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Abstract

Cardiovascular disease (CVD) remains the leading cause of mortality
worldwide, with atherosclerosis-driven stenoses significantly altering
hemodynamic and influencing potential nanoparticle drug delivery
outcomes. This study applies computational fluid dynamics (CFD) via
ANSYS FLUENT finite volume software, to two-dimensional stenosed
arteries of varying severities (30%, 50%, 70%) and shoulder lengths (2, 4, 6
mm). Two regimes have been compared: a steady Newtonian baseline, where
viscosity and velocity remain constant and a physiologically realistic
pulsatile non-Newtonian Carreau regime incorporating shear-thinning
viscosity and cardiac-cycle effects. In the steady Newtonian simulations,
velocity plots showed that increasing stenosis severity amplified throat jet
velocities and extended recirculation zones, while shoulder length governed
the sharpness and spatial extent of disturbed flow. The pulsatile Carreau
model revealed systolic acceleration and diastolic deceleration in velocity
contour plots, greater pressure drops with stenosis severity. It also showed
wall shear stress (WSS) distributions characterized by high shear at stenotic
throats and low or oscillatory shear effects downstream. These disturbed,
low-WSS regions were identified as potential nanoparticle deposition sites
for pharmacodynamics treatments, aligning with prior findings on plaque-
prone hemodynamics. The results demonstrate that stenosis severity
amplifies hemodynamic disturbances, while shoulder length shapes their
distribution, together influencing the likelihood of nanoparticle residence
and deposition. These findings are consistent with published literature,
supporting CFD as a predictive tool for assessing hemodynamics. Future
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research could integrate deformable arterial walls through fluid—structure
interaction (FSI), patient-specific geometries, and explicit nanoparticle
transport for drug delivery in clinical translation.

Keywords: Hemodynamics; ANSYS FLUENT; atherosclerosis-driven stenoses; shoulder length shapes;
cardiac-cycle effects; throat jet velocities; recirculation zones; wall shear stress (WSS).

1. Introduction

CVDs remain the leading cause of mortality worldwide, accounting for an estimated 19.8 million deaths in 2022,
which represents approximately 32% of all global deaths. Of these, 85% were attributed to heart attack and stroke,
as emphasized by the World Health Organization [1]. Atherosclerosis, the principal underlying cause of CVD, is
characterised as a chronic inflammatory disorder in which immune-competent cells within arterial lesions produce
predominantly pro-inflammatory cytokines, as noted by Frostegard [2]. The major direct cause of cardiovascular
events is often the rupture of atherosclerotic plaques, which destabilises the vessel wall and precipitates acute
complications. Plaque development arises from a series of complex interactions between vascular and immune cells.
Ramji et al. [3] describe how endothelial cells, smooth muscle cells, and immune cells such as monocytes and
macrophages contribute to this process. Hemodynamic factors play a crucial role in plaque localisation: Franck et al.
[4] demonstrated that vulnerable endothelial regions frequently occur in sites of disturbed or turbulent flow,
particularly at arterial bifurcations, where excessive hemodynamic stress accelerates disease progression. Similarly,
Owais et al. [5] reported that arterial bends exacerbate hemodynamic disturbances, thereby increasing pathological
wall loading and promoting atherosclerotic changes. This is illustrated in Figure 1, which contrasts a normal artery
with one narrowed by atherosclerotic plaque, highlighting how plaque build-up alters blood flow patterns.

Normal Artery
artery narrowed by
atherosclerosis
—Plaque

Blood —

flow

Fig 1: Normal artery VS artery with plaque build-up displaying how blood flow is affected

Hemodynamics, the study of blood flow and the forces it exerts within the circulatory system, is a central
determinant of vascular health and disease, as described by Berger & Jou [6]. Key hemodynamic parameters include
wall shear stress (WSS), pressure gradients, and the formation of recirculation zones downstream of stenoses or
bifurcations, as noted by Nichols et al. [7]. These are not merely mechanical by-products of circulation; they have
direct biological consequences for endothelial function and arterial remodelling. For instance, regions exposed to
low or oscillatory WSS are strongly associated with the initiation and progression of atherosclerotic plaques,
whereas high shear stress has been linked to plaque erosion or rupture as emphasized by Ku et al. [8] and Franck et
al. [4]. Accurate modelling of blood rheology is essential for predicting flow behaviour and nanoparticle transport in
the arterial system. While blood is a complex suspension of plasma and cellular components, it is often
approximated as a Newtonian fluid in computational studies. Under this assumption, viscosity is treated as constant,
with a commonly used high shear rate value of approximately 0.003-0.0035 Pa-s, corresponding to shear rates above
100 s typical of medium to large arteries in accordance with Shibeshi & Collins [9] and Johnston et al. [10]. This
simplification is computationally efficient and has been shown to reasonably capture bulk flow characteristics such
as velocity and pressure distributions as highlighted by Ballyk et al. [11] and Morbiducci et al. [12]. However, blood
is in fact a shear-thinning fluid, meaning its apparent viscosity decreases with increasing shear rate. This non-
Newtonian behaviour becomes especially important in low-shear environments, such as those described by Zaman
et al. [13] and Vasu et al. [14]. This is further supported by Cho & Kensey [15] wherein it is shown that non-
Newtonian behaviour becomes especially important in post-stenotic recirculation zones, bifurcations, or regions
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adjacent to atherosclerotic plaques. In such disturbed flow regions, Newtonian models often overpredict wall shear
stress (WSS) compared to non-Newtonian formulations [10]. They may also underestimate flow separation and
recirculation zones, features strongly associated with plaque progression, thrombosis, and nanoparticle deposition
[11, 12]. To address these limitations, non-Newtonian models such as the Carreau-Yasuda formulation are widely
adopted. This model represents viscosity as a function of shear rate, enabling a smooth transition between
Newtonian-like behaviour at low shear rates and power-law behaviour at high shear rates, as noted by Nader et al.
[16]. Mandal [17] emphasized that non-Newtonian effects are appreciable primarily in small vessels or low-shear
conditions, while the Newtonian approximation remains valid in larger arteries. While arterial location is a key
determinant of disturbed flow, the geometry of the stenotic lesion itself strongly influences local hemodynamics.
Two factors are particularly important: the depth of stenosis, expressed as the percentage reduction in lumen
diameter, and the shoulder length, defined as the axial distance over which narrowing occurs. Increasing stenosis
depth is directly associated with higher velocity jets, larger pressure drops, and elevated WSS, all of which intensify
endothelial dysfunction and thrombosis risk. For this reason, computational studies commonly examine stenosis
severities of 30%, 50%, and 70%, corresponding to mild, moderate, and severe narrowing. The shoulder length
modifies the steepness of the stenotic transition, which in turn alters flow separation and recirculation. Short
shoulders generate sharper gradients that accelerate flow and amplify downstream vortices, whereas longer
shoulders yield smoother transitions and less disturbed flow patterns Karimi et al. [18]. These differences are
clinically relevant, as regions of post-stenotic recirculation characterised by low and oscillatory WSS are not only
prone to plaque progression but also provide favourable conditions for nanoparticle adhesion and retention. Figure 2
illustrates this concept by showing arteries with varying stenosis depths, where progressive narrowing increases
flow disturbance and alters downstream hemodynamics. Taken together, stenosis depth and shoulder length are
fundamental determinants of the hemodynamic environment. Their inclusion in computational models enables
systematic assessment of how lesion severity and geometry interact with blood rheology and pulsatility to shape
both vascular pathology and nanoparticle delivery outcomes.

Diameter Cross-section

Fig 2: Arteries with varying stenosis depths illustrating progressive narrowing and altered flow patterns

The majority of previous computational studies of arterial blood flow have typically isolated either pulsatility or
non-Newtonian characteristics when modelling hemodynamics. For example, Newtonian pulsatile models capture
systolic flushing and diastolic particle deposition but neglect viscosity variation, while steady non-Newtonian
models reproduce shear-dependent viscosity but overlook temporal oscillations in the blood flow. As a result, there
is limited literature regarding which factor, pulsatility or non-Newtonian rheology, exerts a stronger influence on
velocity distribution, wall shear stress (WSS) and nanoparticle deposition in stenosed arteries. Although some
studies have completed direct comparisons of all four regimes (steady Newtonian, steady Carreau, pulsatile
Newtonian, and pulsatile Carreau), it remains scarce in the context of stenotic blood flows and their treatment with
for example, targeted nanoparticle drug delivery. Consequently, it is still unclear whether time-varying flow or
shear-thinning viscosity has greater physiological significance near plaques, where disturbed hemodynamics govern
both disease progression and therapeutic particle retention. To address this gap, the present study focuses on the two
stenotic hemodynamic cases: 1] Steady Newtonian hemodynamics representing the baseline simplified assumption,
and 2] pulsatile Carreau hemodynamics, representing the most physiologically realistic model. Simulations were
performed across nine stenosed artery geometries (three stenosis severities each with three shoulder lengths) to
capture a wide range of hemodynamic conditions. By quantifying pressure drop, velocity distribution and wall shear
stress (WSS) for both cases 1] and 2], the present study systematically evaluates how pulsatile effects and hemo-
rheology interact in stenotic flows. This targeted comparison clarifies the relative importance of these modelling
choices and provides a rationale for selecting appropriate hemodynamic models in future nanoparticle-based
therapeutic studies. Although we consider only 2-D simulations, a solid platform is established for future extensions
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to 3-D flows and also fluid-structure interaction (FSI) with deformable arteries and a platform for extension to
nanoparticle transport.

2. Modelling and blood flow physics

Hemodynamic transport in arteries can be explored using a range of modelling assumptions, broadly divided into
steady versus pulsatile and Newtonian versus non-Newtonian approaches. Each combination provides unique
insights while carrying distinct advantages and limitations for simulating disease-prone regions and evaluating drug
(e.g. nanoparticle) delivery.

2.1. Steady Newtonian

Steady Newtonian flow assumes viscosity is constant and independent of shear rate, with flow properties such as
velocity and WSS remaining constant over time. The governing relation is given by Bird, Stewart & Lightfoot [19]:
T =y (1)
Here 7 is Shear Stress (N/m?), i is dynamic viscosity (kg m/s) and y is shear rate (/s) This simplification is
computationally efficient and often sufficient in large arteries, where high shear rates reduce non-Newtonian effects
(White [20]) and Mandal [17]). However, it lacks accuracy in disturbed flow regions, where local hemodynamics
drives both plaque development and for example nanoparticle adhesion in pharmacodynamic treatments.

2.2. Navier Stokes Equations
The Navier-Stokes equations for 3-D unsteady viscous laminar flow form the foundation of Newtonian flow
simulation in blood flows assuming constant viscosity ({{), which does not vary with the shear rate. The full three-
dimensional Navier—Stokes equations for unsteady viscous laminar flow are very challenging to solve, even with
CFD software. In this article, we reduce them to the 2D equations by setting the out-of-plane velocity component
and its derivatives to zero, which eliminates the z-momentum equation. The governing conservation equations in an
(x,y) coordinate system for the general 2-D unsteady hemodynamic case, are:
Mass conservation:
du  dv
sl =0 @
The x-direction momentum conservation:
u ap 9%u
- - —| = - N N
p[ +u +i y] pFE, r:_jx+,{ﬂi[axz+ ] (3)
The y-direction momentum conservation
32
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Here (u, v) are the (x, y) dlrectlon velocity components (m/s), P is pressure (Pa), p is fluid density (kg/m®), [t is
dynamic viscosity (kg/ms), V = pt/p is kinematic viscosity (m?/s), ¢ is time (s), F., F, are the body forces (which

dp
may be gravitational, body acceleration etc.) (N) 1s the x-direction pressure gradient (Pa/m) and dp /3y is the y-

direction pressure gradient (Pa/m). Blood can be modelled as Newtonian (for larger vessels) but is non-Newtonian
in narrower vessels e.g. stenotic geometries, so the Navier-Stokes equations must be modified with a rheological
model. e.g. Carreau shear-thinning, which is available in ANSYS FLUENT CFD software [21].

2.3. Steady Non-Newtonian (Carreau) model

The Carreau model incorporates shear-dependent viscosity, enabling a more realistic description of blood’s shear-
thinning behaviour. At low shear, blood behaves as a Newtonian fluid, while at high shear the behaviour
approximates to that of a non-Newtonian power-law fluid (Khan et al. [22] and Nader et al. [16]). This approach is
particularly useful in near-plaque, low-shear zones, where viscosity rises and WSS decreases, conditions strongly
associated with platelet activation, thrombosis, and nanoparticle retention (Johnston et al. [10] and Soulis et al. [23]).
The Carreau model is defined following Gendy et al. [24] as:

U= fo + (g — poo)[1 + ,1-],2]% (5)

Here the [ is viscosity, ft,, = 0.00345 Pa - s. is the infinite shear viscosity, jtg = 0.0560Pa - s is the blood

viscosity at zero shear rate, A =3.13s is the time constant, } is the instantaneous shear rate and 1 = 0.3568 is the
rheological power-law index. Selection of the Carreau model option in ANSYS FLUENT modifies the appropriate
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terms in the basic Newtonian viscous model. Many successful applications of this model have been communicated
in previous studies of blood flows for a range of applications- see Ali et al. [25], Mamun et al. [26] and Gambaruto et
al. [27]. A key hemodynamic parameter is the wall shear stress (WSS) which is useful for predicting and estimating

distributed flow conditions and the development of local atherosclerotic plaque. WSS is calculated using:
du .
Tw = Ho, = 1Y (6)
Herey is deformation rate and du/dy is axial spatial velocity gradient.

2.4. Pulsatile Newtonian Case

Incorporating the cardiac cycle waveform into Newtonian simulations adds temporal variation while keeping
viscosity constant. During systole, elevated flow velocities lead to high WSS, flushing nanoparticles downstream. In
diastole, reduced velocities create low WSS, allowing drug nanoparticles to linger and adhere to the vessel wall, as
noted by De Nisco et al. [28] and Sequeira et al. [29]. While this model captures cyclic flow dynamics, it may
overpredict WSS magnitudes by neglecting non-Newtonian shear-thinning effects. In terms of the boundary
conditions applied in this investigation, a medically precise pulsatile velocity profile was set at the inlet and is
shown in Figure 3 and 80 mmHg of pressure was predicated for the outflow based on the study done by Carvalho et
al. [30]. The inlet and outlet are fixed in all directions, and the vessel wall boundaries are established as a fluid-
structure interface. The pulsative velocity profile is converted into a text file and inserted into the analysis as shown
in figure 3. The CFD simulation is set as transient due to the heartbeat and pulsation effect.

T
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03500
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Average
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velocity-magnitude
(m/s]

flow-time [s]

Fig 3: Pulsatile wave form deployed in ANSYS FLUENT simulations

2.5. Pulsatile non-Newtonian Case

The most physiologically realistic approach combines pulsatile effects with the Carreau model. Here, viscosity
varies dynamically with shear rate: it decreases during systole, amplifying velocity peaks and WSS, but increases
during diastole, particularly in recirculation zones, prolonging nanoparticle residence time in pharmacodynamics.
This model best reproduces the complex hemodynamic of stenosed arteries, though it is computationally intensive.

3. Ansys Fluent CFD modelling

This study adopts a computational fluid dynamics CFD approach to investigate blood flow in a two-dimensional
stenosed artery. The methodology is designed to capture the hemodynamic characteristics of blood under both
steady and pulsatile flow conditions, incorporating its shear-thinning behaviour through a non-Newtonian viscosity
model. We describe each stage below:

3.1. Geometry Creation

Three different shoulder length geometric cases are examined based on choice of shoulder lengths (2 mm, 4 mm,
6 mm) which correspond to short, intermediate and long scenarios respectively, and for each of these shoulder
length cases three different stenosis depths (30%, 50%, 70%) are considered which correspond respectively to mild,
intermediate and severe. Effectively 9 cases are therefore considered. These allow a systematic examination of
geometric effects of the stenosis on velocity jet formation, wall shear stress distribution, and recirculation zones. The
range of models is summarised in Table 1 below:
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Table 1. Stenosed artery models generated in SolidWorks for different the three different shoulder lengths (2 mm, 4 mm, 6 mm) and
stenosis depths (30%-mild, 50%-intermediate, 70%-severe) considered for each case.

Geometric characteristics Case
for different cases Short Intermediate Long
Shoulder length 2mm 4mm 6mm
Stenosis severity considered 30 %, 50%, 70% 30 %, 50%, 70% 30 %, 50%, 70%

Using SolidWorks, a corner rectangle is generated to represent the artery Domain, with a height of 6 mm and a
width of 50 mm. To generate the stenosis, a shoulder length of 2 mm was then applied using the Smart Dimension
tool. This dimension was later adjusted for each case to reflect the different shoulder lengths considered in the study.
Splines were created on both the top and bottom edges of the rectangle, connecting symmetric points on the top and
bottom edges on the domain, with their apex constrained to coincide with the vertical centreline. A stenosis depth
was then applied, which varied according to the required severity (30%, 50%, or 70%). To ensure smooth
continuity, the spline on the top edge was made tangent to the top boundary of the rectangle, while the spline on the
bottom edge was constrained to the lower boundary. With the splines constrained to the top and bottom edges of the
rectangle, the excess lines were trimmed, leaving the final profile of the stenosis. A planar surface was applied to the
completed geometry, preparing the model for export into ANSYS, where the meshing process could be carried out.
Fig. 4 shows the final geometry of the stenosed artery.

Fig 4: Completed stenotic arterial geometry.

3.2. Meshing

The meshing process plays a crucial role in influencing the numerical solution procedure for solving the
governing equations over a defined domain. While the geometry step defines the domain, meshing determines how
the mathematical model is numerically discretised for computation. Below is the detailed meshing methodology
used. The computational mesh was generated in ANSYS Fluent with physics preference set to CFD and solver
preference set to Fluent to ensure compatibility with fluid flow simulations. A uniform quadrilateral element size of
0.9 mm was initially used, with systematic refinements applied down to 0.5 mm to evaluate mesh independence.
The Quad Dominant method was selected for surface meshing to achieve structured element distribution, while the
Sweep method was employed for volume meshing in sweepable bodies. These settings provided a balance between
mesh quality and computational efficiency, ensuring that flow gradients near the walls were adequately captured.
The initial mesh design is shown in Fig. 5.

Fig 5: Mesh generated

Named selections were generated in Ansys Fluent in accordance with the regions shown in Figure 6. This process
involved identifying the relevant edges within the geometry, assigning them as distinct entities, and labelling each
with their appropriate descriptive name. This ensured that boundary conditions could be applied systematically and
consistently during the simulation setup.
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Fig 6: Named selection in stenotic arterial geometry
A quadrilateral dominant meshing strategy was employed for all stenosed artery models, as shown in Figure 11. This
method generates quadrilateral elements, which provide improved accuracy and stability for capturing velocity
gradients and wall shear stresses in 2D arterial flows. Where necessary, a limited number of triangular elements
were permitted to ensure mesh conformity in complex geometrical regions, particularly around the stenosis
shoulders. This approach ensured a balance between computational efficiency and numerical accuracy in resolving
near-wall hemodynamics. An element size of 0.5 mm was applied. A bias factor of 3.0 was applied to refine
elements toward the stenosis throat. This ensured that the mesh gradually decreased in size along the chosen edge,
allowing finer resolution where steep velocity gradients and high wall shear stresses were expected, while coarser
elements were maintained upstream to reduce computational cost. Curvature capture was enabled to accurately
represent the curved arterial geometry, and smooth transitions between neighbouring elements were enforced to
avoid abrupt changes in element size. This produced a progressively refined mesh concentrated around the stenosed
region, which is critical for accurately capturing near-wall hemodynamics and nanoparticle deposition. A uniformly
fine mesh across the entire artery was avoided, as this would have resulted in excessive computational cost without
significantly improving accuracy in regions of relatively uniform flow. Instead, local refinement using edge sizing
with a bias factor ensured that mesh density was concentrated in the stenosed region, where strong velocity gradients
and wall shear stresses occur, while coarser elements were maintained elsewhere to optimise efficiency. To
accurately resolve near-wall flow behaviour, inflation layers were applied along the arterial wall boundaries.
Inflation generates a series of progressively smaller elements normal to the wall, allowing the mesh to capture steep
velocity gradients and WSS with higher accuracy. A maximum of eight layers were applied with a growth rate of
1.2, providing a smooth transition from the boundary to the core flow region. A smooth transition option was
selected to avoid abrupt element size changes, while the pre-inflation algorithm ensured that layers were inserted
prior to the surface meshing step, maintaining good element quality. The inclusion of inflation layers is critical for
hemodynamic simulations, as accurate representation of near-wall gradients directly affects the prediction of WSS,
which is a key parameter in both plaque progression and nanoparticle deposition. The mesh was generated for each
geometry (30%, 50% and 70% stenosed at 2mm, 4mm and 6mm shoulder lengths). Figure 7 below displays an
example of the finalised mesh for the 30% stenosed artery with a 2mm shoulder length.

Fig 7: Final Mesh

3.3. Mesh Refinement Study

Mesh independence is a critical step in CFD studies to ensure excess computational power is not used to generate
a result of a simulation which could be run at a larger element size i.e. with lower mesh density. In this work, a
systematic mesh refinement study was conducted to determine the appropriate element size for accurate and
computationally efficient simulations of blood flow in stenosed arteries. Five levels of mesh resolution were tested,
with element sizes ranging from 1.0 mm (coarse) to 0.5 mm (extra fine). Intermediate refinements were performed
at 0.9 mm, 0.8 mm, 0.7 mm, and 0.6 mm. Each mesh was generated using the quadrilateral-dominant method with
edge sizing applied near the stenosis throat to resolve regions of high velocity gradients and steep WSS. Inflation
layers were maintained consistently across all meshes to capture near-wall effects. Table 2 below outlines the mesh
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sizes used across the body of the artery and on the plaque and walls. The mesh independence study was conducted
using six progressively refined meshes with densities ranging from 2123 cells (coarse, Case F)) to a maximum of
4461 cells (extra fine, Case A). The medium mesh density with 2717 cells (case D) was selected for subsequent
simulations as higher mesh densities produced negligible changes in the results while increasing computational cost.
All details are summarized in Table 2.

sizes, mesh refinement cases and total cell count (mesh densities)

Mesh Design Case Element Size Description Total Number of Cells (Mesh Density)
A 0.5mm element size-Extra fine 4461
B 0.6mm element size- Extra fine 3645
C 0.7mm element size-Fine 3106
D 0.8mm element size- Medium 2717
E 0.9mm element size-Medium 2335
F 1.0mm element size- Coarse 2123

We have further summarized the mesh independence design study in Table 3 identifying the final design
implemented for all simulations i.e. Case D.

Table 3. Summary of element sizes, total cell counts (mesh densities) and the design selected for utilizing in simulations

Mesh Density Level Element Size Total Number of Cells Deployed in Final Simulations
COARSE (Case F) 1.0 mm element size 2123 No
MEDIUM (Case D) 0.8mm element size 2717 Yes

FINE (Case A) 0.5mm element size 4461 No

To ensure a consistent ratio was maintained between the global body mesh and the local edge sizing near the plaque,
a refinement ratio was used.

Chart1

Title

0.24 0.25 0.26 0.27 0.29 0.3 0.31 0.32

0.28
Velocity u [ msA-1]
— Series 1for mm 3005 mm ESxfine — Series 1 or mm 3006 mm ESx fine — Series 1 formm 3007 mm fine — Series 1 for mm 30 08 ES medium

— Series Lformm 3009mm ESfine2 — Series 1for mm 30 1mm ES Coarse

Fig 8: Convergence test with different mesh densities for velocity profiles at the centreline downstream of a 30% stenosis with a 2 mm
shoulder length

Figure 8 presents the velocity profiles at the centreline downstream of a 30% stenosis with a 2 mm shoulder length,
comparing results across the different mesh densities, as part of the convergence test. The coarse mesh (1.0 mm
element size) shows noticeable deviation from the finer meshes, particularly in the velocity peak and boundary layer
resolution. As the mesh is refined to 0.9 mm and 0.8 mm, the velocity distribution begins to converge, but slight
discrepancies remain near the stenosis throat. At 0.7 mm and 0.6 mm, the profiles are nearly identical to the finest
0.5 mm mesh, indicating that mesh independence has been achieved. The results demonstrate that below an element
size of approximately 0.7 mm, further refinement produces negligible change in the velocity profile. While the 0.5
mm mesh provides the most detailed resolution, it also significantly increases computational cost. To balance
accuracy with efficiency, a hybrid meshing strategy was adopted in which a global element size of 0.9 mm was
applied to the bulk domain, while a finer edge sizing of 0.5 mm was enforced near the stenosis and arterial walls.
This ensured that mesh density was concentrated in regions of steep velocity gradients and high WSS, while the
remainder of the flow, characterised by smoother gradients, was resolved adequately with larger elements. The 0.9 to
0.5 mm transition provides a refinement ratio of approximately 1.8, and, when combined with the inflation layers
and biasing toward the throat, achieves the same level of accuracy as the uniformly fine meshes of less than or equal
to 0.7mm but at a fraction of the computational cost. This mesh refinement study therefore confirms that the chosen
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configuration is both reliable and efficient, providing confidence that subsequent results reflect the underlying
physics of blood flow.

3.4. Setup - Steady Newtonian Simulation

During the setup stage in ANSY'S Fluent, the imported mesh is prepared for simulation by defining the governing
physical models and boundary conditions. This includes specifying the material properties, selecting the flow model,
and enabling turbulence or laminar flow as appropriate. Boundary conditions such as inlet velocity profiles, outlet
pressure, and no-slip arterial wall constraints are then applied to the named selections generated during meshing.
Together, these steps establish the physical and numerical framework that ANSYS Fluent uses to solve the
governing equations of fluid flow. The solver was configured for the steady Newtonian simulations and later
configured for Pulsatile Non-Newtonian (Carreau). The pressure-based solver was selected, appropriate for
incompressible flows. The simulation was defined as steady-state, assuming flow properties remained time-invariant
throughout the computational domain. A 2D planar configuration was chosen to represent the artery cross-section,
reducing computational cost while capturing the essential flow behaviour. The velocity formulation was set to
absolute, and gravitational effects were disabled, as they are negligible for horizontal arterial flow in this simplified
model. The laminar viscous model was selected which solves the full Navier-Stokes equations without additional
turbulence modelling, which is appropriate given that arterial blood flow in this study occurs at laminar Reynolds
numbers.

3.4.1 Material Properties

The fluid was defined as “blood”, with its properties specified under the Newtonian assumption. A constant
density of 1060 kg/m*® and a constant viscosity of 0.0035 (kg/m/s) were applied, values consistent with those
commonly used in hemodynamic simulations of large arteries. These constants reflect the high shear rate limit of
blood behaviour, where non-Newtonian effects become negligible and viscosity approaches a near-constant value, as
noted in Ballyk et al. [11]. The fluid domain was assigned under the Cell Zone Conditions panel. Here, the material
was specified as blood, ensuring that the defined density and viscosity values were consistently applied throughout
the computational domain. No additional options such as frame motion, mesh motion, or porous zone were enabled,
as the artery was modelled as a stationary 2D channel with a single-phase incompressible fluid. This step ensured
that the simulation environment correctly reflected physiological flow conditions within the artery.

3.4.2 Boundary conditions

Boundary conditions are essential in CFD simulations as they define how the fluid interacts with the
computational domain and ensure that the governing equations are solved under physically realistic constraints. For
arterial blood flow, appropriate inlet, outlet, and wall conditions must be prescribed to replicate physiological
conditions and to accurately capture flow behaviour and wall shear stresses. At the inlet boundary, a constant

velocity of 0.2 m/s was applied using the magnitude and direction method. Flow was aligned with the positive x-
direction, while the y-component was set to zero, ensuring uniform horizontal entry into the domain. The reference
frame was defined as absolute, consistent with a stationary artery model. This inlet velocity is within the
physiological range of arterial blood flow and provides a steady inflow condition for the Newtonian simulations. At
the outlet boundary, a pressure outlet condition was applied with a gauge pressure of 0 Pa, corresponding to
atmospheric reference pressure. The backflow specification was set to total pressure, with flow direction normal to
the boundary. This configuration allows fluid to exit the computational domain without artificial constraints while
maintaining numerical stability in cases of minor flow reversal. Such an outlet condition is widely used in arterial
CFD modelling, as it provides a physiologically reasonable representation of downstream flow resistance. The
arterial walls and plaque surfaces were modelled as stationary, no-slip boundaries. Under this condition, the velocity
of blood at the wall surface was set to zero, ensuring accurate capture of near-wall velocity gradients and WSS. Both
surfaces were treated as ‘“hydraulically smooth”, with wall roughness specified as zero. This setup reflects
physiological conditions in idealised arterial models, where wall motion is negligible and plaque surfaces are
simplified as smooth boundaries.

3.4.3 Solution Setup, Initialization and Run

This section outlines the process of solving the governing equations, including configuring solution methods,
setting residual tolerances, and initialising values. The governing equations of fluid flow were solved in ANSYS
Fluent using the finite volume method (FVM), in which the computational domain is subdivided into control
volumes and the conservation equations are applied in discretised form. To ensure accurate representation of
convective transport, the second-order upwind scheme was used for momentum equations, which reduces numerical
diffusion and provides more reliable predictions of velocity and wall shear stress compared to first-order schemes.
Pressure interpolation was also performed using a second-order scheme to enhance spatial accuracy. The pressure—
velocity coupling was resolved using the Semi-Implicit Method for Pressure Linked Equations (SIMPLE) algorithm,
the standard iterative procedure for steady, incompressible flows in ANSYS Fluent. In this approach, provisional
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velocity fields are obtained by solving the momentum equations, and a pressure correction equation derived from
continuity is used to enforce mass conservation. The corrected velocity and pressure fields are then updated
iteratively until convergence is achieved - see Kuharat et al. [31]. Numerical convergence was monitored through
residuals. This ensured that the velocity field developed consistently downstream and that the pressure gradient
correctly drove the flow from inlet to outlet. The use of second-order schemes in combination with the SIMPLE
algorithm provided a robust and computationally efficient framework for accurately resolving arterial
hemodynamics under the steady Newtonian assumption. The SIMPLE algorithm main advantages over transient
solvers in ANSYS Fluent are faster convergence for steady-state flows, lower computational cost per iteration, and
the ability to handle larger time steps in pseudo-transient or steady applications, making it efficient for stable flows
where time evolution is not critical. SIMPLE achieves this through aggressive under-relaxation, allowing quicker
progression towards a stable solution, whereas transient solvers (like PISO) focus on precise time-stepping,
requiring more steps and potentially smaller time steps for accuracy, thus increasing computational expense. The
solution was initialised in ANSYS Fluent using the hybrid initialisation method. Initialisation provides the solver
with starting values of flow variables, such as velocity, pressure etc across the computational domain before the
iterative solution process begins. Without this step, the solver would have no reference state from which to start
convergence. The hybrid initialisation approach combines aspects of both standard and physical-based methods: it
solves a simplified Laplace-like equation to generate a velocity and pressure field that is consistent with the
boundary conditions and domain geometry. This results in faster and more stable convergence compared to standard
initialisation, particularly in cases with complex flow patterns such as those found in stenosed arteries. Standard
initialisation was not selected, as it generates uniform starting values that can lead to slower convergence or
divergence in regions with strong velocity gradients. The simulation was executed through selecting Run
Calculations. A maximum of 2000 iterations was specified to provide sufficient allowance for convergence, although
in most cases residuals reached the target tolerance before this limit. The reporting interval was set to 1, ensuring
that residuals and solution updates were displayed at every iteration for close monitoring of convergence behaviour.
Similarly, the profile update interval was set to 1, allowing boundary profiles to be consistently updated each
iteration.

3.5. Pulsatile Non-Newtonian (Carreau) Simulation

This section describes the configuration of the pulsatile non-Newtonian (Carreau) simulations, where blood
viscosity is defined as shear-rate dependent and flow is driven by a time-varying velocity waveform. Compared to
the steady Newtonian model, this setup introduces transient flow conditions and a more physiologically realistic
viscosity distribution. The pressure-based solver was again selected, appropriate for incompressible flows. However,
unlike the steady Newtonian case, the simulation was defined as transient to capture the time-varying pulsatile flow.
As before, a 2D planar configuration was used and gravitational effects were neglected. The flow was still modelled
as laminar, consistent with physiological Reynolds numbers. No turbulence model was applied, as pulsatile effects
and viscosity variation dominate the flow behaviour in this regime.

3.5.1 Material Properties

Unlike the Newtonian case, blood was defined as a non-Newtonian Carreau fluid. The Carreau model was used
to represent shear-thinning behaviour, with viscosity expressed as a function of shear rate. The rheological
parameters were taken from Cho & Kensey [15] as displayed in Figure 9. These values allow viscosity to transition
smoothly from Newtonian behaviour at low shear to power-law behaviour at high shear. This ensured that near-
plaque, low-shear zones exhibited elevated effective viscosity, while systolic peaks were captured with reduced
viscosity. Blood density is still 1060kg/m?> as with the Newtonian case.

3.5.2 Boundary Conditions

The Inlet conditions were adjusted to satisfy those required for the Carreau Model. Instead of a constant velocity,
a pulsatile velocity profile was applied based on the waveform given in Fig. 3, representing one cardiac cycle. The
waveform was applied using a User-Defined Function (UDF). This allowed systolic acceleration and diastolic
deceleration phases to be resolved. The same pressure outlet (0 Pa) for gauge pressure was applied as in the steady
Newtonian case, enabling free outflow with total pressure backflow handling. No-slip boundary conditions were
again applied to both walls and plaque surfaces, with zero roughness.

3.5.3 Solution Setup, Initialization and Run

The finite volume method (FVM) was again used with second-order upwind discretisation for spatial accuracy.
However, due to the transient definition, a second-order implicit time discretisation scheme was also applied,
ensuring accuracy in capturing pulsatile oscillations. Pressure-velocity coupling was again handled by the SIMPLE
algorithm. Hybrid initialisation was applied to generate the starting field. The simulation was advanced in time using
a fixed time-step approach. Initially a total of 600-time steps were specified, with a time-step size of 0.0025 s,
corresponding to one full cardiac cycle. Each time step was allowed up to 20 iterations to ensure convergence within
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the step. A reporting interval of 1 was set, meaning results were written and residuals monitored at every time step.
The profile update interval was also set to 1, ensuring boundary conditions were updated consistently throughout the
cycle. By advancing the solution in this way, transient oscillations in velocity and wall shear stress were fully
resolved across the pulsatile waveform. After further time step sensitivity analysis, the final transient simulation
used a fixed time step of 0.001 s over a total simulated time of 1 s, corresponding to one cardiac cycle, resulting in
1000 timesteps. A fixed time step was selected to maintain numerical stability and temporal accuracy, with
convergence achieved at each time step within 20 inner iterations and Courant numbers maintained below unity.

B carreau Model X

Methods
@ Shear Rate Dependent 0.0041

Shear Rate and Temperature Dependent

Primary Independent Variable
StrainRate [s"-1] ¥

Time Constant, lambda [s] Count | 100 - 0.00405

-
3.313
Min | 300
Power-Law Index, n
0.3568 Max | 500

0.004

Shape Parameter, a

0.00395
2

Viscosity [kg/ (m s)]

Zero Shear Viscosity [kg/(m s)]
0.056 0.0039
Tnfinite Shear Viscosity [kg/(m <)]

0.00345 0.00385

300 350 400 450 500
StrainRate [s]

Copy to clipbnardl ‘Reset Zoom

ﬂ | cancet | [ eip |

Fig 9: Carreau Model Properties

3.6 Comparison of Simulation Setup: Steady Newtonian vs Pulsatile Carreau

This dual-modelling approach strengthens the study by providing both a baseline reference and a physiologically
realistic case. The steady Newtonian model offers computational efficiency and serves as a simplified benchmark,
while the pulsatile Carreau model incorporates both time-dependent flow dynamics and shear-thinning viscosity,
enabling more accurate prediction of velocity fields, wall shear stress, and nanoparticle behaviour. Together, these
complementary models allow systematic assessment of how pulsatile effects and non-Newtonian rheology influence
hemodynamic outcomes in stenosed arteries.

Table 4. Summary of comparison between the Steady Newtonian and Pulsatile Non-Newtonian cases simulated

Category Steady Newtonian Pulsatile non-Newtonian
Solver Type Pressure based, Steady Pressure based, Transient
Dimensionality 2D Planar 2D Planar
Viscosity Model Constant Viscosity Carreau non-Newtonian Model parameters
Density 1060 kg/m? 1060 kg/m?
Inlet Condition Uniform velocity, 0.2 m/s Pulsatile Velocity Waveform using UDF
Outlet Conditions Pressure outlet, 0 Pa Pressure outlet, 0 Pa
Walls and Plaque Stationary, no-slip, smooth surface Stationary, no-slip, smooth surface
Time N/A Fixed Time-step
Purpose Baseline- Simple, computationally efficient Physiologically realistic capturing shear thinning and

cardiac pulsatility.

Table 4 presents the results side by side which not only highlights the differences in flow behaviour between steady
Newtonian and pulsatile Carreau simulations but also clarifies the relative importance of pulsate effects and shear-
thinning rheology in arterial drug delivery applications. By contrasting these two simulation setups, the subsequent
results section can directly compare the hemodynamic predictions under simplified and physiologically realistic
assumptions. This enables evaluation of how model choice influences key outcomes such as pressure drop, velocity
distribution, WSS, and potentially also consider the implications of the hemodynamic characteristics on for
example, nanoparticle residence in nano-drug delivery.

4. ANSYS FLUENT RESULTS AND DISCUSSION
4.1 Steady Newtonian Case- Velocity Plots
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The steady Newtonian simulations provide a fundamental baseline for analysing blood flow behaviour within
stenosed arteries. By assuming constant viscosity, these plots simplify the rheology of blood while still capturing the
key hemodynamic features associated with arterial narrowing, including flow acceleration at the stenosis throat, the
development of high-velocity jets, and the formation of recirculation zones downstream. Establishing this baseline is
essential, as it validates the computational setup and highlights the primary flow structures before introducing
additional physiological complexities such as pulsatility and non-Newtonian shear-thinning effects. Moreover, the
steady Newtonian velocity plots serve as a reference point against which subsequent models can be compared,
allowing the influence of pulsatility and rheology on velocity distribution, WSS, and nanoparticle deposition. Across
all stenosis severities and shoulder lengths, the velocity increases sharply at the throat of the stenosis, with the
highest velocity magnitudes consistently located at the narrowest cross-section. For 30% stenosis (Figures 10, 13,
16), flow acceleration is present but moderate, and the velocity distribution downstream quickly stabilises. At 50%
stenosis (Figures 11, 14, 17), the peak velocity increases further, with a more pronounced jet extending downstream,
accompanied by small regions of low velocity near the walls. At 70% stenosis (Figures 12, 15, 18), the velocity
profile shows the greatest acceleration at the throat, with a distinct high-speed jet and extensive recirculation zones
downstream. Increasing the shoulder length (from 2 mm to 6 mm) produces a smoother acceleration and
deceleration of flow, with the longer shoulders displaying a more gradual transition of velocity compared to the
abrupt changes observed for the shorter shoulders.
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Fig 10: Velocity Profile for 2mm Shoulder Length with 30% Stenosis- Steady Newtonian
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Fig 11: Velocity Profile for 2mm Shoulder Length with 50% Stenosis- Steady Newtonian
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Fig 12: Velocity Profile for 2mm Shoulder Length with 70% Stenosis- Steady Newtonian
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Fig 13: Velocity Profile for 4mm Shoulder Length with 30% Stenosis- Steady Newtonian

- 1.020e-01
16.800e-02
3.400e-02

0.000e+00
[m s?-1]

Fig 14: Velocity Profile for 4mm Shoulder Length with 50% Stenosis- Steady Newtonian
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Fig 15: Velocity Profile for 4mm Shoulder Length with 70% Stenosis- Steady Newtonian

Fig 16: Velocity Profile for 6mm Shoulder Length with 30% Stenosis- Steady Newtonian

View1 v

-2.062e-03
[m s?-1]

Fig 17: Velocity Profile for 6mm Shoulder Length with 50% Stenosis- Steady Newtonian
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Fig 18: Velocity Profile for 6mm Shoulder Length with 70% Stenosis- Steady Newtonian

4.2 Pulsatile Non-Newtonian (Carreau) Case
4.2.1 Velocity Plots
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Fig 19: Velocity Profile for 2mm Shoulder Length with 30% Stenosis- Carreau
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Fig 20: Velocity Profile for 2mm Shoulder Length with 50% Stenosis- Carreau
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Fig 21: Velocity Profile for 2mm Shoulder Length with 70% Stenosis- Carreau

At 30% stenosis, the flow accelerates through the narrowed throat, creating a moderate velocity jet with a peak
around 0.47 m/s (Figure 19). Disturbance is limited, with only small downstream recirculation zones that quickly
reattach, indicating relatively stable flow. At 50% stenosis, the narrowing produces a stronger jet that extends further
downstream, accompanied by larger recirculation zones near the vessel walls (Figure 20). This leads to more
disturbed flow patterns and increased regions of low shear stress compared to the 30% case. In the 70% stenosis
condition, the severe narrowing generates a highly accelerated jet at the throat, with peak velocities approaching
0.49 m/s (Figure 21). This strong jet induces large downstream recirculation zones and disturbed flow, creating
conditions favourable for low-shear regions where nanoparticles may deposit.

The longer 4 mm shoulder creates a smoother acceleration of flow through the 30% stenosis, with peak velocities
around 0.47 m/s distributed more gradually across the throat (Figure 22). Downstream flow remains relatively
stable with minimal recirculation, indicating reduced flow disturbance compared to shorter shoulder lengths. At 50%
narrowing, a strong velocity jet develops at the stenosis throat, reaching peaks above 0.65 m/s (Figure 23).
Minimum magnitude was computed as approximately 0.0042m/s. The 4 mm shoulder produces a moderately
extended transition, with downstream flow separation and recirculation clearly visible, highlighting disturbed
haemodynamics that would potentially favour nanoparticle trapping. Under the severe 70% stenosis condition, an
intense velocity jet exceeding 0.9 m/s forms at the throat (Figure 24). The 4 mm shoulder elongates the disturbed
region, creating extended recirculation zones downstream that are likely locations for nanoparticle deposition.
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Fig 22: Velocity Profile for 4mm Shoulder Length with 30% Stenosis- Carreau
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Fig 23: Velocity Profile for 4mm Shoulder Length with 50% Stenosis-Carreau
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Fig 24: Velocity Profile for 4mm Shoulder Length with 70% Stenosis- Carreau

The 30% stenosis with a long 6 mm shoulder generates a mild acceleration of flow, with velocity smoothly
increasing through the narrowing (Figure 25). Disturbance downstream is minimal, and the extended shoulder
produces a gradual transition that reduces recirculation compared to shorter shoulders. At 50% stenosis (Figure 26),
a strong velocity jet forms at the throat, with smoother acceleration than observed in shorter-shouldered cases.
Although the extended shoulder reduces the sharpness of flow separation, a broad disturbed region still develops
downstream, creating conditions that may enhance nanoparticle residence in low-shear zones. In the most severe
case of 70% stenosis, an intense and narrow jet is produced at the throat, with peak velocities approaching 0.68 m/s
approximately (Figure 27). Minimum values were computed as 0.048m/s. The longer shoulder smooths the inflow
but extends the downstream disturbed flow and recirculation region, resulting in a broad low-velocity zone that is
highly favourable for nanoparticle deposition.
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Fig. 25: Velocity Profile for 6mm Shoulder Length with 30% Stenosis- Carreau
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Fig 26: Velocity Profile for 6mm Shoulder Length with 50% Stenosis- Carreau
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Fig 27: Velocity Profile for 6mm Shoulder Length with 70% Stenosis- Carreau

Additionally for this non-Newtonian pulsatile case, we have displayed pressure plots, described in the next sub-

section.
4.2.2 Pressure distribution contour plots
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Fig 28: Pressure Plot for 2mm Shoulder Length with 30% Stenosis- Carreau
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Fig 29: Pressure Plot for 2mm Shoulder Length with 50% Stenosis- Carreau
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Fig 30: Pressure Plot for 2mm Shoulder Length with 70% Stenosis- Carreau

For the 2 mm shoulder length, the 30% stenosis produces a modest pressure drop across the narrowed throat, with
elevated upstream pressures (red/orange) transitioning smoothly to lower downstream pressures (blue) (Figure 28).
The short shoulder causes a relatively sharp gradient, but pressure recovery occurs quickly, reflecting the mild
obstruction severity. At 50% stenosis, the pressure gradient becomes noticeably steeper, with a clear upstream—
downstream contrast and reduced recovery downstream (Figure 29). In the most severe 70% case, a very sharp and
extreme gradient is observed, with high upstream pressures (deep red) dropping abruptly to very low downstream
values (blue/green) (Figure 30). The short 2 mm shoulder intensifies this abrupt transition, highlighting severe
obstruction and substantial flow resistance compared with the 30% and 50% cases.
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Fig 31: Pressure Plot for 4mm Shoulder Length with 30% Stenosis- Carreau

.087e-
1.972e+01
-1.143e+01

-4.258e+01
[Pal

Fig 32: Pressure Plot for 4mm Shoulder Length with 50% Stenosis- Carreau
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Fig 33: Pressure Plot for 4mm Shoulder Length with 70% Stenosis- Carreau

For the 4 mm shoulder length, the 30% stenosis produces a moderate pressure gradient, with a smoother
transition between the upstream high-pressure region (red—orange) and reduced downstream pressure (blue—green)
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(Figure 31). The extended shoulder reduces the sharpness of the drop compared with shorter stenoses, leading to
more gradual pressure recovery and less severe flow disturbance. At 50% stenosis, the pressure gradient becomes
more pronounced, with a sharper drop across the throat (Figure 32). While the 4 mm shoulder moderates the
transition compared with the 2 mm case, downstream regions still display significant low-pressure zones (blue),
reflecting higher energy loss and greater flow disturbance than in the 30% case. At 70% stenosis, a very steep
pressure drop is observed, with upstream pressures exceeding 500 Pa before collapsing rapidly downstream (Figure
33). The longer 4 mm shoulder length smooths the gradient slightly compared with the 2 mm case, but the extended
downstream low-pressure zone highlights severe energy loss and disturbed flow conditions likely to influence
nanoparticle deposition.

Finally, we consider pressure evolution for the 6 mm shoulder length. In this scenario, the 30% stenosis produces
a relatively small pressure drop across the throat, with upstream pressures around 220 Pa transitioning smoothly to
lower downstream values (Figure 34). The extended shoulder further smooths the gradient compared with shorter
shoulders, leading to a more evenly distributed loss and less abrupt pressure recovery. At 50% stenosis, the pressure
gradient steepens, with a clear drop from approximately 280 Pa upstream to much lower values downstream of the
narrowing (Figure 35). While the longer 6 mm shoulder moderates this transition compared with shorter cases,
pressure recovery remains limited, emphasising the hemodynamic burden of increased narrowing. At 70% stenosis,
the most severe changes occur, with upstream pressures exceeding 540 Pa before plunging steeply downstream of
the throat (Figure 36). The longer shoulder length accentuates this extended high-pressure zone before the throat,
followed by a sharp and sustained low-pressure region, indicating intense haemodynamic stress that could strongly
influence nanoparticle deposition and plaque vulnerability.
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Fig 34: Pressure Plot for 6mm Shoulder Length with 30% Stenosis- Carreau
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Fig 35: Pressure Plot for 6mm Shoulder Length with 50% Stenosis- Carreau
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Fig 36: Pressure Plot for 6mm Shoulder Length with 70% Stenosis- Carreau

Since wall shear stress characteristics are also critical in hemodynamics, for this non-Newtonian case, we have also
displayed WSS plots, which are provided in the next sub-section.

4.2.3 WSS Plots

In drug delivery applications, nano-particle deposition at plaque regions is important. We therefore analyse how
stenosis depth and shoulder length influence hemodynamics at the walls of the blood vessel. Only the plaque regions
are therefore displayed in the results for wall shear stresses.

Fig 37: WSS for 2mm Shoulder Length with 30% Stenosis- Carreau
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Fig 38: WSS for 2mm Shoulder Length with 50% Stenosis- Carreau
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Fig 39: WSS for 2mm Shoulder Length with 70% Stenosis- Carreau

For the 2 mm shoulder length, the 30% stenosis shows a localised increase in wall shear stress (WSS) at the plaque
throat, peaking around 19 Pa, while upstream and downstream values remain relatively low and uniform (Figure
37). This reflects a mild narrowing where elevated shear is confined to the throat and dissipates quickly, limiting
nanoparticle deposition to regions of slightly elevated but stable stress. At 50% stenosis, WSS rises further, with
peak stresses again approaching 19 Pa but distributed more sharply across the narrow throat (Figure 38). The short 2
mm shoulder produces steep gradients and concentrated high-shear zones, while downstream regions exhibit
reduced WSS. At 70% stenosis, WSS reaches its highest values, exceeding 40 Pa at the throat, where the
constriction generates extreme shear gradients (Figure 39). This strong localisation of high WSS is contrasted by
reduced downstream shear, creating conditions of throat flushing and low-shear recirculation that would potentially
strongly favour nanoparticle residence and deposition in drug delivery treatments (via inclusion of nanoparticle
transport modelling which has been ignored in the current study) [32-34].

Fig 40: WSS for 4mm Shoulder Length with 30% Stenosis- Carreau

Fig 41: WSS for 4mm Shoulder Length with 50% Stenosis- Carreau
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Fig 42: WSS for 4mm Shoulder Length with 70% Stenosis- Carreau

For the 4 mm shoulder length, the 30% stenosis produces relatively low WSS, peaking just above 10 Pa at the
throat, with the extended shoulder smoothing the gradients and limiting recirculation downstream (Figure 40). At
50% stenosis, peak WSS rises above 14 Pa, concentrated at the throat but with smoother transitions into and out of
the narrowing due to the longer shoulder; downstream, moderate recovery of WSS indicates disturbed regions
favourable for potential nanoparticle residence (although nanoparticle simulations are not conducted here) (Figure
41). In the 70% stenosis case, WSS reaches its highest levels, exceeding 35 Pa at the throat, with the 4 mm shoulder
producing a more gradual rise and fall compared to shorter shoulders, though the extreme narrowing still generates
sharp stress concentrations strongly linked to endothelial damage and enhanced nanoparticle deposition (Figure 42).

[Pa]

Fig 43: WSS for 6mm Shoulder Length with 30% Stenosis- Carreau

Fig 44: WSS for 6mm Shoulder Length with 50% Stenosis- Carreau
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Fig 45: WSS for 6mm Shoulder Length with 70% Stenosis- Carreau

For the 6 mm shoulder length, wall shear stress (WSS) remains relatively low in the 30% stenosis case, peaking
around 10 Pa at the throat, with the gradual narrowing producing smoother distributions and reduced sharp gradients
compared to shorter shoulders (Figure 43). At 50% stenosis, WSS rises to around 12 Pa, with the extended shoulder
smoothing the rise in shear but still creating stronger gradients and elevated stresses along the plaque surface
(Figure 44). In the severe 70% stenosis case, WSS peaks close to 30 Pa at the throat, with the longer shoulder
spreading the distribution more gradually, yet the extreme narrowing generates very high shear stresses strongly
associated with endothelial damage and nanoparticle deposition in downstream low-shear regions (Figure 45).

4.1. Further Observations

4.3.1 Steady Newtonian Flow Case simulations

The steady Newtonian model represents the simplest assumption for simulating arterial blood flow, where the
inlet velocity or pressure is assigned as constant and blood viscosity is assumed to remain uniform, independent of
shear rate. This approach is computationally efficient and straight forward to implement from a simulation
viewpoint, making it a practical starting point for analysis of this type. It is also a reasonable approximation for large
arteries, where high shear rates mean blood behaves almost Newtonian as elaborated by Johnston et al. [10] and
Yilmaz & Gundogdu [35].

30% Stenosis: The velocity contour plots for 30% stenosis demonstrate moderate acceleration of flow through

the narrowed region, with peak velocity at the throat rising to approximately 0.3 /s which is expected at the
region of stenosis in comparison to the remainder of the body where the velocity peaked at approximately
0.27 m/s. Flow reattaches smoothly downstream, with minimal disturbance or recirculation zones. Shorter
shoulders (2 mm) generated sharper accelerations, while longer shoulders (6 mm) produced more gradual velocity
transitions across the stenosis as expected. These results show that for mild stenosis, Newtonian assumptions predict
relatively stable and symmetric velocity fields, consistent with expectations in large arteries where flow remains
largely laminar.

50% Stenosis: For the 50% stenosis cases, the velocity profiles reveal more pronounced acceleration at the

stenosis throat, with peak velocities increasing to 0.4 m/s for the 2mm stenosed artery. Downstream of the
constriction, the flow begins to separate, producing small but visible recirculation zones adjacent to the vessel wall
which can be seen more prominently in the short and intermediate (4mm and 2mm respectively) cases. Short
shoulders (2 mm) result in narrower, concentrated jets, whereas longer shoulders (6 mm) extend the disturbed
regions further downstream. These observations are consistent with prior studies, which show that jet formation and
flow separation become more significant with increasing stenosis severity, as emphasized by Ku [8] and Berger &
Jou [6].
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70% Stenosis: The 70% stenosis cases exhibit the most extreme hemodynamic changes. Velocity peaks reach their
maximum values at the stenosis throat (0.5m/s), forming strong, narrow jets that extend several millimetres
downstream. Large recirculation zones are visible, especially for longer shoulder lengths (6 mm), where flow
disturbance persists far beyond the stenotic site. The intermediate 4 mm shoulder lengths demonstrate behaviour
between these extremes, with moderate jets and recirculation lengths. These results highlight the sensitivity of
downstream flow to both stenosis severity and geometric variation at the plaque shoulders, which has been
highlighted among others by Mandal [17].

General Observations and Limitations: Across all cases, the steady Newtonian assumption produced smooth and
symmetric velocity distributions due to the constant viscosity model. While this provides a useful baseline and is
valid for large arteries where blood approximates Newtonian behaviour, it fails to capture critical physiological
characteristics. Under realistic conditions, blood is pulsatile, with systolic acceleration and diastolic deceleration
influencing near-wall behaviour and exhibits non-Newtonian shear-thinning properties that reduce viscosity in
regions of high shear, such as near plaque surfaces as noted by Caro et al. [36]. These effects are not captured in the
steady Newtonian results, meaning that important factors such as enhanced nanoparticle deposition in low-shear or
oscillatory regions are underpredicted, as elucidated further by Decuzzi et al. [37].

It is also important to note that this study employs a two-dimensional model of arterial flow. While this is
computationally efficient and provides insight into the key haemodynamic trends, it cannot capture out-of-plane
secondary flows which are often observed in three-dimensional vessels. These secondary flows play an important
role in redistributing shear stress and influencing nanoparticle trajectories, meaning the 2D results represent a
simplified approximation of the real vascular environment. From the perspective of nanoparticle drug delivery, the
steady Newtonian model predicts smooth flow paths, underestimating potential deposition locations associated with
low-shear or recirculating regions and is often difficult to determine nano-particle behaviours as many other factors
contribute towards nano-particle deposition. Consequently, this modelling approach serves primarily as a reference
case against which the effects of shear-thinning (steady non-Newtonian) and pulsatility (transient Newtonian and
non-Newtonian) can be evaluated.

4.3.2 Pulsatile Non-Newtonian (Carreau) Case Simulations

The pulsatile non-Newtonian Carreau model provides a realistic demonstration of arterial blood flow by
incorporating shear-thinning viscosity and time-dependent inlet conditions. This combination captures the
oscillatory behaviour of the cardiac cycle and the non-Newtonian rheology of blood, both of which strongly
influence flow in stenosed arteries — as demonstrated also by Cho & Kensey [15] and Johnston et al. [10]. The
velocity contour plots for this case illustrate how these factors interact across different stenosis severities and
shoulder geometries.

4.3.2.1 Velocity Plots

30% Stenosis: At mild narrowing, flow acceleration through the stenosis was moderate, producing relatively
smooth velocity distributions with minimal recirculation downstream. The effect of shoulder length was subtle.
Short shoulders (2 mm) caused sharper acceleration, while longer shoulders (6 mm) spread the velocity increase
more gradually. These patterns suggest that at low stenosis severity, flow remains relatively stable, and potential
nanoparticle transport in drug treatments would primarily follow the bulk velocity profile, with limited deposition in
downstream regions.

50% Stenosis: At moderate stenosis, flow disturbances became more pronounced. Peak velocities at the throat
increased, and recirculation zones developed downstream of the stenosis. The 2 mm case exhibited a concentrated
jet and sharp shear gradients, whereas the 6 mm case showed broader jets with extended low-velocity regions. The 4
mm case represented an intermediate behaviour. These recirculation zones are significant, as they create areas of low
shear and prolonged residence time where nanoparticles may accumulate, especially during diastolic phases of
pulsatile flow.

70% Stenosis: Severe stenosis cases generated the most extreme results, with very high velocity jets at the throat
and large recirculation zones downstream. The short-shoulder stenosis produced a highly concentrated jet, while the
long-shoulder stenosis exhibited broader jets and the largest low-velocity recirculation regions. Disturbed flow
regions such as these are strongly associated with atherosclerosis progression and represent likely locations for
nanoparticle deposition, particularly during low-flow phases of the pulsatile cycle when residence times increase.

General Observations and Limitations: The Carreau model moderated shear near the stenosis surfaces by
reducing viscosity in high-shear regions, leading to smoother velocity gradients compared to the Newtonian case.
The difference between both models is particularly important in potential applications involving predicting
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nanoparticle deposition (which we did not consider here), as Newtonian models tend to overpredict wall shear stress
and underestimate low-shear regions favourable to adhesion, as described by Boyd et al. [38]. While the pulsatile
non-Newtonian model represents a significant step towards real life scenarios, certain simplifications remain. The
model assumed axisymmetric, idealised geometries, whereas real arterial stenoses are often irregular in shape.
Finally, nanoparticle dynamics were assumed from the results found rather than directly simulated, meaning
particle—wall interactions and Brownian diffusion effects are not explicitly represented. These limitations highlight
the need for more advanced models to fully capture the complexity of nanoparticle drug delivery in diseased
arteries.
4.3.2.2 Pressure Plots

The pressure contour plots for the pulsatile non-Newtonian Carreau model show a pressure drop across the
stenotic throat, with the magnitude of this drop increasing with stenosis severity.

30% Stenosis: For the 30% stenosis cases, the pressure reduction is relatively modest, with smooth gradients
across the narrowing. At this relatively low stenosis, the flow remains stable, and pressure recovery occurs quickly
downstream.

50% Stenosis: As stenosis increases to 50%, the pressure gradient becomes significantly steeper across the
throat. The plots show clear zones of high upstream pressure and reduced downstream pressure, reflecting increased
resistance to flow through the narrowed stenosed region. This sharper gradient is accompanied by stronger velocity
jets in the velocity plots, indicating the close coupling between velocity acceleration and pressure reduction.

70% Stenosis: In the most severe 70% stenosis cases, the pressure drops become more pronounced, with
upstream pressures rising greatly and downstream regions showing pronounced low-pressure zones. The transition
across the stenotic throat is abrupt, and downstream recovery is less efficient due to flow separation and
recirculation. These results align with clinical observations that pressure drops scale nonlinearly with stenosis
severity, with haemodynamically significant gradients typically occurring beyond 50% narrowing.

General observations: Shoulder length also influenced the pressure distribution. Short shoulders (2 mm)
produced sharper and more localised pressure drops, while longer shoulders (6 mm) spread the pressure gradient
more gradually across the stenosis, reducing the abruptness of the transition but prolonging low-pressure regions
downstream. The intermediate 4 mm cases again lay between these two extremes as expected. This highlights how
plaque geometry, and not just severity, shapes haemodynamic stresses on the arterial wall. In relation to nanoparticle
deposition in potential pharmacodynamic treatments, these pressure plots are particularly relevant. Regions of low
downstream pressure, coupled with disturbed flow, are often associated with prolonged particle residence and
greater likelihood of adhesion as noted in Decuzzi et al. [37] . From the pressure plots alone, the assumption could be
made that nanoparticles as deployed in drug delivery, would most likely deposit in arteries where stenosis depth is
greater in comparison to arteries where stenosis depth is less deep. By incorporating both pulsatile flow and non-
Newtonian shear-thinning behaviour, the Carreau model provides a more accurate estimate of pressure environments
than the steady Newtonian assumption in clinical scenarios.

4.3.2.3 WSS Plots

The WSS plots for the pulsatile non-Newtonian Carreau model provide crucial insight into the haemodynamic
environment at the plaque surface. As expected, WSS increased at the stenotic throats due to velocity acceleration,
while downstream regions exhibited lower, often oscillatory shear stresses. These patterns are directly relevant for
nanoparticle adhesion and plaque vulnerability, as both low and oscillatory WSS have been linked to atherosclerosis
progression.

30% Stenosis: For 30% stenosis, the WSS peaks were moderate compared to more severe cases, with relatively
uniform shear across the plaque shoulders. Flow disturbance was limited, and downstream shear values quickly
returned. These conditions suggest minimal chances of enhancement for nanoparticle deposition, consistent with
milder obstruction where near-wall flow remains more stable.

50% Stenosis: In the 50% stenosis cases, WSS gradients became more pronounced. Peak shear stresses were
observed at the throat, accompanied by sharp reductions downstream. The presence of low WSS immediately past
the stenosis indicates regions of recirculation where nanoparticles are more likely to linger and adhere. The
oscillatory nature of pulsatile flow further amplifies these effects, creating time-varying hotspots for particle
deposition.

70% Stenosis: The most severe 70% stenosis cases demonstrated extreme WSS behaviour. Very high stresses
were concentrated at the plaque throat, while downstream regions displayed extensive areas of low and near-zero
WSS. This combination of extremes is particularly relevant, as elevated stresses at the throat may contribute to
plaque rupture, while low oscillatory stresses downstream favour nanoparticle deposition and inflammatory
processes that accelerate atherosclerosis. The influence of shoulder length was also evident, with shorter shoulders
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(2 mm) producing sharper, more localised peaks in WSS, whereas longer shoulders (6 mm) distributed the stresses
over a wider area but created larger low-WSS zones downstream.

General Observations: Overall, these WSS plots highlight the advantages of combining pulsatility with a non-
Newtonian model. Compared with steady Newtonian assumptions, the Carreau model reduces the tendency to
overpredict WSS near plaque surfaces, while pulsatile inflow captures the oscillations that are critical in
nanoparticle adhesion dynamics. Observing the results from a drug delivery perspective, regions of low and
oscillatory WSS identified in these simulations are potential sites for targeted nanoparticle deposition, aligning with
previous experimental and computational findings including Decuzzi et al. [37].

5. Conclusions and future pathways

This study compared steady Newtonian and pulsatile non-Newtonian Carreau models to assess haemodynamics
in stenosed arteries and their implications for nanoparticle deposition. In the steady Newtonian simulations, velocity
plots confirmed that increasing stenosis severity (30%—70%) intensified jet velocities at the throat and extended
downstream recirculation, with shoulder length influencing whether flow acceleration was sharp (short shoulders) or
gradual (long shoulders). While this baseline Newtonian steady state case captured geometric influences, it
neglected pulsatile and shear-thinning effects, meaning nanoparticle residence in low-shear zones was likely under-
represented. In contrast, the pulsatile Carreau model provided a physiologically realistic haemo-rheological
assessment of actual blood flow. Velocity plots highlighted systolic flushing and diastolic stagnation, pressure plots
revealed nonlinear drops scaling with stenosis severity, and WSS plots identified high-shear throats with low or
oscillatory WSS downstream. These disturbed zones correspond to predicted hotspots for nanoparticle deposition,
consistent with experimental and computational evidence (e.g. see refs. [32, 37]). The results therefore confirm that
stenosis severity determines the magnitude of haemodynamic disruption, while shoulder length governs its spatial
distribution, jointly shaping deposition-prone regions. Increasing stenosis severity from 30% to 70% consistently
elevated velocity at the stenotic throat, produced larger downstream recirculation zones, increased pressure drops,
and generated extreme WSS gradients. These disturbed flow conditions correspond to regions where nanoparticles
are more likely to accumulate, particularly in low- and oscillatory-WSS zones downstream of the stenosis. Shoulder
length further modulated these effects: shorter shoulders (2 mm) caused sharper accelerations and highly localised
shear peaks, while longer shoulders (6 mm) spread these gradients over a wider area but created extended regions of
low WSS that favour particle residence and adhesion. The CFD simulations confirm that nanoparticles preferentially
deposit in regions of low and oscillatory WSS, particularly downstream of severe and long shouldered stenoses,
aligning with known mechanisms of atherosclerosis progression and targeted drug delivery. Future studies could
extend this framework to fluid—structure interaction with compliant arterial walls, adopting robust approaches as
described in Kuharat et al. [31], Holzapfel & Ogden [39]. Additionally other pathways include incorporating patient-
specific geometries for clinical applicability and simulating explicit nanoparticle transport to validate deposition
predictions using a variety of models such as the Buongiorno two-component nanoscale model (as studied by
Tripathi et al. [40]) or the Tiwari-Das volume fraction model as considered by Dubey et al. [41] and Tripathi et al.
[42]). By advancing model robustness, CFD can further support the development of nanoparticle-based targeted
therapies for cardiovascular disease. Efforts in these directions are currently underway and will be reported
imminently.
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