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Abstract

Studying the flow of blood through unhealthy arteries has emerged as an
important area of focus in recent years. Narrowing of the arteries (stenosis)
is the most prevalent types of arterial diseases. The present work aims to
explore the impact of an inclined magnetic field on the flow of blood via a
stenotic porous artery with gold nanoparticles. The blood is supposed to be
non-Newtonian and described utilizing the Casson model. To account for the
effect of magneto-hemodynamic, a uniform inclined magnetic field is
subjected to the flow of blood. A method of finite difference has been used to
solve the equations governing the fluid flow with the boundary conditions.
Features hemodynamic variables like as velocity, temperature, wall shear
stress, flow rate and impedance resistance are determined at the stenosis's
critical height for both composite and irregular stenosis. The present model
has been verified by comparing it to previous work, and it is shown to be in
great concurrence with the prior work.
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1. Introduction

In recent years, nanofluids have become a notable advancement in biomedical engineering. Research on the
potential uses of nanoparticles in addressing blood flow issues has had a substantial influence on current bio-science
publications. Nanomaterials are created using nanoscale methods and may exhibit a range of shapes such as platelet,
cylinders, blades, spherical particles, and more. Nanofluids are created by combining nanoparticles with a base fluid
that has less effective thermophysical characteristics, resulting in another class of functional fluids. Jiang et al. [1]
reported that physiologically suitable copper dosages might effectively cure hypertrophic cardiomyopathy caused by
prolonged pressure overload. Nadeem and ljaz [2] evaluated the influence of slip conditions on the flow of blood via
a tapered stenosis artery in the existence of nanoparticles. Nanomaterials were utilized to study the potential of
targeted medication delivery in cancer treatment by Bahrami et al. [3].

Based on the World Health Organization, illnesses that are not infectious account for 68% of all deaths, with
cardiovascular illness contributing to one-third [4]. Atherosclerosis is the causes of these phenomena, a condition in
which plaque accumulates in the arterial lumen, resulting in stenosis, which prevents blood from accessing outlying
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body cells. Most studies looked at the relationship between artery constriction and dynamics of blood flow, treating
blood as a Newtonian fluid. At shear rates above 100 s, blood in bigger arteries exhibits aggressive Newtonian
comportment. It is widely recognized that small-diameter, low-shear arteries display exceptional non-Newtonian
blood comportment, since blood is a cells suspension. In modern research, the Casson model is widely used. Casson
fluid displays yield stress properties. When the yield stress is sufficiently strong, the Casson fluid turns into a
Newtonian fluid. In a study by Walawender et al. [5], pressure drop and volumetric flow rate were experimentally
measured to approximate blood using Casson fluid. Presuming blood as Casson fluid passing via a stenosed artery,
Sarifuddin et al. [6] employed the Marker and Cell technique to numerically solve the equations. Das et al. [7] used
Casson fluid to evaluate blood rheology and explored solute dispersion via a stenotic tube with an absorbent wall.
Padma et al. [8] investigated how yield stress influences the electromagnetohydrodynamic motion of Casson fluid as
it passes within a mild obstructed inclined tapered artery. Recently, using the Casson fluid model, Gandhi et al. [9]
conducted an entropy generation investigation of unsteady flow of blood across an irregular stenosed artery with
permeable walls.

According to the above review of literature, no effort has been made to investigate the effect of inclined
magnetic field on flow of blood through stenotic artery utilizing the non-Newtonian Casson fluid with gold (Au)
nanoparticles. The present work creates a new mathematical model to assess the impacts of Au nanoparticles
traveling through a stenotic artery comparing tow shapes composite and irregular stenosis, with body acceleration,
viscous dissipation, inclined Magnetic field, and thermal radiation.

2. Mathematical Formulation

2.1. Geometry of the stenosis
The cylindrical coordinate system (r, 6, z) is used to investigate the incompressible flow of blood in the porous
stenosis artery. Let the z axis represent the arterial axis, with (0, r) denoting the circumferential and radial directions,
respectively. The form of the stenosis in the arterial portion may be described as follows,
For the composite stenosis [10, 11],
I

a-25(z-d), d§z§d+5"
S | | (1)
R(z)= a—(—}[l+cos[2;{z—d—[—ODD, d+2<z<d+]1,
2 2 2
a. otherwise
For the irregular stenosis [10, 11],
COS[Zﬂ'(ﬂ—I—O)j—
2 4
a-26 , d<z<d+l, )
R(z)= 7 l,
— || cos| 327| z—-2d -2
100 2
a. otherwise

In Figure 1, a represents the non-stenosis artery radius, lo represents the stenosis length, d represents the non-
stenotic area length, and & indicates the stenosis height. Figure 2 represents the two different shapes of the stenosis
considered.
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Fig. 1: Geometry of the stenosis artery
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Fig 2: Representation of the shape of the stenosis (a) Irregular stenosis, (b) Composite stenosis
2.2. Governing equations
Assuming that blood pumping in the artery is unsteady and bidirectional, the velocity and temperature profiles
can be described as follows,
V=[U(r,zt),0W(r,zt)], 3)

T=T(r,zt). @)
In Eq. (3), u and w denote radial and axial velocity components. Thus, continuity, momentum and energy may
be expressed using the following conservation equations [12, 13],
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The physical parameters pas Kns Yas cpar and po in the above series of equations are, respectively, defined as
nanofluid density, thermal conductivity, thermal expansion coefficient, specific heat and dynamic viscosity.

Where g represents radiation parameter represented as [14-16],
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S, S and S# components in Egs. (6)-(8) denote the extra stress component. The rheological equation of Casson

model for an incompressible flow [17, 18],

Z[ﬂtﬁL\/%jeu 7T > 7,

Z{yb+LJeij T <7,
27,
(10)

where 7 = eij .eij, b, Py, and 7. is the strain rate product by itself, the non-Newtonian fluid viscosity, the fluid

Sil =

yield stress and a non-Newtonian model critical value, respectively. Eq. (10) has the form below when m < rc,

SV =2u (H%je”' (11)

Where g = ﬂb‘/z— , is the Casson fluid parameter.
Py
The boundary condition for the problem,
w(r,0)=0;T(r,0)=0 at t=0
W 0.9 g oatr=0 (12)
or o
wW(rt)=0;T(rt)=T, atT=R

2.3. Dimensionless analysis

The dimensionless parameters listed are added to the equations (5)—(8), in order to significantly assist with a
numerical solution,

_ u,l u —
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The dimensionless coordinates in this case are, w for axial velocity, u for radial component of velocity, r for
radial coordinate, z for axial coordinate, p for pressure and t for time. T, stands for the wall temperature.
Dimensionless geometric parameters are the vascular aspect rate & and the parameter of stenosis severity 6. Further
non-dimensional numbers are the local thermal Grashof number (Gr), the Reynolds number (Re), the Brinkman
number (Br), and the Prandtl number (Pr). After the introduction of the dimensionless parameters of Eq. (13) into
Egs. (5)—(8), the following dimensionless governing equations are obtained:
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In addition, the dimensionless form for Eq. (1) and Eq. (2) can be expressed as follows,
For composite stenosis,
1-26(z—d), d£z£d+%
R(z)= 1—(éj 1+cos| 27 z—2d—(1] , d+332£d (17)
2 2 2
1. otherwise
For irregular stenosis,
cos[Z;z[ﬂ - ED -
1-26 2 d<z<d+1 (18)
R — ’
(Z) (Lj(cos(&n(z -2d - EJD
100 2
1. otherwise

A pressure gradient is created throughout the vascular network as a result of the heart pumping blood via the
cardiovascular system. Burton [19] states that there are the constant pressure gradient (non-fluctuating) and pulsatile
(fluctuating).

—%:Aﬁﬁicos(a)pt), (19)

where f; is the cardiac pulse frequency and wp = 2zf1 is the angular frequency. Ao and Az represent the amplitude of
the constant and pulsatile pressure gradient components. In a dimensionless form, Eq. (19) can be expressed as,

0
ap B (1+ ecos(a)pt)). (20)

A body acceleration G(t) that is given by the following equation affects the blood flow carrying the Au-
nanoparticles in the axial direction [10, 20],

G(t)=a,cos(mt+a), (21)

where wy = 27 f, f2 is the acceleration frequency, ao is the body's acceleration amplitude and « represents the phase
angle.

For the rest of the analysis, two additional assumptions were considered, § « 1 and &=O (1), indicating that the
stenosis severity is significantly below unity and the artery aspect ratio is approximately equal to unity. Equations
(14) - (16) will be clarified to a system of connected differential equations when these presumptions have been
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The non-dimensional boundary conditions can be written as follows,

ow(r,z,t)] B ~
Trzo_o, w(R,z,t)=0, w(r,z,0)=0, 5)

M =0, O(Rzt)=1  6(r,z,0)=0.
r

r=0

2.4. Radial coordinate transformation
After a dimensionalities and simplification of the governing equation a transformation of radial coordinate is

utilized to convert the geometry in a rectangular domain by employing x =T, R the equations take the form,

2,
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The associated boundary conditions,

w| =0, (28)

t=0

M _o,wf_ =0 -0, 6 -1
6X x=0 B x=0 B

The flow resistance expression, the flow rate and wall shear stress take the form respectively,

(%)
oz

A= (29)
Q
Q = 27rR2J-xwdx, (30)
S (a—wj (31)
R L)\ X 1

The following are the thermo-physical characteristics of nanofluid [21-23],
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3. Numerical method

There are many numerical methods used to solve partial differential equations, see [24-28]. Analytical or
numerical methods are generally the two approaches that may be utilized to address the blood flow problem in a
stenosed artery [29-31]. However, applying the analytical solution of such problems to non-Newtonian fluids is
challenging. We have decided to use the finite difference approach as a consequence. The dimensionless nonlinear
coupled flow equations of the present mathematical model are numerically solved, taking into consideration the
proper initial and boundary conditions, using the explicit Finite Difference (FTCS) method. The numerical
technique's stability is depending on the selection of the time step (At) and grid size (Ax). A value of At =0.00001
and Ax = 0.025 has been selected to meet the stability requirements. Several earlier investigations [32-34] have
demonstrated that these temporal and spatial increment levels are adequate to assure the convergence and stability of
the FTCS approach. Additionally, it has been highlighted in Hoffmann's book [35] that these selections of At and Ax
support the numerical scheme's robustness and convergence.

3.1. Numerical procedure

The steps necessary to determine the formulation of finite difference for each of the partial derivatives are
outlined in this section.

- At ’ &
K k
W) —(wW).
a_W ~ ( )J+l ( )J—l — Wx’ (34)
OX 2AX
k k k
o'W _ (W)j+l_2(w)j +(W)J'*1 —w 35
ox2 (Ax)2 o )

3.2. Validation Code

In order to verify the finite difference solution that was calculated using the methods from the previous section, a
validation of the velocity and temperature profiles was made with the outcomes of Shabbir et al. [36] and Eldesoky
et al. [37], taking stenosis height (8=0.1), without nanoparticles (¢=0.0), Newtonian fluid (B — ), ignoring
permeability (k—o0), without magnetic field (M=0) and disregarding thermal radiation (Rq= 0) . It is observed that
both of the solutions exhibit great agreement as shown in Figure 3 (a)-(b). Furthermore, this attests to the accuracy
of the finite difference calculation that is then used for all graphical results.
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Fig 3: Comparison results for (a) dimensionless velocity profile (b) dimensionless temperature profile
4. Results and discussion

This part presents the hemodynamic properties of an artery containing gold nanoparticles and two distinct
stenoses. Graphical findings for several flow parameters, notably flow velocity, temperature distribution, WSS, flow
rate, and flow resistance, are shown in Figures. These graphs provide a comparison of the hemodynamic properties
in the stenotic area for the two types of arterial constriction (composite and irregular). The thermophysical amounts
of gold nanoparticles (Au) and blood (base fluid) are shown in Table 1, while Table 2 displays the default values for
the parameters used in the simulation.

Table 1: Base fluid and nanoparticles thermophysical properties [30].

Physical properties FIw(dBIp;r:)f:\js)e @ Sollshr;:l:?g)artlcle
p (kg/md) 1063 19320
k (W/m.K) 0.492 314
Cp (J/kg. K) 3594 129
v (1/k)x10® 0.18 1.67
o (S/m) 0.667 45x106

Table 2: Default entry parameter values.

) (0} B Pr Re Br Ma Kk a B1 B Gr
01 003 2 15 1 2 05 03 #3 114 05 01

4.1. Axial velocity

Figures 4 show the velocity profiles for various values of (a) Casson fluid parameter B, (b) nanoparticles volume
fraction ¢, (c) magnetic parameter Ma. The Casson parameter is related to the non-Newtonian Casson fluid nature
and changes inversely with the yield stress. Consequently, increasing  causes the fluid's yield stress to decrease,
this decrease in the yield stress means the internal structural forces holding the Casson fluid together are becoming
weaker causing the fluid to relax and flow more rapidly as shown in Figure 4-(a). Figure 4-(b) shows that the axial
blood flow accelerates as the concentration of nanoparticles increases, resulting in an increased velocity profile. The
results presented are also supported by the study conducted by Tripathi et al. [38], which investigated blood flow
through an inclined artery with stenosis. By decreasing the blood's viscosity and enhancing its ability to pass
through the constricted artery, this can actually aid to improve the blood's velocity. Nanomaterials may be able to
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enhance blood flow velocity in atherosclerotic arteries by means of mechanical support and targeted medication
administration. Additionally, they increase the circulation of oxygen-rich blood to organs, which lowers the
likelihood of blockages. A decrease in the velocity profile is observed in Figure 4-(c) due to Lorentz force that
restricted blood which created by the applied magnetic field. The Lorentz force acts on the charged particles in the
blood, including the ions and electrons. This force creates a drag on the motion of the blood, decreasing its overall
velocity. The stronger the magnetic field, the greater the Lorentz force and the more significant the reduction in
blood flow velocity. Thus, the magnetic field performs a major role in the dynamics of blood flow in the arteries. As
a result, it can be a useful tool in the identification and management of several cardiovascular conditions. Static
magnetic fields are used in MRI to create detailed images of internal body structures. On the other hand, because the
reduction of the blood velocity allows platelets and other clotting components to collect, it may potentially increase
the risk of thrombosis. Furthermore, the axial velocity of the composite stenosis is much higher than that of the
irregular one, as these figures demonstrate.
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Fig 4: Effect of (a) Casson parameter f (b) Nanoparticle volume fraction (c) Magnetic parameter on velocity profile

4.2. Temperature profile

Figure 5 depicts the influence of (a) nanoparticle volume fraction ¢ (b) Brinkman number Br (¢) parameter of
thermal radiation Rq on the temperature profile. Figure 5-(a) describes that the temperature profile rises steadily as
the volume fraction upsurges. As the concentration of nanoparticles increases, the overall surface area-to-volume
ratio of the system grows, facilitating enhanced heat transfer. The larger surface area allows for more efficient
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dissipation and absorption of thermal energy, leading to a noticeable rise in the temperature. This validates the
thermal enhancing capabilities of nanoparticles. Figure 5-(b) shows that the temperature is improved by increasing
the Brinkman number values. The Brinkman number is the ratio of viscous heating to conductive heating. A higher
Brinkman number results in less conductive heating. Since the Brinkman number describes the degree of dissipation
effects, there is a direct correlation between increased blood temperature and the energy dissipation caused by fluid
friction. It indicates that the viscous dissipation, or the heat generated due to the internal friction within the fluid,
becomes more dominant compared to the conductive heat transfer. This means that more heat is being generated
within the fluid itself, rather than being efficiently transferred to the surroundings. Due to the inverse relationship
between Ry and thermal conductivity, the system appears to emit the most heat. Radiation generates thermal energy
within the circulation; therefore, an increase in radiation exposure results in a temperature elevation of the body, as
shown in Figure 5-(c), the phenomena can be explained physically by the heating of blood vessel walls due to the
effects of radiation produced during therapy radiation. The blood temperature rises as a result in the area around the
blood vessels. In order to provide more oxygen to tissues and muscles, vasodilation also happens during entrainment
or other times when muscles are under constant stress. The interaction of free electrons within nanoparticles with
right-wavelength light induces oscillations. The heat created by these oscillations permeates the encircling
environment and eliminates malignant cells. There are numerous applications for this discovery in thermal therapy.
Furthermore, irregular stenosis has a greater maximum temperature than composite stenosis. The geometric form of
the stenosis affects the diffusion of heat and nanoparticles in the circulation.
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Fig 5: Effect of (a) Nanoparticle volume fraction (b) Brinkman number (c) thermal radiation on temperature profile

4.3. Flow rate, resistance to flow and wall shear stress

The effects of B, body acceleration on the flow rate profile for irregular and composite stenosis are shown in
Figure 6-(a). The flow rate of the blood grows with body acceleration. This figure shows how the flow's periodic
nature changes as the magnitude of the body's acceleration rises. This means that the rate of blood flow rises in a
vibratory environment. During physical activity or movement, the body experiences acceleration, this directly
impacts the flow rate of blood. As the body accelerates, the muscles require more oxygen and nutrients to sustain the
increased energy demands. To meet this heightened need, the cardiovascular system responds by increasing the rate
of blood flow. Because of this, some individuals could have headaches that make them throw up. A thorough
examination of Figure 6-(b) shows that the effects of the magnetic field angle result in a greater wall shear stress,
with a change in the inclination angle between a = 0 and n/2. If the magnetic field is aligned perpendicular to the
fluid flow, it can create a Lorentz force that acts on the charged particles within the fluid. This Lorentz force,
perpendicular to the fluid flow, can alter the fluid motion. This decreased fluid motion can result in a lower wall
shear stress. Conversely, if the magnetic field is aligned parallel to the fluid flow, the Lorentz force will be
minimized, and the impact on the wall shear stress will be more pronounced as the fluid interacts more forcefully
with the surface without the additional influence of the magnetic field. Dimensionless resistance to flow for various
values of porous media permeability k and stenosis height is shown in Figure 6-(c). This graphic show that an
increase in the porous medium's permeability k causes the resistance to flow amplitude to decrease, the resistance to
flow diminishes, implying that flow is greatly increased. In another word, an increase in permeability amplitude led
to a drop in the Darcian drag force's magnitude, which in turn increased flow. Furthermore, as k—oo, this impact
becomes less significant. This figure also show the stenotic region for two distinct stenosis forms and stenosis height
d values. It illustrates how the arterial blockage that prevents blood flow causes the resistance to flow to increase as
d rises. When stenosis gets severe, the artery narrows significantly, decreasing the volume of blood that can pass via
artery. This decrease in the section zone of the vessel limits the volume of blood that may flow within the artery,
resulting in a drop in the velocity of blood flow and the possibility of various issues.
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Fig 6: (a) Impact of parameter of body acceleration B, on flow rate (b) Impact of inclination angle of magnetic field a on wall shear

stress (c) Impact of stenosis severity and permeability parameter k on resistance to flow

5. Conclusion

A numerical study was conducted on the transient flow of blood via stenosis artery under an inclined magnetic
field with the addition of gold nanoparticles, and comparing two stenosis shapes. Thermal radiation and viscous
dissipation was also considered. To represent blood rheology, the Casson model was employed. For more realistic
flow circumstances, a pulsatile pressure gradient is included with periodic body acceleration. A method of finite
difference was applied for the resolution of the partial differential equations of the problem.

The main conclusions of the current study are cited below:

Increasing the volume fraction of nanoparticles leads to a rise in temperature and velocity profiles.

External magnetic fields reduce the velocity profile substantially while the increase of the angle of
inclination of magnetic field increases the wall shear stress.

Resistance to flow increases with increasing stenosis height and decreases permeability parameter.
Composite stenosis shows better results for velocity profile while the opposite is observed for the
temperature profile.
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