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ABSTRACT

Atherosclerosis is a leading cause of coronary heart disease. This study analyses how
elliptically shaped stenoses alter blood-flow velocity in coronary arteries. The governing
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1. INTRODUCTION

Heart disease is one of the leading causes of death worldwide, including in Indonesia. According to
data from the Global Burden of Disease and IHME (Institute for Health Metrics and Evaluation), coronary
heart disease accounts for a significant number of deaths. Recent data from the WHO (World Health
Organization) shows that in 2021, heart disease was responsible for about 17.8% of total deaths in the country.
The disease is estimated to cause more than 470.000 cases of deaths each year [1]. This figure shows that the
prevalence of heart disease continues to increase every year and is a serious concern for the public health
sector. One of the main causes of coronary heart disease is atherosclerosis, which is a condition where fatty
plaques, cholesterol, and other substances build up in the artery walls.

Atherosclerosis is a medical condition in which the walls of arteries become hardened and thickened.
Complications caused by atherosclerosis account for nearly 50% of deaths in developed countries [2].
Atherosclerosis is a major contributing factor to vascular disease worldwide. In developing countries,
especially in regions such as Eastern Europe and Asia, a significant increase in atherosclerosis disease has
been reported [ 3]. Atherosclerosis is the loss of connective tissue flexibility and the inability of smooth muscle
to relax in blood vessels, resulting in large arteries and the aorta being unable to carry large amounts of blood
to the heart [4]. This process causes plague to build up on the blood vessel walls, resulting in abnormal
narrowing of the blood vessels known as stenosis [5]. The plaque is hardened by calcium deposits in the
artery, which makes the artery lining rough and obstructs the lumen of the blood vessel. This condition
triggers thrombosis, which causes the artery to become blocked and triggers a heart attack if it occurs in the
blood vessels of the heart. The narrowing of the arteries causes the flow of blood and essential supplements
to decrease. Arteries that are deprived of blood and oxygen increase the risk of stroke, heart failure, and heart
attack [6]. The population at risk of atherosclerosis disease amounted to 29.2% of a total of 22,093 samples
across Indonesia, which had a significant impact on mortality [7]. The main factors that lead to atherosclerosis
include high blood pressure, diabetes, high cholesterol levels and triglyceride levels, and unhealthy lifestyles,
such as smoking and physical inactivity.

The case of blood vessel constriction can be modeled using a computer simulation. CFD
(Computational Fluid Dynamics) is a tool to understand and analyze blood flow dynamics. CFD is a software
computer program used to model heat, mass flow, and chemical reactions that occur during thermal processes
[8]. In CFD, a mathematical approach is used to describe the behavior of blood flow inside blood vessels,
which includes the analysis of parameters such as blood flow velocity and pressure. CFD simulation provides
an efficient, cost- and time-saving solution for understanding blood flow disorders caused by blood vessel
constriction. It is effective for quickly analyzing blood flow conditions, without the need for expensive and
time-consuming physical experiments [9]. CFD is an effective method for numerical modeling and analysis
of fluid flow, based on the Navier-Stokes equations that describe the behavior of fluid flow in a given region
[10]. The Navier-Stokes equations can be solved using several methods, such as the finite volume method,
finite difference method, and finite element method.

The finite volume method is a numerical approach used in solving various problems, including the case
of fluid flow. The finite volume method was developed from the finite difference method, with the advantage
of maintaining the conservation of mass, momentum, and energy during the discretization process. It
calculates fluxes at the boundaries of the control volume and guarantees that the relevant physical properties
are preserved in each computational step [11]. The finite volume method is considered a very effective
discretization technique for numerical simulations as it is able to provide a very high level of accuracy [12].
The use of the finite volume method in software enables accurate and efficient simulation of fluid flow, as
well as analysis of complex interactions between various physical phenomena [13]. Therefore, this research
aims to create a script to solve fluid dynamics problems using the Navier-Stokes equations, especially the
fluid flow problem of elliptical blood vessel constriction in coronary arteries.

This research employs the finite-volume method (FVM) together with the SIMPLE pressure—velocity
coupling scheme and the Successive Over Relaxation (SOR) linear solver. FVM is selected rather than the
finite difference method (FDM) or finite element method (FEM) because its cell-integral formulation
enforces local conservation of mass, momentum, and energy by construction, a property that is crucial for
capturing the steep pressure and wall shear stress gradients that develop inside arterial stenoses. In addition,
FVM handles complex, curved vessel geometries more naturally than the structured grids typically required
by FDM, while avoiding the high computational cost and stabilization terms often needed in FEM for
incompressible, non-Newtonian flows. The control volume approach also integrates seamlessly with the
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SIMPLE algorithm, which was originally developed in an FVM framework, ensuring stable coupling between
velocity and pressure fields. Accordingly, the computational domain is discretized into elliptical control
volumes that follow the constricted vessel wall; fluxes across each cell face are evaluated so that the Navier—
Stokes equations augmented by the Carreau non-Newtonian viscosity model are satisfied in every volume
element. This combination of strict conservation, geometric flexibility, and algorithmic compatibility makes
FVM the most efficient and accurate choice for simulating blood flow in the stenosed arterial segment studied
here.

Coronary artery narrowing is a condition where cholesterol and triglyceride fats accumulate in the
arteries, which can cause blood flow to the heart muscle to decrease or stop, thus disrupting the work of the
heart [14]. Coronary artery narrowing occurs when the supply of oxygen and nutrients that arteries should
supply to body tissues is obstructed. The coronary arteries function to provide oxygen and nutrients vital for
the heart muscle to maintain optimal performance. Blocked coronary arteries lead to coronary heart disease
[15]. High blood pressure makes the atherosclerotic plaque crack and become several fragments. Loose
plaque fragments can cause blood flow blockage and trigger a heart attack [16]. Hussain, Dar, Cheema, Tag-
eldin, and Kanwal conducted research in the form of simulations for blood vessel constriction problems
formed based on density, viscosity, and thermal conductivity in three types of stenosis, namely triangular,
elliptical, and trapezoidal stenosis. The approach used in the study involves solving partial differential
equations using the finite element method [17]. Blood vessel constriction, or stenosis, is a pathological
condition characterized by a reduction in the vessel diameter, significantly affecting blood flow and
potentially leading to cardiovascular diseases such as atherosclerosis and ischemia [18]. Numerous numerical
studies have been conducted to understand the hemodynamic changes caused by stenosis and their impact on
the vessel wall. [19] performed hemodynamic analysis of stenosed arteries using computational fluid
dynamics (CFD), demonstrating the relationship between the degree of narrowing and the distribution of
pressure and blood flow velocity. Additionally, [20] employed a non-Newtonian fluid model to simulate
blood flow in stenosed vessels, highlighting the importance of variable blood viscosity on flow patterns and
the potential formation of recirculation zones. These studies deepen the understanding of the geometric and
fluid properties involved in stenosis pathology and support the development of more effective diagnostic and
therapeutic methods.

Then, to obtain the velocity and pressure components, the SIMPLE (Semi-Implicit Method for
Pressure-Linked Equations) discretization technique is applied. SIMPLE is a widely used algorithm for
solving the Navier-Stokes equations by iteratively coupling velocity and pressure fields to achieve mass
conservation and pressure accuracy [21]. The method starts by solving the momentum equations to estimate
velocity, followed by a pressure correction step to refine pressure and velocity fields until convergence.
Although methods like SIMPLEC offer improved accuracy and faster convergence, SIMPLE is chosen in
this study due to its robustness and simplicity, which are sufficient for the scale and objectives of the current
blood vessel constriction modeling. To further enhance convergence speed, the SOR method is employed.

In this research, a simulation script for elliptical blood vessel constriction is developed using MATLAB
software (MATLAB R2013a [22]). MATLAB is a programming language widely used to analyze data,
develop and implement algorithms, and visualize data [23]. Unlike many previous studies that primarily use
commercial CFD tools, this research presents a customizable MATLAB-based model that offers flexibility
in parameter tuning and greater transparency in simulation processes. MATLAB was chosen because of its
ease of use, high-quality visualization, and numerical stability. The script calculates flow velocity and
pressure distribution in blood vessels and visualizes the results graphically. To validate the accuracy of the
MATLAB simulation, results are compared with those from Ansys Fluent, a well-established software for
simulating complex blood flow geometries requiring high precision. Ansys Fluent is known for realistic
modeling, efficient discretization, and intuitive visualization. Several parameters were tested in the MATLAB
script to ensure its validity. This study fills the gap in affordable, open-access simulation tools for
cardiovascular fluid dynamics and aims to provide practical insights to support prevention and treatment
strategies for patients with coronary artery disease. Additionally, the developed script framework can be
extended to simulate other fluid dynamics problems governed by the Navier-Stokes equations, broadening its
applicability in biomedical engineering and related fields.
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2. RESEARCH METHODS

The method used in the numerical analysis of blood vessel constriction due to atherosclerosis disease
is simulation research. Simulation research is a type of research that aims to get an overview through a simple
system model by performing manipulations to produce effects that are close to real conditions [24].
Simulation aims to analyze data and produce information that is interpreted to ensure the information
produced is relevant to the problem [25].

Mathematical modeling is the process of constructing and developing mathematical models to describe
and solve problems [26]. Mathematical modeling in this case is based on the mass continuity equation and
the momentum equation. The Navier-Stokes equation can be written as follows.

V-u=0 (D
u

1
. — 2
8t+v uu + VP eVu 2

Where u is velocity (m/s), P is pressure (Pa), Re is Reynolds number, and V is the nabla operator.

In this study, the narrowing of blood vessels occurs in the left coronary artery, which can be seen in
Figure 1 and Figure 2. The velocity value in a steady state [26] and the R value [6] are as follows.

2
U = 2Ugyg (1 — E) (3)

- sin(n(z-7)

Where wu is the velocity (m/s), u,,, is the average velocity (m/s), R is the radius of the stenosed artery
(m), z is the position in the blood vessel, h is the position of the blood vessel constriction (m), L is the length
of the blood vessel (m) and § is the highest depth of the stenosis (m). The equation of blood flow in coronary
arteries can be obtained by substituting the external force parameter into Equation (2). So, the general
equation for blood flow in blood vessels due to atherosclerosis disease can be written as follows:

V-u=03 (5)

R= 0(t) (4)

7,‘2

02Ugpg | 1— u

. [R—Ssin(n(z—%))]ﬂ(t) _1(_613 a< quD)

$+ax

0x?

(6)

Jt dx p

Where w is the velocity (m/s), u,,, is the average velocity (m/s), R is the radius of the stenosed artery
(m), z is the position in the blood vessel, h is the position of the blood vessel constriction (m), L is the length
of the blood vessel (m), and  is the dynamic viscosity of the fluid (Pa.s).

The model used in this study is a model formed based on density, viscosity, and thermal conductivity
through the arterial constriction region. The shape of the blood vessel constriction in this study is an elliptical
blood vessel.

Figure 1. Angiography of Atherosclerosis of the Coronary Arteries [27]
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The boundary conditions for the elliptical blood vessel constriction used in this study are as follows

) z—h
ROxt) = R — §sin n(T) Q) h<z<h+L
[R]Q(t), otherwise

With 2(t) = 1 — (cos wt — 1)e~*t, The piece-wise definition of R(x,t) describes how the local
hydraulic-resistance coefficient of the artery is modulated along its axis and over the cardiac cycle. Within
the stenosed segment that begins at the axial position z = h and extends a length L downstream (h < z <

h + L), the baseline resistance R is reduced by a sinusoidal indentation whose amplitude is the stenosis depth
&; mathematically, this is expressed as R — § sin (n (?)) The sine term produces a smooth, symmetric
narrowing that reaches its maximum (greatest reduction in lumen radius, hence highest resistance) at the
constriction’s midpoint and tapers to the healthy value at its ends. This spatial profile is multiplied by the
pulsatile modulation Q(t), a dimensionless time function (e.g., representing systole—diastole variation) that
scales the resistance throughout the cardiac cycle. Outside the stenosis (z < h or z > h + L) the vessel retains
its normal resistance R, again modulated only by Q(t). Thus, the equation captures both the geometric effect
of a localized, sinusoid-shaped stenosis and the temporal fluctuation of flow resistance due to pulsatile blood
pressure. In this study, numerical modeling to solve Equation (5) and Equation (6) above is performed
utilizing the finite volume method with SIMPLE discretization and SOR approach.

Ansys
? 4R
-

STUDENT
-

b—

- | 2

Figure 2. Narrowing Model Reconstruction from Angiography Results

2.1 SIMPLE (Semi-Implicit Method for Pressure-Linked Equations) Discretization

The momentum equation is solved to obtain an estimate of the velocity by assuming initial guesses
u* and P*. The velocity component u parallel to the x —axis and the pressure component P are assumed with.

(up) =1 7)
(P;)=0 ®

Then find the value of (u,,,,) by ignoring the value of (B,) obtained using Equation (6), thus obtaining
the system of linear equations below

r2

Wns1)i = (up); + At Zuavg 1- (Un)is1
K [R — &sin <7r (z — h))] 0(t)

L

1 [ r? 1 ((un)i+1 - 2(un)i + (un)i—1> (9)

—5=| | 2Uavg| 1 — (Un)i-1|+=u1
ZAxl ’ [R — dsin (n (z — %))] (t) } P (ax)?

Next, the pressure correction equation is used to correct the pressure using the Poisson equation with
respect to the mass equation again. Readjusting the (n + 1) condition to the transient velocity. Equation (5)
can be written as follows.
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(Unt+1)iv1 — WUny1)iog _
2Ax

0 (10)
Poisson equation.
1
V2P = 7 V()i (11)

Solve Equation (11) to obtain the value of the pressure component. The left segment, V(w,,); is called
the divergence equation with a temporary velocity component value. Then the divergence equation is written
using finite differences as follows.

_ (Un+1)i+1 — (Un+1)i-1

V(un)i = 2 Ax (12)

The pressure component is rewritten using a second-order finite difference as follows.

Pn i+ _ZPni Pn i—-
(Pn)it1 (gx))2+( )i-1 (13)

Then Equation (12) and Equation (13) are substituted into Equation (11), so that the temporary
pressure value is obtained as follows.

_ (Pn)i+1 + (Pn)i—l 1 (Ax)z
(P); = ax)? _A_tv(un)i] [( ) >] (14)

Where (B,); pressure at node i and time level n (Pa), u,, is the velocity component at time level n
(m/s), Ax is uniform grid spacing in the axial x-direction (m), At is the time-step size between levels n and
n+1(s)

Vip =

2.2 SOR (Successive Over Relaxation) Method

A method that can be used to accelerate the convergence of Equation (14) is the SOR method. The
equation of the SOR method is as follows.

(P)i = (1 = 0)(Pp-1)i + w(By); (15)
Where w is the relaxation parameter. Because we use over relaxation, w > 1.

Next, create a condition where the pressure value is below the maximum value of the tolerance. The
tolerance used is 1077, with the absolute maximum of the pressure |(P,); — (P,—1);|. The condition to be
met is |(B,); — (P,—1);| < 1077, If this condition is met, then the process is stopped (STOP). Otherwise, the
pressure value is updated as (B,); = (P,,—1);, and the iteration continues using the SOR method to obtain a
new pressure value. Additionally, to prevent infinite iterations in case of non-convergence, a maximum
number of iterations is set to 500. The maximum iteration limit of 500 was chosen based on both empirical
evidence and standard practices in computational fluid dynamics. In all simulation cases, convergence was
achieved within fewer than 500 iterations, indicating that this limit is sufficient to ensure solution accuracy
while preventing excessive computation time. Similar iteration limits have been recommended in
foundational CFD literature to balance convergence reliability and computational efficiency [11].

The velocity correction is obtained by calculating the relationship between the velocity component and
the separation pressure component, as in the previous step.
(un+1)i - (un)i _ _ (Pn)i+1 + (Pn)i—l (16)
At 2Ax
Since we want the velocity correction at the time of the-n + 1 condition, the velocity component at the
n condition is assumed to be zero. Then substitute it into Equation (16), so that the velocity component
correction is obtained as follows.

@a7)

(Un+1)i = —At <(Pn)i+1 + (Pn)i—1>

2Ax
Update all component values.

Pressure component
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(Pn-1)i = (B + (B); (18)
Velocity component
(Un-1)i = (Wn)i + (Wnd; (19)
Table 1. Constraints on Blood Flow
Name Symbol Value
Thermal Conductivity k 0.492 W/mk
Blood Density P 1063 kg/m3
Blood Heat Capacity Gy 3594 /K- kg
Dynamic Viscosity U 0.003 N/m?s
Specific Heat Ratio in Blood y 1

(source: Hussain et al., [6])

To ensure the validity of the MATLAB script developed for simulating blood flow, a comparative
simulation was conducted using Ansys Fluent 2024 R1 [28]. Ansys Fluent is a widely used CFD software for
modeling fluid dynamics problems and is implemented with efficient and flexible data structures written in
C language [30]. The blood flow in vessels affected by atherosclerosis was simulated in Fluent using the
finite volume method, solving the governing Navier-Stokes equations with the same key physical parameters
as listed in Table 1, including thermal conductivity (k), blood density (p), dynamic viscosity (u), specific
heat ratio (y), and blood heat capacity (C,). The parameter values presented in Table 1 are systematically
incorporated into the set of governing Equation (1) through Equation (19) to generate the velocity and
pressure profiles shown in Figure 3 to Figure 14. Geometric parameters, such as the percentage of stenosis,
vessel length (L), and constriction depth (3), define the spatial domain and boundary conditions, influencing
equations that describe vessel geometry and stenosis shape. Fluid properties like blood density (p) and
viscosity (u) are applied within the Navier—Stokes momentum equations to capture the flow behavior,
particularly affecting viscous stress terms that determine velocity gradients and pressure drops. Flow
parameters such as the inlet velocity (u.,,) serve as boundary conditions in the velocity and pressure
equations, setting the initial and exit flow conditions. The resistance coefficient (R), which characterizes
stenosis-induced flow resistance, is integrated into specific equations modeling pressure gradients.
Additionally, spatial variables, including the position along the vessel (z) and stenosis location (h) modulate
local velocity and pressure changes along the arterial length. Together, these parameter values, when input
into their respective equations, allow the numerical solution to capture the complex hemodynamic changes
across different degrees of vessel constriction, resulting in the velocity and pressure distributions depicted in
Figure 3 through Figure 14.

Validation of the MATLAB script was performed by quantitatively comparing key output parameters
such as velocity profiles and pressure distributions against those obtained from Fluent simulations, a widely
recognized CFD software that employs the finite volume method for fluid flow modeling. The primary
validation criteria included percentage error and root mean square error (RMSE) calculated at critical points
within the vessel domain. A threshold error of less than 5% was set as the acceptable limit to confirm the
accuracy and reliability of the MATLAB model. This quantitative approach provides an objective measure
to assess the fidelity of the MATLAB simulation in replicating the more established Fluent results. Despite
minor discrepancies caused by differences in numerical methods and model assumptions, the comparison
demonstrated overall consistency, thereby ensuring the validity of the MATLAB-based blood flow
simulation.

3. RESULTS AND DISCUSSION

The visualization results generated from the MATLAB program are graphs of blood flow velocity and
pressure in narrowed blood vessels, which can be seen in Figure 3 — Figure 14. Using MATLAB, we
simulated blood flow through vessels narrowed by 30 %, 50 %, and 70 % of their original diameter to observe
how stenosis thickness alters velocity; inlet speeds of 0.3, 0.4, and 0.5 m/s (numerically calibrated to 0.27,
0.32, and 0.37 m/s) were applied, and the resulting graph plots velocity along a 25 mm domain, with blue,
green, and red lines distinguishing each inlet speed, showing that tighter constrictions raise local peak velocity
while post-stenosis sections slow more uniformly, and clear titles, axis labels, legends, and a dashed grid
enhance readability.
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Graph of Blood Flow Velocity at 30% Constriction Graph of Blood Flow Velocity at 50% Constriction Graph of Blood Flow Velocity at 70% Constriction
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Figure 3. Graph of Blood Flow Velocity Based on Initial Velocity at (a) 30%, (b) 50%, and (c) 70% Constriction

Figure 3 is a velocity graph with blue, green, and red colored lines representing initial velocities of
0.27 m/s, 0.32 m/s, and 0.37 m/s, respectively. At the highest initial velocity of 0.37 m/s, the blood velocity
exceeds the normal flow velocity. Figure 3 (a) shows the blood flow velocity at 30% constriction, with peak
velocities of 0.62854 m/s (blue), 0.70169 m/s (green), and 0.76133 m/s (red). Figure 3 (b) shows the velocity
at 50% constriction with peak values of 0.713793 m/s (blue), 0.802734 m/s (green), and 0.878161 m/s (red).
Figure 3 (c) presents the velocity at 70% constriction, where the blue, green, and red graphs reach 0.96314
m/s, 1.098257 m/s, and 1.21986 m/s, respectively. This data clearly demonstrates that the greater the initial
velocity of blood flow, the higher the velocity in the narrowed area, which then decreases after passing
through the constricted section. This behavior is consistent with fluid dynamics principles, where velocity
increases to maintain volumetric flow rate through reduced cross-sectional areas. Therefore, Figure 3
empirically and systematically confirms the positive correlation between initial blood velocity and blood flow
velocity in constricted arteries, supporting the proposed hypothesis.
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Figure 4. Blood Flow Pressure Graph Based on Initial Velocity at (a) 30%, (b) 50%, and (c) 70% Constriction

Figure 4 shows that the blood flow pressure graph at each constriction has decreased. Figure 4 (a)
shows the blood flow pressure graph at 30% constriction. The blue graph shows the lowest result of blood
flow pressure of 11967.1 Pa, the green graph 11961 Pa, and the red graph 11954.9 Pa. Figure 4 (b) shows
the blood flow pressure graph at 50% constriction. The blue graph shows the lowest blood flow pressure of
11924.55 Pa, the green graph 11910.57 Pa, and the red graph 11896.6 Pa. Figure 4 (c) shows the blood flow
pressure graph at 70% constriction. The blue graph shows the lowest result of blood flow pressure of 11665.8
Pa, the green graph shows 11603.9 Pa, and the red graph shows 11542 Pa. This shows that the greater the
initial velocity of blood flow, the lower the blood flow pressure in the constriction area.
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Graph of Blood Flow Velocity with Initial Velocity of 0,27 m/s Graph of Blood Flow Velocity with Initial Velocity of 0,32 m/s Graph of Blood Flow Velocity with Initial Velocity of 0,37 m/s
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Figure 5. Graph of Blood Flow Velocity Based on the Amount of Constriction at an Initial Velocity of
(a) 0.27 m/s, (b) 0.32 m/s, and (c) 0.37 m/s
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(a) 0.27 m/s, (b) 0.32 m/s, and (c) 0.37 m/s

Table 2. Blood Flow Velocity and Pressure from MATLAB

Initial Velocity (m/s) Constriction Highest Velocity (m/s) Lowest Pressure (Pa)
30% 0.501001 11508.59
0.27 50% 0.522543 11507.77
70% 0.533427 11507.11
30% 0.59494 11501.9
0.32 50% 0.61648 11501.1
70% 0.62736 11500.4
30% 0.68833 11493.9
0.37 50% 0.70987 11493.1
70% 0.72075 11492.4

Figure 5 shows that increasing the initial blood-flow velocity from 0.27 m/s to 0.37 m/s elevates the
peak velocity along the vessel, particularly at the constricted sections around 5 m and 15 m. Differences in
narrowing (A = 1.02 mm, 1.7 mm, and 2.38 mm) influence the velocity distribution: greater constriction tends
to yield slightly higher peak speeds, reaching about 0.72075 m/s at certain points. The consistent velocity
patterns across all three degrees of narrowing indicate a stable simulation and clearly illustrate how stenosis
markedly accelerates blood flow.

Figure 6 presents blood-flow pressure profiles for three inlet velocities, 0.27 m/s, 0.32 m/s, and 0.37
m/s, combined with stenosis lengths (A) of 1.02 mm, 1.7 mm, and 2.38 mm. A pronounced pressure drop
appears at roughly 10 m along the domain, pinpointing the site of vascular narrowing. In Figure 6 (c), this
decline becomes steeper, reaching 11492.4 Pa as the inlet velocity increases. Variations in stenosis length
exert only a minor influence on the pressure pattern, because the curves for all three A values nearly overlap
at every velocity. These results indicate that inlet velocity has a far more dominant effect on pressure changes
than the range of stenosis lengths examined.

The blood flow velocity comparison graph between MATLAB and Ansys Fluent in the elliptical blood
vessel constriction area can be seen in Figure 7 - Figure 8.
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Figure 7 compares blood-flow velocities for arterial stenoses of 30 %, 50 %, and 70 % simulated with
MATLAB and ANSYS Fluent at three inlet velocities (0.27 m/s, 0.32 m/s, and 0.37 m/s). Blood velocity
rises with the degree of narrowing, and the highest peak appears at 70 % stenosis. MATLAB and Fluent
generate closely matching trends, although minor point-by-point differences occur, demonstrating that the
MATLAB model reliably reproduces Fluent’s predictions of flow behaviour in a constricted artery. In
general, greater stenosis leads to faster flow, highlighting acceleration caused by the narrowing.

Figure 8 presents blood-flow velocity profiles obtained with MATLAB and ANSY'S Fluent for the
same stenosis levels (30 %, 50 %, 70 %) and inlet velocities (0.27 m/s, 0.32 m/s, 0.37 m/s). Across all three
plots, velocity increases as the percentage of narrowing grows, with the highest values typically recorded at
70 % stenosis. Fluent tends to report slightly higher velocities than MATLAB, particularly at severe
constrictions. Raising the inlet velocity from 0.27 m/s to 0.37 m/s elevates velocities along the entire
measurement domain. Both tools reproduce an almost identical velocity-variation pattern, confirming their
consistency in modelling stenosis effects.

Figure 9 illustrates velocity fields for a 30 % stenosis at inlet velocities of (a) 0.27 m/s, (b) 0.32 m/s,
and (c) 0.37 m/s. In panel (c), the higher inlet speed produces a pronounced velocity surge within the narrowed
zone, shown by the color transition from yellow-green to red. The local peak rises by roughly 0.7 m/s as the
flow passes through the constriction, which may impose greater pressure and shear on the vessel wall. The
lower images originate from ANSYS Fluent, while the upper images come from an independent numerical
model that yields a similar velocity pattern, thereby reinforcing the validity of the simulation results. Figure
10 illustrates a blood-flow velocity simulation in an artery with 50 % stenosis for three inlet velocities: (a)
0.27 m/s, (b) 0.32 m/s, and (c) 0.37 m/s. The visualization reveals that higher inlet velocities concentrate
greater flow speeds inside the narrowed segment, shown by deeper red hues. A higher inlet velocity
accelerates and intensifies blood flow in the stenotic zone, potentially increasing turbulence and wall shear
stress. Raising the inlet velocity from 0.27 m/s to 0.37 m/s produces a marked rise in local velocity up to 0.88
m/s in the 50 % stenosis, which correspondingly heightens the mechanical load on the vessel wall.



BAREKENG: J. Math. & App., vol. 19(4), pp. 2661- 2678, December, 2025. 2671

oats I\nsys
i-' 1 l ‘ ‘

(@)
Figure 9. Simulation of Blood Flow Velocity at 30% Constrlctlon with Inltlal Velocny of (a) 0.27 m/s,
(b) 0.32 m/s, and (c) 0.37 m/s

Vob::,“ I\nsys

065

0434

o7

0,
(me*1]

Ansys

Viek 2024 R1
Isosurtace 1 ——— e

o888

0851

0434

02177

0.000

me1)

(a) (b) (©

Figure 10. Simulation of Blood Flow Velocity at 50% Constriction with Initial VVelocity of (a) 0.27 m/s,
(b) 0.32 m/s, and (c) 0.37 m/s

alals

0.000
[ms*1]

(a) (b) ©)
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(b) 0.32 m/s, and (c) 0.37 m/s
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Figure 11 presents a blood-flow velocity simulation for an artery with 70 % stenosis at the same inlet
conditions: (a) 0.27 m/s, (b) 0.32 m/s, and (c) 0.37 m/s. The results confirm that higher inlet velocities further
amplify flow speed in the constricted segment, evidenced by increasingly intense red coloration. In Figure
11 (c), the velocity within the narrowed region reaches roughly 0.9 m/s, displayed as a more concentrated
and sharper red band. These findings demonstrate that severe stenosis magnifies local blood acceleration as
the inlet velocity rises.

Furthermore, the maximum speed at each constriction is shown in Table 3 as follows.

Table 3. Blood Flow Velocity from Ansys Fluent

Initial Velocity (m/s) Narrowing Highest Velocity (m/s)

30% 0.5

0.27 50% 0.651
70% 0.7
30% 0.65

0.32 50% 0.7
70% 0.8
30% 0.7

0.37 50% 0.88
70% 0.9

The simulation results show that the more the blood vessels narrow, the higher the blood flow velocity.
Of the three narrowings that have the potential to experience the most severe atherosclerosis disease, namely,
blood vessels that experience 70% narrowing.

In Figure 12, which represents 30% stenosis, raising the inlet velocity from 0.27 m/s to 0.32 m/s and
then to 0.37 m/s progressively amplifies the wall-pressure gradient: the high-pressure red-to-yellow zone,
peaking at 12245.9 Pa, widens and shifts upstream of the constriction, while the lower-pressure blue-to-green
region downstream, centered around 11954.9 Pa, remains dominant. This trend reveals an almost linear
relationship between inlet velocity and arterial-wall pressure load, implying that greater flow rates can
increase the likelihood of wall damage in the narrowed segment.

Figure 13 illustrates the 50 % stenosis scenario, where the pressure surge exceeds that of the 30% case:
a red-to-orange zone upstream of the lesion peaks at approximately 12300 Pa. Even at an inlet velocity of
0.27 m/s, the arterial wall experiences a steep pressure gradient, and raising the velocity to 0.32 m/s and 0.37
m/s expands this high-pressure region while intensifying the downstream pressure drop to about 11896 Pa.
Together, these findings show that both greater stenosis severity and higher flow rates impose heavier
hemodynamic loads, potentially accelerating wall dysfunction in the narrowed arterial segment.
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Figure 12. Simulation of Blood Flow Pressure at 30% Narrowing with Initial Velocity of (a) 0.27 m/s,
(b) 0.32m/s,and (c) 0.37 m/s
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Figure 14. Simulation of Blood Flow Pressure at 70% Narrowing with Initial Velocity of (a) 0.27 m/s,
(b) 0.32 m/s,and (¢c) 0.37 m/s

Figure 14 demonstrates that a 70 % stenosis produces the steepest pressure surge compared with the
30 % and 50 % cases. At an inlet velocity of 0.27 m/s (Figure 14 (a)), only a thin yellow band of 12568.6 Pa
appears upstream of the stenosis, whereas the downstream wall has already fallen into the green-blue zone at
11747.32 Pa. Raising the velocity to 0.32 m/s (Figure 14 (b)) and 0.37 m/s (Figure 14 (c)) expands the red-
orange region with a peak pressure of approximately 12568.6 Pa farther upstream, so the pressure gradient
across the stenosis becomes progressively steeper. These findings indicate that the combination of severe
narrowing and high flow rate maximizes the pressure differential, thereby heightening the risk of vessel-wall
injury within the constricted zone.

Table 4. Maximum Velocity based on the Same Initial Velocity

Narrowing Initial Velocity Maximum Velocity in Maximum Velocity in Ansys

(m/s) MATLAB (m/s) Fluent (m/s)
0.27 0.62854 0.566

30% 0.32 0.70169 0.651
0.37 0.76133 0.7
0.27 0.713793 0.65

50% 0.32 0.802731 0.75
0.37 0.878161 0.86
0.27 0.96314 0.754

70% 0.32 1.098257 0.868
0.37 1.21986 1.194

Table 4 shows that peak flow velocity rises in tandem with both inlet velocity and stenosis severity.
In the 30 % narrowing, increasing the inlet velocity from 0.27 m/s to 0.32 m/s elevates the maximum velocity
from 0.628 m/s to 0.761 m/s in MATLAB and from 0.566 m/s to 0.700 m/s in Fluent. A similar-but more
pronounced-trend appears at 50 % stenosis: an inlet range of 0.27-0.37 m/s yields peak velocities of 0.713-
0.878 m/s (MATLAB) and 0.650-0.860 m/s (Fluent). The most dramatic effect occurs at 70 % stenosis, where
an inlet velocity of 0.27 m/s triggers peak values of 0.963 m/s (MATLAB) and 0.754 m/s (Fluent), then
climbs to roughly 1.22 m/s and 1.194 m/s at 0.37 m/s. Throughout, MATLAB predicts slightly higher peaks
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than Ansys Fluent, yet both tools consistently confirm a positive link between greater inlet velocity, higher
degrees of narrowing, and larger maximum blood velocities.

Table 5. Maximum Speed based on Same Narrowing Size
Maximum Velocity in Maximum Velocity in Ansys

Initial Velocity (m/s) Narrowing MATLAB (m/s) fluent (m/s)

30% 0.501001 0.5

0.27 50% 0.522543 0.651
70% 0.533427 0.7
30% 0.59494 0.65

0.32 50% 0.61648 0.7
70% 0.62736 0.8
30% 0.68833 0.7

0.37 50% 0.70987 0.88
70% 0.72075 0.9

Table 5 reinforces this dual pattern: increasing either stenosis severity or initial velocity raises the peak
flow velocity. At an inlet velocity of 0.27 m/s, Fluent reports a rise from 0.500 m/s (30 %) to 0.700 m/s (70
%), whereas MATLAB shows a more moderate climb from 0.500 m/s to 0.533 m/s. Similar behaviour occurs
at 0.32 m/s and 0.37 m/s, where Fluent indicates increases of roughly 0.15-0.20 m/s for every additional 20
% narrowing. Method-to-method differences remain minor in mild stenoses but widen to about +0.18 m/s at
70 %, suggesting that Fluent predicts a more aggressive acceleration as the lumen narrows further. Overall,
both simulations agree that peak velocity scales positively with inlet speed and stenosis severity, although
Fluent systematically provides the higher estimates, especially under severe narrowing.
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Figure 15. Scaled Residual Graph

Figure 15 shows the scaled residual graph from Ansys Fluent software. The scaled residual graph
shows the convergence, where the iteration will stop if it has converged. Figure 15 shows the simulation of
blood flow that is narrowed by 30%, 50%, and 70% has a convergent iteration characterized by the value
getting closer to zero.

4. CONCLUSION

This study has conducted a numerical analysis of blood vessel constriction due to atherosclerosis
disease using the finite volume method. It has examined how varying degrees of constriction influence the
hemodynamic characteristics within the affected blood vessels. The study also validates a mathematical
model of blood flow through stenotic arteries over a broad range of stenosis levels, from 30% to 70%. The
detailed findings from this study are presented below:

= The study reveals that when the luminal reduction in coronary arteries exceeds 50%, haemodynamic
stresses increase significantly. At 70% stenosis, these stresses surpass physiological safety margins,
heightening the risk of endothelial damage and plaque rupture. Peak centre-line speeds rose from
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approximately 0.63 m/s in the 30% model to 1.22 m/s in the 70% model, while the corresponding pressure
drops increased from about 8 kPa to more than 11 kPa.

The custom MATLAB solver provides accurate results compared to the ANSYS Fluent model, with a
deviation of no more than 7%. Convergence was achieved in fewer than 145 SIMPLE iterations, with
residuals below 1 x 10, making it a fast and cost-effective alternative for simulations. This solver offers
a rapid screening tool for clinicians and researchers.

The current model’s assumptions—rigid walls, axisymmetry, steady flow, and Newtonian viscosity—
must be relaxed in future work. To improve accuracy for cardiovascular risk assessment, arterial
compliance, pulsatile inflow, non-Newtonian rheology, and patient-specific geometries should be
incorporated into the model.

For future research, the authors suggest exploring the following potential areas:

Patient-Specific Geometries: Incorporating patient-specific geometries will enhance the clinical relevance
of the model.

Fluid-Structure Interaction: Including fluid-structure interaction in the model is essential to account for
arterial elasticity.

Realistic Pulsatile Inflow Waveforms: Applying realistic pulsatile inflow waveforms will help simulate
more accurate physiological conditions.

Benchmarking Against Experimental Data: Future work should compare the model’s results against
laboratory measurements or clinical imaging to ensure accuracy and reliability.

Expanding Model Complexity: The model should be extended to evaluate non-Newtonian rheology under
varying hematocrit levels and explore the impact of multi-lesion configurations, further improving its
clinical relevance.
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