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Influence of Magnetic Fields on Nanoparticle-Based Blood Flow in Arteries with Stenosis
and Dilatation

M. Shiva Krishna and Maddileti Pasupula

ABSTRACT: Arterial stenosis refers to the pathological reduction in vessel diameter, which markedly diminishes
blood circulation and plays a major role in cardiovascular diseases. Such constriction generates elevated tan-
gential stresses that compromise arterial wall integrity, possibly leading to post-stenotic expansion or aneurys-
mal development. This study examines the flow behavior of blood containing suspended silver nanoparticles
through an artery with a stenosed section followed by a dilated segment under an applied external field. Using
the mild stenosis assumption, analytical expressions are derived for velocity distribution, pressure gradient,
wall shear stress, and flow resistance. The influence of key physical parameters on hemodynamic quantities is
explored. The stenosis height enhances impedance and wall stress, while enlarging the dilatation lowers them.
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1. Introduction

Stenosis is a vascular disorder defined by the progressive constriction of an artery, typically resulting
from the accumulation of arteriosclerotic plaque or the growth of abnormal tissue within the arterial wall.
This gradual accumulation encroaches upon the arterial lumen, thereby impeding normal blood flow. As
the narrowing intensifies, it not only reduces the volume of blood that can pass through but also alters
the pressure and velocity of the flow. Such disturbed flow patterns may induce elevated shear forces and
localized turbulence, which may harm the endothelial cells lining the inner surface of the artery. Damage
to these cells can further accelerate the growth of stenosis, creating a feedback loop where impaired flow
worsens the narrowing, and the narrowing further disturbs the flow. The mutual interaction between
altered hemodynamics and stenosis progression represents a key feature of vascular pathology.

Without timely diagnosis and intervention, stenosis progression may result in serious and potentially
fatal outcomes. It can disrupt the normal functioning of the circulatory system by limiting the oxygen
and nutrient supply to vital organs, potentially leading to complications such as ischemia, heart attacks,
or strokes. Thus, understanding the mechanisms and effects of stenosis is essential for developing effective
preventive and therapeutic strategies in cardiovascular medicine.

Investigating blood flow in stenosed arteries is essential, given that circulatory diseases contribute to
more than 30% of worldwide mortality. Stenosis, the narrowing of arteries due to plaque or tissue growth,
is a leading cause of such disorders. It restricts blood flow, disrupts normal cardiovascular function, raises
blood pressure, and can damage vessel walls. This damage may lead to post-stenotic dilatation, where
the artery expands abnormally beyond the narrowed region, increasing the risk of severe complications.
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Pioneering work on blood flow through stenosed arteries began with Young [9], who investigated the
time-dependent effects of stenosis in a tubular flow system. Azuma and Fukushima [1] extended this by
modeling flow patterns in stenosed vessels, while MacDonald [4] analyzed the impact of vascular stenosis
under steady flow conditions. Subsequent researchers explored blood flow through mildly constricted
tubes using both Newtonian and non-Newtonian fluid models under various physiological conditions.
Notable contributions include studies by Shukla et al. [11], Chaturani and PonnalaguSamy [2], Tandon
et al. (1993), Srinivasacharya and Srikanth (2008), and Bali and Awasthi (2012).

Stenotic dilatation is the abnormal widening of an artery that occurs just beyond a stenosed region.
This condition is often observed in elderly individuals, particularly those with weakened nervous systems.
When blood clots form and pressure builds up at a localized point, the arterial wall may begin to bulge
outward. If this pressure continues to increase, it can lead to structural damage of the artery, potentially
resulting in life-threatening complications.

Although the exact mechanisms behind post-stenotic dilatation are not fully understood, several
factors have been proposed, including elevated lateral pressure, cavitation, abnormal shear stresses, and
turbulence in blood flow. A deeper understanding of these contributing factors is crucial for improving
the diagnosis and treatment of arterial diseases.

Several studies have explored the hemodynamic implications of post-stenotic dilatation. For example,
Pincombe et al. [5] investigated how this phenomenon affects blood flow in stenosed coronary arteries.
Priyadharshini and Ponalagusamy [8] modeled the flow of Herschel-Bulkley fluid in narrowed stenotic
arteries with arterial dilatation. Prasad et al. [6] examined the influence of post-stenotic dilatation on
the flow of couple stress fluids across narrowed arteries. Additionally, Sharma et al. [10] and Varma
and Parihar (2009) studied the impact of a constant external magnetic field on multistage stenosis, and
they observed that yield stress and stenosis decrease the wall shear stress and slow down the blood flow
in regions affected by the magnetic field. Umadevi et al. [12] studied blood flow in an inclined artery
with overlapping stenoses, considering magnetic field effects and the inclusion of copper nanoparticles.
In recent years, numerous researchers have focused on analyzing the hemodynamic behaviour of blood
flow in arteries affected by stenosis.

Inspired by the preceding studies, this research aims to analytically investigate how a narrow part
and the wide part after it affect blood flow containing suspended silver nanoparticles under mild stenosis
conditions. The study derives mathematical equations used to describe main flow properties such as
velocity, flow resistance, as well as wall shear stress. The influence of multiple important variables on
these blood flow properties is examined and illustrated through graphical representations, providing
deeper insight into the hemodynamic behavior in stenosed arteries.

2. Formulation of the Problem and its Solution
2.1. Geometry of the Problem

The flow characteristics of an incompressible fluid are analyzed within an axisymmetric artery ex-
hibiting mild stenosis accompanied by post-stenotic dilatations. The stenosis is assumed to develop
symmetrically along the artery’s axis. The shape of the arterial wall is illustrated in Figure 1.

The arterial wall geometry, originally proposed by Pincombe et al. [5], is expressed as follows:

R 1— 5% [1+cos<21—f(z—ai—%))}, for a; <z < B, 2.1)

Ro 1, Otherwise

Here §; denotes the extent to which the ith abnormal part extends in the arterial lumen of the blood
vessel; positive values correspond to stenotic segments, whereas negative values indicate aneurysmal
dilatations. R denotes the arterial radius, while Ry is the radius of healthy artery. The parameter [;
corresponds to the length of the ith abnormal segment and «; is the length from the starting point to
where the ith abnormal segment begins and is given by

i

o = Z(d]—l-lj) —1;

j=1
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Figure 1: Schematic diagram of the tube with stenosis

and (; is the distance along the artery from the start to end of the ith abnormal segment

%

Bi= > (d;+1)

Jj=1

where d; is the gap between starting point of the ith abnormal part and the end point of the (i — 1)th
part.

Relating to the works of Shukla et al. [11] and Maruthi Prasad and Radhakrishnamacharya [7], the
assumptions for mild stenosis are considered under the following limitations:

;i L;
— 1 — 1
R <1, Ro <

These conditions imply that §; is the height and length L; is the length of the stenosis are small compared
to the normal arterial radius Rg.

2.2. Governing Equations

The equations governing the conservation of mass, momentum and temperature for an incompressible
nanofluid can be considered as follows [13]:

ov v Ou
b — 2.2
or + r + 0z 0 (2.2)

dv dv\  Op 0 dv 0 ov  Ou
s (050 052 ) = =5+ mrgs (250 ) +mur gt (255 + 55 (23)
ou ou\ _ _0Op 9 (,0u O . (%v  ou)]_ T — B2
Pt (”ar +u6z> =T, Ty <28z) Tt gy [r (82 * 8r>} 9pas (T =To) —oBgu (24)

(2.5)
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with the boundary conditions

ou oT
5. =0 5-=0 atr=0 (2.6)
u=0, T=0 at r=nh (2.7)

Table 1: Thermophysical properties of blood and nanoparticles
Physical properties Blood Ag
C, (Jkg T K1) 3594 129
p (kg m~3) 1063 19320
E(Wm- K™ 0.492 314
o (Qm)! 6.67 x 1071 | 4.1 x 107

In the above equations u and v represent the velocity components in the radial (r) and axial (z)
directions, 71" is the fluid temperature, (o is the heat absorption constant, p,s is the effective viscosity,
Pny is the density, ky s is the heat conductivity, a,, s is the heat diffusivity and (pc, ), is the heat capacity
of fluid containing nanoparticles as shown below:

P g ((Fs 2k = 20(ky — k)
T A= gEs T k1 2k + 20(ky — ky)

Pnf = (1- ¢)Pf + @ps, (pcp)nf =(1- (b)(pcp)f + (b(pcp)s
2.3. Non-dimensionalization

The following dimensionless variables are introduced:

_ r _ z _ Ly _ U b d I R
rTr = — = — = — = — = — = —_—
R Ly "Teuv YTu Lo’ Ro
e o B2 R? _ gaR3Topyy 0 o — T-T)
pr o Upy Ry’ To

_ UL QoR?

p= Rogufp, B = kOTo

0 f+0

where U represents the average velocity across the tube cross-section, calculated over the area corre-
sponding to a tube of radius Ry.

Applying the dimensionless variables in equations (2.2)—(2.5) and mild stenosis assumptions yields
the reduced governing equations and associated boundary conditions:

dp
— =0 2.8
r (2.8)
Op 1 10 ( Ou 9
—=————|r—|-M Gro 2.9
0z  (1—¢)*5ror <T6T> utGr (2:9)
10 00 knf
i Pl ALY 2.1
r Or (rar)—i—B(l{f) 0 (2.10)
Here M, 8 and Gr are the Hartmann number, heat absorption parameter and the Grashof number
respectively.
The boundary conditions become:
ou 00
= — = = 2.11
5 0, o 0 atr=0 (2.11)

u=0, =0 atr=nh (2.12)
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2.4. Analytical Solution

The solutions of equations (2.9) and (2.10) subject to boundary conditions (2.11)—(2.12) are as follows:

Theorem 2.1 The dimensionless velocity distribution is given by

qrd s (k[ POIVEZI)] G (kYo e 1 do Gra
(-5 (2) GRS ()

M2dz M2 \ kny B IO(th)
(2.13)
Theorem 2.2 The dimensionless temperature distribution is given by
B ( kg 2 2
=—=\|— — 2.14
0=~ (i) o2 =m) (214)
The dimensionless flux @ is
h
Q=2 / rudr
0
Evaluating this integral yields:
0= (Hlp_cw (k:f)> hty (Mh/(T=9777)
M? dz M? kngt MW[@(Mh (1— )25

L GrB (kp\ _Gron? (kp\ _ k2 dp
16M2 \ kg M2 \ ko) M2dz

&B(M)_Gwm<m>+aw<%> nLy (Mh/(T= 6)%9)

This implies

16M2 2M?2 M?
dp 6 kg kng kng ) \ M\/(T— )25 I (Mh - ¢)2.5) .
dz By 1 (Mh/(T=6)77)
M2 2M? I (Mh\/(l — ¢)2.5) \/(1 — )25
Definition 2.1 Flow resistance A is defined as
Ap Lap
A=—= —d 2.16
o ), =" (2.16)
Pressure drop without stenosis (h = 1) is defined as
1
dp
Ap, = { — dz} (2.17)
0 dz h=1
Flow resistance in the normal artery is defined as
Apy,
Ay = 2.18
0 (2.18)
Normalized flow resistance is defined as \
A=— 2.19
- (219)
Definition 2.2 Wall shear stress 1 is defined as
h dp
__ner 2.2
Th 2 ds ( O)
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3. Results and Discussion

The blood resistance flow and wall shear stress on the vessel wall are two critical parameters in
blood flow analysis in a stenotic artery with post-stenotic dilatation. Analytical expressions for the
fluid velocity (u), flow resistance (A) and wall shear stress (73,) are provided by equations (2.13), (2.16),
and (2.20), respectively. The individual effects of various physical and geometric parameters on A and
Tp, are investigated numerically using Mathematica, and the results are illustrated graphically to provide
insight into the hemodynamic behavior under different conditions.

Figures 2—4 depict the variation of resistance flow with respect to the height of stenosis and dilatation
(61 and d3), Hartmann number (M), Grashof number (G,.), flow rate (@), and heat absorption constant
(8). It has been noticed that the flow resistance (\) rises with increasing stenosis heights (41), Hartmann
number (M), Grashof number (G,), and heat absorption constant (5) but drops with the height of
dilatation (d2) and rate of flow (Q).

It has been found that there is a reduction in flow resistance when silver nanoparticles are introduced
into the blood, as compared to the case with pure blood. This is primarily due to the improved thermal
conductivity of the nanoparticle-suspended fluid, which enhances heat transfer within the artery. The
resulting rise in temperature leads to a decrease in the fluid’s viscosity, thereby promoting smoother flow
and lowering resistance through the stenosed region.

The variation of wall shear stress (75,) with respect to stenosis height and post-stenotic dilatation
height, under different values of the Hartmann number (M), Grashof number (G,), and heat absorption
coefficient (), is illustrated in Figures ?7-?7. It is noticed that shear stress (73,) increases with height of
the stenosis (d1) and flow rate (@), indicating greater resistance near the constricted region. In contrast,
7, diminishes as the Hartmann number (M), Grashof number (G,.), and heat absorption parameter (3)
increase, due to their damping effects on the flow rate. Additionally, the shear force on the vessel wall is
found to increase with the inclusion of silver nanoparticles, owing to their influence on enhancing thermal
conductivity and modifying the rheological properties of the fluid.
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Figure 2: Effect of parameters on flow resistance
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Figure 3: Effect of parameters on flow resistance (continued)
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Figure 4: Effect of parameters on flow resistance (continued)

4. Conclusion

The present study focuses on the inclusion of silver nanoparticles in the base fluid for the axisymmetric
blood flow with stenosed artery and dilatation. In this work we studied the effects of several parameters
like heights of the stenosis and dilatation, Grashof number, heat absorption constant and Hartmann

number on blood flow characteristics, flow resistance and shear stress.

The following conclusions are drawn:

1. The flow resistance rises with the heights of the stenosis, Hartmann number, Grashof number, and

heat absorption constant but decreases with the height of dilatation and flow rate.

2. An increase in wall shear stress is observed with greater stenosis severity and higher flow rates,
indicating greater resistance near the constricted region. Conversely, it decreases with an increase

in the Hartmann number, Grashof number, and heat absorption constant.
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