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ABSTRACT

The investigation of blood flow into curved arteries is fascinating and
essential to prevent the advancement of vascular disease. Motivated by
electro-kinetic manipulation, gold nanoparticles, and their size applications,
a mathematical model is developed to explain blood flow, entropy gener-
ation, and electro-kinetic energy conversion (EKEC) efficiency in curved
arterial flow. To make this study more realistic, a patient-specific over-
lapped stenosis condition and non-Newtonian (power-law fluid) blood flow
model have been considered. The effects of a magnetic field, external
heating, and chemical reactions are also included. The Stone’s strongly
implicit scheme has been considered to solve the system of non-linear par-
tial differential equations (PDE’s) in the” MATLAB" software. In this numer-
ical investigation, an error tolerance of 10~ has been considered for every
iteration step under Stone’s scheme. The significance of various physical
parameters, such as nanoparticle volume fraction (m), their size (dp), mag-
netic field intensity (M), inverse Debye length (), flow behavior index (Sc),
heat source (H), and chemical reaction parameter (¢) on the blood flow
velocity, temperature, concentration, EKEC efficiency, and entropy gener-
ation have been explained graphically. This study also developed stream
function contours to describe flow trapping patterns. The findings of this
study conclude that the blood flow EKEC efficiency reduces with the pres-
ence of nanoparticles and stenosis in the artery. In addition, both flow vel-
ocity and entropy enhance by adopting large-size nanoparticles instead of
small diametric nanoparticles. Clinical researchers and biologists may use
the results of this computational study to forecast endothelial cell damage
and plaque deposition in curved arteries with WSS profiles, by which the

severity of these conditions can be reduced.

1. Introduction
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The study of microfluidics in micro-electromechanical systems (MEMS) is a fascinating topic
because of its important applications in both physical and biological processes. The presence of
salt and minerals, such as sodium, potassium, magnesium, chloride, etc., in the blood, makes it
an electrolyte solution. Therefore, when blood (electrolyte) in come touch with the arterial wall, it
forms a thin electric double layer (EDL) at the wall. The study of electrokinetic force on the flow,
which has Power-law fluid properties, has been performed by Chakraborty et al. [1,2]. In this
study, they analyzed blood flow velocity for the different hematocrit levels and electric field
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Nomenclature
7,0,z dimensional form of radial, angular, and B uniform magnetic field in dimensional
B axial directions, respectively - form
7,0,z non-dimensional form of radial, angular, ] electric current density
and axial directions, respectively P dimensional pressure
Ry radius of healthy artery Q heat Source
a location of stenosis R, dimensional form of chemical reaction
v total electric potential parameter
Vo, dimensional form of induced and stream- electro-kinetic energy conversion
ing electric potential, respectively. efficiency
Peb 2 net electric charge density and dielectric M magnetic field parameter
constant, respectively. Pr Prandtl number
dp, db nanoparticle and blood diameter, Br Brinkman number
respectively Ec Eckert number
m nanoparticle volume fraction & arterial curvature parameter
U,V,W dimensional velocity of in 7,©,Z direc- WSS wall shear stress
tions, respectively Q flow rate
T,C dimensional temperature and concentra- A frictional impedance
tion profiles, respectively Nu Nusselt number

strength. A theoretical study to describe the effect of EDL thickness and flow behavior index on
the flow through a slit microchannel has been proposed by Zhao et al. [3]. The numerical discus-
sion of high zeta potential effects on the flow through a curved microchannel by adopting the
SIMPLE algorithm to solve momentum equations has been performed by Nekoubin [4]. This
study considers power-law fluid properties and states that the axial velocity and flow rate enhan-
ces with a positive add-in zeta potential. Recently, an analytical study using the perturbation tech-
nique to discuss electrokinetic flow and energy conversion in curved tubes has been published by
Ding et al. [5]. This study concluded that electrokinetic energy conversion efficiency is higher in
curved tubes in comparison with straight tubes. Also, EDL potential is higher at the outer side
bend of a curved tube than at the inner side. Recently, a computational study to analyze heat
transfer phenomena for electro-osmotic driven flow under the peristaltic action for curved and
straight tubes has been given by Nooren et al. [6,7].

The study of streaming potential and electrokinetics energy conversion (EKEC) is a very fasci-
nating topic for researchers when fluid flows in microchannels. The conversion process of mech-
anical energy produced by pressure-driven flow and chemical energy of EDL into electric energy
is called EKEC. Badopadhyaay et al. [8], performed a numerical investigation to determine the
energy transfer efficiency in the narrow channel for power-law fluid and stated that mechanical
energy conversion has been improved for the shear-thinning fluids in comparison with the
Newtonian fluids with the no-slip boundary condition. The limitation of wall surface potential
(zeta potential ¢) limit on the streaming potential and hydroelectric energy conversion efficiency
for Phan-Thein-Tanner (PTT) fluid has been discussed by Sarkar [9]. They found that streaming
potential and EKEC enhances for the 6 < ¢ < 6 and for 6 < ¢ < 10 they shows reverse effect.
Jian et al. [10,11], discussed the EKEC efficiency in the cylindrical flow in the presence of nano-
particle and concluded that for a certain limit of Debye length, both EKEC efficiency and stream-
ing potential decreases with the increment in nanoparticle volume fraction.

In the last few decades, discovering the application of nanotechnology has been a curious topic
for researchers in the field of medicine, thermal engineering, industry, etc. Nano-particles are
very small in size with a diameter range between 1 and 100 um and it enhances the thermal prop-
erties of the fluid. Wilczewska et al. [12] state that due to small dimension size, nanoparticles
reflect their unique biological property to penetrate the tissue and cell membranes, which helps
in the direct interaction of nanoparticles with the proteins and smaller cells. At present time there
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are so many nanoparticles with different nanostructures that have been used for diagnosing sev-
eral diseases, such as Caelyx” (Liposomes nanostructure with doxorubicin to cure ovarian and
breast cancer), Tricor® (Nanocrystalline drugs with Fenofibrate in Hypercholesterolemia treat-
ment), Amphotec® (Lipid colloidal dispersion nanostructure with Amphotericin B in cure of
Fungal infections), etc. [13]. Due to biocompatibility and magnetic properties, ultra superpara-
magnetic iron oxide (USPIO) nanoparticles are used in magnetic resonance imaging (MRI) and
computed tomography (CT) to identify the situation of plaque deposition in arteries to prevent
myocardial infarction [14]. Duivendvoorden et al. [15], performed an experimental study and
explained that the use of a high dose of rHDL nanoparticle in statins therapy can reduce athero-
sclerosis deposition. Weinstein et al. [16] describe the importance of superparamagnetic iron
oxide nanoparticles in the healing process of the nervous system and also obtained significantly
good diagnosis results on the low tesla magnet. A computational study to describe the effect of
different nanoparticles, such as Cu, TiO,, and Al,O; on the stenosed curved arterial blood flow
under an external body acceleration situation has been conducted by Zaman et al. [17]. Sultan
et al. [18] developed a mathematical to study both time-dependent diseased sections stenosis and
aneurysm for a curved arterial flow. In this study, they adopted the Nano-Erying-Powell fluid
properties for the blood and solved the governing equations using the finite difference method.
Recently, Poonam et al. [19] adopted the Crank-Nicolson method to computationally investigate
the effect of (Au-Al,Os/blood) hybrid-nanofluid in a curved artery. This investigation considered
both stenosis and aneurysm arterial conditions to make this study more realistic. They suggested
that adding the quantity of Al,O; nanoparticles into Au-blood nanofluid helps boost the flow
temperature, which may be beneficial during thermal therapies to kill cancer and tumor cells.

In the last few decades, the study of the magnetic field effect in biological fluids has attracted
the attention of researchers as the human body experience different intensities of the magnetic
field in their day-to-day life. The presence of a high concentration quantity of hemoglobin in
RBC, intercellular protein, and cell membrane allows the blood flow to function like a bio-mag-
netic fluid. There are numerous applications of the magnetic field that can be seen in the medical
field, such as using magnetic devices for cell separation [20], lowering the bleeding during surgery
and cancer therapy [21], nanomagnetic particles in targeting drug delivery [22], and magnetic
tracer development, etc. [23]. Firstly, Issacci et al. [24], numerically discussed the induced mag-
netic field concept in the curved pipe by considering a toroidal coordinate system. They found
the solution in the power series form for both low and intermediate Hartmaan numbers and
explained that with enhancing magnetic field intensity, the fluid compression improves near the
tube wall in velocity contours. To demonstrate the effect of induced magnetic voltage on arterial
and tissue blood flow, a numerical study is investigated by Kinouchi et al. [25]. They stated that
magnetic-induced voltage in the aorta can produce electric signals in the heart and its surround-
ing tissues whenever an arterial wall is supposed to be non-electric in mathematical models. This
study also describes that, after a significant limit of magnetic field intensity (10 T), the reduction
in blood flow rate becomes significantly small. Mekheimer et al. [26] conducted an analytical
study of an induced magnetic field using a catheter in a tapered overlapped stenosed artery and
the results show that axial magnetic field induction enhances the increase in magnetic field
strength and exhibits the reverse nature with magnetic Reynold number. A numerical observation
to distinguish the impact of cilia length and the Hall effect on the flow through cylindrical tubes
has been discussed by Farooq et al. [27], and they state that with the increase in cilia length, flow
produces more entropy. Recently, Sharma et al. [28] performed a numerical study to understand
the effect of magnetic field on the two-phase blood flow through curved stenosed artery for the
toroidal coordinate system and revealed that the risk of lipid deposition increases with the rise in
curvature and magnetic field strength.

All the cited research articles in the literature survey provide information about fluid behavior
phenomena and heat transport for fluid flow in curved and straight tubes. As per the author’s
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best knowledge, the power-law fluid model for blood flow with electric potential (for EDL poten-
tial) and the EKEC concept have not been studied earlier. Therefore, the prime objective of this
article is to investigate the fluid phenomena (velocity, temperature, concentration, wall shear
stress, Nusselt number), entropy generation, and EKEC efficiency for the blood flow (power-law
fluid) through an overlapped stenosed curved artery. In the mathematical modeling, the effects of
gold nanoparticles and their size have also been considered to describe their impact on blood
flow. In curved tubes, it is very difficult to compute the analytical solution of a system of non-lin-
ear partial differential equations (Navier-Stokes and Poission-Boltzmann). Therefore, in this
research work, a second-order finite difference scheme [29] has been adopted to discretize these
systems of non-linear PDE’s, after which these equations are solved using Stone’s strongly implicit
method [30] by considering the tolerance of 107°. The results for fluid physical phenomenas,
such as velocity, temperature, concentration, EKEC, entropy generation, WSS, and Nusselt num-
ber have been computed numerically by using “MATLAB” software and explained using graphs.
The novelty of present investigation includes:

e The effect of gold nanoparticles on the non-Newtonian blood flow (power-law fluid) through
overlapped stenosed curved artery has been examined.
The effect of nanoparticle size on the physical fluid phenomena has been investigated.
The electric potential and EKEC efficiency profile for blood flow has been obtained.
The entropy generation profile for blood flow for various physical parameters has been fig-
ure out.

2. Problem formulation

In this study, investigation of laminar, incompressible blood flow through an overlapped stenosed
curved artery has been performed. In this study, blood is considered a non-Newtonian fluid;
therefore, properties of the power-law fluid have been taken into account for governing equation
formation. In this investigation, blood flows through the curved artery, and the toroidal coordin-
ate system (7,©,z) have been employed to describe the arterial geometry. The z-axis represents
the curved artery axis, r is taken along the radial direction and ® represent the angular direction.
Figures 1 and 2 differentiate the real healthy and stenosed curved artery.

Figure 1. Healthy curved artery.
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Figure 2. Stenosed curved artery.

2.1. Mathematical formulation of stenosis

The computational study of cardiovascular diseases is essential and risk-free to predict the current
state and severity of the disease compared to experimental studies. In the computational study,
the effects of different flow conditions can be studied, which is impossible in the experimental
study. Generally, most of the arterial geometry is curved instead of straight. Therefore, in this
study, blood flow phenomena have been discussed for curved arterial flow. An overlapped arterial
diseases section has been considered to make this mathematical study more accurate with the
realistic stenosed arterial flow. This idea has come from the Ahmed et al. [31] published work. In
this work, they studied blood phenomena in overlapped stenosed curved artery under different
circumstances. The time-dependent overlapped diseased artery section (stenosis) condition has
been assumed for modeling of the curved arterial flow. R(z, t) represent the artery radius in the
stenotic region. The arterial wall has been considered negatively charged. Figure 3 presents the
geometry of stenosed curved artery. Numerically formulation of diseases section (stenosis) written
as preceding [31]:
Mathematical formulation of overlapped stenosis:

Az - a) 94 _ 2, 32 . 3
R 1) = [Ro —L—0<11 —E(z —a) +L_(2)(Z —a) _3_L3(z —a)3>]g(t), a<z< u—l—ELo o
Roo(t) Rest region.
o(t) =1 — x(cos (Qt) — 1)e ¥, (2)

where 2Ly and L represents the length of overlapped diseases section of artery,
respectively. A and a indicates the stenosis maximum height and starting stenosis location,
respectively.

K is constant.

2.2, Electrostatic potential

The presence of salt and minerals, such as sodium, potassium, magnesium, chloride, etc., in the
blood makes it an electrolyte solution. Therefore, when blood with a uniform dielectric constant
(E) flows into a curved artery, it induces inter-facial charges on the arterial wall. The induced
charges allow the moving free ions into the blood to establish a thin electric double layer (EDL)
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Figure 3. Graphical representation of curved artery.

at the arterial wall. In this EDL, an electric potential field () is generated with the net zero-
charge density. Whereas a streaming(external) potential (y/,) occurs in the blood flow due to an
externally applied electric field, which produces a net flow charge. The total electric potential (‘¥)
is the combination of both induced (;) and streaming potential (i), i.e. ¥ =, + ,. For a
uniformly charged curved artery, electric potential can be written in the form of the Poisson
equation

b}l

el

VY = -5, (3)

|

where p,; represents the net electric charge density.
This study considered the flow through the curved artery; therefore, induced electric potential

() also varies in the angular direction (@) along with the radial direction (7), ie. ¥, =

V;(7,®), and streaming potential have only axial dependence i.e. ¥, = ,(Z) [5,32]. By substitut-
ing these assumptions into Eq. (3), we get

=t

VA (7,0) = -7, (4)
VA ,(z) =0, (5)
i.e.
P _,
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This indicates that Og’; is constant, so it can be written as

. oy
E,=-218 6
0z ()
The condition of symmetric electrolyte condition (Y. = —Y_ =7Y,) has been considered,
therefore the mathematical formulation of net electric charge density can be specified as
pa=eYiny +Y_n_)=eY,(n_ —n_), (7)

where e and Y, represent the electron charge and valence respectively, whereas ny,n_ describe
the cation and anion density quantity, respectively. The density of these charged ions can be
determined using Boltzmann distribution

Y,ep;
N+ = Ny exp (1 K;;i’) , (8)

where 1, denotes the ion density of the bulk fluid, Kz and Tj, symbolize the Boltzmann constant
and local absolute temperature.

With the substituting the mathematical expression of p, and n+ from Egs. (7) and (8) into
the Eq. (3), we get

Vzlﬁ,- = KZ‘ZI‘ ©))
where x denotes the electro-kinetic width (Inverse of Debye length)
Debye length 1 = 25755222

The applied body force on the blood flow through the curved artery is the combination of
both electric and magnetic field force. Therefore, the mathematical expression of electromagnetic
body force can be formulated as

— R - =
Few=paE+ ] x B (10)
The generalized Ohm’s law is written as [33]
T =0(E+V xB)
=0 X
— (11)

E =-VY

— — —

where E, ], and B denotes the electric field, electric current density, and magnetic field,
respectively. V indicates the flow velocity and V = (U,V, W) are the velocity components in
the 7, ®,z directions, respectively.

2.3. Nanoparticle

The injection of gold (Au) nanoparticles in the blood flow is beneficial in diagnosing several ser-
ious diseases. The nanoparticle volume fraction, as well as its particle size, also reflects the critical
role in flow physiology. Therefore this study considers the particle size effect on the nanofluid
viscosity and thermal conductivity.

The thermal conductivity and viscosity of the nanofluid using Corcione’s model [34]

K" 0.4 p..0.66 Ty 10 (KP o 0.66
—“nf ! (13)
b dp\—03
W 1—34.87() "m0
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where,
Zpb];bTb
ey =——5—,
ﬁ(ﬂb)zdp
6M,
dp =0.1—=
Nrnp

where, K" and " represent the thermal conductivity and viscosity of nanofluid (Au + blood),
respectively.

K’ u T, and db denote the blood thermal conductivity, viscosity, temperature, and blood
cells diameter, respectively. m is the volume fraction of nanoparticle.

Re, is the particle Reynolds number, T blood freezing temperature, and dp is nanoparticle
diameter.

kp, is Boltzmann constant (1.38064 x 10~2%)

M, is molecular weight of base fluid (Blood)

N is Avogadro number

The remaining thermal properties of nanofluid are considered according to Brinkman model
are written as [35,36]

p”f pp

= a-m ()

G_”f_af’—i—(m—l)ab—(m—1)m(ob—of’) (14)
o o+ (m—1)a" +m(sb - at)

DpY  1-m

Dp*  1+m/2

where, p", ¢", and Dp" are the density, electrical conductivity, and mass diffusivity of nanofluid,
respectively.

p’, ¥, Dp® are the density, electrical conductivity, and mass diffusivity of blood, respectively,
and p?, of are the density, electrical conductivity of nanoparticle (gold), respectively.

2.4. Governing equations

The Power-law fluid has been considered for the arterial blood flow and stress component for
this fluid is written as follows [37]

(r); = =PI+ Ku Qs ¢y, (15)

where

q-1
2

Q) = (@) + (@do + (@)% +2((#)6 + (@b + (6)3)]

where, T and ¢ represents the stress and strain tensors, respectively. K and g represent the flow
consistency and flow behavior index, respectively. 4" state the nanofluid viscosity.
The governing equations for curved artery can be written as follows [38,39]

h8W+8U+18\7+U+Ucos@—Vsin(:) B
Doz OF 700 T D N
where, h denotes the radius of curvature.

D=h+7cos®

0, (16)

Momentum equations
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7-direction:

oU hWoU _9oU VoU V> W?cos® h 0 9 (DF(1)..
e g0 YoT VW 2 )+ (00

T Doz "o Troe 7 D #D ‘0z or\ h
2 D(f)r@) (oo 0sO(1);; = = — =
+Z9(’3< h ) — = D PaEsr +(J X B)
(17)
O direction:
oV WhoV _9V VIV UV W'sin® h - o) Dr(r))
nfl\ 2 2" T ST _ _ -~ r®
Pl o™ Doz " Vart700 7 D oz (r(T)@ZHaf( n
0 (D(7)ge (1):6 sin(:)(‘t)Ez = = =
+%< h®®>)+ e D paEe+ (] X B)g,
(18)
z direction:

”f<@+UWCOS®+ﬂ@+ U@_VWSin(:)_FE@) —£<§(7’( ) )
Pe\or D D 0z = or D 700) \% F)
+2(DT(T)YZ> Jri<D(T)®z))+ cosO (1);; Sin®(f)2(?)+~ E[JF(T XE))

o\ h 00\ h D D Pa =z »

Energy equation:

a Vo tret D oz

ey (TP VI WY (BT 10T BT 0T _in00T 10T
=% - o "ror D2oz* | D OF D 00 750

7T

of

+Q+1+

>

(20)

Concentration equation:

Y T 790 D oz

o Tior Doz T D or D 90 Pog’

(ac ;€ vac Whaé) an<azc 10C B &C  cos®dC sin® AC 1826)
9C) _ oc g9 1

+Rc(C — Cy),
(21)
Electric potential equation:
Py, 10y, K0, cos@®dy, sin@®dy, 1%, .
i - i - i i il - il — ) 22
<8r2+r or 'D’oz2 | D o 7D a®+?23@2 i (22)

Here, I denotes the viscous dissipation and its mathematical expression for blood flow of core
region is given in Eq. (23)

T= 27uIK[(0)% + (B)bo + (@) +2((d)s + (#)b. + (9)2)] (23)

where, U, V, W represents the dimensional form of velocity components for blood flow in 7, ®,z
directions, respectively. Here, T, Q, C, and Rc indicates the dimensional form of blood
flow temperature, applied heating source, concentration, and chemical reaction parameter,
respectively.
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Table 1. Dimensionless parameter.

T = Rof Z = LoZ 0=0 w="%%¢ L =Ll
L
_ 1A _Lf _php b _ Uolot® p 7] — Ouo [
d=Lod t=32t R = RoR P= 7 U="700
V — U W — uol S=4A ;=B ——
V=2 W = ugW o=g &= H*TFTW
_ Ro _ QR _ oBiR __ PRyt _ up
a=1 =m0 M=% Re =538 ke=em)
C,,;L _ _ (-G b e _ Rgp”Rc
Pr= Br = EcPr C= ) Sc = i =0
— _ Ve, _ YoeR? - _E __ EKgTiko Up
Psli =TT, Pel = Ky, Pel E=% Ue =0 Ur =4

The above-mentioned dimensional form of governing and stenosis geometry equations will be
transformed into the non-dimensional form using the following non-dimensional parameters
mentioned in Table 1.

The dimensionless form of stenosis is considered as [40].

The table mentioned above 1 has been utilized to transform governing equations into dimen-
sionless forms. Then after fully developed flow, mild stenosis (6 < 1), and O(1) = o = f—g [41]
conditions have been employed to simplify dimensionless governing equations. The simplified
form of the governing equations are written as

oP
o, 24
= 0 (24)
8—?20, (25)
00
LOP _ o (W 1OW 1PW £W  &| LOW  sin®OW
Doz W \oP FoF Ppe* D D or P00 (26)
+_(8_W 8Wcos(:)>8_£2j+,u_”f iﬂ+sv~\/sin(:) 0Q; ;cuEslp MW—nf
W\ o D or W \# 90 7D 90 D i o
ﬂ 18T+8cos®6T gsin(:)£+i82i‘
o 7O D 8r D 90 5@’ 27)
K’ H+Br 1 K o S.E* + MBrw
o (H A Br ) + 25 f( + MBrW?) =
2C 10C £cos®IC &sin® C 1 9* D
a~2+ 9C  £cos®0C _esin® 0C _Za_c Pfséc_o (28)
or 7 or D or D 00 750
2 1 0 U in @ 0. 1 2. _
8tﬁ+78t//1 scos®8lﬁl_8sm®8t//1 78%_?(2%:0, (29)

o F or D o D 90 7 95°
where
D =1+¢Fcos®,
Q= zq%l{(_MJr

q-1
8W>2+(3Wsm®+igg)i| ,
2071 ( eWecos® W, N eWsin® 10W

)25

A= m)? 5 o) *C 5 tiee

I=

)2

where, M, E,, S, are the non-dimensional form of magnetic field, streaming potential and heat
generation due to joule heating. The mathematical formulation of dimensionless boundary
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condition is mentioned in Eq. (30)

oW or oc W I

W—O, E—O, E—O, a;—O, at T—h(Z),

W =0, T =0, C=1, Y, =1, at F=R(z}), (30)
m}/:o, aT:o, 8?:o, al/f":o, at @=0& O=mn,

00 00 00 00

2.5. Streaming potential and EKEC

Ding et al. [5] calculated the streaming potential for the cured microtube using the perturbation
technique. To calculate streaming potential, firstly they introduced ionic current and its expres-
sion is

7 (R(Z,7) o 5 7 (R(Z,1) = B
(H b s | | %d;d@) o1
0Jo 0Jo

where, M, represents the dimensional conduction current (inverse of ionic Peclet number)
The analytical form of the streaming potential is

[F [RED g Widrd®

E, = —
Y MuE 7 [RED 2 grdd
plrLs o Jo par

(32)

Under the pressure-driven flow assumption, the conversion of mechanical and chemical energy
produced by streaming potential and EDL, into the electric energy is called EKEC. The energy
conversion efficiency have vital roles in fluid flow through micro-tubes, therefore EKEC efficiency
in curved artery is follows as [11,42]

__ P,
v = — 33
=3 (33)
where, P, and P; are called the output and input power of the curved artery and defined as
- h OP
p=|—-——— 34
14 69
P, = L ILE| (35)
o — 4 sHs

where Q known as volumetric flow rate.

3. Procedure of solution

With the use of the aforementioned non-dimensional boundary conditions, a computational pro-
cess to obtain a solution of highly non-linear PDEs (24)-(29) (dimensionless governing equa-
tions) has been performed using the Finite difference method [29].

The central difference formula of the second order has been employed to discretized the spa-
tial derivatives in the uniform mesh size for the domain [0 R(2,£)] x [0 =]. Discretization of
derivatives can be performed using the given process in Eq. (36)
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8G5 _ (Gs)x+l,y - (Gs)xfl,y

oF 2Ar ’

8G5 o (Gs)x,erl (Gs)x y—1

00 2A0 ’ (36)
82G5 _ (Gs)x+l,y - Z(Gs)x,y + (Gs)x—l,y

0 (Ar)? ’

82G5 _ (Gs)x,y+l - Z(Gs)xy + (Gs)x,yfl )

PreY (40)°

Here, G, represents the velocity, temperature, concentration, and potential term for blood
flow. R

In the present mathematical study Ar and A® represents the uniform mesh size in 7 and @
direction, respectively. The mathematical expression for Ar and A® are as follows- Ar =

R(z,t

=

~ Li—1
and A® = Lz’il where L; and L, denote the total number of mesh points in 7 & ©® directions.
The discretization of these governing equations will be
_1 (@) _ [u_nf(Q*) (W)x+l y Z(W)xy + (W)xfl y i(W)erl y (W)xfl,y
Dy, 0z'% W %y (Ar)? Tx 2Ar
+i (W)x y+1 2(W)x,y + (W)x,yfl o FZ(W)x,y
2 (A®)* Dy,
& ~ (W)x+l,y - (W)x—l y sin éy (W)x,y+l (W)x,y—l
M ©y 2Ar 7 200
+ ,U_nf (W)erl,y - ( A )x—l,y F(W)xyCOS é);"
W 2Ar Dy,
(Q*)x+l y (Q*)xfl y Lnf l (W)x y+1 (W)x,y—l + S(W)x,y sin @y (Q*)x,y+l - (Q*)x,yfl
2Ar woA\P 2A0 7xDy, 2A0
Rup(Es), 8 - g
+ Dx,y (l//t)xy M(W)xy f 4
(37)
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(T)xy+1 (T)xyfl +i(T)x,y+1 _Z(T)xy—’_(T)xyfl _ Kb (H+BT (I) )
2A0 7 (A®)° K" wr
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(39)
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where D, = 1+ &7, cos ©,,

-1
~ ~ 2 ~ ~ ~ 2
@), - izt P(W)_ cos@) N (W)x+1,y — (W))H,y N S(W) s1n® +1(W)M+1 — (W)x)}H )|
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According to published research work [43,44], due to pumping of heart, blood flow reflect its
pulsatile nature of flow. Therefore, the mathematical formulation of pressure gradient can be
written as

oP
0z
Since the above-mentioned non-dimensional governing equations non-dimensional governing

equations can be reduced into 2D non-linear PDEs. With the discretization of these PDEs, a five-
band system of non-linear algebraic equations have been obtained.

AX =b.

= Pye ¥, (41)

where A is coefficient matrix.

The system is highly non-linear; therefore, solving it using the Gaussian elimination method is
not feasible.

Stone’s strongly implicit method [30] has been employed to solve the system of non-linear
equations. A global nodal index k has been assigned for every mesh point.

k:(y—l)*L1+X

Further, we will re-frame the discretized non-dimensional governing equations by assigning a
unique nodel index k= (y — 1) *x L; + x.

; (8P) . ,“”f( of <(W)k+1 —2(W) + (W) +l(W)k+1 — (W)

oz W (Ar)® i 2Ar
i(W)k+Ll — Z(W)k + (W)k—Ll _ FZ(W)k
7 (140 b’
13 ~ (W)k+1 — (W)k—l sin ék (W)k+L, - (W)k—L,
5, | €0 O 2Ar T 200
k k ) (42)
n ,uif (W)k+1 — (W)k,l S(W)k cos O
/Jf 2Ar Dk
Q) — (@ )iy n ,u_"f L(W)HL, — (W) L e(W)isin @y ) (Q )k+L1 - (Q*)ka,
2Ar /J/[ ;i 2A0 rka 2A0
K2up(Es)ie /= N
o) (lp,)k—M(W)k7)
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After allocating the global nodal index, the coefficient matrix [A] will be factorized into lower
and upper triangular matrices. After factorized matrix [A], the residual will be computed.
Further, backward and forward substitution will be employed to find a solution. This iterative
process is repeated until the residual becomes lesser than the desirable error tolerance. Stone’s
method is used for inner iteration, then Newton’s scheme is applied for outer iteration. For each
inner and outer iteration, the absolute error tolerance of 107° is taken into account.

[AlX = [L][UIX = b.

After numerically computed the velocity and temperature, some important physical phenom-
ena, such as wall shear stress, Nusselt number, and flow rate profiles can be calculated using
numerical velocity and temperature profile data.

The Flow rate Q, frictional impedance A, and wall shear stress 7,, can be calculated as follows

R(z,1) 5 N B
Q= J J FW(7,0,2)drdo, (46)
0 0
jo (78_{))
A= , (47)
Q
L (av”v)q
w7 ot
Ty =——"57272 | —— , 48
pb or /i=R(z1) (48)
The Mathematical calculation of Nusselt number can performed as
K#aT
Nu = a~ F=R(z,1) (49)

4. Entropy generation and irreversibility

Entropy generation is critical for understanding biological thermodynamics in blood flow through
constricted regions. By considering above mentioned conditions, the general form of entropy gen-
eration can be written as follows [45-47]
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K (VT) T

. T, oo
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+

, (50)
Thermal irreversibility ~ Fluid friction irrversibility ~ Joule heating irreversibility — Solute irreversibility

The present study does not include the irreversibility process which occurs due to chemical
reaction. The following are the mathematical formulae to estimate the amount of entropy gener-
ation in both regions:

Ege” :K_nf ﬂ 2+ l£)2+(ﬁﬁ)2 l + Q +Dpnf @ 2+ l£)2+(2@)2
T2 L or 700 D 0z T, T, 0" ¢t Lor 700 D 0z
w N / w
Thermal irreversibility Fluid friction irrversibility ~ Joule heating irrversibility Solute irreversibility
(51)

Eq. (51) will be converted into the dimensionless form by using Table 1 and considering above
mentioned flow conditions

_ ~ ~\ 2 -\ 2 N\ 2
~ E*" K <0T)2 10T Br. o1 ~ 2 Dp”f T'A (8C) 10C
gen _= gen TN T el el 2 v 2 2 - bl Y~
E = 7 B =— { oF + Y- + I+ab SZES+MBrW]+ o o + 706

>

(52)
Ky(To-T,)° To-T,
where E =~ TR A =Tt
The discretization of entropy generation equation is
~ ~ 2 ~ - 2
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Further, this discretized equation will be re-framed using unique nodel index
k=(@p—-1)%L +x.

(), 1;(_12‘ ((NT)kHz—;r(T)kl) N (%(T)HLIZA—G(T)ku) i &(])k + o1 |:Sz(Es)i

~ ~ 2 ~ - 2
_ 2] DpYTA ((c)kﬂ—(c)kl) 1 (Cyr, — (O,
aapr ()] + g0 | (SR ) (2 :

(54)

5. Results and discussion

A numerical research study of blood flow through an overlapped stenosed curved artery has been
carried out to investigate the influence of various physical parameters, such as a magnetic field,
inverse Debye length (inverse EDL thickness), heat source, flow behavior index (power-law fluid),
and so on. The thermal properties of gold nanoparticles have been taken into account in this
study. Therefore, nanoparticle volume fraction and their size effects have also been examined for
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Table 2. Physical parameters numeric range with references.

Parameters Ranges Sources
Magnetic field (M) 0-8 [49,50]
Flow behavior index (q) 0.7-1.25 [37,51]
Heat source parameter (H) 0-4 [40]

Brinkman number (Br) 0.1-3 [40,52]
Inverse Debye length (i) 1-10 [53,54]
Schmidt number (S¢) 0.5-1.5 [50,55]
Chemical reaction parameter (&) 0.5-2 [40,50]

Table 3. Thermophysical properties of blood and gold nanoparticle (Au) [56,57].

Thermophysical parameter Blood Au
Density 1,063 19,300
Heat capacity 3,594 129
Thermal conductivity 492 318
Electrical conductivity 667 4.52 x 107
Thermal expansion coefficient 1.8x107° 1.42 x 1072
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Figure 4. Validation of present investigation.

Table 4. Default values of non-dimensional parameters.

e=0.1 M=2 Py =2 m=0.05 q=075 R=1 H=1
Br=03 Sc=1 E=15 S,=1 Y, =1 u=1 M, =15
A=08 =05 A=05

various important physical phenomena. The study of entropy generation, energy conversion, and
streaming potential (electric potential) have also been performed to make this study more realistic
and impactful. The properties of power-law fluid have been considered for blood flow. The
second-order finite difference method has been introduced to discretized non-dimensional gov-
erning equations. The flow domain is discretized uniformly for both (7) & ((:)) directions. The
step size in both directions is assumed Ar = A® = 0.001. After discretization, to obtain flow vel-
ocity, temperature, concentration, and electric potential profiles, these systems of non-linear gov-
erning equations are computed using Stone’s strongly implicit method. The error tolerance for
both inner and outer iterations is set up 107°. The MATLAB codes for Stones scheme have been
developed to demonstrate the graphical behavior of various physical quantities, such as velocity,
temperature, concentration, WSS, electric potential, heat transfer rate, entropy generation, EKEC
efficiency, etc. Table 2 provides the default values for different physical parameters and their
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Figure 5. Velocity profile for M and m.

source of references. The thermophysical properties of blood and nanoparticle (Fe;0,) have been
written in Table 3.

Figure 4 illustrates the validation of the current research work’s mathematical model formula-
tion and the adopted computational method’s accuracy. This validation is made with the pub-
lished work [48] under some assumptions. Under this assumption, the effects of the magnetic
field, electric potential, and nanoparticle size effect have been ignored in our model, and the con-
sideration of a catheter has been neglected in Shahzadi and Ijaz [48] observation. This validation
process has been performed by considering the perturbation technique for [48] work and Stone’s
method for the present work. Figure 4 replicates the fair agreement between the present study
and [48] observations.

Table 4 contains the default values of non-dimensional parameters which are used in the
simulations.

The presence of hemoglobin, cell membranes, and complex structural interactions between
proteins in the blood make it a biomagnetic fluid. The main protein in RBCs is hemoglobin,
which contains iron particles and transports oxygen from the lungs to other body parts, such as
the brain, muscles, etc. The hemoglobin structure is more sensitive to its oxygen-carrying situ-
ation and shows a significant structural variation in both oxygen-carrying and non-carrying con-
ditions. Therefore, motivated by the blood’s magnetic properties, a comparative computational
study has been performed to illustrate the significance of a magnetic field applied to a stenosed
curved artery. Figure 5 depicts the effect of different magnetic field intensities on the blood flow
velocity. This study states that, when an external magnetic field is applied perpendicular to its
axial (flow) direction, it generates a strong electromotive force known as the Lorentz force, which
leads to enhanced blood flow viscosity. Consequently, a notable drop in blood flow velocity has
been noticed whenever magnetic field intensity increases. It is also worth noting that the flow vel-
ocity reduction rate decreases as the value of M increases. A comparison study to describe the
significance of nanoparticles (gold Au) on the stenosed artery has also been conducted using the
above-mentioned figure. The properties of nanoparticles state that they are more thermally con-
ductive than blood, but they are also highly viscous. As a result, when nanoparticles are added to
the base fluid (blood), the viscosity of the nanofluid (blood-Au) increases proportionally to the
amount of Au volume fraction added to the blood. This increased viscosity leads to a decay in
flow velocity. Since nanoparticles can traverse through the stenosis and mend artery walls, which
blood cells are unable to do, these characteristics of nanoparticles are exploited in the treatment
of arteriosclerosis. Also, nanoparticles are used to diagnose various severe diseases, such as cancer
cells, fungal infections, hypercholesterolemia, etc. [13].
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The investigation of the effects of nanoparticle size and volume fraction on fluid phenomena
has become a very interesting research topic in the field of bionanotechnology. Therefore, in this
discussion, we used the Corcione model [34], which discusses the nanoparticle diameter effects
on the flow. Figure 6 depicts the effect of gold nanoparticle diameter on blood velocity through a
curved artery. According to this study, for a fixed amount of nanoparticle concentration, blood
flow velocity increases as particle diameter increases. This is happening because the number of
nanoparticles is higher when they are small in size, so they can easily bind up with blood cells
and travel everywhere in artery, resultant blood cells become more viscous. If we increase the size
of nanoparticle, there is a reduction in viscosity and increment in the velocity as observed by
Corcione [34]. It is also noted that the variation in flow velocity increases with increasing nano-
particle concentration for different nanoparticle sizes.

In the electro-kinetic field, the Debye length plays an important role in electric potential distri-
bution and flow velocity under the external electric field condition. Figure 7 depicts the effect of
electro-kinetic width (inverse Debye length) on flow velocity. An increase in Debye length leads
to an increase in ions quantity, which is far from the charged surface and that is used to counter
the surface-charged ions. As a result, electric potential decreases. Therefore, with the increase in
electro-kinetic width (inverse Debye length), the flow velocity also decreases. This article also
compares Newtonian and non-Newtonian fluid properties in terms of a flow behavior index
for blood flow velocity. In this case, g<1 represents blood behavior as pseudoplastic
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Figure 9. Temperature profile for Br and m.

(shear-thinning), g =1, and Newtonian. The figure reveals that, as the value of the flow behavior
index increases, the blood flow velocity decreases in the whole artery. Therefore, in a realistic
situation, assuming that blood has a pseudoplastic nature will be good for the mathematical
model to get an accurate result to predict disease conditions. The authors decided to consider the
pseudoplastic (g < 1) behavior of blood whenever blood is assumed to be non-Newtonian in this
computational research work based on the published literature [51] and the fruitful obtained
results for flow velocity.

The blood flow velocity for various values of arterial curvature has been computed numeric-
ally, and findings are shown in Figure 8 to make the current study more realistic from the per-
spective of the human body. This study suggested that blood flow velocity decreases significantly
with the value of arterial curvature (¢). Therefore, it can be concluded that lipid deposition chan-
ces are higher in the arteries which have high curvature due to slow fluid motion. The obtained
results for the arterial curvature are in good agreement with the published work of Zaman et al.
and Mekheimer and El Kot [17,59].

From the point of view of a clinical researcher, figuring out how much heat is conducted from
the artery is a very important area of study. Therefore, this work distinguishes the dominance
between viscous dissipation and external heating for how much heat is conducted from the artery
in terms of the Brinkmann number Br. For fixed external heating, a positive increment in the
value of the Brinkmann number leads to a decay in heat conduction from the arterial wall to the
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Figure 11. Concentration profile for Sc and m.

environment. In other words, it can also be said that, for fixed external heat, the generation of
thermal energy by viscous dissipation is the same, but its conduction from arterial fluid to the
environment is reduced. As a result, as the value of the Brinkmann number increases, the tem-
perature of the arterial flow rises significantly, as illustrated in Figure 9. This study also describes
the role of gold nanoparticles on blood flow temperature. It is well-known from the literature
that gold nanoparticles are ~650 times more thermally conductive than blood. Therefore, when a
small amount of gold nanoparticles is added to the blood flow, it increases its thermal conductiv-
ity significantly. As a result, the temperature of the blood flow rises. From the figure, it can also
be observed that the variation in the flow temperature profile for different Brinkmann number
values becomes high when nanoparticles are added to it. This is happening because small-sized
nanoparticles easily bind with blood cells and generate more thermal energy in the form of vis-
cous dissipation.

In thermal therapies, external heating is very helpful for healing serious diseases like synovial
bursitis, muscle pain, killing cancer cells, osteoporosis, and so on. Therefore, the effects of exter-
nal heating on the overlapped stenotic arterial flow in the presence of nanoparticles have been
numerically analyzed, and the results are shown in Figure 10. This study reveals that, for a fixed
Brinkmann number (i.e. fixed heat generation by viscous dissipation), the heat conduction rate
from the environment to arterial blood flow increases with the increase in the heat source value.
As a result, a significant boost in blood temperature is observed with the increase in the value of
H. This study also suggests that for a fixed amount of nanoparticle volume fraction, a larger-sized
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Figure 13. WSS profile for m and dp.

nanoparticle is very suitable for flow temperature. Therefore, blood flow temperature can be
increased by having large sized nanoparticles in the flow. The findings of this comparative study
for nanoparticle size can be adopted by clinical researchers to kill cancer cells and plaque depos-
ition during thermal therapies by inserting large-sized nanoparticles in the artery.

Figures 11 and 12 have been developed to analyze the variation in the blood flow concentra-
tion profile for various values of the Schmidt number (Sc) and chemical reaction parameter (¢)
in the radial direction, respectively. In this investigation, the effect of gold nanoparticles on the
fluid concentration has also been examined. The addition of nanoparticles to blood flow reduces
the fluid mass diffusion process, as can be seen from Eq. (14). As a result, a decrease in the blood
flow concentration profile results from an increase in the volume fraction of nanoparticles. From
both, it is also concluded that the blood flow concentration profile shows a reverse trend with the
increase in the values of both the Schmidt number and chemical reaction parameter. This is hap-
pening due to a reduction in molecular diffusivity with an increase in values of Sc and ¢; there-
fore, the concentration boundary layer becomes thinner.

According to the above-mentioned significance of nanoparticles in various diseases. Therefore,
it is also very important to determine the nanoparticle effects on the wall shear stress (WSS) pro-
file due to the ability of nanoparticles to move across the stenosis. Figure 13 shows the results of
a numerical computation of the effect of nanoparticle volume fractions and their various sizes on
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the WSS profile. In this investigation, the WSS profile has been computed only for the stenotic
region (z = .75 to z = 2.25). This study reveals that enhancement in the volume percentage of
nanoparticles in blood flow shows a significant change in the WSS profile and increases signifi-
cantly with a change in the volumetric concentration of nanoparticles in the blood. This is owing
due to the capability of nanoparticles to traverse across deposited plaque because, in the absence
of nanoparticles, blood cells are not able to penetrate through the stenosis. Therefore, when nano-
particles are added to blood, they make a path in the deposited plaque for blood cells; therefore,
the flow gets smoother at the arterial wall. This happens because, for a small-sized nanoparticle,
it is a little bit easy to cross every deposited stenosis, but sometimes large-sized particles get stuck
in stenosis; therefore, they can’t make a sufficient path from the stenosis for the blood cells.
Thus, this study suggests that the use of small-sized nanoparticles is good for achieving good
results for the wall shear stress profile in a stenosed curved arterial flow.

The comparative study of a fluid’s Newtonian and non-Newtonian properties on the WSS pro-
file has been presented in Figure 14. For that, power-law fluid has been considered, and this com-
putation examination has been performed in terms of flow behavior index (gq). Here, g<1
represents the fluid’s shear-thinning (pseudoplastic) property, and q=1 represents the fluid’s
Newtonian property. It is observed that as the value of flow index behavior increases, the wall
shear stress profile decreases rapidly. In other words, it can be said that assuming pseudoplastic
properties of blood in the mathematical modeling will be better for attaining fruitful results for
the WSS profile than assuming Newtonian properties of blood. This study also analyzed the effect
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of electro-kinetic width (inverse Debye length) on the WSS profile for the stenotic region. A
decline in WSS profile is observed with the increase in electro-kinetic width. The obtained results
for electro-kinetic width & for WSS are in good agreement with the published work of Narla and
Tripathi [53].

The comparative fluctuation in the WSS profile for both conditions of the magnetic field, pres-
ence (M # 0) and absence (M =0), along with the curved arterial stenotic height (5) has been
discussed in Figure 15. A linear decay in the WSS profile has been observed with the increase in
stenosis height, which reveals fair agreement with the results [58,59]. This investigation has also
undertaken a comparison between curved artery (¢ # 0) and straight (¢ = 0) conditions. It is con-
cluded that with the increase in the value of arterial curvature, the blood experiences lower shear
stress at the wall. Therefore, straight arteries face heavy shear stress due to higher flow velocity
compared with curved arteries. The figure also describes that, with the positive improvement in
magnetic field intensity, leads to increase Lorentz force power, which retards the flow speed at
arterial wall. Therefore, shear stress between fluid layers decreases at arterial wall. According to
the results of the curvature analysis, lipid deposition is highly likely to occur in arteries with high
curvature.

The importance of the nanoparticle’s presence on the heat transfer rate at the arterial wall has
been computed numerically for the overlapped stenotic region using the Stones Scheme, and the
results are discussed in Figure 16. From the previous results, it is well-known that with the add-
ition of nanoparticles, the blood flow temperature increases. Therefore, in comparison with the
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Figure 18. Nusselt number for M and ¢.
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Figure 19. Entropy generation for Br and m.

absence of gold nanoparticles in blood, the heat transfer rate at the arterial wall increases signifi-
cantly with the presence of nanoparticles in the flow. The impact of the Brinkmann number on
the arterial heat transfer rate has also been discussed. The positive add in the Br value leads to
increases in flow temperature due to a significant decay in the heat conduction rate, which was
generated by viscous dissipation. Therefore, the blood heat transfer rate increases in the artery as
well as its wall due to the boost in blood flow temperature with an increase in Br. Due to the sig-
nificant increase in arterial wall heat transfer with the addition of nanoparticles, it will be helpful
in the development of thermal therapies for clinical researchers to cure stenosis, kill cancer cells,
etc. Figure 17 shows how important the size of the nanoparticles is for heat transfer at the arterial
wall. This study suggests that using large-sized nanoparticles will be useful to increase arterial
heat transfer in the clinical healing process. As a result, it is possible to conclude that as nanopar-
ticle size increases, so does heat transfer at the arterial wall enhances.

Figure 18 depicts the variation in heat transfer rate for various values of arterial curvature and
magnetic field intensities. This discussion has been conducted with respect to stenosis height. A
linear decay in the heat transfer rate profile is observed as stenosis height increases. In other
words, it can be concluded that the formation of stenosis (lipid deposition) is responsible for the
decay in heat transfer rate at the arterial wall. From the figure, it can be seen that the heat trans-
fer rate decreases by ~33% for the artery with a 20% stenosis deposition compared with a healthy
artery. A significant decline in arterial wall heat transfer rate has been observed for the increase
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Figure 20. Entropy generation for H and dp.
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Figure 21. Energy conversion efficiency for dp and q.

in values of both arterial curvature and magnetic field intensities. This is because blood flows
faster in a straight tube (¢ = 0) than in a curved tube (¢ # 0). Therefore, in curved tubes, the
heat transfer rate at the arterial wall diminishes.

Entropy generation is essential to comprehending biological thermodynamics in blood flow in
constricted regions of curved arteries because it represents the decrease in quality energy that
can’t be further utilized to do essential work. Figure 19 depicts the variation in unused energy
production (entropy) in the radial direction for the different values of Brinkman number (Br).
The preceding figures show that the blood flow temperature profile improves with an increase in
the value of Br, resulting in greater energy in the flow. With a spike in Br values, a considerable
increase in entropy formation is noticed due to the inability of the blood flow to convert the
increased energy into useful work. This figure also provides a comparative analysis of the effects
of using nanoparticles in blood flow or not using them in terms of entropy production. From the
figure, it is noticed that in the absence of nanoparticles, flow generates more entropy in the cen-
ter region of the artery due to the high speed of flow there, and that afterward, entropy decreases
as blood reaches the wall. Entropy also increases near the arterial wall due to the presence of use-
ful nutrients, proteins, sugars, fats, etc. It is also observed that in the presence of nanoparticles,
the entropy production is lower at the center of the artery than in the rest of the arterial flow
region. This happens because, with the addition of nanoparticles, the flow velocity decreases;
therefore, it generates less energy in the center region of the artery due to less fluid friction. It is
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also notable that the flow is smooth near the stenosis in the presence of nanoparticles; therefore,
at the near arterial wall, a sudden spike in entropy generation can be easily visualized.

The present comparative study is analyzing the importance of nanoparticle size on blood flow,
therefore, Figure 20 illustrates the significance of gold nanoparticle size on the flow efficiency of
entropy generation. This figure states that for a fixed volume fraction of nanoparticles, the
entropy generation rate increases rapidly with the mixing of large-diameter nanoparticles. This is
happen due to an increase in blood flow temperature for the larger-sized nanoparticle, therefore
it produces more energy in blood flow. This figure also shows that the flow produced more
entropy with the increase in external heating intensity.

The analysis of the conversion efficiency of blood flow mechanical energy into electro-kinetic
energy with the different volume fractions of gold nanoparticles has been simulated numerically
and explained in Figure 21. The figure shows that when a nanoparticle is added to the flow, it
reduces the flow’s conversion efficiency for converting mechanical and chemical energy into elec-
trokinetic energy. Therefore, the increase in gold nanoparticle volume fraction reflects the sharp
decline in the EKEC () profile. The obtained relationship between the nanoparticle volume frac-
tion and EKEC is in fairly good agreement with the findings of Xie and Jian [10]. This figure
also reveals that adding large-sized gold nanoparticles is important for blood flow to enhance its
electrokinetic energy conversion efficiency. As a result, it can be concluded that EKEC () effi-
ciency increases with an increase in nanoparticle size. It should also be noted that for a higher
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amount of gold nanoparticles, the decay rate of the EKEC profile is faster for the small sized
nanoparticles than for the larger sized nanoparticles.

The fluctuation in EKEC efficiency profile for the whole stenotic region (0.75 < z < 2.25) has
been presented in Figures 22 and 23. Both figures reveal that EKEC efficiency decreases with an
increase in stenosis depth at the arterial wall. Therefore, it can be concluded that the conversion
rate of mechanical and chemical energy into electrokinetic energy is higher for the healthy artery
than the diseased artery. Figure 22, replicates that as the value of i increases i.e. decrease in EDL
thickness, the EKEC efficiency decreases. This is happening because the quantity of charged ions
increases with the significant distance from the arterial wall for a large EDL thickness (small ),
which used to counter the surface-charged ions. Therefore, this hike in charged ions increases the
flow EKEC efficiency for the small value of k. The reverse effect on the EKEC efficiency profile
has been observed for conduction current (inverse ionic Peclet number). The significant incre-
ment in the 7 profile with the increases in M, has been observed, and this variation is depicted
in Figure 23.

Figure 24 illustrates the variation in the streaming potential profile as a function of gold nano-
particle volume fraction for the various values of nanoparticle size. It is well-known that gold
nanoparticles have a higher electrical conductivity than blood. When added to the blood, they
completely bind up the blood cells and increase their electrical conductivity. Therefore, it can be
noted that with the increase in nanoparticle quantity, the electric potential of the fluidic system
enhances. As a result, the streaming potential for blood flow increases as the number of nanopar-
ticles increases. On the other hand, this study suggests that the streaming potential profile reflects
the reverse effects of the increase in nanoparticle size. In other words, it can be said that the
blood electric potential efficiency can be amplified by using small-sized gold nanoparticles. The
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comparative analysis between assuming blood as pseudoplastic nature or a Newtonian nature has
also been presented. It is obtained that when blood’s Newtonian properties are considered, the
streaming potential is higher than when considering the pseudoplastic fluid properties.

A fascinating phenomenon is to describe blood-trapping flow patterns in an overlapped sten-
osed curved artery by treating blood as a non-Newtonian fluid (Power-law). This phenomenon is
highly important for researching blood flow mechanics in the complex arterial geometries usually
associated with stenoses. Understanding these flow traps could help researchers create better
treatments for cardiovascular disorders. Under certain circumstances, streamlines in the wave
frame separate to catch a bolus that travels at the same pace as the wave. The complete flow
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(a)
Figure 29. Stream function plot for inverse of Debye length, (a) i

trapping pattern for blood in a curved artery for various physical parameters, such as gold nano-
particle volume fraction (m), nanoparticle diameter size (dp), arterial curvature (¢), magnetic field
intensity (M), and inverse Debye length (x) have been described using Figures 22-25. These fig-
ures also provide a comparative analysis of various values of these physical parameters. Figure 25,
which provides the influence of nanoparticle presence on blood flow. From the figure, it can be
seen that the size of the bolus reduces when gold nanoparticles are added to the blood flow. This
is happening because gold nanoparticles are more viscous than blood; therefore, these particles
form bonds with fluid cells and slow the flow speed. Figure 26 discusses the importance of nano-
particle size on the flow trapping pattern for a fixed quantity of nanoparticles in blood. The fig-
ure concluded that, when large-size nanoparticles are used for any therapy process, they smooth
the flow pattern due to an increase in blood flow velocity with an increase in nanoparticle diam-
eter. The main influence of large-sized nanoparticles is seen near the arterial wall rather than in
the center area of the artery. Figures 27 and 28 illustrate the comparative effect of arterial curva-
ture and magnetic field intensity on the flow trapping pattern. From the both figures, it is
observed that the size of the bolus formation and smoothness in flow trapping decrease with the
increase in values of arterial curvature and magnetic field intensity. From these, it can be con-
cluded that, in realistic situations, most of the arteries have a high curvature; therefore, they have
a higher chance for lipid/stenosis deposition due to less smoothness in blood flow. The blood
flow trapping pattern for various values of inverse Debye length (i) has been depicted in Figure
29. This figure illustrates that to counter the surface charged ions, the quantity of charged ions
increases with the increase in EDL thickness. Therefore, the flow becomes smoother with the
increase in EDL thickness.

6. Conclusion

A computational examination of blood flow through an overlapped stenotic curved artery has
been performed in the presence of gold nanoparticles in the blood flow. To make this investiga-
tion more plausible, a patient-specific stenosed arterial model and the non-Newtonian fluid
(power-law fluid) properties of blood have been taken into account. The effect of nanoparticle
size has also been analyzed. The study of electric potential (Poission-Boltzmann equation) is per-
formed, therefore the arterial wall is considered negatively charged. The second-order central dif-
ference method has been adopted for discretized governing equations, and Stone’s strongly
implicit approach is used to solve these non-linear discretized equations. The effects of various
physical parameters within their feasible range on the fluid velocity, temperature, concentration,
EKEC, entropy, WSS, and Nusselt number have been studied using” MATLAB” software. Clinical
researchers and biologists may use the results of this computational study to forecast endothelial
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damage and plaque deposition in curved arteries with WSS profiles, by which the severity of

these conditions can be reduced. In treating stenosis, cancer cells, muscular discomfort, stiffness,

etc.

, employing nanoparticles and external heating sources in blood flow would be advantageous.

The following are some noteworthy findings from the current mathematical investigation:

e The blood flows velocity decreases with the addition of gold nanoparticles and reflects a
reverse trend with the increase in nanoparticle size.
The flow velocity becomes high for the thin size of the electric double layer (EDL).
Adding gold nanoparticles and lipid deposition in blood flow reduces the efficiency of electro-
kinetic energy conversion (EKEC).

e The electrokinetic energy conversion (EKEC) efficiency increases more quickly with increasing
EDL thickness and nanoparticle size.

e The considerable increase in blood entropy production arises whenever viscous heating is
boosted, and large-sized nanoparticles are introduced into the flow.

e Arteries with high curvature have a higher possibility for lipid and stenosis deposition due to
decay in the wall shear stress and heat transfer rate profile.

e The gold nanoparticles increase the blood temperature and heat transfer across arterial walls;
therefore, its use can reduce lipid deposition in CVD treatments.

e The presence of gold nanoparticles reduces the blood mass diffusion process; therefore blood
flow concentration profile diminishes.
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