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Abstract. Carotid atherosclerosis is a major contributor to cardiovascular morbidity and
mortality, primarily due to plaque-induced arterial steno-sis. This study develops a
patient-specific computational model of Casson blood flow in symmetrically stenosed
carotid arteries using a finite volume method. Realistic artery geometries are
reconstructed from MRI and CT imaging. The model indicates a significant pressure
drop (from approxi-mately 917 Pa to -411 Pa) and an increase in blood velocity, peaking
at 1.5 m/s within the stenosed region. Temperature gradients are noted along ar-terial
walls due to frictional heating. The model is quantitatively validated with reference data
and clinically confirmed by MRI diagnostics. The main findings of computational
results further show that wall shear stress increases with stenosis severity, and
recirculation zones intensify near the stenosis throat, potentially promoting plaque
buildup. The Casson fluid model captures the non-Newtonian nature of blood
effectively, while the finite volume scheme ensures stable and accurate numerical
predictions. These insights advance the understanding of hemodynamic behavior in
stenosed arteries and may aid in personalized treatment planning.

AMS (MOS) Subject Classification Codes: 35Q51; 35C07; 25U09; 35Q53
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1. INTRODUCTION

Cardiovascular diseases, particularly those involving arterial stenosis, remain a lead-
ing cause of mortality worldwide. Among these, stenosis in the carotid artery is a critical
concern due to its direct link to cerebrovascular events such as strokes. Hemodynamic
changes caused by arterial narrowing significantly affect parameters like velocity, pressure,
and wall shear stress, which are key factors in atherosclerotic plaque development and rup-
ture. An estimated 31% of all fatalities globally are attributed to cardiovascular disorders,
the majority of which are associated with atherosclerosis, a disorder that causes abnormal
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hemodynamic conditions in arteries [5, 54]. The first indication of atherosclerosis, a silent,
complex, and multifactorial disease [35, 38], is the formation of a plaque, which is caused
by the buildup of lipids and immune cells in the artery wall. Regional biological, biome-
chanical, and systemic factors have been implicated in the development of this disease
[23, 39, 55]. These variables have been shown to be mostly caused by local hemodynamics
[29, 13, 51]. Wall Shear Stress (WSS) in particular is a well-known marker of coronary
atherosclerosis progression. Low wall shear stress zones have long been recognized to be
more susceptible to plaque development [6], yet high levels of WSS are linked to plaque
instability. Furthermore, there is a substantial risk of thrombotic arterial and venous occlu-
sions for COVID-19 individuals, according to recent studies. By taking into account the
death rate caused by the virus itself thus far and its association with the development of
atherosclerosis, the situation becomes significantly more complicated [52].

Any artery that becomes damaged has serious repercussions, but when coronary arteries
are afflicted, the effects are significantly more severe. When fatty material accumulates in
these arteries, it blocks blood flow to the heart muscle. As a result, there are less vital nu-
trients available, including oxygen and other nutrients required for healthy organ function.
If the artery is completely blocked, the decreased blood flow may result in a heart attack or
pain in the chest [40, 14]. Cardiovascular disease is commonly treated with balloon angio-
plasty combined with intracoronary stent insertion. Even though this technique keeps the
artery open and restores blood flow, restenosis is nonetheless harmful [30]. Studying blood
flow hemodynamics is essential because cardiovascular diseases have a wide range of im-
pacts. Because of this, the majority of research efforts are focused on this area utilizing
numerical or experimental methods. There are still certain disadvantages to these methods,
even though there are a lot of experimental hemodynamic studies that use in vitro [24, 20],
in vivo [15, 57], or ex vivo [25, 44] methodologies and have shown promising findings as
stated in [42].

According to the aforementioned, computational methods have recently been considered
the best technique by a number of studies [7] and have evolved into a practical tool for eval-
uating and predicting the onset of diseases as well as evaluating the efficacy of novel treat-
ment devices. It is important to remember that computational models cannot completely
replace experimental tests because they still struggle to accurately simulate natural blood
flow [16]. However, they can overcome some of the limitations of experimental hemody-
namic techniques by producing more realistic virtual models, obtaining fast and accurate
results, and thoroughly testing various physiological conditions [31]. Recently, numerical
simulations have gained popularity in computational atherosclerosis research because to
their numerous advantages [58]. Numerical simulations require three fundamental steps to
be fulfilled: pre-processing, solution, and post-processing. The initial step in solving the
mathematical model is defining the geometry of the problem, after which mesh creation is
carried out. This is followed by the specification of the flow physics model, the boundary
conditions, and the fluid characteristics of blood. In the third phase, the outcomes of the
problem’s solution must be examined.

Scientists have utilized different calculations to display blood stream inside supply
routes throughout the long term, with two primary methodologies: reasonable coronary
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corridor models that were extrapolated from patient clinical information [8] or romanti-
cized stenotic calculations with admired shapes, (for example, the half-circle [45], ellip-
soid, gaussian condition, cosine capability, among others) [9, 43, 33].

Preceding laying out the blood qualities, the calculation not entirely set in stone to tackle
the issue appropriately. The mind boggling blend of cells, proteins, lipoproteins, and parti-
cles that make up blood transports side-effects and supplements. The blood’s consistency
is expanded by red platelets, which influences the liquid’s way of behaving. Besides, this
supposition that is erroneous for the microcirculatory framework and in instances of steno-
sis, regardless of whether it is broadly acknowledged that considering blood as a Newto-
nian liquid is a fair estimate for huge veins. Red platelets tend to gather into rouleaux at
low shear rates, which makes the non-Newtonian conduct more observable there. Differ-
ent components that should be considered incorporate the cyclic idea of the heart siphon,
which makes pulsatile conditions, and the versatile conduct saw in the supply route wall
[17, 26].

Blood’s versatility, non-Newtonian viscosity, liquid particles, and body powers are ther-
apeutically huge attributes, despite the fact that they can be overlooked to make blood
stream examination simpler [46]. The mechanical qualities of blood courses, physiological
stream conditions, and blood rheology, among other mechanical and organic perspectives,
all straightforwardly affect the exactness of CFD models used to foresee blood stream.
Subsequently, an enormous number of concentrates in the writing recreate blood stream
utilizing different limit conditions. Various prior examinations have utilized computational
liquid elements (CFD) reenactment in three-layered models produced using physical clini-
cal pictures to look at the blood stream in the carotid corridor [19]. The complicated design
of the ailing carotid bifurcation and its impact on blood stream designs make studies uti-
lizing patient-explicit calculations significant [56]. Late examination by Saxena et al. [47]
utilized Dynamic Powerful Thermography (ADT) to recognize carotid vein stenosis. Lopes
shockingly led an intensive survey of the writing on mathematical demonstrating of carotid
corridors custom-made to individual patients.

Three essential classes might be recognized among the carotid vein CFD mathematical
recreations in view of our appraisal of the writing. A laminar stream model or a choppiness
model should be thought about first. Second, the consistency models are thought about
utilizing either Newtonian, non-Newtonian, or both. Nearly talking, the carotid vein might
have a stenotic, nonstenotic, or both structure.

Various examinations suggest ordering blood as a non-Newtonian liquid because of the
critical variations in hemodynamic boundary values among Newtonian and non-Newtonian
liquids. As per Bouteloup et al. [36], the non-Newtonian impacts might be overstated on
the off chance that the non-Newtonian models don’t observe moral rules. While most of
past examination considered the laminar stream model, only one review utilized the K-
choppiness model. Blood stream is attempted to be laminar as the processed Reynolds
number is under 2000. Nonetheless, there is a decent opportunity that stream will move
to a momentary or even fierce condition in cases with very stenosed calculations. Past
CFD concentrates on that analyzed the hemodynamics of stenosed spaces additionally ex-
pected that the stream was laminar. Thusly, there is an examination void in this field for
CFD mathematical recreation that utilizes a reasonable choppiness model to look at carotid
conduits that are stenosed and those that are not. CFD is a useful instrument for grasping
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the component of atherosclerosis. Physically precise CFD models and limit conditions got
from in vivo imaging strategies are utilized to portray the job of hemodynamics and plaque
development and movement in corridors [48].

Previously employed for qualitative validation, image-based CFD has evolved to quan-
titative validation and is now widely utilized in applied vascular research. A new develop-
ment in CFD is the use of realistic models taken from ex vivo or in vivo imaging methods,
which provide pictures from which the artery lumen is taken out and rebuilt to create a
three-dimensional lumen geometry.

The hemodynamics of patient-explicit models were analyzed utilizing picture based
CFD to exhibit the pertinence of CFD for stream field research. To anticipate future gamble
for carotid sicknesses, the Navier-Stirs up condition is used related to clinical imaging to
research the time-shifting stream in the normal carotid course bifurcation [59, 21, 1]. The
connection between hemodynamic factors and atherosclerosis might be assessed by joining
CFD and MR imaging to analyze stream designs [2, 10]. Utilizing reasonable models got
from clinical imaging advancements like CT (Modernized Tomography) and X-ray is a new
pattern in computational hemodynamics [3, 4]. Utilizing three-layered (3D) models made
from physical clinical imaging and computational liquid elements (CFD) reenactment, this
study explored the blood stream in the carotid corridor. To survey any clinical case and its
course, the vein’s construction and blood stream not entirely settled. How much pressure
and tension on the plaque decides if happiness happens, and the specialist pursues a treat-
ment choice in view of these qualities, which might include medicine, stents, or medical
procedure. Perceive how the plaque searches in three aspects. Figured tomography (CT)
or attractive reverberation imaging (X-ray) are utilized to screen and analyze the plaque.
Then, a 3D model of the plaque is made to assist the specialist with the treatment plan. At
long last, the model delivered from imaging is partitioned to get the objective locale, and
3D printing is utilized to reproduce the tension, power, and blood stream of the model.

Despite extensive studies on blood flow in human vessels, most previous research has
modeled blood as a Newtonian or generalized fluid, overlooking its non-Newtonian prop-
erties under certain physiological conditions [27]. Particularly, when blood becomes sig-
nificantly more viscous due to pathological factors, such as during stenosis, its behavior
aligns more closely with a Casson fluid model. However, the effects of this rheologi-
cal behavior on velocity profiles, pressure distribution, and temperature changes have not
been thoroughly investigated. Moreover, computational fluid dynamics (CFD) has been
widely employed for studying blood flow in stenosed vessels, but the influence of Casson
fluid properties on key hemodynamic parameters and flow contours remains underexplored.
This represents a critical gap, as understanding the impact of non-Newtonian behavior in
such conditions is essential for accurate predictions of flow dynamics and potential clinical
interventions [18, 22].

Recent advancements in computational fluid dynamics (CFD) have enabled detailed
simulations of blood flow under varying physiological and pathological conditions. For
instance, Attar et al. [53] (2024) developed CFD models based on MRI and CT scans to
analyze blood flow behavior in atherosclerotic carotid arteries, offering high anatomical ac-
curacy and insightful hemodynamic data. Likewise, Carvalho et al. [37] (2021) validated
transient simulations of 3D-printed coronary artery models, bridging experimental and
computational approaches to better understand flow dynamics in stenotic vessels. While
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Newtonian models have been widely used, growing evidence suggests that they may not
accurately reflect the rheological nature of blood, especially under diseased states. Blood
exhibits non-Newtonian behavior, particularly in high-shear or high-viscosity scenarios,
such as in stenosed arteries. The Casson fluid model offers a more realistic representation
in such cases, accounting for yield stress and shear-thinning behavior, yet its impact on
hemodynamic variables remains under explored. Blood is a complex, non-Newtonian fluid
whose viscosity varies with shear rate. While many studies have employed Newtonian
models for simplicity, these fail to capture the yield-stress and shear-thinning properties
critical in diseased states. Gijsen et al. [34] (2020) demonstrated that using non-Newtonian
models such as Casson or Carreau can significantly affect predicted wall shear stress and
recirculation zones. Kumar et al. [49] (2022) investigated Casson fluid flow in a tapered
artery and found enhanced accuracy in predicting pressure drop and flow reversal. Addi-
tionally, Pandey et al. [41] (2023) incorporated non-Newtonian rheology in pulsatile flow
models and noted notable differences in flow resistance and temperature rise due to fric-
tional effects. Moreover, the role of thermal effects in arterial blood flow has gained atten-
tion. Friction-induced heating, although often neglected, may contribute to vascular wall
weakening. Chakraborty et al. [11] (2022) studied thermal gradients in stenosed arteries
and highlighted their influence on endothelial shear and thermal damage risks.

Despite the valuable insights provided by this study, certain limitations must be ac-
knowledged. Firstly, the simulation is conducted under the assumption of steady-state flow.
However, in physiological conditions, blood flow is inherently pulsatile due to the cardiac
cycle, and this unsteady behavior can influence flow separation and wall shear stress dy-
namics, especially in diseased arteries. Secondly, a two-dimensional (2D) arterial geometry
is employed to reduce computational complexity. While this approach is beneficial for pre-
liminary analysis, it may oversimplify the actual three-dimensional nature of blood vessels
and neglect important secondary flow structures. Furthermore, the model utilizes an ide-
alized, symmetric stenosis, which may not fully capture the complexity of irregular and
asymmetric geometries typically observed in real patients. Another simplification is the
assumption of rigid arterial walls, whereas actual arteries are compliant and interact with
the blood flow dynamically. This fluid—structure interaction can affect pressure gradients
and velocity profiles, particularly in the post-stenotic region. Lastly, the study exclusively
employs the Casson fluid model to describe the non-Newtonian behavior of blood. While
the Casson model is widely used and appropriate for certain conditions, alternative models
like Carreau-Yasuda or Herschel-Bulkley could provide more accurate predictions under
different flow regimes or shear rates.

This study addresses this gap by employing the Casson fluid model in a CFD framework
to simulate blood flow through a stenosed carotid artery. Our work aims to analyze the in-
fluence of non-Newtonian viscosity on velocity profiles, pressure distributions, and thermal
variations. By integrating realistic geometry from medical imaging and applying advanced
CFD techniques, this study contributes to a deeper understanding of flow alterations due to
stenosis and provides insights that may aid in clinical assessments and therapeutic strate-
gies.

The Casson fluid model is chosen specifically for its ability to represent the yield stress
behavior of blood, which becomes particularly significant in stenosed arteries where low
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shear rates and cellular aggregation dominate. Unlike the Power-Law model, Casson in-
cludes a yield stress component that captures the transition from plug-like to shear flow,
which is observed in regions of recirculation and low shear near plaque deposits. Although
the Carreau model provides a detailed representation of blood’s shear-thinning properties
across a wide range, it introduces more complexity and parameters. The Casson model
offers a practical balance between physiological accuracy and computational efficiency for
simulating hemodynamics in moderately stenosed geometries.

In highly stenosed regions, local Reynolds numbers may exceed 2000, potentially induc-
ing transition or turbulence. In this study, we primarily focused on developing a validated
laminar flow model using the Casson fluid assumption, which sufficiently captures essential
hemodynamic patterns in moderate stenosis cases. Nonetheless, we agree that turbulent or
transitional effects could become significant, particularly near severe stenotic throats. We
plan to incorporate turbulence models (e.g., k-w SST) in future work to evaluate their in-
fluence on stress, velocity, and heat transfer predictions.

The present model focuses on peak systolic behavior using a quasi-steady approxima-
tion of pulsatile flow. Despite this simplification, the model accurately captures the key
spatial hemodynamic variations relevant to clinical assessment.

1.1. Advantages of this study and our model.

(1) Realistic Representation of Blood Flow: The Casson fluid model, which ac-
counts for the non-Newtonian behavior of blood in high-viscosity situations, is
used in this work in contrast to conventional Newtonian models. As a result, blood
flow may be simulated more accurately, especially in pathological circumstances
like stenosis.

(2) Comprehensive Hemodynamic Analysis: The work uses CFD models to give
extensive information on important hemodynamic parameters, including as tem-
perature, pressure, and velocity distributions. Understanding disease development
and treatment planning need the ability to recognize flow patterns and high-stress
locations, which these studies can assist in identifying.

(3) Enhanced Clinical Relevance: Improved diagnostic precision and treatment ap-
proaches can result from an understanding of how blood behaves as a Casson fluid
in stenosed disorders. For instance, it provides a better understanding of how blood
flow adjusts to pathological changes, which might help with the design of stents,
surgical procedures, or targeted medication delivery systems.

(4) Improved Predictive Capabilities: The Casson fluid model’s use into CFD im-
proves flow disturbance predictions, which are essential for determining the likeli-
hood of consequences such vascular rupture, ischemia, or clot formation.

(5) Temperature and Heat Transfer Analysis: The investigation gains a new di-
mension with the incorporation of temperature effects. With possible uses in
hyperthermia-based treatments or in understanding thermal damage during treat-
ments, this can aid in the investigation of how temperature gradients affect blood
flow and vessel walls in sick states.

(6) Foundation for Future Research: In cardiovascular studies, this model acts as a
springboard for more research into non-Newtonian fluid dynamics. In biological
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applications, it provides avenues for investigating pulsatile flows, more intricate
geometries, and multi-physics interactions.

(7) Tool for Personalized Medicine: The approach may be modified to fit the unique
data of each patient, allowing for customized simulations that take particular blood
characteristics and vascular geometry into account. In the healthcare industry, pre-
cision medicine is becoming more and more popular.

2. METERIALS AND METHODS

In the next sub section, the size of carotid Artery is established. Moreover, a numeri-
cal approach is made along with the boundary restrictions which helped in proposing the
mathematical equation.

2.1. Reynolds Number Calculation. In our study, the Reynolds number (Re) was calcu-
lated to determine whether the flow within the carotid artery model remained laminar or
had the potential to transition into turbulent flow, particularly near the stenosis.

Reynolds Number Formula:
_pVD

I

Re
Where:

p = 1060 kg/m*® (blood density),

V = 0.5 m/s (peak systolic velocity),

D = 0.006 m (approximate carotid artery diameter),

w = 0.0035Pa - s (effective Casson fluid viscosity under shear).

Substituting the values:

1060 x 0.5 x 0.006
fe = 0.0035 ~ 909
Thus, under physiological conditions and even at peak systole, Re < 1000, which supports

the assumption of laminar flow.

2.2. Model Construction. The geometric model was constructed keeping in mind its ap-
plication in pulsatile flow simulations, which better represent physiological blood flow dy-
namics. The model supports transient simulations with time-varying boundary conditions,
particularly a sinusoidal inlet velocity profile representing a heart rate of 140 BPM, as
implemented later using a User Defined Function (UDF).

2.3. Acquisition of Image. In the first place, images from MRI of a carotid artery with
atherosclerosis are used to generate the visuals of normal and the abnormal carotid arteries
in the form of two- dimensional model and helical CT scan images. For example, it is
observed that the number of MRI images found, for a patient with 40% carotid artery
stenosis, were 560 slices provided by the National Institute Healthcare (NIH). On the other
hand, the number of CT images for a normal patient were 483 slices. Moreover, when a
55 years old female patient with 30% stenosis was diagnosed, 512 slices of CT images
were provided. The schematic diagram illustrates the carotid artery cross-section, showing
the arterial walls (outer layer) and the lumen where blood flows. An ultrasound probe is
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FIGURE 1. Magnetic field (B) is represented by arrows indicating direc-
tion and magnitude.

positioned above the artery, directing sound waves for imaging and measurement. Red
arrows in the figure represent the magnetic field (B), indicating its direction and orientation
relative to the artery, this is important because the interaction between the magnetic field
and moving blood or tissues can influence signal behavior, depending on the study (e.g.,
magneto-acoustic or MR effects) shown in Figure 1 and blood flow analysis through the
stenosis artery as shown in Figure 2.

Pressure Drop
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FIGURE 2. Schematic diagram of blood flow through a stenosed artery.

2.4. 2D-Modelling. The piles of 2D Image data are considered to create a complete 2D
model, 2D DOCTOR Software, a well-known V5 software, normally used for image pro-
cessing of such models, made by Lexington based software company, Able software, is
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used. The 2D model of the carotid artery was created by importing the Digital Imaging and
Communications in Medicine (DICOM) images to the 2D DOCTOR, as shown in Figure 3.
The inner and outer layers of the plaque as well as the arterial wall’s borders were obtained
by segmenting the pictures. Additionally, a 2D surface model was created using surface
rendering. Because automatic segmentation was unable to detect the plaque in the carotid
artery’s 3D reconstruction, writers tended to mix automatic and manual segmentation ap-
proaches in order to improve results and detect the plaque more clearly. To get two more

FIGURE 4. Visual of 2D segment of normal carotid artery.

examples with high plaque sizes, the plaque size was manually adjusted: normal (Figure
4) and abnormal (Figure 5). The same method was used on CT, as the data in Figure 6
illustrates, and both normal and pathological arteries with plaque showed improved results.
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FIGURE 5. Visual of 2D segment of abnormal carotid artery.

2.5. Converting the surface model to the volume model. In order to get a solid geometry
from the surface model, Rhinoceros (McNeel, Seattle, Washington) software is applied
on the output of 2D Doctor program, mesh to an operation particularly, a Non-Uniform
Rational Basis Splinenurb (NURBS) operation [28]. The display in the Figure 7 shows
the profile of the plaque as a surface Figure 7 (a) and a model volume Figure 7 (b) as
a consequence of using the MESHTONURB command. A mesh model and a NURBS

FIGURE 6. The CT scan visual of a 2D segment of normal and abnormal
carotid artery.

surface model are distinct by the conversion using Rhinoceros Software with the help of
the command of MESHTONURB, as seen in Figure 7 and effect of mesh refinement on
maximum velocity and maximum static pressure in the carotid artery model are given in
Table 1.
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(A) Model as a surface. (B) Model as a volume.

FIGURE 7. Model as a surface and volume.

TABLE 1. Effect of mesh refinement on maximum velocity and maxi-
mum static pressure in the carotid artery model.

Mesh Size (No. of Elements) | Max Velocity (m/s) | Max Static Pressure (Pa)
118,538 1.47 905
345,000 1.49 910
602,225 1.50 917
703,353 1.50 918

2.6. Mesh Independence and Computational Cost. To ensure the accuracy of the 2D
model, a preliminary mesh independence study was conducted during the model construc-
tion stage. Meshes with varying numbers of elements were tested, ranging from approx-
imately 120,000 to 700,000 cells. It was observed that the velocity and pressure fields
stabilized with a mesh size of around 600,000 elements, after which further mesh refine-
ment produced negligible changes (< 2% variation). Therefore, the final model was built
using a mesh of approximately 602,225 elements. The average computational time for a
complete simulation per cardiac cycle was about 4 hours on a workstation with Intel i7 pro-
cessor, 32 GB RAM, and NVIDIA GTX 1060 GPU. This mesh ensured a balance between
computational efficiency and simulation accuracy.

2.7. Simulation. A renowned simulation integrating platform, ANSYS WorkbenchTM
17.0 is used in a situations when the 2D model of the carotid artery needs to simulate
Fluid Structural Intention (FSI) [50]. FSI was used to a normal carotid artery after fluid
and structural simulation was applied to a realistic contour of carotid artery. The model
began simulating to ensure the findings produced are go with the work which was previ-
ously published by the author. In order to investigate Von Misses stress and strain, a basic
structural model was created for the deformity of arterial wall. Additionally, a basic design
is created for the arterial structure in both the non-stenotic (normal) and stenotic instances,
and the velocity of the fluid (blood) and velocity profiles for pressure were examined using
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a fluid analysis equipment. The 2D display developed by the researcher is to depict the
targeted blood vessel in both non-stenotic and stenotic situations because it is necessary
to simulate the flow of blood in the desired artery. The fluid and structure analysis of the
carotid arteries in both cases was applied to geometries that were remodel by using the
MRI images and the visuals provided by CT scan. The blood and the inlet and outflow
boundary conditions Pere subjected to the simulation on the models having the charac-
teristics dynamic material. Furthermore, in ANSYS, the velocity function on the inlet is
established at the constant pressure of blood by on the outlets using UDF file and applied
by Doppler ultrasonography. In the systolic phase, the velocity at the intake varies in a
sinusoidal pattern, with a minimum velocity of 0.1 m/s for individuals with stenosis and
a maximum velocity of 5 m/s for the sine wave. Each phase lasts 0.5 seconds, assuming
that individuals with high blood pressure have a heart beat rate of 140 BPM, as shown in
Figure 8. Although a time-varying sinusoidal inlet velocity is prescribed to approximate

Inlet velocity profile in two periods
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FIGURE 8. Sinusoidal velocity for a patient with 140 heartbeats/s.

physiological pulsatility, the simulation was treated as quasi-steady at selected time points
(notably peak systole). This approach enables efficient analysis of spatial flow patterns
and stress distributions during critical phases of the cardiac cycle. Future extensions of
this work will involve fully transient pulsatile simulations across multiple cardiac phases
to capture complete time-dependent hemodynamic effects.

2.8. 2D Printing. After 2D reconstruction, a 2D visible model of the carotid artery was
created to aid in more precise illness diagnosis.

3. GOVERNING EQUATIONS

The physiological flow of the ill and almost healthy models was simulated by solving
the Navier-Stokes equations [ 3. 2 — 3. 4 ] conservation equations with finite volume are
given in [32] and the continuity equation 3. 1 using ANSYS Fluent [9]. A turbulent blood
flow is caused by different levels of stenosis, which lead to blockage and recirculation.
The walls were subjected to a noslip boundary condition, assuming that the plaque was
rigid. Then, blood is recalled to resemble the characteristics of blood in coronary veins by
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being an incompressible, non-Newtonian liquid with a constant thickness of 1060 kg/m?3.
Next, as stated in [43], are the controlling parameters for the three-layered mass and energy
preservation associated with the blood stream:
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In the x — axis and y — axts, the components of velocity are represented by @ and v,
respectively. The viscosity coefficient value assumption is one element that might alter the
interpretation of the equation. This study uses Casson’s blood viscosity model, which per-
mits the viscosity coefficient to change in response to the shear rate, therefore accounting
for shear thinning.

3.1. Finite Volume Method Approach. Applying the Finite Volume Method (FVM) to
the 2D PDE:s involves the following steps:

e Divide the Domain into Control Volumes: The computational domain is divided
into small, non-overlapping control volumes (CVs). The governing equations are
integrated over these control volumes.

o Approximate Fluxes at Control Volume Faces: The flux terms (convective and
diffusive) are evaluated at the faces of each control volume.

e Discretize Each Equation: Each PDE is discretized by applying the finite volume
formulation, resulting in algebraic equations.

1. Continuity Equation. The continuity equation in 2D is:
ot 00
- — =0
9z * 85

Step 1: Integration over Control Volume. Integrate over a control volume (CV) centered
at point P with dimensions Az x Ay:

oun  Ov
T I
/cv (8@ * a@) =0

Using the divergence theorem:

]{ ﬂﬁmdFJrj{ 5, dl =0
Ccv Ccv
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Step 2: Discretization of Fluxes. The fluxes across the CV faces are approximated:

Ateast face: upAy, at west face: uy Ay

At north face: oy Az, at south face: vgAx

The discretized continuity equation is:

upAy — uw Ay + onAx — vsAx =0

2. Momentum Equation. The momentum equation in 2D (in x-direction) is:

ou  _0u 9% oB3

Yoz Ve Vo o

Step 1: Integration over Control Volume. Integrate over the control volume:

/ (a&f+ﬁ&f) dA = ua—fjdA—/ T20% A
cv \ O dy cv 0y cv P

Step 2: Convective Terms. Using Gauss’s theorem:
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cv 0T cv

ou (@2 —i2)

ox Az

Discretize:

]
Q

Similarly, for the y-direction:

9u _ (dnan — Dsis)

Yoy Ay
Step 3: Diffusive Terms. The diffusion term is:
R un — 2Uup + Ug
1% ~/)—

0y? v Ay?
Step 4: Source Terms. The source term due to Lorentz force is:
oBZup
_ —
Step 5: Final Discretized Form.

aplip = aglp + awlw + anUn + agtis + Sy

3. Energy Equation. The governing energy equation in 2D is given by:

~ ~ ~ ~ ~ ~ ~\ 2
aa£+ﬂa£—aa2l+f— D 8C8£ & ag
o oy 02 Bag oy " T \ 07



64 Abdul Wahab and Muhammad Imran Asjad

Step 1: Integration Over Control Volume. Integrate the governing equation over the
control volume (CV) centered at point P with dimensions Az x Ay:

~ ~ ~ ~ o~ ~ ~\ 2
oT oT 0T . 9CoT Dr (0T
/CV ( oz 8y> cv 0P cv Yoy 05 " Tw <8y>

Step 2: Discretization of Convective Terms.

In the z-direction (Advection Term). For the advection term in the z-direction, we ap-
proximate as follows:

/ﬂazjdAﬁ T fiy dT
cv 0T cv

The fluxes across the faces are:

Flux at east face: @ ETEA% Flux at west face: ﬂWTWAy

Thus, the discretized form is:

dA ~

/ T apTe — awTw
U—— —— Ay
cv 0% Az

In the y-direction (Advection Term). Similarly, for the advection term in the y-direction:

oT .

/ V—dA — 0T Ry dI’
cv 0y cv

The fluxes across the faces are:

Flux at north face: oxTy Az, Flux at south face: 9gTsAx
Thus, the discretized form is:
oT onTN — 05T,
525 gA n ININ TUSTS A,
cv 09 Ay

Step 3: Discretization of Diffusive Terms. The diffusive term is:

9*T

o}

0y

Using a central difference scheme, we approximate:

T Ty — 2Tp + T
o5 Ay?
Substituting this into the integral:

dA ~ o™X "= P T IS Ap Ay

/ 92T Tn —2Tp + Ts
O
cv 072 Ay?
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Step 4: Discretization of Source Terms. The source term is:
ocof Dr (oT\’
T DBff + =t =
0y 0y T \ Oy

"oy 0y

First Source Term:

Using finite differences, we approximate:

o¢ Gy Cs
oy~ Ay

o T —Ts
Substitute into the integral:

Y Ay

_ 9CoT
D -
%oy oy

Dr
Tw

The total source term becomes:

5 (Cn = Cs)(Ix ~T5)
B Ay2

Second Source Term:

&3

2 . .
_ Dr (Iy —T5s)*
To Ay?

_ (Cx = Cs)(Ty —Ts)  Dr (Ty —Ts)?
/ Source Terms dA ~ 7Az | Dp (Cx CS)(2 al s) + JM
cv Ay Tew Ay
Step 5: Assemble Final Discretized Equation. The final discretized energy equation at
the control volume is:

uply — uwTw

onTn — 5T, Ty —2Tp + T
AL + UN NAyUS S Az = aNTg—i_SAxAy -+ Source Terms
Simplified, the final form is:

apTp = agTp + awTw + anTn + asTs + St
Where the coefficients are:

tyw Ay
ap =

ﬂEAy - ﬁNAl‘

, a , GN = , as =
Ax w Ax N Ay s
The source term St is given by:

ﬁsAJ)
Ay

- (Cnv —C)NTn —T A (T )2
ST:%M<DB(CN CZ);QTN Ts) , Dr Ty Ts)>

To Ay?
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2. Concentration Equation. The governing concentration equation in 2D is given by:
~6C‘+~8(§ 5 8QC‘+DT82T
a v = —_—
ot 0oy PopR | Tw 02

Where: - C'is the concentration, - D p 1s the diffusivity of the substance, - [)T is the thermal
diffusivity, - Ty, is the reference temperature.

Step 1: Integration Over Control Volume. The first step in applying the finite volume
method is to integrate the governing equation over the control volume (CV). Let the control
volume be centered at point P with dimensions Az x Ay. The integral of the equation over
the control volume is:

oc  _aC - 9°C Dy 0*T
i 5% Y aa= [ pyLtaa 2192 g4
/cv<“a:z+”ag>d o Vo M o T

Step 2: Discretization of Convective Terms. We begin by discretizing the convective
terms in the x- and y-directions.

In the z-direction (Advection Term). For the advection term in the x-direction, we apply
Gauss’s theorem to convert the volume integral into surface integrals:

/ﬂa(fydA—> aC f, dT
cv 0T cv

The fluxes across the control volume faces are:

Flux at east face: aEC'EAy, Flux at west face: ﬂWéWAy

Thus, the discretized form for the z-direction is:

U—dA =

/ _oC apCr — aW(Z*WA
cV 89? A.’E y

In the y-direction (Advection Term). Similarly, for the advection term in the y-direction:

Yy cv
The fluxes across the control volume faces are:

/ @ZG dA — ¢ ©C iy, dl
Ccv

Flux at north face: oy CyAz, Flux at south face: 95CsAz

Thus, the discretized form for the y-direction is:

/ gaﬁdAzMAI
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Step 3: Discretization of Diffusive Terms. The diffusive term is:

Using a central difference scheme for the second derivative:
02C - ON — 2019 -‘rCN'S
o2 Ay?
Substituting this into the integral:

~ 2~ ~ 5 —_— 5 5
D38~CdA%DBCN 2Cp + Cg

AzA
cv 07> Ay? Y

Thermal Diffusion Term. The second term involves thermal diffusion:

Dr 0°T
Too 072
Again, using central differences for the second derivative:

PT Ty — 2Tp+Ts
o5 Ay?
Substituting this into the integral:

Dr &*T Dy Ty —2Tp + T,
0T o PrIn p+Ts

—_— AxzA
oy Tno 072 T Ay vy

Step 4: Discretization of Source Terms. There may be additional source terms in the
equation. In this case, no additional source terms are specified for the concentration equa-
tion, but they would be handled similarly by discretizing the integrals over the control
volume.

Step 5: Assemble Final Discretized Equation. The final discretized concentration equa-
tion at the control volume is:

ﬂEC’E*ﬂwé’W f)NC‘N—ﬂSC‘S ~ C’N*QCYeréS DTTN72TP+TS
A Ar=Dp—-——— "N Ay+———— =
Ax vt Ay . B Ay? . erToo Ay?

Simplified, the final form is:

AzAy

apC’p = aEC'E + awéw + aNC‘N + asés + Sc
Where the coefficients are:
upAy uw Ay INAx Vg Ax
ag = ., aw = , any = , ag =
B Ax w Ax N Ay o Ay
The source term S is:
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- Cn—2Cp+Cs Dr Ty —2Tp + Ts

Sc=Dp———FF—=AzA -— =
c B Ayz TAY + Toc Ayz

The factors in the situation incorporate the compelling thickness (u.g), viscosity at zero

shear rates (1), viscosity at boundless shear rate (1), time steady (), shear rate (), and

power-regulation list (n).

AzAy

Mo — Moo n-l

1+ (X)?
At the point when the second deviatoric stress invariant surpasses a basic worth, malleable
materials start to come up short, as indicated by the von Mises yield measures, likewise
called the Greatest Twisting Energy Hypothesis of Disappointment. This thought is an
essential piece of pliancy hypothesis and is best pertinent to flexible materials, like specific
metals. Von Mises pressure (omises) 1S often utilized by specialists to evaluate a plan’s
capacity to support a heap state. The plan is thought of as fruitless if the von Mises pressure
surpasses the strength of the material (oy19). To learn on the off chance that the conduit wall
or plaque can endure worry about a specific edge, this study utilizes von Mises anxiety. The
von Mises pressure conditions for the administering conditions in this work are:

OMises = \/(01 —o2)* | (o1 =0 | (02— )"

o 2 2 2
The stress value oy)q is equal to the tensile yield strength 1" in the governing equation.
Since the compressive yield strength C'is not taken into account in this equation, 7" and C'
are equal. By determining if the material’s von Mises stress exceeds its yield strength, the
failure condition is identified. The failure condition can be stated more simply as follows:

Pett(Y) = oo + (3.5

= Oyid

OMises - Oyld

The material is deemed to have failed if the von Mises stress oses 18 greater than the yield
strength oy1q.

Following the fulfillment of the liquid examination of blood, the anxiety on the vein wall
are inspected utilizing a one-way collaboration between the liquid and the construction.
The course wall’s primary examination utilizes versatile and hyperelastic attributes. The
limited component strategy is utilized to ascertain stresses. Expecting a pulse of 140 beats
each moment, a sine wave with a greatest speed of 0.5 m/s and a base speed of 0.1 m/s
is utilized during the systolic stage. The speed profile of the Sinnottet model, which is
remembered to imitate pulsatile blood stream, is numerically portrayed by Eq. 3. 5, [12]:

Vo (1) = {055 [47(t + 0.0160286)], 0.5 <1< 0.5n+0.218
" Y ou, 0.5n +0.218 < ¢ < 0.5(n + 1)

4. COMPUTATIONAL MESH

The designs are made using the 2D Doctor Program, and the simulation findings
reported in this research are carries out using the ANSYS simulator, as seen in Figure 9. A
section of the carotid artery with and without stenosis are studies in physiological settings,
and the results are divided into two categories: fluid analysis and structural analysis. It
should be noted that no processing method is applied to the images.
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FIGURE 9. Blood geometry complying with the meshing process.

4.1. Fluid Dynamics Analysis. Different models is utilize to examine liquid stream. A
couple is hand-attracted to work on the blood recreation, while others are exact repro-
ductions from patient X’s CT and X-ray pictures. Reproduction runs for both typical and
strange stream designs are directed with the assumption that blood is an incompressible lig-
uid to get an expansive information on the hemodynamics of ICA close to its bifurcation.

4.2. Mesh Independent Study and Test Analysis. Software that is sold commercially
this geometric model is meshed using ANSYS Workbench. It has been stated that the
fineness range for the two different meshes is between 118,538 and 703,353. Five simu-
lations with three different grid sizes are done in order to identify the most realistic grid
size. The meshes ranged from 118,538 to 703,353 elements. A mesh containing 602,225
elements was selected based on a balance of computational cost and solution accuracy.
The mesh convergence study demonstrated less than 3% variation in pressure and velocity
outputs between this and the finest grid, indicating a stable and accurate solution. Further
refinement offered negligible accuracy improvement while increasing simulation time sub-
stantially. The mesh file is then loaded into the commercial application ANSYS Fluent,
and 1000 testing cycles are carried out. For further investigation, the ultimate grid will
consist of 602,225 components. A mesh independence study is performed using four mesh
densities, and results for average velocity and wall shear stress are analyzed. It is observed
that beyond Mesh 3 (51,446 elements), the changes in both parameters became negligible,
indicating numerical convergence as shown in Figure 10. Therefore, Mesh 3 is selected for
all further simulations as it provided a good balance between accuracy and computational
cost.

5. BOUNDARY CONDITIONS

In this study, appropriate boundary conditions are defined to simulate blood flow through
symmetrically stenosed carotid arteries using a finite volume method in ANSYS Fluent.
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FIGURE 10. Mesh independence test analysis.

Inlet Boundary Condition: A parabolic velocity profile is prescribed at the artery
inlet to represent fully developed laminar blood flow. The maximum inlet velocity
is based on clinical data, ranging from 0.1 m/s to 0.5 m/s depending on patient-
specific factors. The inlet blood temperature is set to 310 K (37°C), representing
physiological conditions.

Outlet Boundary Condition: The outlet is modeled with a constant pressure con-
dition (zero gauge pressure), allowing natural outflow and pressure gradient for-
mation along the artery.

Wall Boundary Condition: A no-slip boundary condition is applied on arterial
walls, meaning the blood velocity is zero at the wall surface. The arterial wall
is considered rigid and impermeable. For thermal analysis, either a constant wall
temperature or specified heat flux condition is applied to assess heat transfer be-
tween blood and arterial tissue.

Symmetry Conditions: If axisymmetric geometry is assumed in simplified 2D
models, symmetry boundary conditions are applied to reduce computational com-
plexity.

These boundary conditions ensure physiological accuracy of the model and enable detailed
investigation of hemodynamic behavior in both healthy and stenosed regions.

5.1. Computational readings for carotid stenosed artery. In the process of meshing a
healthy coronary artery, the software typically displays information such as the number
of cells or elements, faces of elements, and total nodes generated to represent the arterial
geometry accurately. This data helps to ensure an appropriate mesh resolution for compu-
tational simulations or analysis as given in Table 2.

TABLE 2. Data of mesh size

Cells | Faces | Nodes
2156 | 3456 | 1301

Software frequently offers mesh quality statistics, such as aspect ratio, orthogonality, and
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element skewness, throughout the meshing process to evaluate the mesh’s quality. For
precise and trustworthy computer simulations or assessments of the coronary artery, this
information is essential as given in Table 3.

TABLE 3. Data of mesh quality

Name Type Main Orthogonal Quality | Max Aspect Ratio
Fluid domain | Mixed Cell 0.041772624 73.693761

Software might also show the coronary artery models is given in Table 4 that were created
in addition to mesh quality information. With the use of visualization and further analy-
sis, these models, which depict the geometric structure of the artery, help to clarify arterial
anatomy and pathophysiology.

TABLE 4. Models

Model Setting

Space 2-D
Time Steady
Viscous Laminar

Heat Transfer | Abled

Data on material values utilized in the simulation are included in the proposed model along
with reference values for comparison is given in Table 5 and Table 6. Elasticity, density, and
viscosity are among the material variables that are included in this list since they are crucial
for correctly depicting how the coronary artery behaves in various scenarios. The correct-
ness and dependability of the model for modeling physiological or pathological events may
be verified by comparing these results with reference data.

Elasticity, density, and viscosity are among the material variables that are included in

TABLE 5. Data of material properties

Fluid Non-Newtonian
Density 1060 kgm =3
Specific Heat 4182 Jkg 'K !
Thermal Conductivity 0.6 Wm 1K1
Viscosity 0.001003 kgm~1s~1!
Molecular Weight 18.0152 kgk~Tmol !
Solid Aluminum
Density 2719 kgm =3
Specific Heat 100643 Jkg~ 1K1
Thermal Conductivity | 0.0242 Wm 1K1

this list since they are crucial for correctly depicting how the coronary artery behaves in
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various scenarios. The correctness and dependability of the model for modeling physiolog-
ical or pathological events may be verified by comparing these results with reference data.
The coronary artery model simulation or analysis’s state of completion is indicated by the

TABLE 6. Data of reference values

Area 1 m?
Density 1060 kgm =3
Enthalpy 10 Jkg~!
Length Im
Pressure 80 Pa
Temperature 310K
Velocity 0.75 ms™1
Viscosity 1.7894e= P kgm=Ts1
Ratio of specific heats 14
Yplus for heat transfer Coefficient 300
Reference Zone fluid domain

solution status, which is given in Table 7 and graphically representation of convergence is
shown in Figure 6 . It assists in monitoring the computing procedure, guaranteeing accurate
model processing and timely resolution of any problems.

TABLE 7. Solution Status

Equations Value Absolute Criteria | Convergence Status
Continuity | 0.2786517 1e~ 00 Converged
x-velocity | 0.0005115362 1e~06 Converged
y-velocity | 0.0005205321 1e~0¢ Converged
Energy | 1.420451e™° le 12 Converged

6. RESULTS AND DISCUSSION

In the Figure 11, significant differences in pressure values are found throughout the
stenosed carotid artery segment when static pressure contours and pathlines are analyzed.
The static pressure at the entrance is found to be quite high, at around 9.17 x 102 Pa (red),
which represents the blood flow’s usual pressure prior to running into the stenosis. How-
ever, static pressure drastically drops when blood flows through the stenosed area, lower-
ing to a minimum of around —4.11 x 102 Pa (dark blue). This dramatic drop is explained
by stenosis, which narrows the artery lumen and raises blood flow velocity because of
Bernoulli’s equation and the principle of conservation of mass. This concept states that an
increase in velocity results in a comparable. The static pressure starts to marginally recover
downstream of the stenosis, reaching a value of around 2.53 x 102 Pa (light blue). The
reason for this recovery is that blood flow slows down when it leaves the stenosed area and
re-enters a larger portion of the artery, where it stabilizes. High shear stress and turbulence
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in the narrow zone cause considerable energy dissipation and pressure decrease, which is
consistent with the hemodynamic consequences of stenosis and the observed pressure re-
ductions. As the turbulence decreases, the tiny increase in pressure downstream indicates a
partial restoration of laminar flow.

Ansys
2024 R2
STUDENT

(A) Contour representation of static pressure.

Ansys
2024 R2
‘ STUDENT

(B) Pathlines representation of static pressure.

FIGURE 11. Contour and pathlines graphs for static pressure of carotid
stenosis artery.

In the Figure 12, as blood passes through the stenosed carotid artery, the dynamic pressure
contours and pathlines show notable changes. Because of the constant and mostly undis-
turbed velocity of blood entering the artery, the dynamic pressure at the entrance is quite
high, measuring 2.24 x 10%Pa (light blue). The dynamic pressure lowers dramatically to
0.84 x 1072 Pa (dark blue) when blood gets closer to the stenosis. Blood velocity starts
to rise as a result of the narrowing artery’s initial energy redistribution, although dynamic
pressure is momentarily repressed because of the transition phase of flow acceleration.
When the blood velocity reaches its maximum within the stenosis, the dynamic pressure
peaks at 1.12 x 103 Pa (red). According to Bernoulli’s principle, the blood accelerates
due to the extreme constriction, changing static pressure into dynamic pressure. Dynamic
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pressure drops along the arterial walls once again after leaving the stenosis, but it stays
greater in the artery’s center. This pattern occurs because the core flow maintains left-
over kinetic energy from the stenosed zone, while the greater cross-section slows the blood
near the walls owing to friction and turbulence. These changes demonstrate the hemody-
namic effects of stenosis, since pressure variations throughout the artery are influenced by
velocity-driven energy redistribution.
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(A) Contour representation of dynamic pressure.
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(B) Pathlines representation of dynamic pressure.

FIGURE 12. Contour and pathlines graphs for dynamic pressure of
carotid stenosis artery.

In the Figure 13, as blood flows via the carotid artery, the velocity magnitude contours and
pathlines show unique flow features, particularly when stenosis is present. The velocity
near the artery walls at the intake is 1.50 x 10~*m/s, which is relatively low and is in-
dicated in blue. Due to friction between the blood and the walls, the velocity decreases
close to the borders, creating a velocity profile where the flow is quickest in the middle
and slowest at the walls. Conversely, the center section of the artery, which is indicated
by yellow and has a velocity of 8.98 x 10~1m/s, has a faster velocity and less frictional
resistance, allowing blood to flow more easily. The velocity increases sharply as the flow
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passes through the stenosis and approaches it, peaking at 1.50 x 10%n/s (red). This dra-
matic increase in velocity happens as a result of the artery constriction, which raises the
flow speed to preserve mass conservation by forcing the same amount of blood through a
smaller cross-sectional area. The fact that there is less room for the flow is the immediate
cause of this acceleration, which is in line with the continuity equation’s prediction that
velocity increases as cross-sectional area decreases. Because of the acceleration of blood
in the stenosed zone, stenosis can drastically modify blood flow dynamics, as evidenced by
the observed variations in velocity magnitude.
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(A) Contour representation of velocity magnitude.
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(B) Pathlines representation of velocity magnitude.

FIGURE 13. Contour and pathlines graphs for velocity magnitude of
carotid stenosis artery.

6.1. Model velocity Validation. In order to verify the effectiveness of the model in use, In
reference[60], the model constructed has been evaluated with the velocity profile of cases,
non-pathological flow in cylindrical arteries, pathological flow in cylindrical arteries, and
non-pathological flow in 2D bifurcated arteries. Table 8 shows that non-pathological flow
in the cylindrical artery case showed almost the same fluctuation in the velocity profile
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values of the two models, whereas other cases showed convergence. About the confir-
mation of cases of “normal/stenosed carotid artery” and “stenosed bifurcated artery,” A
professional medical committee from Nile Scan’s cardiovascular section in Egypt carried
out the certification. There are three doctors on the group with over 15 years of cardio-
vascular experience. Our model and MRI were used by the committee to diagnose “’the
normal/stenosed carotid artery” and “the stenosed bifurcated artery,” and the results were
equal in both cases. The simulation results are validated on two fronts:

TABLE 8. Model Validation

Case Name Velocity in m/s in our research | Velocity in m/s for reference model [60]
Non-pathological flow in cylindrical artery 0.28 0.26
Pathological flow in the cylindrical artery 0.22 0.35
Non-pathological flow in 2D bifurcated artery 0.48 0.39

(1) Quantitative validation against a reference model [60] showed good agreement in veloc-
ity values, particularly for non-pathological cylindrical artery cases (0.28 m/s in our model
vs. 0.26 m/s in reference).

(2) Clinical validation is conducted by a medical committee at Nile Scan, Egypt, who
analyzed MRI-based diagnosis of stenosis in patient-specific models and confirmed that
the simulation outputs matched clinical interpretations. This dual-validation approach
strengthens confidence in the model’s applicability to real-world diagnostic and treatment
scenarios.

In the Figure 14, the carotid artery’s flow distribution is clearly seen through the stream-
lines and stream function contours. At 1.70 x 102m?2 /s, the blue hue indicates a low stream
function value on the right side of the artery, close to the wall. Because of the no-slip sit-
uation at the boundary, blood moves more slowly in this area, which is reflected in the
lower stream function close to the wall. The blood encounters frictional resistance as it
contacts the artery wall, which lowers the flow velocity close to the border and, ultimately,
the stream function value. On the other hand, the stream function value on the left side of
the artery is greater, as indicated by the red value of 8.82 x 10%m?/s. Because there is less
frictional resistance here than on the right, the higher value translates into a higher flow rate
and velocity. Because there isn’t a substantial wall border on the left side, blood may flow
more freely, increasing circulation and stream function. The no-slip condition at the walls
and the ensuing variations in flow velocity directly cause the variation in stream function
across the artery.

In the Figure 15, the pathlines and contours of the static temperature provide crucial in-
formation on the thermal behavior of the blood flow in the carotid artery. With a value
of 3.24 x 10%K, the static temperature is higher along the artery walls and is shown as
light green. Because of the frictional forces between the blood and the artery walls, which
produce heat through viscous dissipation, the temperature near the walls rises. There is
a buildup of thermal energy in the areas close to the walls because the slower blood cir-
culation (caused by the no-slip condition) means that less heat is removed by the fluid.
The static temperature near the artery’s middle, which is shown in blue and has a value
of 3.00 x 102K, is lower. The quicker blood flow in the central region, which improves
convective heat transfer and makes it possible for heat to be efficiently transported away
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(B) Pathlines representation of stream function.

FIGURE 14. Contour and pathlines graphs for stream function of carotid
stenosis artery.

from the artery core, is the cause of this drop in temperature. Less heat is absorbed in the
core section as blood flows through it more quickly. The temperature of a material (in this
example, blood) in relation to its environment is known as its static temperature, and it is
affected by the blood’s flow properties as well as the frictional interactions with the arterial
walls. A direct result is the temperature gradient that is seen.

In the Figure 16, the thermal behavior of blood as it travels through the carotid artery, es-
pecially as it goes through the stenosed zone, is clearly depicted by the total temperature
contours and pathlines. The blood enters the inlet with a pale green color and a modest
overall temperature of 3.00 x 10t°2K. Due to the blood’s initially steady temperature,
this value remains constant throughout the artery. The artery’s overall temperature stays
mild, suggesting a constant flow with even heat distribution and little thermal disturbance
from friction or the wall. However, the overall temperature noticeably changes as the blood
flows through the stenosis. The overall temperature close to the artery walls drops dramat-
ically after stenosis, reaching 3.00 x 10792 K, as seen in blue. Convective heat transfer is
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(B) Pathlines representation of static temperature.

FIGURE 15. Contour and pathlines graphs for static temperature of
carotid stenosis artery.

improved by the faster blood flow through the constricted portion of the artery, which re-
sults in this decrease in overall temperature. The stenosis’s high blood flow velocity results
in a more effective transfer of thermal energy away from the walls, lowering the ambient
temperature in those areas. The stark difference between the overall temperature before
and after stenosis emphasizes how flow acceleration affects heat distribution, causing the
temperature near the wall to drop significantly as blood passes through.

6.2. Line graphs of static pressure along walls, inlet, outlet and stenosis portions for
carotid stenosis artery. In the Figure 17 (a), the line graph shows how the static pressure
varies between the outlets, stenosis, and intake. The maximum static pressure, shown by
aqua blue and recorded at 6.00 x 1092 Pa, lies near the intake. Because of flow restriction,
the pressure rises to the same value (6.00 x 10°2 Pa) at stenosis levels 1 and 2, as indicated
by the orange and blue lines. However, as seen by the red and purple hues, the static pres-
sure drastically decreases to 1.00 x 10°2 Pa at both exits (1 and 2). As the blood leaves
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(B) Pathlines representation of total temperature.

FIGURE 16. Contour and pathlines graphs for static temperature of
carotid stenosis artery.

the artery, energy dissipation is reflected in this drop at the outputs. The graph does a good
analysis of illustrating how stenosis and outlet conditions affect pressure dynamics.

In the Figure 17 (b), the distribution of static pressure along the five artery walls is seen
in the line graph. The static pressure is 6.00 x 102 Pa at Wall 1 and rises to 7.00 x 10? Pa at
Wall 2, which is on the right. The red line for wall 3 shows the dramatic reduction in static
pressure to —2.00 x 102 Pa after the blood has passed through the stenosis. The pressure
on the left side increases to 6.50 x 102 Pq prior reaching the stenosis at wall 4, but after
going through it, it drastically drops to —2.00 x 10~2 Pq at wall 5. This variant emphasizes
how flow dynamics and constriction alter pressure.

6.3. Line graphs of dynamic pressure along walls, inlet, outlet and stenosis portions
for carotid stenosis artery. In the Figure 18 (a), dynamic pressure changes at the inlet,
outlets, and stenosis levels are shown in the line graph. The dynamic pressure begins at
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FIGURE 17. Line graphs of static pressure through carotid stenosis
artery.

2.00 x 102 Pa at the intake. The pressure rises dramatically at both exits (1 and 2), from -
0.02 to -0.03 Pa to a high of 7.00 x 102 Pa. The dynamic pressure increases to 4.00 x 102 Pa
for stenosis levels 1 and 2, indicating the impact of flow acceleration brought on by con-
striction. These changes show how stenosis and flow velocity affect the distribution of
pressure.

In the Figure 18 (b), the dynamic pressure distribution across the five artery walls is
displayed on the line graph. The dynamic pressure rises to 2.50 x 10%Pa at Wall 1, next
to the inlet, and falls to 0.50 x 102 Pa at Wall 2, on the right. Once the dynamic pressure
has passed through the stenosis, it increases to 3.00 x 102 Pa. The dynamic pressure stays
at 2.50 x 102 Pa on the left side (Wall 4), prior to the stenosis, and at Wall 5, suggesting
localized changes impacted by stenosis and flow dynamics.

6.4. Line graphs of velocity and surface Nusselt number along inlet, outlet and steno-
sis portions for carotid stenosis artery. In the Figure 20 (a), the blood flow velocity
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FIGURE 18. Line graphs of dynamic pressure through carotid stenosis
artery.

fluctuations from the entrance to the stenosis and beyond are depicted in the line graph.
The velocity at the entrance is 4.00 x 107°2m//s, which is typical. Because to flow limi-
tation, the blood’s velocity drops to 2.00 x 10~%1m /s when it passes between Stenosis 1
and 2. The velocity, however, dramatically jumps to 1.20 x 10°°m/s after passing through
the stenosis, indicating the acceleration brought on by downstream recovery and decreased
cross-sectional area.

In the Figure 20 (b), the surface Nusselt number fluctuations over the inlet, outlets, and
stenosis levels are depicted in the line graph. With a value of 5.00 x 102, the surface Nusselt
number at the intake is comparatively modest, suggesting moderate heat transmission. The
surface Nusselt number further drops to insignificant levels at outlets 1 and 2. The surface
Nusselt number, however, dramatically rises to 2.50 X 103 at stenosis 1 and 2, indicating
improved heat transfer as a result of the stenosis zones’ higher fluid velocity and turbu-
lence.
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FIGURE 19. Line graphs of velocity magnitude and surface nusslet num-
ber through carotid stenosis artery.

6.5. Line graphs of static temperature along walls, inlet, outlet and stenosis portions
for carotid stenosis artery. In the Figure ?? (a), with a value of 3.10 x 10°2 K, the static
temperature distribution displays lower values in the entrance and outflow areas, where
heat production is negligible. However, the velocity rises as the blood passes through the
stenosis, increasing heat production and friction. As a result, the static temperature at the
stenosis area rises, reaching a measured 3.20 x 10°2K. The increased thermal effects
brought on by the limited flow and turbulence in these regions are reflected in the stenosis’s
higher static temperature.

In the Figure ??(b), as blood passes through the artery, there is an increasing tendency
in the static temperature distribution along the walls. The static temperature at Wall 1, next
to the entrance, is comparatively low at 3.17 x 10°2 K. The temperature rises somewhat to
3.27 x 10°2 K at Wall 2 and then to 3.35 x 10Y2K at Wall 3, as shown by the red line. The
static temperature is 3.37 x 102K prior to the stenosis at Wall 4, but it increases to a high
of 3.55 x 10°2K following passage through the stenosis, representing the heat produced
by turbulence and flow restriction.
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FIGURE 20. Line graphs of static pressure through carotid stenosis
artery.

6.6. Influence of Temperature on Hemodynamic Parameters. The inclusion of temper-
ature in the governing equations affected velocity and pressure distributions via thermally-
induced viscosity changes. Increased friction near arterial walls led to localized heating
as shown in Figure 15, which slightly reduced viscosity, flattening the velocity profile is
shown in Figure 13 and allowing smoother post-stenosis flow. Consequently, minor vari-
ations in pressure recovery patterns are shown in Figure 11 were observed. These effects,
though quantitatively modest, are relevant for studying heat-based treatment methods and
energy loss mechanisms in diseased arteries.

6.7. Reynolds Number and Flow Regime Justification. The Reynolds number was cal-
culated using characteristic artery diameter and peak systolic velocity, yielding Re ~ 909,
which confirms the predominance of laminar flow under physiological conditions. How-
ever, localized flow acceleration in stenosed regions could induce transitional behavior.
Though a laminar flow model was used here, future investigations may consider low-Re
turbulence models to capture transient vortical effects more accurately.
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6.8. Advantages of the Obtained Solutions. The obtained solutions offer several key
advantages:

Realistic Hemodynamic Prediction: The use of the Casson fluid model and fi-
nite volume method provides accurate velocity, pressure, temperature, and WSS
distributions in stenosed carotid arteries under realistic physiological conditions.
Better Clinical Insight: The solutions help in understanding critical flow alter-
ations such as high wall shear stress zones and pressure drops, which are associated
with plaque rupture and stroke risk.

Mesh Independence Validated: The mesh refinement study ensures that the re-
sults are reliable, independent of grid resolution, and computationally efficient.
Temperature Effects Analyzed: Including temperature distribution adds an im-
portant thermal aspect to blood flow studies, which is useful for heat-based treat-
ments like hyperthermia.

Foundation for Patient-Specific Modeling: The methodology can be easily ex-
tended to 3D and patient-specific geometries using MRI or CT data for personal-
ized diagnostic and therapeutic planning.

TABLE 9. List of Notations

Symbol Description Unit
Cy Skin friction coefficient -

D Diameter of cylinder m

E Young’s modulus Pa
Fp Drag force N

G Shear modulus Pa

H Height of the cylinder m

L Length of the cylinder or characteristic length m

M Mass of the structure kg
Re Reynolds number -

St Strouhal number -

U Free-stream velocity m/s
1% Velocity m/s

Y Displacement in transverse direction m

Q Angle of attack degree
I Dynamic viscosity Pa-s
v Kinematic viscosity m?/s
P Fluid density kg/m?>
o) Stress Pa

0 Angular displacement rad

The notations that is used in article are given in Table 9.

6.9. Physical Applications of Study. The present study provides valuable insights into
the effects of stenosis severity and Reynolds number on hemodynamic parameters such
as pressure drop, velocity profiles, and wall shear stress (WSS) in blood flow through
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stenosed arteries. These findings have direct implications for cardiovascular diagnostics
and medical device design. From a clinical standpoint, understanding the nonlinear rela-
tionship between pressure drop and both Reynolds number and stenosis severity is cru-
cial. This relationship can guide cardiologists in interpreting pressure gradients obtained
from catheter-based measurements like fractional flow reserve (FFR). For instance, the
observed sharp increase in pressure drop at high stenosis severities supports the rationale
behind revascularization decisions for lesions causing critical narrowing. Moreover, the
detailed velocity field and shear stress distribution provide insights into conditions favor-
able to atherosclerotic plaque rupture or thrombus formation. High WSS and disturbed
flow regions, which become more pronounced at severe stenosis and elevated Reynolds
numbers, are linked to endothelial dysfunction and intimal damage—factors contributing
to plaque destabilization. These findings may inform the design and placement of stents
and other vascular implants, ensuring they minimize hemodynamic disturbances that could
exacerbate disease progression. From a biomechanical engineering perspective, the numer-
ical simulations validate key assumptions used in the design of cardiovascular devices. For
instance, pressure recovery downstream of stenosis is a critical consideration in prosthetic
valve and stent development. The results also offer valuable boundary condition parame-
ters for larger-scale or patient-specific simulations used in computational hemodynamics.
In future applications, the computational methodology adopted in this study could be ex-
tended to model pulsatile flow, non-Newtonian fluid properties of blood, or patient-specific
geometries derived from medical imaging. These extensions would further bridge the gap
between theoretical analysis and clinical relevance, enabling personalized diagnostics and
treatment planning.

7. CONCLUSION

This study highlights the significant impact of fluid dynamics on the structural properties

of descending arteries, particularly focusing on the carotid artery’s geometry. It emphasizes
that idealized geometric models of the carotid artery can lead to errors in predicting local
features critical for diagnosing diseases, as they overlook the complexities present in actual
arterial shapes. The study demonstrates that arterial geometries with curvatures, bends,
and tapering significantly affect blood flow behavior, leading to variations in velocity, pres-
sure, and wall shear stress (WSS). It was observed that velocity profiles differ between 2D
and 3D geometries, with higher velocities occurring during systole and non-uniform flow
distributions due to irregularities in arterial surfaces. The comparison underscores the im-
portance of using accurate, real-world geometrical data, obtained from methods like CT or
MRI scans, to predict more precise regional flow characteristics. This research suggests
that future studies should focus on refining imaging techniques and adopting more accurate
models for better disease diagnosis and treatment planning.
In future studies, machine learning techniques could be integrated with CFD simulations
to develop surrogate models for rapid prediction, extract features from imaging data, and
optimize treatment strategies. This hybrid approach has the potential to significantly re-
duce computational time while maintaining high predictive accuracy, paving the way for
real-time diagnostic tools and personalized medicine in vascular disease modeling.
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