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Aims: Cardiovascular disease continues to pose a significant global health challenge in
modern society. Aneurysmal dilation markedly modifies hemodynamic patterns, potentially
leading to thrombus formation and vascular complications. Nanoparticles (NPs) represent
potential agents for targeted drug delivery; however, their effects on arterial flow behavior
and hemodynamic parameters necessitate additional research. This study investigates
nano-therapeutic transport and its impact on blood flow characteristics in idealized
aneurysmal arteries through computational fluid dynamics (CFD).

Study design: A three-dimensional computational model was created for a healthy artery
(Case 1) and an aneurysmal artery (Case 2). The aneurysmal artery models featured dilation
diameters of 5 mm, 8 mm, and 10 mm to examine the impact of aneurysm size on
hemodynamic behavior. Comparative analyses were conducted with and without
nanoparticles in pulsatile blood flow conditions.

Methodology: A pulsatile velocity profile was applied at the inlet, with a constant outlet
pressure of 16,000 Pa sustained. Blood was characterized as a non-Newtonian fluid through
the application of the Carreau—-Yasuda model. Computational hemodynamic parameters,
such as velocity magnitude, wall shear stress, oscillatory shear index, and relative residence
time, were examined with and without the presence of nanoparticles. A detailed
computational mesh was utilized to guarantee the numerical stability and accuracy of the
simulations.

Results: The healthy artery in Case 1 had a WSS of 11.3543 Pa, while Case 2 with
nanoparticles had 10.9176 Pa. As aneurysm diameter increased, WSS decreased in the
sac. Due to nanoparticles, Case 2 WSS distribution was smoother than Case 1. The healthy
artery and aneurysm diameters of 5 mm, 8 mm, and 10 mm had OSI values of 0.1429 with
nanoparticles, while those without nanoparticles were 0.142857, 0.142804, 0.1428571, and
0.1428571. Both patients had moderate to high RRT values, indicating prolonged blood
particle occupancy near the aneurysm wall. The results also showed that (1) arteries with
nanoparticles had lower velocity, (2) Case 1 without nanoparticles had 3.85% higher WSS
than Case 2 with nanoparticles, (3) nanoparticles produced a smoother WSS profile, and (4)
prolonged residence time near the aneurysm wall may increase thrombosis risk. Local flow
dynamics and hemodynamic indicators were greatly altered by aneurysmal dilatation.
Nanoparticles lowered flow velocity and smoothed the WSS curve while marginally altering
OSI and RRT. These findings shed light on nanoparticle-assisted medicine delivery in
vascular diseases and may improve treatment methods.

Conclusion: The outcomes demonstrate the substantial influence of hemodynamic
variables on the progression and remodeling of curved arteries with aneurysms, especially
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when nanoparticles are present. The results of the research are

e The artery containing nanoparticles (Case 2) demonstrates a reduced velocity in
comparison to the artery devoid of nanoparticles (Case 1).

e The Case -1 demonstrates a 3.85% increase in WSS relative to Case -2.

e An inverse relationship exists between aneurysm diameter and velocity in both
instances.

e The RRT values in the 10 mm aneurysmal artery exceed those in the healthy artery
by 99.90% in both instances.

This indicates a high-risk area, where the extended residence time of blood particles
adjacent to the vessel wall may facilitate vascular remodeling.

Keywords: Nanoparticles; CHD factors; Cardiovascular-disorder; non-Newtonian; CFD

1. INTRODUCTION

Cardiovascular diseases characterized by aneurysmal dilatation markedly modify blood flow
dynamics and elevate the risk of thrombosis and arterial rupture. Nanoparticles have
emerged as effective vehicles for targeted drug delivery because to their improved transport
and therapeutic efficacy in intricate vascular areas[1], [2]. Computational fluid dynamics
(CFD) offers a robust method for examining blood flow properties and nanoparticle
movement in pathological arteries: This study develops a three-dimensional model of an
aneurysmal artery to examine the impact of nanoparticles on velocity distribution, wall shear
stress (WSS), oscillatory shear index (OSl), and relative residence time (RRT) under
pulsatile non-Newtonian blood flow circumstances. Nanoparticles have been identified as
promising drug delivery and targeting vehicles because of their unique physicochemical
qualities such as extremely small size, large surface-area-to-volume ratio, and greater
capacity to traverse complicated biological settings. In recent years, nanoparticle-assisted
therapeutic techniques have attracted great interest in cardiovascular studies, especially for
the treatment of vascular diseases such as stenosis and aneurysms. These nanoscale
carriers can improve medication absorption, prolong the time they circulate, and deliver
therapeutic agents to the sick artery areas while minimizing systemic negative effects. In
aneurysmal arteries, where aberrant dilatation greatly affects the blood flow patterns,
knowledge of the transport and dispersion of nanoparticles becomes very crucial to optimize
the therapeutic efficiency and minimize problems such as thrombosis and rupture. Thus,
CFD has become an essential technique to evaluate the migration of the nanoparticles and
the hemodynamic behavior in sick arteries.

A number of research have helped to comprehend the intricate link between artery
geometry, blood rheology, and nanoparticle transport. Researchers revealed that proximal
stenosis leads to more severe hemodynamic disruptions than distal stenosis, but both
generate the same degree of lumen loss. This is owing to higher flow acceleration and
enhanced recirculation zones around the restricted region [3]. The results emphasize the
importance of lesion location in blood flow interruption and treatment delivery efficiency.
Moreover, it has been shown that the size of nanoparticles is an important factor in
regulating dispersion properties and drug transport efficiency in vascular systems. Smaller
nanoparticles are usually more penetrative and diffusive but larger particles may suffer more
inertial effects and different residence periods in aneurysmal sacs.
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The effect of Brownian motion on the transport of nanoparticles has also been studied
extensively. It has been found that the random movement of nanoparticles is increased with
the increase of the Brownian motion parameter, which causes the enhanced particle
diffusion and mixing inside the blood flow field [3]. This effect is especially critical in low
velocity recirculation zones inside aneurysms, where increased particle dispersion may
result in improved targeted medication deposition. Furthermore, the study of the non-
Newtonian blood flow behavior showed that the fluid velocity increases with the growing of
the coupling stress inverse parameter, which indicates the substantial dependency of
hemodynamic characteristics on the rheological properties [4][8]: Accurate rheological
modeling of blood, especially in diseased arteries, is required for realistic prediction of flow
patterns and nanoparticle delivery, due to its shear-thinning nature.

Commonly accepted as essential markers of vascular disease development and thrombus
formation are the hemodynamic parameters of WSS, OSI and RRT. They showed that
increase in aneurysm diameter and magnetic field strength resulted in decrease in WSS
while OSI and RRT values increased at the same time [9]. Reduced WSS areas are
associated with endothelial dysfunction and thrombus formation whereas increased OSI and
RRT signify disrupted oscillatory flow and increased particle residence times near the artery
wall. These hemodynamic anomalies may have a considerable effect on the aggregation of
nanoparticles and medication delivery efficiency in the aneurysmal regions.

Cerebral aneurysms are a major public health problem globally. Studies have revealed that
about 3—-5% of the global population may develop cerebral aneurysms, and nearly 1-2% of
these aneurysms rupture annually, sometimes leading to severe neurological problems or
death [10], [11]. The significant risk of aneurysm rupture drives the demand for novel
therapeutic techniques that could potentially improve localized treatment and reduce the
necessity for invasive operations. In this context, nanoparticle-based drug delivery systems
provide a promise for the selective targeting of sick sections of the artery wall and the
improvement of therapeutic accuracy.

In addition, studies comparing healthy, stenosed, and aneurysmal arteries have shown that
non-Newtonian blood modeling gives much greater values of velocity and wall shear stress
than Newtonian assumptions. In particular, maximal velocity increased by 7.96% and WSS
increased by 220.98% during systole in stenosed and aneurysmal arteries compared to
healthy and treated arteries [12][15]: These results highlight the importance of genuine non-
Newtonian blood behavior in CFD models to accurately anticipate the hemodynamic
circumstances and nanoparticle transport dynamics.

Furthermore, the researchers found that the variation in the fluid rheology can alter the
velocity, temperature and concentration distribution, and the particle absorption rates, and
therefore, directly affect the efficiency of drug delivery systems [16]. Such rheological effects
are particularly relevant in nanoparticle-mediated therapies, where variations in flow
behavior have a strong impact on particle deposition, residence time and therapeutic
dispersion within sick arteries. Previous studies generally show that nanoparticle transport in
aneurysmal arteries is influenced by a complicated interplay of vascular geometry, blood
rheology, hemodynamic factors and particle dynamics. The CFD-based studies provide
useful insights into these mechanisms and lead to the development of safer and more
effective nanoparticle-assisted treatment options for cardiovascular disorders.
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2. MATERIAL AND METHODS

A three-dimensional computational model of healthy and aneurysmal arteries was created to
study nanoparticle transport and hemodynamics using CFD. We considered 5 mm, 8 mm,
and 10 mm aneurysms. The Carreau—Yasuda model modeled blood as non-Newtonian. A
constant outflow pressure of 16,000 Pa and pulsatile inflow flow were used. Velocity
magnitude, WSS, OSI, and RRT were simulated with and without nanoparticles. Fine
computational meshes ensured numerical accuracy and solution stability.

2.1 Governing Equations

The blood flow within the aneurysmal artery was considered to be incompressible, laminar,
and non-Newtonian. The governing equations include the continuity equation and the
Navier—-Stokes momentum equations. The governing equations of the research work are
follows

V-u=0 (1)
% L wvC=DVC (2)
ot
D kT (3)
6L

Here C is the concentration, u is the velocity of blood flow, D is the diffusion coefficient
of nanoparticle with radius r, Ks is the Boltzmann constant, £ is the viscosity and T is

temperature.
The non-Newtonian Carreau-Yasuda equation is

1= e+ (o — o)1+ (D)2 @ (4)

where a and A > 0, the shear rate of blood flow is explained by ;./: J2S:S
1 T
where § =_— . 5
S 2[Vu+(Vu) ] (5)

Here pu is the apparent viscosity, 1 is the relaxation time, u, is the zero shear rate
viscosity, u.is the infinite shear rate viscosity, n is the power index and a is the transition
parameter. In this study the following simulation parameters are used D = 4.86x10-
2[mA2/s], kB =1.38x1022 m2kg/ (s2.K), = 0.0035 [Pa.s], r = 40 [nm], Jo = 0. 03568 [Pa.s], Y=
=0.035 [Pa.s], a =2, A =8.1313 [s], n= 1.5, p = 1060 [kg*'m-3] and T = 310 [k].that more
precisely represent the rheology of blood than considering a constant viscosity.

2.2 Physical Model

This study uses free CAD software to make 3D models of curving arteries. The segmented
data is utilized to construct idealized 3D models featuring aneurysms of varying dimensions.
To replicate various stages of aneurysm development, the study analyzes a model free of
aneurysms (healthy), along with models featuring aneurysm dimensions of 5 mm, 8 mm, and
10 mm, as illustrated in Fig. 1. The boundary conditions included a pulsatile velocity profile
at the intake to replicate physiological blood flow, a constant pressure or zero-gradient
output, and no-slip artery walls.
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139

140 Figure 1. a) a healthy, b), c) and d) are the 5 mm, 8 mm, 10 mm aneurysmal arteries

141 respectively, e) pulsatile flow profile

142 The variation in aneurysm size facilitates the examination of hemodynamic variables
143 across multiple geometric shapes. Figure 1 illustrates the models in 1(a—d). Each artery in
144 Fig. 1 presents the idealized artery model was created with aneurysms of varying diameters.
145 The single stenosis models, each of which has a 0% area of stenosis in the artery, are

146 illustrated in Figure 1 (b-d). The models are shown in Figure 1. (a—d). Case-1 represents the
147 artery without nanoparticles, while Case-2 represents the artery with nanoparticles

148

149 2.3 Appropriate Grid and Boundary Conditions

150

151 A pulsatile flow waveform is implemented at the inlet boundary to accurately simulate

152 physiological blood flow conditions throughout the cardiac cycle, while a constant outlet
153 pressure of 15,600 Pa is set at the outlet boundary. The specified boundary conditions
154  facilitate precise predictions of transient hemodynamic behavior in the aneurysmal artery. To
155  enhance numerical accuracy and stability in CFD simulations, a fine mesh configuration is
156  utilized across the computational domain. The mesh is refined in proximity to the arterial wall
157 and aneurysmal sac to accurately capture critical gradients in velocity, pressure, and
158 WSS. The numerical model employed in this study is validated against the results published
159 by Hussain et al. [17], demonstrating strong agreement and confirming the reliability and
160 accuracy of the computational methodology. The simulation results indicate that aneurysm
161 geometry and local flow characteristics have a significant impact on nanoparticle transport
162 and dispersion behavior. Proximal regions of the aneurysm demonstrate increased
163  nanoparticle accumulation, attributed to disturbed flow recirculation and extended particle
164 residence time. A suitable computational grid, as depicted in Fig. 2(a), is established to
165  effectively resolve blood flow dynamics and nanoparticle transport within the artery. A grid
166 independence analysis is conducted by progressively refining the computational mesh until
167 minimal variations in hemodynamic parameters are detected [18]. The grid independence
168 results shown in Fig. 2(b) demonstrate that the chosen mesh yields accurate and mesh-
169 independent numerical solutions.

12 Line Graph, Velocity Magnitude (m/s)
Line Graph, Velocity Magnitude (mys)
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171 Figure 2. a) Mesh b) Grid test and c) Validation between present study with Hussain et.al
172 [4].

173 TABLE 1: Material Properties

];g Material property name Gold (Au) Blood

176 Density [kg/m3] 19300 1060

177 Viscosity [Pa*s] 0 0.0035

178 Thermal Conductivity[W/(m*K] 317 0.5

179 Specific Heat[J/kg°C] 129 3600

180
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Table 1 above illustrates the various material characteristics of nanoparticles and blood.

3. RESULTS AND DISCUSSION

The findings indicate that the shape of aneurysms and the presence of nanoparticles
significantly influence blood flow dynamics. Nanoparticles reduce flow intensity, while a
decrease in aneurysm diameter results in lower velocity. Healthy arteries exhibited greater
WSS compared to aneurysmal regions, with Case-1 consistently demonstrating higher WSS
than Case-2. OSI remains largely stable, suggesting minor flow oscillations across all
models. A longer RRT in larger aneurysms indicates an increased risk of thrombosis and
vascular remodeling. Nanoparticles modify wall shear stress and decrease velocity, thereby
influencing localized drug delivery and arterial flow. Figures 3 and 4 display the
computational results derived from the non-Newtonian Carreau—Yasuda blood flow model
utilized in this research. The figures illustrate the impact of aneurysmal dilation and
nanoparticle incorporation on velocity distribution and WSS characteristics in the arterial
domain.

Figure 3 presents the velocity contours along with the associated velocity profiles for two
distinct cases. Figures 3.1(a—d) illustrate the velocity contours for a healthy artery and
aneurysmal arteries with dilation diameters of 5 mm, 8 mm, and 10 mm, respectively,
excluding nanoparticles. Figures 3.2(a—d) illustrate the same arterial configurations with the
incorporation of nanoparticles into the blood flow. Figures 3.3(a-b) present the
corresponding velocity graphs, facilitating a quantitative comparison between the two cases.
Figures 3.1(a) and 3.2(a), representing healthy artery models, demonstrate the highest
velocity magnitudes, attributed to the lack of aneurysmal enlargement and diminished flow
disturbance. The velocity depicted in Figure 3.1(a) is approximately 3.85% greater than that
presented in Figure 3.2(a). This reduction suggests that the incorporation of nanoparticles
elevates the effective resistance in the bloodstream, consequently resulting in a minor
decrease in flow velocity within the healthy artery. Nanoparticles influence the rheological
properties of fluids and enhance momentum dissipation.

The velocity within the aneurysmal sac region decreases markedly in both instances due to
the abrupt expansion of the arterial lumen, leading to flow deceleration and recirculation. The
velocity profiles presented in Figure 3.3(b) indicate that the flow behavior within the
aneurysm is largely consistent across both cases, with the nanoparticle-laden flow displaying
marginally reduced velocity values. Moreover, an increase in aneurysm diameter from 5 mm
to 10 mm leads to a systematic decrease in velocity magnitude. Larger aneurysms produce
wider recirculation zones and diminished core flow, leading to extended particle residence
time and altered hemodynamic conditions.
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Figure 3. Velocity contours1(a-d) (without nanoparticle) and 2(a-d) (with nanoparticle) ,3(a-b)
show velocity graph.

Figure 4 illustrates the contours of WSS for the four arterial models, accompanied by their
respective graphical representations. Wall shear stress is an important hemodynamic
parameter linked to endothelial function, vascular remodeling, and thrombus formation.
Figure 4.1(a) presents the WSS distribution for the healthy artery in Case 1, with a maximum
WSS value of 11.3543 Pa noted. Figure 4.2(a), representing the healthy artery with
nanoparticles (Case 2), indicates a marginally reduced WSS value of 10.9176 Pa. The
reduction in WSS further substantiates the role of nanoparticles in diminishing flow intensity
and smoothing velocity gradients adjacent to the arterial wall. In the region of the
aneurysmal sac, wall shear stress significantly decreases in both scenarios as the diameter
of the aneurysm increases. The expansion of the arterial cavity diminishes the near-wall
velocity gradient, resulting in decreased shear stress values along the aneurysm wall.
Regions of low WSS are significant due to their strong correlation with endothelial
dysfunction, blood stagnation, and thrombus formation. The results indicate that larger
aneurysms generate more adverse hemodynamic conditions.

Figure 4.3(a) illustrates that the WSS profile for Case 2 exhibits greater smoothness and
uniformity in comparison to Case 1. The smoother behavior results from nanoparticles,
which alter flow characteristics and diminish abrupt changes in shear stress distribution. The
incorporation of nanoparticles in flow dynamics seems to stabilize local hemodynamic
fluctuations and result in a more gradual variation of wall shear stress along the arterial wall.
The findings indicate that the incorporation of nanoparticles can affect both therapeutic
transport and the overall hemodynamic environment in aneurysmal arteries.
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Figure 5. WSS, TAWSS, OSI and RRT values for a) a healthy, b), c) and d) are the 5 mm, 8
mm, 10 mm aneurysmal arteries

Figure 5 presents a detailed comparison of hemodynamic parameters, specifically WSS,
OSlI, and RRT, across all arterial models examined in this study. The comparison illustrates
the impact of aneurysmal dilation and nanoparticle incorporation on local blood flow
dynamics and vascular wall conditions. The WSS analysis indicates that wall shear stress
values are consistently elevated in Case-1 (without nanoparticles) compared to Case-2 (with
nanoparticles) across all arterial configurations. In the healthy artery model, the WSS value
is recorded as 11.354 Pa in Case 1, while Case 2 shows a marginally lower value of 10.918
Pa. The observed reduction in WSS suggests that nanoparticles alter the rheological
properties of blood flow, leading to a decrease in the near-wall velocity gradient. The
nanoparticles enhance momentum dissipation and facilitate a more uniform hemodynamic
environment within the artery. In aneurysmal artery models with diameters of 5 mm, 8 mm,
and 10 mm, the WSS values significantly decrease in both scenarios compared to the
healthy artery. The enlarged aneurysmal sac induces flow deceleration and the development
of recirculation zones, which markedly decrease the shear stress exerted on the arterial wall.
In the 5 mm aneurysm model, the WSS value in Case-1 is approximately 0.76% greater than
in Case-2. The 8 mm aneurysm model demonstrates a 13.66% increase in WSS in Case-1
compared to Case-2, whereas the 10 mm aneurysm model shows a 3.29% rise in WSS for
Case-1 relative to Case-2. The findings demonstrate that the incorporation of nanoparticles
consistently reduces wall shear stress across the arterial system. A clear inverse relationship
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exists between aneurysm diameter and wall shear stress in both instances. With an increase
in aneurysm diameter from 5 mm to 10 mm, there is a progressive decrease in WSS values.
Larger aneurysmal expansions lead to broader flow separation and recirculation zones,
which in turn result in diminished near-wall flow velocity gradients. The decrease in WSS
holds clinical significance, as low WSS is closely linked to endothelial dysfunction, vascular
inflammation, and atherogenic mechanisms. Regions subjected to consistently low WSS
exhibit increased vulnerability to pathological vascular remodeling, potentially facilitating the
onset of thrombosis and the formation of atherosclerotic plaques. Figure 5 presents the
distributions of the OSI for all models. The OSI values in Case-1 exhibit minor variations
between healthy and aneurysmal arteries; nonetheless, all values consistently approximate
0.1429 in both scenarios. The comparable OSI values suggest that the incorporation of
nanoparticles does not significantly affect the oscillatory characteristics of pulsatile blood
flow. An OSI value of approximately 0.1429 indicates a moderate level of shear stress
oscillation, suggesting that the flow experiences only mild directional fluctuations. Moderate
oscillatory shear can contribute to endothelial cell dysfunction, particularly when it occurs
alongside low wall shear stress and extended blood residence times. Combined
hemodynamic conditions can expedite vascular wall degeneration and the progression of
disease in aneurysmal regions.

The analysis of RRT underscores the altered flow conditions within the aneurysmal arteries.
The RRT values for the healthy artery model are 0.1795 in Case-1 and 0.1725 in Case-2.
The values are considerably below the established critical threshold of 1, suggesting
physiologically stable flow conditions and a low risk of pathological particle accumulation.
The low RRT values indicate that blood particles do not persist near the vessel wall for
prolonged durations in a healthy artery. The 8 mm aneurysm model demonstrates the most
significant difference in RRT between Case-1 and Case-2, suggesting that this intermediate
size may be especially responsive to flow disturbances and nanoparticle influences. The
other aneurysmal models exhibit persistently high RRT values that surpass the critical
threshold of 1. Elevated RRT values suggest the existence of significantly disturbed flow
regions, where blood particles remain in close proximity to the arterial wall for extended
periods. RRT values between 35 and 171 indicate moderate to high-risk hemodynamic
zones linked to endothelial dysfunction, vascular remodeling, inflammatory responses, and
the onset of plaque formation. Extended residence time promotes greater interaction
between blood components and the arterial wall, consequently increasing the risk of
thrombosis and pathological alterations within the aneurysm. The findings indicate that
aneurysmal enlargement significantly alters local flow dynamics and generates adverse
hemodynamic conditions, potentially facilitating disease progression and vascular
complications.

4. CONCLUSION

The results demonstrate the hemodynamic variables affect the evolution, remodeling, and
pathological behavior of curved aneurysmal arteries, especially when nanoparticles are
added to the blood flow. Varying velocity distribution, WSS, and RRT greatly impact the local
vascular environment and may cause endothelial dysfunction, thrombosis, and aneurysm
growth. Nanoparticles affect artery flow and hemodynamic response. The simulation findings
show that Case-2's artery has lower velocity magnitudes than Case-1's. Nanoparticles
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increase effective flow resistance and change blood rheology, reducing velocity. The
interaction between nanoparticles and surrounding fluid particles increases circulatory
momentum dissipation. Thus, Case-2 flow is smoother and less explosive. The aneurysmal
sac's increased artery geometry already slows and recirculates flow, reducing velocity. The
analysis shows that Case-1 has 3.85% higher WSS than Case-2. This decrease in WSS
suggests that nanoparticles diminish the near-wall velocity gradient and smooth the artery
wall shear stress distribution. WSS directly affects endothelial cell activity and vascular
health, hence such reductions may affect artery biology. Lower WSS areas often have flow
disturbances, endothelial dysfunction, inflammation, and thrombus development. Thus,
nanoparticle-induced WSS decrease may affect vascular wall remodeling. Both cases show
an inverse association between aneurysm diameter and blood flow velocity. Velocity
decreases with aneurysm dilatation. This happens because the increased aneurysmal cavity
suddenly enlarges the flow domain, reducing axial momentum and creating huge
recirculation zones. Larger aneurysms cause slower and more disrupted flow patterns than
smaller ones or healthy arteries. The reduced velocity inside the aneurysm sac enhances
particle stagnation and blood retention near the artery wall. RRT research shows how
hemodynamics is disrupted in big aneurysmal arteries. The RRT values in the 10 mm
aneurysmal artery are 99.90% greater than those in the healthy artery in both situations. A
large increase in RRT implies a high-risk hemodynamic zone with prolonged blood particle
residence near the artery wall. High RRT values stimulate blood constituent-endothelium
contact, which can produce inflammatory reactions, platelet aggregation, thrombus
formation, and vascular remodeling. Thus, aneurysm geometry and nanoparticle integration
greatly affect local hemodynamic behavior and may influence vascular disease development
and nanoparticle-assisted treatment options.
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