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ABSTRACT: Arterial stenosis is a critical condition with increasing prevalence among pediatric patients and
young adults, making its investigation highly significant. Despite extensive studies on blood flow dynamics,
limited research addresses the combined effects of nanoparticles and arterial curvature on unsteady pulsatile
flow through multiple stenoses. This study aims to analyze the influence of nanoparticles on blood flow
characteristics in realistic curved arteries with mild to severe overlapped constrictions. Using curvilinear
coordinates, the thermal energy and momentum equations for nanoparticle-laden blood were derived,
and numerical results were obtained through an explicit finite difference method. Key findings reveal
that nanoparticle injections reduce blood temperature intensity, while arterial curvature strongly affects
flow symmetry. Moreover, temperature, axial velocity, wall shear stress, and volumetric flow rate decrease
significantly in severe stenosis compared to mild and moderate cases. These results provide new insights
into nanoparticle-assisted blood flow under complex stenotic conditions and may contribute to improved
diagnostic and therapeutic strategies for cardiovascular diseases.

KEYWORDS: Blood flow; multiple overlapped stenosis; mild and severe stenosis; nanoparticles; explicit
finite difference scheme; curved artery

1 Introduction

The study of blood flow through stenosed arteries is of great importance because the
development of abnormal circulation and arterial wall mechanics is directly connected with
life-threatening cardiovascular diseases such as stroke and myocardial infarction. Stenosis refers to
the partial obstruction of arteries, most often caused by the accumulation of cholesterol, lipids, and
abnormal tissue growth [1]. This narrowing alters the flow field, disturbs hemodynamic factors
such as velocity, pressure, and wall shear stress, and significantly accelerates disease progression.
With the progression of stenosis, the flow becomes increasingly disturbed, and fluid dynamics play
a decisive role in the onset of cardiovascular disorders. Understanding the mechanical properties
of the vascular wall along with the rheology of blood therefore provides essential insights not only
for the diagnosis and treatment of vascular diseases but also for the design of artificial organs and
biomedical devices [2]. Although simplified mechanical models cannot capture the full complexity
of the vascular system, the integration of vascular rheology with hemodynamic factors remains
fundamental for explaining the origin and progression of stenosis.
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In recent years, a growing body of research has investigated the influence of heat transfer and
chemical reactions on blood flow, since heat and mass transfer processes are vital for predicting
blood flow rates, estimating glucose levels, and maintaining safe thermal regulation in the
body [3-5]. Mann et al. [6] were the first to introduce hemodynamic variables that describe the
onset of vascular disorders, and many researchers have since expanded their framework [7-9].
Gallo et al. [10] pointed out that in silico models strongly depend on the boundary conditions
applied, which directly affect predictions of blood velocity and shear stress. Mehmood et al. [11]
proposed a mathematical model for unsteady, axisymmetric blood flow through porous arteries
with multiple irregular stenoses and elastic arterial walls, while later [12] they examined the
impact of catheterization in stenosed aneurysmal arteries. Their findings indicated that hybrid
nanoparticle-based blood has higher velocity compared to ordinary nanofluid blood, and that
impedance in aneurysmal regions is especially high. Morbiducci et al. [13] advanced this field by
combining in vivo measurements with computational fluid dynamics (CFD) to provide reliable
patient-specific evaluations of blood flow.

The geometry of arteries is another major factor in hemodynamic disturbances. Arterial curvature
and bending alter velocity profiles and wall shear stress distributions, contributing to plaque
progression. Liu et al. [14] studied occlusion effects in curved arteries, while Zaman et al. [15]
analyzed pulsatile nanoparticle-laden blood flow in curved and overlapped stenosed conduits.
Using finite difference methods, they reported complex swirling and disturbed flow patterns
near plaques, which may contribute to the enlargement of existing lesions or formation of
new ones. Similar swirling flows have also been noted in other physiological systems such as
airways and glandular ducts [16,17]. In practice, stenoses are not always single or symmetric; they
can be multiple, irregular, overlapped, or composite [18-20]. Boccadifuoco et al. [21] examined
uncertainties in outlet flow boundary conditions for thoracic aortic aneurysm models, showing
strong effects on shear stress distributions. Mekheimer and El Kot [22] studied unstable Sisko
fluid flow in arteries with anisotropic tapering and overlapped stenoses. Mariotti et al. [23] carried
out patient-specific simulations of blood flow in aneurysmal aortas, showing how inlet waveform
variations influence velocity and wall shear stress. While Mekheimer et al. [24] explored the
combined effect of nanoparticle-synovial fluid interactions, heat transfer, and viscosity changes
through concentric tubes with stenosis. Later, Mekheimer and El Kot [25] modeled curved
concentric arteries with overlapping stenosis and catheterization, deriving explicit forms of flow
parameters using perturbation expansions.

Nanoparticles are intentionally introduced into blood in therapeutic and diagnostic contexts,
such as drug delivery, imaging contrast, and hyperthermia treatments. In these cases, blood can
be modeled as a nanofluid (‘nano-blood’), where enhanced thermal and rheological properties
directly influence hemodynamics in stenosed arteries. The use of nanotechnology in hemodynamic
modeling has become an increasingly important research area. Nanoparticles sized 1-100 nm, such
as silver, copper, and carbon nanotubes, are widely applied in biomedicine for stents, catheters,
diagnostics, and targeted therapies [26-28]. Choi [26] was among the first to explore nanotechnology
for thermal enhancement in fluids, while Harris and Graffagnini [27] demonstrated its biomedical
potential. Tan et al. [28] investigated how red blood cells (RBCs) influence nanoparticle transport in
microcirculation. Their study showed that RBCs play a key role in pushing nanoparticles toward
vessel walls, a process known as margination, which enhances targeted delivery efficiency. The
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findings highlight that blood cell dynamics must be considered when designing nanoparticle-based
drug delivery systems. Gentile et al. [29] studied the impact of nanoparticles on thermal regulation
in blood circulation, while Mehmood et al. [30] examined hybrid nanofluids under magnetic and
radiation effects in arterial flows, showing improved velocity and heat transfer. For instance,
Changdar and De [31] investigated the motion of nanoparticles acting as drug carriers in blood flow
through an inclined multiple stenosed artery, revealing the crucial role of hemodynamic factors in
nanoparticle distribution. Similarly, Mehmood et al. [32] examined the hydromagnetic transport of
iron nanoparticle aggregates suspended in water, highlighting the influence of magnetic fields on
particle motion and heat transfer. Further, Mehmood [33] analyzed hydromagnetic nanofluid flow
past a stretching cylinder embedded in non-Darcian Forchheimer porous media, demonstrating
the complex interaction between magnetic forces, porosity, and fluid motion. In addition, Hatami
and Ganyji [34] explored natural convection of sodium alginate-based non-Newtonian nanofluids
between vertical plates, showing that rheological properties significantly affect convective heat
transfer. Later, Mehmood et al. [35] extended this work to electro-magneto-hydrodynamic models
of catheterized arteries with both stenosis and aneurysm, reporting higher flow rates and shear
stresses with nanoparticle suspensions. Bibi and Minutolo [36] investigated bifurcated arteries with
ternary nanoparticles, highlighting how bifurcation angles and electroosmotic pumping influence
velocity, temperature, and shear stress distributions. Collectively, these studies demonstrate
that nanoparticle-enhanced blood flow models can better capture physiological behavior and
have potential applications in biomedical engineering. Another significant direction is the use of
non-Newtonian fluid models to represent blood’s complex rheology. The Casson fluid model has
been widely applied in stenosis research. Dhange et al. [37] investigated steady incompressible
Casson fluid in inclined stenosed arteries, reporting that inclination increases plug flow radius
compared to straight geometries.

In another study [38], they incorporated magnetic field effects, showing reductions in
impedance and alterations in velocity and wall shear stress. Ciaramella et al. [39] analyzed the
elastic rigidity of narrow plates to support numerical methods in flow analysis. Shabbir et al. [40]
studied pulsatile blood flow in tapered arteries under atherosclerotic conditions, applying
finite difference methods to quantify the impact of stenosis height and Prandtl number on
heat transfer. Dhange et al. [41] explored nonlinear Casson fluid flow in inclined arteries with
overlapping stenoses, showing that greater inclination increases both resistance and wall shear
stress. Dhange et al. [42] also modeled chemical reactions and solute diffusion in couple-stress
fluids under peristaltic motion, reporting that peristalsis enhances diffusion. Later works
expanded this field further: Vaidya et al. [43] modeled viscoplastic hybrid nanofluids in vertical
stenosed arteries. These studies demonstrate the increasing importance of advanced rheological
and nanofluid models for realistic cardiovascular simulations. Recent studies highlight the
importance of realistic modeling in vascular hemodynamics. Noor et al. [44] emphasized the
role of vessel geometry and magnetic fields in aneurysm progression through 3D simulations,
while Ferdows et al. [45] showed that wall shear stress strongly influences coronary artery
disease progression. These findings motivate the present study on nano-blood flow in stenosed
curved arteries.

Despite extensive studies on blood flow through stenosed arteries, most investigations have
either considered nanoparticle effects or arterial curvature in isolation. Limited attention has been
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given to the combined influence of nanoparticles and multiple overlapping stenoses in a realistically
curved artery under unsteady pulsatile flow. To the best of the authors” knowledge, no prior study
has simultaneously modeled these coupled effects using a finite difference approach. The novelty
of the present work lies in developing a numerical model that incorporates copper, titanium, and
aluminum nanoparticles into pulsatile blood flow through a curved artery with mild to severe
multiple stenoses. By capturing the interplay of nanoparticle diffusion, arterial curvature, and
stenotic severity, this study provides new insights into velocity distribution, temperature regulation,
wall shear stress, and volumetric flow rate, thereby contributing to a deeper understanding of
hemodynamic mechanisms relevant to cardiovascular diagnostics and therapies.

Novelty and contribution: Previous investigations have analyzed nanoparticle-assisted blood
flow in stenosed arteries under various assumptions. For example, Zaman et al. [15] studied
nanoparticles in a curved artery with overlapping stenosis, but only for a single level of constriction.
Mehmood et al. [12] focused on hybrid nanofluids with catheterization in aneurysmal arteries, while
other works have addressed fractional non-Newtonian models, magnetohydrodynamic effects, or
single stenosis geometries [30,35,40]. These studies highlight important phenomena but do not
provide a systematic comparative assessment of stenosis severity in curved arteries. The present
work fills this gap by coupling unsteady pulsatile flow, arterial curvature, and multiple overlapped
stenoses with metallic nanoparticles (Cu, TiO,, Al,O3). A systematic severity sweeps from mild
to severe stenosis (0-80% occlusion) is performed, and the roles of curvature, heat-source/sink
effects, and buoyancy forces are isolated. In addition, percent changes in temperature and velocity
at representative axial positions are quantified, offering direct diagnostic metrics. These features
distinguish this study from prior literature and provide a reproducible framework that can be
extended to non-Newtonian or hybrid models in future work.

2 Governing Equations

In the examination of an unsteady and incompressible nano blood flow through the curved
artery, we consider a two-dimensional curvilinear coordinate system in such a way that the axis of
the arterial segment coincides with the axial direction in the z-axis and the radial direction with the
r-axis is transverse to it. Blood is likewise supposed to be an incompressible Newtonian fluid that
flows in a curved artery with a radius k* having multiple overlapped stenosis (Fig. 1).

z=0

z=L z

Figure 1: Schematic diagram of the multiple overlapping stenosed curved artery.



Fluid Dyn Mater Process. 2025;21(10) 2477

The mathematical expression of the overlapping stenosis is as follows:

64 (11,4 47 , ) ;1 . _
T 228 (s — 4 — ZL12(5 4. A7 — AN — Z (v — 4. < o< L=
H(z) = 1 1017, <3211 (z—d;) 481’ (z—d;)" +1i(z—d;) 3(2 d;) ), di<z<d;+1;,i=1,2,3 (1)
1 (otherwise).
The following is the expression for the parameter 7;:
46;
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where the length of the ith irregular overlapped stenosed section is represented by I;, the distance
of the ith irregular overlapped stenosed section emanating from the origin is d;, b is the radius of
the normal healthy arterial segment and 47 denotes the critical height of each stenosis appearing at
two specific locations:

8l;

el
z = dl + W (4)

For the sake of simplicity, we have assumed that [ = I = I3.
The continuity, momentum, and energy equations for the nano blood flow can be stated as:

div(V) =0 ©)

This expresses mass conservation. Since blood is considered incompressible, the volume flow
into any control volume equals the volume flow out. Physically, it ensures that no artificial “sources
or sinks” of blood exist within the vessel.

DV .
Onfpr = div(T) + Pnrg (6)

This is Newton’s second law applied to blood flow: the inertial forces of the nanofluid are
balanced by viscous stresses (1) and body forces like gravity.

DT
(Pcp) sy = knf VT @

Eq. (7) represents heat transfer in flowing blood. The left side is the thermal energy carried by
the nanofluid, while the right side shows conduction within it. Where T = —pI + s A is the stress
tensor with I the identity tensor, p is the pressure, t is the time, T is the temperature of the fluid, V
is velocity of fluid and g is the gravitational force, and A = (gradV) + (gradV)". u, £ is nano blood
viscosity, k, s is thermal conductivity, p,,¢ is density, and (pc),, s is heat capacitance in the suggested
nano-fluid model.

For considered unsteady, two-dimensional nano blood flow, Egs. (5)—(7) take the forms

d d
S ((rk)o) +K 52 =0 (®)
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where the velocity components in the radial and the axial directions are denoted by v and w,
respectively, and the constant of heat generation or heat absorption in the preceding equations is
Qo and k* is the curvature parameter. while the thermo-physical parameters are defined by

o = (1= @)ps + 90, (0p) = (1= ) (ocy)  + $(0cy),,

knf ks +2kg —2¢ (ks —ks)
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Huf =
(12)

Yuf is a thermal coefficient in the suggested nano-fluid model. In the above articulations, the
physical or actual parameters for the base fluid are characterized as: jif is viscosity, yf is thermal
expansion, py is density, k is thermal conductivity and (poc)) f is heat capacitance, while the physical
or actual parameters for the solid nanoparticles are characterized as: <y is thermal expansion, p; is
density, ks is thermal conductivity, (pcp)s is heat capacitance and ¢ represent volume friction. The
thermophysical properties of nanofluids are given in Table 1.

Table 1: Thermophysical properties of base fluid and nanoparticles [15].

Physical Properties Fluid Phase (f) Nanoparticles Phases (s)
Solid Phase (s71) Solid Phase (sp) Solid Phase (s3)
Blood Cu T102 A1203
7 (kg/m3) 0.18 1.67 0.9 0.85
k (W/mk) 0.492 400 8.9538 40
p (kg/m3) 1063 8933 4250 3970
cp (J/kgK) 3594 385 686.2 765

o r . w_ v - Vy _ oz ok bzp _T-Tp
r = b/w_ Volv_ 51*V0/t_ b t/Z_ li/ kC_ b/p_ V()b‘uf, 9_ TO 7 (13)
Aol g _PQ (cp) shig o _ Ty oy Vob
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where the dimensionless radial coordinate is denoted by 7 and the dimensionless axial coordinate is
denoted by Z. T and @ are the dimensionless radial and axial components of velocity. Here t, H, 7,
P represents the dimensionless time, radius, pressure, and heat source parameter or sink parameter,
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respectively. P, is the Prandtl number, G, is the Grashof number, Re is the Reynolds number and
Ty is the arterial temperature wall. The average velocity of the blood is denoted by Vj. For the
analysis, we have assumed the disease is subject to stenotic conditions

OF
0i(= j) << landeg;(= f) =0O(1),foreveryi=1,2,3 (14)
i
e.g., stenosis maximum height is much smaller than the radius of the artery, and the radius of the
artery and the length of the stenotic zones are also comparable and negligible. Utilizing the above
dimensionless variables and using stenotic conditions in Egs. (8)—(11), in the wake of dropping the
dashes, currently expect the structure:

9p _
P o (15)
Onf\ ., Ow ke 9p  Hnp(Pw 1 0w w (07 )y
P ReSS = — 2F ° = G0 16
(pf> eat r+kcaz+;¢f 8r2+r—|-kc or (r+kc)2 * (P’Y)f ' 16)
(0cp) s kr 00 (220 1 90\ Ky
P,Re ST (4 ) + L 17
! (pcp)f ks ot <81’2 r+keor kuf (17)
The pressure gradient equation is defined by
op
—== = Ay + Az cos(2mwpt), t > 0 (18)
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The imposed pressure gradient mimics the pulsatile pumping action of the heart—systolic
and diastolic phases. The cosine term introduces oscillations, which reproduce real arterial blood
flow rather than steady flow. where A; denotes the mean pressure gradient and A, denotes the
amplitude of the pulsatile part that controls systolic and diastolic pressures. Eq. (18) takes on a
dimensionless form.

9P _ B(1+ ecos(ct)) (19)
0z
where
Az bwp A0b2
e=—,c= , B= 20
Ay Vo 1o @0)

By putting the expression of the axial pressure gradient given in Eq. (19) into Eq. (16), we
acquire

YGe o (21)
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The initial and boundary conditions for Egs. (17) and (21) are as follows:

w(r, t)|,_y =0, w(rt)|,__y =0, w(0) =0,

0(r,t)],_y =0,0(r,t)],__5 =0, 6(r,0)=0. (22)

In the new variables, the suitable formulas for volumetric flow rate and wall shear stress (WSS)

are:
H
Q= [ wrdr (23)
]
ow
= (81*) r=H (24)

The flow rate quantifies the net blood supply through the artery. And this T measures the
frictional drag exerted by blood on the vessel wall. Clinically, regions of high or low wall shear
stress are linked to plaque formation and progression of stenosis. In non-dimensional form, the
geometry of the arterial segments is as follows:

64 11 47 2 ;3 1 4 3 .
_ . _o0) — o —oY — Z(z— 0 3 <o 4L j=
H(Z) — { 1 101101 (32 (Z Ul) 48 (Z Ul) + (Z (Tl) 3(Z Ul) >/ i S Z S0 + 2/ 1 1/2/3 (25)

1 (otherwise),

with IPZ' = 451', (Si = %, o, = %

3 Numerical Scheme

The Finite difference scheme used to solve the Egs. (17) and (21) under physiological stream
conditions given in Eq. (22) is based on the forward difference representation for the time
derivatives and the central difference formulation for the spatial derivatives (FTCS) in the following
manner:

k k
ow ., Wi — Wiy

or 2Ar =W (26)

= = rr 27
or2 ( Ar)z w 27)
k+1 k
ow ~ w;p W
and STy Ve (28)

in this strategy, wé‘ addresses the worth of v at the node j, and comparably # signifies the k™ time
moment. The Egs. (17) and (21) are now discretized following these finite difference approximations
to the following difference equations given by
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The boundary conditions are also discretized in the following manner:
w =6l=0,  att=0,
w,=0,=0, atr=H(z).

The explicit finite difference (FTCS) method was selected for the present study because it
offers several advantages: it is simple to implement, computationally efficient, and does not
require solving large systems of algebraic equations as in implicit methods. For nano-blood flow
problems with smooth solutions, FTCS provides sufficiently accurate results when the stability
criterion is satisfied. The numerical arrangement is acquired for n + 1 consistently a discrete point
ri,(j=1,2,...,n+1). At time levels t; = (k — 1)At, the space of the grid size is separated by
Ar = %H' where dt is a slight augmentation in time. The step sizes are set to At = 0.0001 and
A r = 0.025. In our case, the selected step sizes (At = 0.0001 and A r = 0.025) meet the Hoffman
stability condition [46]. Furthermore, adopting FTCS ensures consistency with previous studies
(e.g., Zaman et al. [15]), which enables meaningful validation and comparison. Details of the

different kinds of diseases are mentioned in Table 2.

Table 2: Description of different types of diseases.

Nature of Disease Height Length Distance from Origin
d; I d;
Healthy 0.0 0.0 0.0
Mild 0.4 1.0 0.25
Moderate 0.6 1.0 2
Severe 0.8 1.0 3.75
4 Model Validation

To guarantee the legitimacy of this model, the outcomes for temperature and axial velocity
are determined for a single overlapped stenosis in a non-tapered artery (z = 0.52) are contrasted
with the numerical results of Zaman et al. [15]. The comparisons for temperature and axial velocity
versus radial positions are introduced in Fig. 2a and 2b, respectively. These outcomes portray a
nearby relationship between predicted temperature and axial velocity and numerically measured
temperature and velocity by Zaman et al. [15].
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Figure 2: Comparison of temperature and axial velocity for the present model (z = 0.52, g = 2) with a single
stenosis model presented by Zaman et al. [15]. Axes: radial position (r, dimensionless), axial velocity (w,
dimensionless) (a) Temperature variation comparison between present model and model presented by Zaman
et al. [15]; (b) Velocity variation comparison between present model and model presented by Zaman et al. [15].

5 Discussions

The governing equations are numerically simulated, and numerical solutions are obtained
under physiological flow characteristics. The reported results are the outcome of the simulations
for incompressible nano blood flow. The impacts of different values of nano particles parameter ¢,
concentration for (Cu — Copper), heat source parameter f, curved parameter k. and Grashof number
G, on the temperature, velocity profiles, wall shear stress and flow rate are graphically inspected to
examine the impact of constricted geometry with multiple stenoses on nano blood rheology.

Copper (Cu), titanium dioxide (TiO;), and alumina (Al,O3) nanoparticles were chosen for their
high thermal conductivity and biomedical relevance. TiO; is stable in serum and generally safe at
low doses. Copper nanoparticles can be made biocompatible via surface coatings like hyaluronic
acid, while alumina shows minimal hemolytic activity at low concentrations with proper surface
treatment. Using a volume fraction (¢) < 0.05 aligns with prior nanofluid studies, balancing
heat transfer and stability. Overall, these choices are supported by experimental evidence for
biocompatibility and clinical relevance, though safety depends on particle size, dose, and coating.
In this study, the Grashof number (G,) indicates the balance between buoyancy and viscous forces
in blood flow. The range of G, reflects weak but measurable buoyancy effects, which, though
somewhat idealized, help analyze how thermal gradients influence nanoparticle-laden arterial
flow. The impacts of various parameters at the point of maximum constriction of mild stenosis is
represented by black, at the point of maximum constriction of moderate stenosis is represented by
blue, and at the point of maximum constriction of severe stenosis is represented by red, respectively.

The variation of temperature distribution at the points of maximum constriction is presented in
Fig. 3. In Fig. 3a, it is observed that the addition of nanoparticles (¢) reduces the arterial temperature.
This reduction occurs because nanoparticles enhance the thermal conductivity of blood, allowing
more efficient heat transfer from the fluid to the arterial walls. In Fig. 3b, different concentrations of
copper (Cu) nanoparticles are considered. The results indicate that higher concentrations correspond
to lower blood temperature, confirming that metallic nanoparticles strengthen the cooling effect. The
decrease in temperature with nanoparticles reflects their role as heat conductors, which dissipate
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thermal energy more effectively. In stenosed arteries, where narrowing intensifies heat exchange, this
cooling effect becomes more pronounced. Clinically, such behavior could aid in thermal regulation of
blood flow but may also influence local tissue responses around stenotic regions.

(@) (b)

Pure Blood ¢ =0 Cu ¢ =0.0
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.Z 3_ ,—'-\\ ........ Cu ¢ =0.2
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Figure 3: Variation of temperature distribution for (a) different values of nanoparticles parameter ¢; (b) different
values of concentration for Cu. Axes: radial position (r, dimensionless), temperature (, dimensionless).

Fig. 4a illustrates the variation of the temperature distribution for different values of the heat
source parameter 3 at the points of maximal constrictions of the arterial segment. By raising the
value of B, the temperature distribution shows an increasing trend, and the graphs shift towards a
symmetric pattern. This behavior indicates that the addition of internal heat enhances the thermal
energy of the nano blood, thereby reducing the thermal gradients across the stenosed artery. It
is also observed that the temperature drops more significantly in the case of severe stenosis as
compared to moderate and mild stenosis. Fig. 4b depicts the influence of the curved parameter k.
on the temperature distribution. The findings show that as the value of k. increases, the profiles of
the temperature distribution gradually transform to a symmetric shape. Physically, this implies that
the curved artery behaves more like a straight artery at larger values of k.. The results also indicate
that the cooling effect of nano blood becomes more prominent in the severe stenotic condition,
where the magnitude of the temperature is reduced compared to the mild and moderate cases.
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Figure 4: Variation of temperature distribution for (a) different values of heat source parameter 5; (b) different
values of the curved parameter k.. Axes: radial position (r, dimensionless), temperature (¢, dimensionless).
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Fig. 5a demonstrates that the hemodynamic axial velocity reduces with the inclusion of
nanoparticles. This is because nanoparticles increase the effective viscosity of the base blood, which
in turn enhances resistance to flow and decelerates the velocity. Fig. 5b shows that increasing the
curved parameter k. gradually transforms the velocity profile into a symmetric shape. Physically,
this implies that the effect of arterial bending diminishes at higher k., and the curved artery tends
to behave like a straight one. In all cases, the axial velocity is lowest at severe stenosis, where the
constriction produces maximum resistance to blood motion. Fig. 6a depicts the influence of the
heat source parameter  on velocity distribution. With higher values of 8, the velocity increases
since additional heat supply reduces viscous resistance and allows blood to accelerate through
the stenosed region. Fig. 6b illustrates that velocity rises with the Grashof number G,, which
signifies stronger buoyancy effects enhancing fluid motion. It is also observed that the velocity
profile becomes nearly parabolic. However, the overall velocity magnitude still drops significantly
for severe stenosis compared to mild and moderate conditions, due to the stronger narrowing of

the artery.
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Figure 5: Variation of axial velocity distribution for (a) different values of nanoparticles parameter ¢; (b) different
values of the curved parameter k.. Axes: radial position (r, dimensionless), axial velocity (w, dimensionless).
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Figure 6: Variation of axial velocity distribution for (a) different values of heat source parameter j; (b) different
values of the Grashof parameter G,. Axes: radial position (r, dimensionless), axial velocity (w, dimensionless).
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6 More Severe Stenosis

The original exploratory information of Zaman et al. [15] is that 10% of areal impediments
have mild stenosis. This information is altered to get the more severe stenosis, with 40%, 60%, and
80% areal occlusion, keeping up with the original shape of overlapped stenosis with comparative
irregularities. This change is designed to look at the temperature profile, velocity profile, wall
shear stress, and volumetric flow rate for severe stenosis in more detail. The percentage of aerial
occlusion of different kinds of diseases and percentage changes in temperature and velocities are
given in Tables 3 and 4, respectively.

Table 3: Nature of diseases with % aerial occlusion.

z 0.1 0.5 2.25 4.0
Nature of Disease Healthy Mild Moderate Severe-
% Aerial occlusion 0% 40% 60% 80%

Table 4: % changes in temperature and velocity at different axial locations.

Axial Location z Temperature 0 Velocity w % Change in 0 % Change in w
0.1 0.1727 0.6333 0.00 0.00
0.5 0.0549 0.1869 62.22 70.49
2.25 0.0250 0.0780 85.50 87.69
4.0 0.0054 0.0157 96.88 97.52

Table 4 quantifies the relative reductions in blood temperature and velocity at different axial
locations along the diseased artery. The results demonstrate a progressive and nonlinear deterioration
of hemodynamic and thermal transport characteristics as stenosis severity increases. Atz = 0.5,
corresponding to the location of mild stenosis, temperature and velocity drop by about 62% and 70%,
respectively, highlighting an early compromise in both convective heat transfer and blood transport.
At z = 2.25 (moderate stenosis), the reduction intensifies to nearly 86% in both variables, indicating
that once arterial occlusion exceeds 60%, the lumen narrowing substantially limits perfusion. Atz =
4.0 (severe stenosis), more than 96% reductions are observed, suggesting near-complete blockage. This
critical threshold corresponds physiologically to markedly impaired flow, where downstream tissues
would experience severe ischemia. The carotid arterial pulse exhibits a prolonged and plateaued
peak, lower amplitude, and a progressive downslope in more severe aortic stenosis. This symptom
may not be evident in older people who have stiff carotid vessels.

Another notable aspect of Table 4 is that the temperature and velocity reductions occur in
a nearly proportional manner at each stenosis level. This indicates that impaired convective
heat transfer is directly linked to the reduction in flow rate. Such a correlation reinforces the
role of hemodynamic factors in regulating thermal transport in arterial blood, consistent with
clinical findings that severe stenosis both restricts perfusion and reduces local heat dissipation.
These quantitative insights help explain why mild stenosis may remain asymptomatic, while
moderate to severe stenoses have significant hemodynamic consequences, often requiring medical
or surgical intervention.

Fig. 7a compares the wall shear stress (WSS) for pure blood and nano blood at the points of
maximum constrictions. It is observed that the addition of nanoparticles (TiO,, Al,O3) reduces
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the WSS magnitude. Physically, nanoparticles modify the viscosity and heat transfer properties of
blood, which decreases the shear forces acting on the arterial wall. This effect is useful in lowering
the mechanical load on diseased arteries. Fig. 7b shows the influence of the curved parameter k..
As k. increases, the WSS distribution approaches a steady state, and the profiles become smoother.
Physically, this reflects the reduction in curvature effects, where the artery behaves more like a
straight channel and flow disturbances lessen, leading to stabilized shear forces. Fig. 7c depicts
the impact of the heat source parameter . With increasing B, WSS rises due to enhanced thermal
energy that strengthens fluid motion and increases frictional forces at the wall. However, in all
scenarios, severe stenosis produces a marked reduction in WSS compared to mild and moderate
cases, since greater arterial narrowing restricts flow and weakens wall interaction. It is observed
that the blood wall shear stress drops more in the case of severe stenosis.

(a) (b)
Pure Blood ¢ =0 —kc =15
1 _-_-AIZ 03¢=0.05 | 1.2 |= = kc=2'5 B
s T O, ¢ =0.05 K =

1.2
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Figure 7: Variation of wall shear stress distribution for different values of (a) nanoparticles parameter
¢; (b) curved parameter k.; (c) heat source parameter . Axes: time (t, dimensionless), wall shear stress
(T, dimensionless).
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Stenosis-wise wall shear stress: In addition to the total WSS trends, we also examined the
WSS behavior at each individual stenosis location (mild, moderate, and severe). The results show
that WSS exhibits distinct peaks at the throat of each stenosis:

e Mild stenosis (40% occlusion): WSS is elevated compared to healthy segments but remains
the lowest among the three cases.

e Moderate stenosis (60% occlusion): WSS increases significantly, and due to curvature and
overlap effects, the distribution becomes more asymmetric along the wall.

e Severe stenosis (80% occlusion): WSS magnitude decreases compared to moderate stenosis,
but the gradient near the throat is much steeper, indicating stronger localized stress
concentrations.

This stenosis-wise comparison highlights that while moderate stenosis yields the largest
average WSS, severe stenosis introduces sharper localized variations, which may be more critical
for endothelial damage and plaque progression. Such localized information complements the total
WSS analysis and strengthens the interpretation of the hemodynamic behavior.

Fig. 8 shows the volumetric flow rate distribution of nano blood at the points of maximal
constrictions of the arterial segment for a variety of significant parameters. Fig. 8a shows the
comparison of volumetric flow rate for pure blood and nano blood. It is observed that the injection
of nanoparticles decreases the flow rate. Physically, nanoparticles increase the viscosity of blood,
which enhances flow resistance and reduces the overall discharge through the artery. Fig. 8b depicts
the influence of the heat source parameter . With higher values of , the flow rate increases, since
additional heat energy lowers resistance and supports smoother blood movement. Fig. 8c shows
the variation of flow rate with the curved parameter k.. As k. increases, the flow rate gradually
decreases until a steady state is reached. Physically, this behaviour indicates that the curved artery
progressively behaves like a straight channel, but with reduced discharge due to stabilized flow
conditions. In all cases, the volumetric flow rate is significantly decelerated in severe stenosis
compared to mild and moderate stenoses, reflecting the strong effect of narrowing on blood supply.
“These observations are relevant for nanoparticle-assisted therapies such as hyperthermia, where
controlled cooling or heating of arterial segments can be influenced by stenosis severity.”

To justify the two-dimensional simplification, the key hemodynamic outcomes obtained from
the present model were compared with trends reported in three-dimensional CFD studies, as
summarized in Table 5. The comparison shows that the reduction in velocity and volumetric flow
rate with increasing stenosis severity predicted by our model is consistent with 3D simulations
(Morbiducci et al. [13], Liu et al. [14], Mariotti et al. [23]). Similarly, the influence of arterial
curvature on the symmetry of velocity profiles and wall shear stress agrees with 3D hemodynamic
findings. Furthermore, the effect of nanoparticles on lowering blood temperature observed in this
study is in line with thermal 3D nanofluid investigations. These consistencies confirm that the
proposed 2D model, despite being computationally less expensive, retains the essential physical
accuracy of more complex 3D approaches.
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Figure 8: Variation of flow rate distribution, for (a) different values of the nanoparticles parameter ¢;
(b) different values of the heat source parameter j; (c) different values of the curved parameter k.. Axes:
time (¢, dimensionless), volumetric flow rate (Q, dimensionless).

Table 5: Comparison of trends in hemodynamic factors between present 2D model and reported 3D simulations.

Present 2D Model

Hemodynamic Factor (This Study) Reported 3D Studies (Literature) Agreement
i?;?gla:;;ilezri‘gf; Nanofluid models and 3D
Temperature distribution P § thermal-CFD studies confirm cooling v

stronger effect in severe effect of nancparticles

stenosis
Decreases significantly Decreases with stenosis severity;
Velocity in stenosis with stenosis severity; parabolic trends reported v
nearly parabolic profiles (Morbiducci et al. [13], Liu et al. [14])
Reduced by nanoparticles; Curvature-dependent and
Wall shear stress (WSS) increases with curvature  stenosis-dependent WSS confirmed in v

and heat source 3D CFD studies
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Table 5: Cont.

. Present 2D Model . .
Hemodynamic Factor (This Study) Reported 3D Studies (Literature) =~ Agreement
Strong reduction in Substantial reduction in 3D CFD
Volumetric flow rate severe stenosis (up to simulations of severe stenosis v
~97% decrease) (Mariotti et al. [23])
Curvature drives 3D curved artery simulations
Curvature effects symmetry in velocity report similar symmetry and v

and WSS profiles secondary flow structures

7 Conclusion

In this study, the effects of nanoparticles on unsteady pulsatile blood flow through a curved
artery with mild, moderate, and severe multiple overlapped stenoses were numerically investigated
using an explicit finite difference scheme in curvilinear coordinates. The analysis focused on key
hemodynamic and thermal parameters, including temperature distribution, axial velocity, wall
shear stress, and volumetric flow rate.

The results demonstrate that the addition of nanoparticles enhances heat transfer and reduces
blood temperature, while simultaneously increasing viscosity, which leads to reduced axial velocity
and volumetric flow rate in stenosed regions. Wall shear stress is also weakened in the presence
of nanoparticles, indicating a modification of the blood’s rheological properties. The severity of
stenosis strongly influences these behaviors: compared to mild and moderate cases, severe stenosis
produces drastic reductions of up to ~97% in velocity and temperature, highlighting the critical
obstruction posed by high-grade narrowing. Furthermore, the curvature parameter was found to
regulate flow symmetry, with higher values making the artery behave more like a straight channel.

These findings provide useful insights into the interplay between arterial geometry, stenosis
severity, and nanoparticle-enhanced blood flow, offering potential guidance for diagnostic
evaluation and therapeutic planning in cardiovascular disease.

Future Scope: Future work can extend the present study in several directions. First, the current
analysis may be generalized by incorporating non-Newtonian blood models to better capture the
complex rheology of blood. Second, patient-specific artery geometries reconstructed from medical
imaging can be employed to enhance clinical relevance. Third, the interaction of nano-blood flow
with external magnetic or electric fields, as well as the inclusion of drug-carrying nanoparticles, may
be studied for targeted therapeutic applications. Finally, the coupling of this numerical framework
with experimental or in vivo validation would further strengthen its applicability in designing
diagnostic tools and treatment strategies for cardiovascular diseases.

7.1 Implications for Nanoparticle-Based Therapies and Stent Design

The results of this study also offer valuable implications for nanoparticle-assisted therapies and
vascular implant design. The observed reduction in velocity and temperature within stenosed zones
suggests that nanoparticles can enhance local drug retention, making them promising carriers
for site-specific drug delivery in atherosclerotic arteries. For example, nanoparticle-mediated
delivery of anti-inflammatory or lipid-lowering drugs may exploit the prolonged residence time in
constricted regions to improve therapeutic efficiency while minimizing systemic exposure. Recent
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clinical investigations have reported encouraging outcomes in nanoparticle-based cardiovascular
therapies, highlighting their potential for translation into practice [40,42,43].

In addition, the wall shear stress and flow resistance characteristics observed in this study
may help guide the optimization of drug-eluting stents (DES) and nanoparticle-coated stents.
Hemodynamic modeling can serve as a predictive tool to design stents that improve drug
release kinetics and minimize restenosis risk in arteries with complex geometries. Research into
nanoparticle-functionalized and bioresorbable stents is already underway [44,45], and our results
provide complementary insights into how nanoparticle rheology affects arterial flow dynamics.

By connecting numerical simulations with emerging therapeutic technologies, this study
provides a foundation for future applications in diagnostic tools, targeted therapies, and advanced
stent designs that integrate nanoparticle-based strategies for cardiovascular disease management.

7.2 Broader Practical Applications

The findings of this study have implications across several industries. In biomedical and
healthcare sectors, the insights into nanoparticle-laden blood flow can support the development
of targeted drug delivery systems, advanced diagnostic tools, and improved treatment strategies
for cardiovascular diseases. The medical device industry may apply these results to optimize the
design of stents and vascular implants, ensuring better integration with blood flow dynamics
and reduced risks of restenosis. The pharmaceutical industry could benefit from the enhanced
understanding of nanoparticle interactions with blood flow by designing more effective formulations
for nanomedicine-based therapies. Finally, the computational modeling and simulation industry may
adopt these findings to improve predictive models for fluid-structure interactions, enabling more
accurate testing of therapeutic interventions and medical devices before clinical application. Together,
these applications illustrate how the study bridges fundamental research and real-world innovation.
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