanoparticle’s mediation - Atherosclerotic
region - Prandtl fluid

List of symbols o, B Fluid features defining parameter
X Motile microbe’s movement expression
s Average volume of the microorganism
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with hemodynamic factors such as resistance in flow and
stress on arterial walls. Several scientists demonstrated that
the growth of arteriosclerosis is also associated strongly with
features of blood flow in the arteries [4—6]. Stergiopulos et al.
[7] discussed blood flow in flexible stenosis. Young and Tsai
[8] considered an experiment on the arterial blood flow model
with atherosclerosis and concluded that the hemodynamic
feature shows an essential role in the expansion and devel-
opment of the arterial diseases. Siegel et al. [9] considered
different stress levels in vascular atherosclerotic arteries. Tian
et al. [10] discussed pulsatile flow of non-Newtonian mathe-
matical models through atherosclerosis with various types of
severity. Rabby et al. [11] discussed the blood flow problem
by treating it as Newtonian laminar fluid in an axis-symmetric
stenotic artery.

Catheter is an effective technique in the modern era
of medicine to treat different arterial diseases. In clinical
experiments investigation of arterial blood flow, velocity
and pressure rate catheter tool is effectively used. It can
also be used as diagnostic technique tools like angiogra-
phy, intravascular ultrasounds and for balloon angioplasty
as well. In recent research catheters with different sizes have
been used with the evolution of coronary balloon angioplasty.
The consequence of catheterization with several physiolog-
ical characteristics has been discussed by [5, 12]. Bjorno
and Pettersson [13] discussed catheterization effects with
and without atherosclerosis with different models. Srivas-
tava and Rastogi discussed a two-phase macroscopic model
with a narrow-catheterized artery [14]. Sankar and Hemlatha
[15] considered Herschel-Bulkley fluid through catheterized
blood vessels.

Nanoparticles-mediated blood flow is significantly con-
tributing in the field of medicine to enhance the efficiency
of delivering diagnostic and therapeutic agents [16, 17].
These new phenomena prevent conditions like cancer and
combat human pathogens such as bacteria, which is inves-
tigated by many scientists [18, 19]. Fullstone et al. [20]
formulated a nanoparticle agent-based model through capil-
laries under blood flow. Li et al. [21] presented the magnetic
nanoparticles-based model for the development of advanced
medical applications. [jaz et al. [22] presented a heat transfer-
based hybrid nanofluid model to demonstrate the hemody-
namic features. For more references see [23-34].

Bioconvection is a microscopic convection in fluid that
usually appears due to moments of microorganisms that are
a little denser than fluid. This moment of microorganisms is
distributed into different categories such as oxytactic, chemo-
taxis and negative gravitaxis. Gyrotactic organisms are used
in several industrial products such as biodiesel, bio-fertilizers
and biofuel and bio microsystems. Moreover, bioconvection
phenomena play a key part in fuel cells, biological polymer
mixture and environmental systems. Firstly, bioconvection
phenomena with induction of nanoparticles are introduced
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by Kuznetsova and Avramenko [35]. Bhatti et al. [36] pre-
sented Jeffrey-based nanofluid formulation with movement
of motile organisms. Akbar et al. [37] discussed the mecha-
nism of bioconvection flow through the symmetric channel in
the presence of nanoparticles. Later on, different researchers
have presented various models to discuss the features of gyro-
tactic nanofluid features [38—41].

In this analysis non-Newtonian-based Prandtl nanofluid
model is considered. The impact of the hemodynamic factor
is evaluated under gyrotactic microorganism impact through
the stenotic region. Inspiration of catheter with different
degree is also considered in this analysis to attenuate the
hemodynamics factors of arterial lesions. Flow pattern of
blood in the presence of microorganism is plotted through
streamline configuration.

2 Mathematical Model

The mass and momentum equations for an incompressible
fluid are given by

divV =0, (1
dv

,0% = divT + pf, 2)

where

T=—pI+S 3)

where in above S represents extra stress tensor of non-
Newtonian Prandtl fluid model. The constitutive equation
for the Prandtl fluid model is suggested by [44] and given as

o e[|

S= T — 4)

| —|
N
[=3] (o5
N\l:\
N—
[\ )
+
—_
QJQ./
S
N—
(3%}
| I |
-
D
~|

3 Mathematical Formulation

In this examination, we have considered a steady, laminar,
incompressible viscous nanofluid flowing through a tube
of length L with insertion of catheter having radius «. To
address the theoretical model of a swimming motile gyro-
tactic microorganism with nanoparticles in non-Newtonian
blood flow through anisotropic stenotic region with enclo-
sure of catheter, cylindrical polar coordinates are assumed
as (r, 0, z), in which z represents the axial, r represents
the radial and 6 represents the circumferential directions (as
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Fig. 1 Geometry of catheter anisotropic region

shown in Fig. 1). Blood rheology is studied in this analy-
sis by treating it as a Prandtl nano fluid. The anisotropic
region with catheter insertion having time-variant features is
described mathematically as [22]
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in above, § represents stenosis height, eg represents radius of
non-stenotic area, ¥ represents tapering angle, and is calcu-
lated from & = tan\W, which represents the tapered vessel’s
slope, defined as

<0, converging region,
V=10, non tappered region (6)
>0, diverging region.

in above () is a time-variant parameter that is given as

_ oy(1 — coswt)
tt)=1+———", @)

Lot

in above w represents radial frequency of the forced oscilla-
tion and «,, as arbitrary constant.

The equations for the governing flow model are written as
follows,

ou u Jw
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in above p represents pressure, # as average volume of the
microorganism, # as concentration of the microorganism, p s
as density of the base fluid, o, as density of the nanoparticles,
pm as density of the microorganism, g as gravity vector, 7,
as base fluid volumetric coefficient and p as the suspension
coefficient of the nanoparticle.

The temperature equation is written as follows:
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in above thermophoretic diffusion term is represented as
Dr,D p as Brownian diffusion term, 7 as ratio of nanoparticle
material heat capacity to fluid heat capacity, k y as coefficient
of thermal conductivity, (oc); and (pc), as coefficients of
volumetric heat capacity and nanoparticle.

Equation of concentration is designed as

_dC _aC 3’C 13aC d*C
Uu—+uw— ZDE T2+:—_+T2
or 0z or ror 9z

Dr (39°T 18T 9°T
+ to—-t+t——= )
7 or 0z (14)

To or?
Equation of gyrotactic microorganism is designed as
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in above Eq. (15) chemotaxis coefficient is represented by b,
Wz as coefficient of swimming speed and Dy as coefficient
of microorganisms diffusivity.

The boundary condition applied to the anisotropic stenotic
geometry with catheter enclosure is defined as

gl

9. T=T1,C=Ci,a=n, ar=Hh, (16)

=0,T =Ty, C = Co, 7 = no,

gl

atr — e. (17)

in above y represents as constant slip condition on wall of
anisotropic region. Dimensionless variables implemented in
this study are
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u, is the average velocity coefficient. The governing equa-
tion of mathematical model can be written as,

ap

o, 19
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ap 19

—a + g[Sl + To0 4 Nog — Rox =0, (20)
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where in above defined governing equation of flow model
contains following variables,
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in above Eq. (24), T, represents local temperature Grashof
number, N, represents local nanoparticle Grashof number,
R}, represents bioconvection Rayleigh number, 7}, represents
Brownian motion variable, 7; represents thermophoresis
variable, P; represents Peclet number, ® represents constant,
aandp represent as fluid features defining parameter.

Prandtl fluid shear stress after using (24) onto (4) is given
as

ow dw\>
Sy, = — |+ B8 — , 25
. [(8) ﬂ(ar>} ©25)
After using dimensional analysis, the geometry of the
associated conditions is as follows,

w=0,0=1,¢9=1,x=1,atr =€,

w=y,0=0,0=0,x =0,atr =h. (26)

4 Analytical Solution

To deal with nonlinear coupled differential equations, the
HPM technique is used to solve the above governing model.
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Using the significant features of embedding parameter ¢, the
above governing model can be written as

H(g,w) = (1 = g)[L(w) — L(wio)]
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The initial guesses are selected as,
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According to HPM, we obtain systems problems of the
governing model by using the following series representation

6 =6y +qb +q%0, + 0(q)°,
_ 2 3
0 =9o+qe1+q 2+ 0(q),
_ 2 3
X=Xx0+tgx1+q x2+0(q),

w = wo +qw +q2w2+0(q)3. (33)

Flow model defining equations from (27) to (30) are
converted in component form by using above Eq. (33) as sug-
gested by [42, 43]. Moreover, for desired solution embedding
parameter is substituted as ¢ — 1 in the series expansion
Eq. (33),

=@o+e1te2t...,

0=0p+01+6+...,

X=Xo+rxi+x2+...,
w=wy+w;+wy+.... (34)

Obtained component form solution calculated from HPM
technique is further solved by using Mathematica solver and
HPM numerical code. Moreover, hemodynamics factors are
evaluated further by using velocity solution.

5 Impedance Resistance

Pressure drop in anisotropic stenotic region can be obtained
from

o d ,
Ap = / (—d—i)dz, (35)
0

above Eq. (35) helps to determine resistance to flow by using
following relation between pressure drop and flow rate

opteq

(1] L
A=A5 =l/1<z>|h=1dz+ / 1)z + f 1)l dz .
0

o= opteg

(36)

where

h
0= /Orwdr, (37)

expression of pressure gradient in an anisotropic region is
determine by using above equation and given as.

dp  Q—m
v _x=x - 38
iz " (38)

where 1, and 13 are constants appearing in HPM solution
and are determine from HPM Mathematica code.
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Fig.2 Velocity variation versus bioconvection Rayleigh number

6 Stress on Walls on Catheterized Stenosed
Region

The shear stress expression of Prandtl nanofluid used to eval-
uate pressure on the walls is given as

S Jw w3 39
rz = a(a—r>+ﬁ<¥> r:h- (39

7 Discussion and Results

This section is design for the discussion of considered non-
Newtonian nanofluid flow model through a catheterized
stenotic region with swimming of gyrotactic organism. Table
1 is plotted to investigate the absolute error analysis while
using HPM technique and noted that the accuracy of solu-
tion up to four decimal places. Furthermore, by addressing
the hemodynamics factors of flow features through a stenotic
area, this section is intended to have a major contribution with
theoretical understanding of blood flow dynamics. Graphical
outcomes are obtained by considering the pioneering param-
etersas R, =0.1-2, P, =0.1-2, 0 =0.1-2,8=2-9
and T; =T, = 2.0 — 6.0.

7.1 Velocity Profile in Anisotropic Stenotic Region

The velocity profile portrays flow behavior in an anisotropic
stenotic region, and in this unit is discussed for ther-
mophoresis parameter 7;, Brownian motion parameter 7j,
Peclet number P;, bioconvection Rayleigh number Ry, fluid
parameter 8 and «. To understand the consequence of hemo-
dynamics for some specific lesion, itis essential to understand
blood velocity pattern in stenotic region. Substantial varia-
tions in velocity flow profile between different units in a
stenotic region are due to the presence of force collision
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which plays an imperative role between the arterial walls and
the flow. It is noted from all velocity configurations that flow
velocity changes its behaviors for region re[0.65, 1.2]. Flow
velocity with enhancing Peclet and bioconvection Rayleigh
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Fig.8 Temperature variation versus thermophoresis parameter

numbers are analyzed through Figs. 2, 3. It is noted both
parameters show opposite results. Figure 2 shows that in
enhancing bioconvection Rayleigh number, buoyancy force
effectively decreases near the right wall, which results as

"Nb‘ﬁTahpé?éd'Régioii"f'" A
Diverging Region
WC

0.7

Fig. 9 Temperature variation versus Brownian motion parameter

——-Tappered Region'

Fig.10 Concentration variation versus thermophoresis parameter

velocity decline. It is noted from Fig. 3 that the heat trans-
fer rate by the motion of non-Newtonian fluid particles is
maximum near the left wall of the atherosclerotic region as
compared to the rest of the section. Fluid features defining
parameters are visualized through (4)—(5) and concludes that
by enhancing non-Newtonian fluid parameter « flow circu-
lation reduces; however, the opposite trend is observed for
the non-Newtonian fluid parameter 8. Velocity profile anal-
ysis for the nanoparticles applications is designed through
Figs. 6, 7. It is perceived from these flow analyses that ran-
dom motion of nanoparticles results in velocity rises near the
right wall as compared to the left wall of the atherosclerotic
region. It is also concluded from Fig. 7, that due to the pres-
ence of a temperature gradient, flow velocity decreases near
the right wall for different variations of the thermophoresis
parameter.
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Fig. 13 Stress on wall in narrowed region versus Peclet number

7.2 Temperature Significance Through Anisotropic
Stenotic Region

Heat transfer significance in the presence of thermophoresis
parameter 7; and Brownian motion parameter 7} is deliber-
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Fig. 16 Stress on wall in narrowed region versus thermophoresis param-
eter

ated in this section. It is concluded from (8) to (9) that heat
transfer rate enhances with increasing in values of 7; and 7j.
Heat transfer rate in anisotropic tapered region is enhanced
due to random movement of nanoparticles and transport force
phenomena that occurs due to the occurrence of a tempera-
ture gradient near atherosclerosis.
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Fig. 22 Resistance to flow due to narrowed region versus o parameter
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7.3 Concentration Significance Through Anisotropic
Stenotic Region

Concentration profiles with significance of nanofluid param-
eters are elaborated in Figs. 10, 11. These concentration
profiles depict opposite behavior for thermophoresis and
Brownian motion parameters. This result is attained due to
enhancement in random motion of nanoparticles.

7.4 Stress on Wall of Anisotropic Stenotic Region

Pressure on the walls of the anisotropic stenotic region is
planned and deliberate here through Figs. 12, 13, 14, 15, 16,
17) for different significant parameters which are involved
in arterial height progression. From these configurations, we
can see that the arterial wall pressure is directly proportional
to the velocity gradient near the arterial wall. Graphical pat-
tern of stress configurations (12) and (13) is designed for
various values of Peclet and bioconvection Rayleigh num-
bers. It is perceived that the arterial pressure enhances with
motile organism movement, which results in an increase in
resistive force along constricted region. It is also concluded
that Peclet number enhancement, creates more pressure
along an atherosclerotic wall due heat transfer rate phe-
nomena when compared to the influence of bioconvection
Rayleigh number. Figures 14, 15, show that with increase in
non-Newtonian fluid defining parameters pressure reduces
from arterial wall segments. This result indicates that the
Prandtl fluid model properties minimizes arterial stress from
atherosclerotic walls. It has been observed from configura-
tions (16)—(17) that arterial stress is enhanced due to the
strong impact of the random motion of the nanoparticles and
occurrence of temperature gradient phenomena near walls of
the atherosclerotic region.
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Fig. 27 Blood flow pattern in anisotropic tapered region versus different values of Peclet number

Table 1 Absolute error analysis of HPM technique for velocity profile

Values of radial component Absolute error for HPM solution

r=e 0.000000
r=0.6 0.000020
r=1.1 0.000008
r=h 001 =y

7.5 Resistance to Flow

Resistance to flow is the main hemodynamic factor of stenotic
lesion. To measure this key factor which causes lesions in an
artery and creates hurdles in fluid circulation, configurations

of resistance to flow are plotted versus various degrees of
stenotic height § through Figs. 18, 19, 20, 21, 22, 23. These
configurations show that with an increase in the maximum
height of stenosis resistance to blood flow also increases.
The consequence of bioconvection Rayleigh and Peclet num-
bers is designed via (18)—(19) and it is perceived that due to
motile organism movement resistive force enhances and cre-
ates more pressure in the pre-stenotic region. Prandtl fluid
parameters show opposite behavior and make flow possible
through the post stenotic region as depicted from Figs. 20,
21. It is noted that fluid flow enhances for the fluid param-
eter while reduces for fluid parameter. From Figs. 22, 23,
it is noted that with the mediation of nanoparticles in base
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Fig. 28 Blood flow pattern in anisotropic tapered region versus different values of bioconvection Rayleigh number

non-Newtonian fluid resistance to flow minimizes and makes
flow easier to flow toward the post stenotic region.

7.6 Gyrotactic Microorganism in Anisotropic
Stenotic Region

Gyrotactic microbe’s stimulation can be noted from (24) to
(26) configurations. Itis perceived after analyzing Fig. 24 that
the motile microorganisms’ motion is affected in the presence
of nanoparticles defining parameters. Random motion of
nanoparticles, in the presence of considered non-Newtonian
fluid flow enhances motile organism movement, however,
motile organism movement is noted to be slightly affected
with enhancing the values of thermophoresis parameter as
shown in the Fig. 25. Figure 26 shows that with enhanc-
ing Peclet number, advection transport is more progressive

@ Springer

which disturbs motile microorganism movement and thus
motile organism profile decreases.

7.7 Flow pattern via Streamlines Configurations

Motile gyrotactic organism movement in blood though
anisotropic stenotic segment is analyzed through (27)—(28).
All formations are planned with three different sections to
attain the proper consequence for theoretical knowledge of
flow pattern in the microvascular stenotic artery. Flow pat-
tern is designed here in multiple sections for various degrees
of constricted arterial height. It is achieved from (27) that by
enhancing Peclet number, flow pattern disturbs, due to rise
in heat transfer rate by the motion of non-Newtonian fluid
particles and results in signifying flow boluses. It is noted
from (28) that for bioconvection Rayleigh number flow pat-
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tern changes. It is also noted that the number of flow boluses
starts reducing, due to increase in resistive forces in a stenotic
region.

8 Conclusion

The principal outputs obtained from this mathematical for-
mulation of blood flow in the presence of motile gyrotactic
microorganism are.

e Heat transfer rate enhances with the mediation of nanopar-
ticles in anisotropic region.

e Non-Newtonian fluid parameters show opposite results for
hemodynamics factors which are formed due enlargement
of atherosclerotic lesions.

e Nanoparticle application shows lessening in resistance to
blood flow.

e Arterial pressure reduces by enhancing random movement
of nanoparticles.

e Motile gyrotactic microorganism movement enhances by
increasing random motion of nanoparticles.

e Prandtl fluid properties show significant impact in mini-
mizing the hemodynamics of the atherosclerotic region.

e Peclet number opposes motile gyrotactic microorganisms’
movement due to the presence of heat transfer rate phe-
nomena.
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