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Abstract

This study investigates the behavior of blood flow in the Left Coronary Artery (LCA) experienc-
ing symmetrical narrowing, focusing on three stenosis geometries: triangular, trapezoidal, and
overlapping (W-shape). Itaims to develop a mathematical model of post-stenotic flow, assess the
effectiveness of the Finite Volume Method (FVM), and analyze how stenosis shape and severity
affect velocity and pressure. The governing equations of fluid motion are solved using FVM for
spatial discretization and the SIMPLE algorithm to compute flow variables. Results show that
FVM accurately simulates blood dynamics in narrowed arterial regions. Notably, when stenosis
exceeds 50%, flow velocity increases significantly, reaching a peak at 75% narrowing. This con-
dition also corresponds to a sharp pressure drop, especially in the trapezoidal model, indicating
a higher potential for vascular damage and plaque accumulation. These changes in hemody-
namic behavior highlight the critical role of stenosis geometry in altering blood flow. Therefore,
understanding the influence of narrowing shape and severity is essential for clinical assessment
and early diagnosis of coronary artery disease.

Keywords: blood flow; triangular; trapezoidal; overlapping (W-shape); SIMPLE algorithm.


https://mjms.upm.edu.my
https://orcid.org/0000-0002-3907-239X
https://orcid.org/0009-0008-6508-9655
https://orcid.org/0000-0002-6611-6458
https://orcid.org/0000-0003-1526-4183

A. Fatahillah et al. Malaysian J. Math. Sci. 20(2): 511-535(2026) 511 - 535

1 Introduction

Atherosclerosis is one of the most common and impactful cardiovascular diseases worldwide.
Over the past several decades, numerous studies have been conducted to understand its causes
and developmental mechanisms. Atherosclerosis arises due to progressive disturbances in the
arterial wall that cause irregularities in blood flow. This condition promotes the formation of
plaques that gradually narrow the blood vessels throughout the cardiac cycle [21, 18]. Over time,
the blood vessels become increasingly narrow and stiff, thereby obstructing the blood supply to
vital organs. If this condition persists, the narrowing can trigger serious complications such as
heart attacks or strokes [14, 3]. In Indonesia, according to World Health Organization (WHO)
data, cardiovascular diseases are the leading cause of death from non-communicable diseases
(35%), followed by diabetes (6%) [28].

One of the most dangerous forms of atherosclerosis is coronary artery disease (CAD), which
occurs when plaques accumulate on the inner walls of the coronary arteries. These plaques are
composed of a combination of fats, cholesterol, calcium, and other substances that build up in
areas experiencing damage or inflammation. As the accumulation increases, the arterial lumen
narrows and impedes oxygen-rich blood flow to the heart muscle. When oxygen supply is dis-
rupted, patients may experience symptoms such as chest pain (angina pectoris). In more severe
cases, plaque rupture can trigger the formation of blood clots that can completely block the artery,
causing a heart attack (myocardial infarction) [15, 6].

A study titled "Numerical computation of blood hemodynamic through constricted human
left coronary artery: Pulsatile simulations" utilizes the non-Newtonian Carreau viscosity model to
describe the hemodynamic behavior of blood at various levels of blockage throughout the cardiac
cycle. This model provides a deeper understanding of the effects of narrowing on blood flow [21].
Inspired by this approach, the present research develops a mathematical model of blood flow in a
stenosed LCA, as this condition is a primary contributor to cardiovascular disease. In addition to
studying the shape of the arterial narrowing, this research considers stenosis levels of 25%, 50%
and 75%, as well as differences in the stenosis position along the artery to assess the impact of
narrowing location on blood flow characteristics. The choice of stenosis levels at 25%, 50% and
75% in this study is based on the aim to evaluate the effects of different degrees of narrowing on
blood flow hemodynamics. These levels reflect the severity commonly encountered in coronary
artery disease, ranging from mild to severe stenosis [11].

The finite volume method was chosen because it can handle complex geometries such as the
blood vessel structure shown in Figure 1, and it allows for accurate discretization through the
formation of structured grids. This method is highly effective for analyzing unstructured shapes
[19,33]. Inits implementation, the SIMPLE algorithm (Semi-Implicit Method for Pressure-Linked
Equations) is used to resolve the coupling between pressure and velocity based on the conserva-
tion equations of mass and momentum [16, 24]. Numerical methods like the SIMPLE algorithm
have been proven accurate and efficient in simulating blood flow through arteries with stenosis.
Its reliability, validated through comparisons with ANSYS fluent, makes this method suitable for
analyzing blood flow in the stenosed LCA, a key factor in cardiovascular disease [7, 2]. To sup-
port the computational process, MATLAB is used for simulation and visualization of numerical
results, while ANSYS fluent is employed for comprehensive fluid-structure interaction analysis
on the arterial model [8, 29]. Under the title numerical analysis of blood flow constriction in the
LCA causing cardiovascular disease using the finite volume method, this study aims to develop
simulation models of three types of constriction shapes: triangular, trapezoidal, and overlapping
(W-shape), with variations in plaque thickness and different stenosis locations. The primary goal
is to evaluate the impact of stenosis geometry and position on velocity, pressure, and wall shear
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stress, as well as to contribute to the development of more effective diagnostic and therapeutic
methods for cardiovascular diseases.
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Figure 1: The image on the left shows the constricted area of the LCA, marked with a red circle, while the right side depicts the artery model
representation with indicated inlet and outlet flow directions. This setup is used to analyze the blood flow dynamics in the presence of
stenosis [22].

2 Materials and Methods

2.1 Mathematical formulation

This research commences with the formulation of a mathematical framework to investigate
hemodynamics and their effect on cardiac perfusion within the LCA.The study employs three
distinct symmetrical stenosis geometries: triangular, trapezoidal, and overlapping (W-Shape), as
illustrated in Figure 2. These three stenosis geometries were specifically chosen to investigate
how different characteristics of the peak constriction affect hemodynamics. The Triangular shape
models a sharp, pointed peak, the Trapezoidal shape represents a peak with a constant, flat width,
while the Overlapping (W-Shape) simulates a more complex, wavy peak profile. By systematically
analyzing these distinct peak morphologies, this study aims to determine how the specific shape
of a blockage whether sharp, flat, or irregular directly influences critical flow parameters such
as blood velocity, pressure drop, and wall shear stress. These three shapes are used to represent
variations in stenosis geometry within blood vessels that influence velocity and pressure in blood
flow. Many previous studies have adopted these shapes, facilitating comparison of research results
using similar geometries.

The equations presented below form the foundation of this study’s approach to modeling
blood flow dynamics. The Conservation of Mass equation ensures that mass is conserved within
the flow, while the Conservation of Momentum equation governs the motion of the blood through
the arteries. These equations are crucial for understanding how the fluid behaves under different
stenosis conditions [30, 31].

Mass equation [27, 31],

V-V =0. (1)
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Momentum equation [31],

AN .
p<&+(v.v)v>_—vp+wv, )
with

—

V' = Fluid velocity vector (m/s),

p = Fluid density (kg/m®),

p = Fluid pressure (Pa),

1 = Dynamic viscosity of the fluid (Pa.s).

The boundary conditions for the stenosis radius in arteries with triangular, trapezoidal, and over-
lapping (W-shape) stenosis are as follows [20, 35].

i F) = Triangular
== Trapezoidal
— - Overlapging (W-Shape)

Figure 2: The stenotic artery is represented through three distinct geometric profiles: Triangular, trapezoidal, and W shaped overlapping
forms.

Triangular shaped equation [20],

_ 25 - - - L
RO_?;(E_dl)y di<z<d+ ;1,
HN={4 - 20 - - - L -
) RO_Ril(LOrFE—Ch), dy + ;1 <z <dy + Lo, (3)
0
Ry, otherwise.

A schematic illustration of the triangular shaped arterial constriction model is shown on the
left, followed by the mathematical equations describing the variation of the artery radius along
the stenosis position in the image on the right of Figure 3.
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Figure 3: Schematic representation of the triangular model.

Trapezoidal shaped equation [20],

_ 46 - - - L
Ro—%(z—dz), QSZS 2 + 4(1]2’
0
6. - L - Ly - L
) Ro— ZLoyda + =2, b+22 <z <dy+ 2
Ry (2) = Ry 4 4 4 (4)
Y A - L - 3L -
0
Ro, otherwise.

The schematic representation of the arterial constriction model with a trapezoidal shape is
shown on the left, along with the mathematical equations describing the variation of the artery
radius according to the stenosis position in the image on the right of Figure 4.

&
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Figure 4: Schematic representation of the trapezoidal model.
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Overlapping (W shaped) equation [34, 35],

- 30, - 2.
Ro o7 (11 (2~ ds) L3, — 47 (s — ds) " I3, )
3
B3(2) =3 172(z—ds)* Lo, — 36 (2 ds)", h<z<d+e O
Ry, otherwise.

A schematic illustration of the overlapping (W-shape) arterial constriction model is shown on
the left, followed by the mathematical equations describing the variation of the artery radius along
the stenosis position in the image on the right of Figure 5.
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Figure 5: Schematic representation of the overlapping (W-shape) model.

with
Ry = Radius of normal blood vessel,
R, (z) = Radius of stenotic blood vessel for triangular shape,
Ry (Z) = Radius of stenotic blood vessel for trapezoidal shape,
R3(Z) = Radius of stenotic blood vessel for overlapping (W-shape),
81 = Maximum stenosis depth for triangular shape,
82 = Maximum stenosis depth for trapezoidal shape,
83 = Maximum stenosis depth for overlapping (W-Shape),

Ly, = Total stenosis length for triangular shape,
Lo, = Total stenosis length for trapezoidal shape,
Lo, = Total stenosis length for overlapping (W-shape),
d; = Stenosis location for triangular shape,
da = Stenosis location for trapezoidal shape,
ds = Stenosis location for overlapping (W-shape),
Z = Blood flow location along the z—axis in the vessel system,

L = Total artery length,

m = Parametric constant used in the model.
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2.2 Flow assumptions and boundary conditions

To accurately model the hemodynamics within the LCA, the flow regime and boundary condi-
tions were established based on relevant physiological principles and standard practices in compu-
tational fluid dynamics. The blood flow within the LCA was modeled as laminar. This assumption
is justified by a calculated Reynolds number (Re) of 216, as detailed in (6), which is well below
the critical threshold (2000) for the onset of turbulence [13]. Therefore, the representation of an
orderly flow is considered valid. At the inlet, a fully developed parabolic velocity profile was
applied, in accordance with (7). This profile represents a stable Poiseuille flow from the aorta
and accurately describes the velocity distribution, with a maximum value at the vessel’s center-
line and zero at the arterial wall. Subsequently, a zero-pressure gradient condition was imposed
on all three outlets. This standard condition simulates the flow proceeding into the downstream
vascular network without introducing significant pressure changes that could artificially affect
the simulation results, there by ensuring that the observed hemodynamic alterations are purely a
function of the geometry and fluid viscosity.

Table 1 shows the parameter values that influence the blood flow rate in the model, including
values for blood density, blood viscosity [32], high blood pressure [5], Left Main Stem (LMS)
diameter [23], and initial velocity [17].

Table 1: Numerical values of parameters influencing blood flow rate.

Parameters Value

Blood density 1050 kg/m?
Blood viscosity 0.0035 Pa.s
High blood pressure 130/80 mmHg
Left Main Stem (LMS) diameter 3.0 mm

Initial velocity 0.24 m/s

Once the relevant parameters influencing blood flow in the LCA are established, the Reynolds
number is computed using the following expression to classify the flow type under stenotic [13],

_ pUD
o

Re (6)

The study provides the inlet velocity value as shown in the following equation [25, 10],

2
u =20 (1 - (R?z)) ) , attheinlet (x =0). (7)

Pousielle’s law states that fluid flow through a cylindrical pipe with length L and transverse radius
r can be determined by the formula [4],

TAPr*

Q="51 (®)

where AP is the pressure gradient, 7 is the viscosity of the fluid, L is the length of the tube, ) is
the flow, and r is the radius of the tube.
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2.3 Methodology

This research utilizes MATLAB in conjunction with the SIMPLE algorithm to solve partial dif-
ferential equations relevant to fluid dynamics. The SIMPLE algorithm, widely adopted in Compu-
tational Fluid Dynamics (CFD), serves as a robust approach for resolving the primary governing
equations of fluid motion. To solve the governing Navier-Stokes equations, the numerical imple-
mentation utilizes computational methods. Specifically, temporal integration is handled by the
Euler method, while spatial derivatives are approximated using finite difference schemes [31]:

1.
2.

with

518

Set initial guesses for p*, u*, v*, and ™.

Equations (9) and (10) show the finite volume discretization of the momentum equations in
the Finite Volume Method (FVM), where fluid flow through cell faces is calculated based on
pressure gradients and neighboring velocity values. These equations are used in the velocity
prediction step of the SIMPLE algorithm;

a; ju; ;= Z anpting + (D71 — i ;) Aij + biy, )
ai jv;; = Z anpnp + (D51 — Di ;) Aij + bij. (10)

. Solve the pressure correction equation,

/ / / / /
@i jPij = Qit1,jPiq1,; T @i—1,jPi—1,j + Qi j+1P; jo1 + Qi j—1P; j—1 + bij- (11)

. Determine the corrected pressure and velocities,

Uig1; = Uy + digrj (Di; — Pia ) s (12)
Vigr1 =01+ diger (Di; — Diji1) (13)
where
Ait1,j Aij
d; 1':7’] and dzid 14
T A Y Ay (14)

. Solve all discretized transport equations,

i jPi5 = Cit1,5Pit1,5 T Gim1,5Pi-1,5 T Qi j+1P55+1 + Qi j—105,5-1- (15)

. Verify whether the numerical solution has reached convergence; if convergence is not met,

iterate through Steps 1 to 4 until stability is attained.

a; ; = Discretization coefficient for velocity at point (i, j),
= Predicted velocity component u at point (4, j),
= Predicted velocity component v at point (4, j),

p; ; = Predicted pressure at point (4, j),
A; ; = Control volume area at point (3, ),

b; ; = Source or additional coefficient at point (¢, j),

d; ; = Correction factor at point (3, j),

¢i,; = Transport variable at point (4, j).
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MATLAB is employed in this research to implement and validate the SIMPLE algorithm, with
the objective of maintaining the stability and reliability of the numerical outcomes [21]. After
the validation process, the simulation outcomes are compared with those generated by ANSYS
Fluent to evaluate the reliability of the developed computational model. Despite MATLAB em-
ploying a more straightforward numerical framework, the results exhibit strong agreement with
those obtained via ANSYS Fluent, a software known for its advanced capabilities in Computa-
tional Fluid Dynamics (CFD). The analysis emphasizes key hemodynamic parameters, including
pressure profiles, velocity fields, and fluid behavior in the vicinity of the stenotic region. This val-
idation step is essential to confirm that the MATLAB-based SIMPLE algorithm produces results
with sufficient accuracy before being applied to more complex simulation cases [9].

3 Results and Discussion

To validate the MATLAB simulation, its results were benchmarked against outputs from AN-
SYS Fluent. This process aimed to evaluate the computational model’s accuracy and ascertain the
SIMPLE algorithm’s effectiveness in capturing blood flow characteristics for three distinct steno-
sis geometries (triangular, trapezoidal, and overlapping/W-shape). The analysis centered on the
velocity and pressure distributions along the narrowed vessels.
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Figure 6: Comparative analysis of axial blood flow velocity: (a) All geometric models, (b) ANSYS simulation of triangular stenosis, (c)
ANSYS simulation of trapezoidal stenosis, (d) ANSYS simulation of overlapping W shaped stenosis.
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As depicted in Figure 6, the velocity profiles generated by both MATLAB and ANSYS Fluent
show strong agreement, with maximum velocities consistently observed at the stenotic centeran ef-
fect most pronounced in the trapezoidal geometry. Nevertheless, ANSYS Fluent reveals a sharper
velocity gradient, most notably under 75% narrowing, which may be attributed to finer mesh reso-
lution and enhanced turbulence modeling. The plotted velocity distributions distinguish between
physiological and pathological flow regimes. Although blood flow is generally stable at stenosis
levels ranging from 25% to 50%, a significant increase in velocity is observed at 75%, exceeding the
normal limit of 0.5 m/s. This condition indicates a shift toward unstable hemodynamics, which
may pose serious clinical implications. The 75% constriction is especially severe, characterized by
the highest peak in flow velocity and substantial disturbance in flow patterns. This significant
increase in velocity at the stenosis throat is physically governed by the principle of conservation
of mass (the continuity equation). As the arterial cross-sectional area narrows due to plaque, the
fluid (blood) must accelerate to maintain a constant volumetric flow rate. Clinically, this high-
velocity jet not only elevates the shear forces on the arterial wall but can also lead to unstable or
turbulent flow in the post-stenotic region, potentially damaging endothelial cells and accelerat-
ing disease progression. Of all geometries examined, the trapezoidal model produced the highest
velocity values, suggesting a greater likelihood of turbulent flow and elevated wall shear stress
factors associated with severe hemodynamic disturbances.

Figure 7 show the comparison of flow velocity profiles between simulation results (red, dashed)
and data from other research (blue, solid) for three different cases. Case 7(a) shows a triangu-
lar profile, 7(b) a trapezoidal profile and 7(c) a overlapping (W-shaped) profile. The simulation
results consistently match the reference data, confirming the model’s validity.
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Figure 7: Comparison of Simulation Results with Experimental Data. This graph displays the simulated flow velocity for various conditions.
The model’s reliability is confirmed by its excellent agreement with the experimental data [12, 1, 34].
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The comparative pressure analysis depicted in Figure 8 reveals that as the degree of stenosis
intensifies, the resulting pressure drop becomes more substantial, particularly at the site of maxi-
mum narrowing. The subfigures 8(b)—8(d) illustrate that the pressure trends obtained from the
MATLAB simulations are generally in agreement with those from ANSYS Fluent. However, at
a stenosis severity of 75%, ANSYS Fluent demonstrates a steeper decline in pressure, especially
near the constricted segment. This discrepancy may stem from differences in numerical schemes
or parameter settings between the two platforms. Despite slight variations, both simulation tools
exhibit a consistent pattern: greater narrowing correlates with increased pressure loss around the
stenotic region.

As shown in Figure 8, the most significant pressure reduction occurs at 75% stenosis, indicating
critical hemodynamic consequences such as elevated turbulence, heightened shear stress, and an
increased likelihood of vessel wall collapse. The drastic pressure drop at the point of maximum
constriction is a direct manifestation of the Bernoulli principle. This principle states that for an
ideal fluid flow, an increase in velocity is accompanied by a decrease in pressure. The kinetic
energy of the blood increases (due to high velocity), which must be balanced by a decrease in
potential energy in the form of pressure. This sharp pressure drop creates an adverse pressure
gradient in the distal region of the stenosis, which can lead to flow separation. These separation
zones are often characterized by low and recirculating velocities, providing an ideal environment
for platelet aggregation and further plaque deposition. Moreover, transitioning from 50% to 75%
narrowing leads to an even more pronounced pressure gradient, particularly in the Trapezoidal
and Overlapping models, reflecting a shift from normal flow to disturbed conditions.
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Figure 8: Comparative analysis of axial blood flow pressure: (a) All geometric models, (b) ANSYS simulation of triangular stenosis, (c)
ANSYS simulation of trapezoidal stenosis, (d) ANSYS simulation of overlapping W shaped stenosis.
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The numerical solution was obtained using MATLAB, based on the Finite Volume Method
(FVM), where governing equations are solved on a discretized mesh. For the triangular stenosis
model, Figure 8(b) illustrates the effect of stenosis severity on the velocity profile. As the available
flow area shrinks with stenosis increasing from 25% to 75%, local velocity varies substantially.
Simulation results confirm this, showing a velocity increase from 0.37 m/s (25% stenosis) to 1.06
m/s (75% stenosis) and highlighting the strong correlation between constriction severity and flow

disturbance.
1
- 0.8
. 0.6
0.4
.. 0.2
0 5 10 15 20 °

Axial Distance (z) Axial Distance (z)

(a) (b)

Lumen Diameter
Lumen Diameter

Lumen Diameter

Axial Distance (z)

(c)

Figure 9: Flow velocity contours corresponding to various stenosis severities in symmetric Triangular shaped geometry: (a) 25% stenosis,
(b) 50% stenosis, (c) 75% stenosis.

In the triangular stenosis, the shape changes gradually, resembling an increasingly larger tri-
angle. From Figures 9(a)—9(c), show that as the stenosis level increases, the flow velocity in the
constricted area becomes higher. For example, in the 25% stenosis shown in Figure 9(a), the ve-
locity increase is still relatively low, marked by a dominant yellow-green area. Conversely, at 75%
stenosis in Figure 9(c), a much more drastic velocity increase (1.056 m/s) occurs, seen from the
more pronounced orange-red area at the stenosis center. This illustrates the principle of conti-
nuity, where the fluid accelerates to pass through the smaller cross-sectional area. Moreover, the
velocity surge is more significant at higher stenosis levels, potentially increasing the risk of vessel
wall rupture.

In the trapezoidal stenosis, the change from the initial diameter to the smallest diameter follows
the trapezoidal geometry pattern, resulting in different changes compared to the triangular shape,
especially regarding the reduction and increase of diameter. In Figures 10(a) and 10(b), which
show 25% and 50% stenosis respectively, the flow pattern remains similar with maximum velocity
still concentrated in the narrowest area. However, as illustrated in Figure 10(c), when the degree
of stenosis reaches 75%, there is a substantial increase in flow velocity, peaking at approximately
1.06755 m/s within the narrowed region. This acceleration is visually indicated by the pronounced
red coloration at the core of the constriction.
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Figure 10: Flow velocity contours corresponding to various stenosis severities in symmetric Trapezoidal shaped geometry: (a) 25% stenosis,
(b) 50% stenosis, (c) 75% stenosis.
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Figure 11: Flow velocity contours corresponding to various stenosis severities in symmetric Overlapping (W-shape) geometry: (a) 25%
stenosis, (b) 50% stenosis, (c) 75% stenosis.
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The w-shape stenosis tends to have a gentler peak compared to triangular and trapezoidal
shapes. In Figures 11(a)—11(c), the velocity increase is clearly visible as the stenosis percentage
increases. The pattern is similar to the previous stenosis types, where the larger the stenosis, the
higher the peak velocity in the narrowest area. However, compared to triangular and trapezoidal
shapes, the velocity contour at 50% stenosis appears more uniform, indicating that the flow may
be more distributed before experiencing a sharp increase (1.008 m/s) at 75% stenosis.
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Figure 12: Flow velocity contours for different stenosis locations within a symmetric Triangular geometry.

In Figure 12(a), the high-velocity region marked by yellow to red colors accumulates around
the stenosis peak, causing the fluid to be immediately pushed to narrow. After passing the con-
stricted zone, the flow expands again, causing the velocity to decrease, as seen from the domi-
nance of yellow-green colors. In Figures 12(b)—12(b), the velocity increase is more dominant in
the shifted area, following the stenosis location. Additionally, flow in the stenosis region tends
to have relatively lower velocity. The farther the stenosis position shifts, the longer the upstream
region where the flow is undisturbed before accelerating into the stenosis, which can affect the
velocity pattern of blood flow in the LCA.

In Figure 13(a), flow accelerates around the stenosis area, resulting in a more visible red zone
(indicating high velocity) in that region. After passing the narrowed part, flow velocity starts
to decrease, shown by yellow colors. Figures 13(b)—13(d) show a more pronounced velocity
increase in the shifted stenosis area according to its position. Within the stenosis zone, flow tends
to have relatively lower velocity. Overall, the farther the stenosis position shifts, the longer the
area where the fluid prepares before acceleration at the stenosis point, potentially influencing the
blood flow velocity pattern in the LCA.
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Figure 13: Flow velocity contours for different stenosis locations within a symmetric Trapezoidal geometry.
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Figure 14: Flow velocity contours for different stenosis locations within a symmetric Overlapping (W-shape) geometry.
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The results indicate that the stenosis location significantly affects the distribution of blood flow
velocity in the LCA. If the stenosis occurs closer to the inlet, the high-velocity zone is reached faster.
Conversely, when the stenosis shifts to the middle section, the peak velocity and acceleration area
move along with the stenosis location. This change can increase the risk of further plaque forma-
tion. Thus, the severity of flow disturbance is determined not only by the degree of stenosis but
also by of disturbed flow, but also the stenosis position along the vessel.

In Figure 14(a), the flow accelerates around the stenosis area, resulting in a more visible red
zone (indicating high velocity) in that region. After passing the constricted part, the flow ve-
locity begins to decrease, shown by yellow colors. Figures 14(a), 14(b) and 14(c), show a more
pronounced velocity increase in the shifted stenosis area according to its position. Within the
stenosis zone, flow tends to have relatively lower velocity. Overall, the farther the stenosis posi-
tion shifts, the longer the area where the fluid prepares before acceleration at the stenosis point,
which potentially influences the blood flow velocity pattern in the LCA.

The effect of stenosis severity on pressure distribution is illustrated in Figure 15. At a 25%
narrowing (Figure 15(a)), the pressure drop is minimal and confined to the stenotic throat (yel-
low area). This pressure decrease becomes more significant at 50% stenosis (Figure 15(b)), as
shown by the transition to green. Finally, the 75% stenosis case (Figure 15(c)) exhibits the most
substantial pressure drop of 11418.2 Pa, visualized as a blue area at the center of the constriction.
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Figure 15: Pressure distribution contours under varying stenosis severities in a symmetric Triangular geometry: (a) 25% stenosis, (b) 50%
stenosis, (¢) 75% stenosis.
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In Figure 16, the pressure distribution at 25% stenosis in Figure 16(a) shows a pattern resem-
bling trapezoidal stenosis. At 50% stenosis in Figure 16(b), the yellow-green zone in the stenosis
area indicates an increasingly evident pressure drop, signaling a larger pressure decrease around
the stenosis. As shown in Figure 16(c), when the stenosis reaches 75%, the blue region represent-
ing low pressure (11353.73 Pa) expands significantly at the center of the constriction, exhibiting
a pattern similar to that observed in the triangular stenosis model. This indicates a pronounced
drop in pressure within the narrowed segment.
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Figure 16: Pressure distribution contours under varying stenosis severities in a symmetric Trapezoidal geometry: (a) 25% stenosis, (b)
50% stenosis, (c) 75% stenosis.

Figure 17 confirms that a higher degree of stenosis significantly influences the pressure dis-
tribution along the channel. At 25% stenosis in Figure 17(a), the pressure drop is still relatively
small, shown by the dominance of orange-yellow colors around the stenosis area. When stenosis
increases to 50% in Figure 17(b), the low-pressure zone becomes more apparent, with the emer-
gence of green color near the stenosis center. Meanwhile, at 75% stenosis, the blue area expands
and spreads around the stenosis center, indicating a significant pressure drop of 11683.28 Pa due
to the increased degree of stenosis.

Figure 18 shows the effect of stenosis position on flow pressure distribution in triangular steno-
sis. In Figure 18(a), the stenosis is centered symmetrically, resulting in a low-pressure area marked
by dark blue around the stenosis peak. In Figure 18(b), the low-pressure zone is more dominant in
the middle of the stenosis, with a more uniform pressure drop. Lastly, in Figure 18(c), the stenosis
position is further downstream, causing the high-pressure distribution to be more uniform across
the area.
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Figure 19 illustrates the effect of varying stenosis position on flow pressure distribution in
trapezoidal shape. In Figure 19(a), the stenosis is located at the center, forming a dark blue low-
pressure zone at the peak. In contrast, in Figure 19(b), the low-pressure region shifts to the middle
of the stenosis, with a more uniform pressure drop pattern compared to before. Meanwhile, in
Figure 19(c), the farthest stenosis position shift results in consistently high pressure because the
pressure distribution from stenosis is more balanced.

Figure 20 shows the impact of stenosis position on flow pressure distribution in W-shape steno-
sis. In Figure 20(a), the centrally located stenosis causes low pressure at the peak, marked by dark
blue. Subsequently, in Figure 20(b), the low-pressure zone is more concentrated in the middle of
the stenosis, with a relatively small pressure drop and a more balanced distribution. Figure 20(c)
shows pressure contours with no significant changes, where blue color still dominates most of the
area. Finally, in Figure 20(d), the stenosis at the farthest position maintains high pressure because
the stenosis effect is more optimally distributed.

Based on Figures 2123, the trapezoidal model shows the highest wall shear stress compared
to the other models, especially at 75% stenosis, reaching 42.7 Pa. Physically, wall shear stress
(WSS) represents the tangential frictional force exerted by the flowing blood on the arterial wall
surface. The high WSS values, particularly in the trapezoidal model at 75% stenosis, are caused by
the very steep velocity gradients near the arterial wall. The sharp acceleration of the flow along
the flat "‘peak’ of the trapezoidal stenosis maximizes this gradient. From a biological standpoint,
abnormally high WSS is known to cause direct injury to endothelial cells, trigger an inflammatory
response, and increase the risk of plaque rupture, a primary trigger for myocardial infarction.
While wall shear stress is relatively moderate at 25% to 50% stenosis levels, the abrupt escalation
observed at 75% suggests a heightened potential for vascular injury. Excessive shear forces of this
magnitude may trigger platelet activation, promote localized thrombosis, and eventually lead to
vessel occlusion, This indicates that a trapezoidal-shaped stenosis is particularly conducive to the
advancement of LCA disease. Additionally, the sudden shift from moderate to severe WSS indi-
cates that individuals with the same stenotic pattern may face sudden hemodynamic instability,
highlighting the need for early medical intervention to prevent total arterial occlusion.
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Figure 21: Wall shear stress plots on the coronary vessel surface for the Triangular model: (a) 25% stenosis, (b) 50% stenosis, (c) 75%
stenosis.
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Figure 23: Wall shear stress plots on the coronary vessel surface for the Overlapping (W-shape) model: (a) 25% stenosis, (b) 50% stenosis,
(c) 75% stenosis.

This study has several limitations inherent to computational modeling. We assumed a rigid,
impermeable arterial wall, and future work should incorporate vascular elasticity through Fluid-
Structure Interaction (FSI) and the effects of wall porosity for greater physiological accuracy [27,
26]. Similarly, while the idealized geometries used here provide a crucial baseline, further in-
vestigations are needed to explore other geometrical configurations such as bell-shaped, cosine,
and elliptical profiles, as well as asymmetrical constriction conditions where the upper and lower
stenosis profiles differ. The next step is to integrate patient-specific models from medical imag-
ing to capture the complexity of real lesions. Ultimately, such advanced models will allow for a
more comprehensive investigation into the interplay between patient-specific geometry and other
physiological factors, such as the biomagnetic response of blood.

4 Conclusion

This study aims to numerically analyze the impact of blood flow constriction in the LCA as a
cause of cardiovascular disease, using the Finite Volume Method. Coronary artery narrowing, es-
pecially due to plaque buildup, can disrupt blood flow, potentially increasing the risk of coronary
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artery disease (CAD), heart attacks, and strokes. Through simulations conducted with various
constriction shapes-Triangular, Trapezoidal, and Overlapping (W-shape)-at different stenosis lev-
els, this study provides insights into the effects of narrowing on blood flow velocity, pressure
distribution, and shear stress in the vessels. Based on the simulation results, the following con-
clusions can be drawn:

When the arterial narrowing reaches 50%, the blood flow velocity starts to show abnormal
values around 0.5 m/s, with a noticeable increase that signals disruption in the flow. At
75% narrowing, the velocity sharply rises to over 1 m/s, indicating a shift toward disturbed
flow that can lead to turbulence and higher shear stress on the vessel walls. This increase
in velocity can worsen the condition of the blood vessels, raising the risk of damage, plaque
buildup, and potentially heart attacks or strokes. Narrowing beyond 50% requires serious
medical attention to prevent further complications. Moreover, the trapezoidal shaped nar-
rowing poses a higher risk with flow velocity recorded at 1.06755 m/s compared to other
shapes of constriction.

Constrictions with increasingly shifted positions tend to reduce blood flow velocity due to
more distributed flow patterns. This suggests that more varied stenosis poses a lower risk
compared to symmetric constriction.

All constriction shapes at 75% stenosis cause significant pressure drops. The trapezoidal
shape is associated with the largest pressure drop (to 11, 353.73 Pa), creating a steep pressure
gradient indicative of high flow acceleration and stress, which has the potential to damage
blood vessels.

The trapezoidal model generates the highest wall shear stress, especially at 75% stenosis,
reaching 42.7 Pa. This indicates a higher potential for vascular damage and thrombosis.

Sharp shifts in Wall Shear Stress (WSS) at severe stenosis indicate hemodynamic instability,
underscoring the need for early medical intervention to prevent serious complications such
as total arterial occlusion.

Future work will involve the integration of real stenosis geometries derived from patient
specific anatomical data obtained through MRI imaging.
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