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ARTICLE INFO ABSTRACT
Article history: Multiple stenosis refers to the deposition of plaque in an arterial lumen resulting from
Received 8 November 2024 the development of atherosclerosis. In the presence of stenosis, the arterial wall

Received in revised form 21 November 2024 narrows, thereby limiting blood flow and nutrient delivery to other organs and tissues.
Accepted 9 December 2024 This study investigates mass transfer in a generalised power-law blood flow through an
Available online 15 March 2025 artery with multiple stenoses. COMSOL Multiphysics is used to simulate and analyse the
mass transfer and blood flow through the stenosed artery. The results demonstrate that
the severity of stenosis alters blood flow and mass concentration in the blood. The
diffusion rate decreases at the stenotic region as the severity increases. The study
demonstrates a twice increase in velocity and mass accumulation at the stenotic region.
Findings show that the distance between multiple stenoses significantly impacts the

Keywords:

formation of the recirculation zone. The mass concentration rises, and the diffusion flux
Mass transfer; multiple stenosis; reduces significantly. These insights provide guidance for optimising drug delivery
generalized power law; COMSOL through stenosed arteries, making it possible to develop advanced treatments for
multiphysics diseases associated with stenosis.

1. Introduction

Atherosclerosis specifically refers to plaque build-up in the arteries [1]. The plaques will restrict
the blood flow and diminish oxygen supply to other parts of organs, reducing oxygen supply to those
organs. Stenosis is caused by the accumulation of plagues and the narrowing of the arteries. The
narrowing of the artery can potentially affect the artery’s inner wall, known as the endothelium. The
damage of the endothelium enables the accumulation of cholesterol, fats, and other substances
along the arterial wall. Hence, this leads to restricting blood flow to other body organs as the stenosis
progresses. Eventually, these further damages and increases the inflammation in the wall of the
artery, exacerbating plaque build-up. These may cause chest pain (angina), heart attack, stroke,
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extreme fatigue, shortness of breath, or, worst case, heart failure [2]. Invasive coronary angiography
is currently considered the best method for evaluating the extent of atherosclerosis. However, it has
some limitations, such as the 2-dimensional nature of the images produced, which can vary
depending on the projection angle, according to a study by Saveljic et al., [3]. This can lead to
potential inaccuracies in the visual assessment of stenoses during angiography and make it difficult
to determine the functional significance of the lesions accurately. Additionally, the geometry of the
arteries and the location of stenoses may play a crucial role in assessing the impact of hemodynamic
on the formation of stenoses [4].

In terms of clinical illness, the four major arteries that display the highest prevalence of clinical
iliness are the left coronary artery, abdominal aorta, carotid bifurcation, and the heart and proximal
aorta [5]. Fluid loading on the artery walls could change dramatically in arteries and arterioles with
significant curvatures, especially at bifurcations and junctions. This is why atherosclerotic lesions
develop more often at these locations [6]. In both experimental and theoretical studies, stenoses
lead to arterial insufficiency symptoms. Studies showed that multiple stenoses with different
severities can have a synergistic effect, leading to more severe symptoms and potentially an
increased risk of complications. Dhange et al., [7] and Dolui et al., [8] investigated the impact of
multiple stenoses on an artery to blood flow. The severity and distance between each stenosis in a
multiple stenoses geometry affects the velocity and pressure of the blood flow in the artery [7]. The
spacing between stenoses significantly affects blood flow and energy loss. Blood flow through
numerous stenoses has also been studied by [9-11]; however, these investigations have not
considered the mass transfer.

Mass transfer (delivery of nutrients) in arterial blood flow plays a significant role in atherosclerosis
development [12]. Atherosclerosis lowers the oxygen level in stenosed arteries. Examining oxygen
transport in arterial blood flow with stenoses is crucial. This concept of mass transport in arterial
blood flow refers to the movement of oxygen and low-density lipoproteins from the circulating blood
to the arterial walls and back again. Researchers have studied how atherosclerosis is linked to the
movement of substances in the blood using different fluid flow models in narrowed arteries [13]-
[16]. They found that the existence of the stenoses has significantly affected the mass transfer in the
artery. Sarifuddin et al., [17] analysed the progression of stenosis over a time period and found that
the severity and location of stenosis impact blood flow and the transport of critical substances. The
blood rheological model is another important aspect to consider in studying blood flow with stenosis.
In addition, Zaman et al., [36] studied heat and mass transfer on overlapping stenoses, concluding
that the mass concentration increases with increasing stenotic height and the WSS decreases with
increasing Weissenberg number. Mass transfer has not been taken into account in the majority of
research investigations that have examined blood flow via numerous stenoses. In addition, clinically,
interventions for arterial stenosis, such as angioplasty or stenting, are designed to restore normal
blood flow. While mass transfer is important for long-term arterial health, immediate clinical
concerns often focus on re-establishing adequate blood flow [18]. However, after interventions like
stenting or angioplasty, the altered flow dynamics can affect mass transfer. Not considering this can
lead to a lack of understanding of how these changes impact long-term outcomes and restenosis (re-
narrowing of the artery) [19]. The arterial system's bifurcations, curves, and other places with
complex blood flow patterns are often the sites of atherosclerotic accumulation [1]. Furthermore,
vascular mass transport is believed to be influenced by biomechanical forces, specifically WSS.
Additionally, according to Reddy et al., [20], the reason for lipid build-up and hypoxia in the arterial
wall is low WSS, as evidenced by the concentration of LDL and declining oxygen concentration in the
subendothelial layer of the arterial wall where WSS is low. More research is required to take mass
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transfer into account when mathematically simulating blood flow across the multiple stenosed
artery.

It has been noted that blood in various diseased conditions possesses non-Newtonian
characteristics [21]. Since blood viscosity varies with shear rate, blood behaviour is more accurate to
be treated as a non-Newtonian model. Due to the clumping of red blood cells in low shear zones, big
particles are produced (rouleaux). These rouleaux become more tightly packed and more likely to
adhere to the endothelium. This leads to inflammation and, ultimately, atherosclerosis [22]. This
phenomenon increases the viscosity of blood, highlighting its non-Newtonian behaviour. The
condition typically occurs in smaller branches and capillaries downstream of the stenotic zone,
particularly in damaged vessels [23]. Recent studies have been conducted using non-Newtonian
models, including models: Generalised power law (GPL) [21,24-26], Carreau-Yasuda models [27-29],
modified Casson models [16,30,31], Herschel-Bulkley models [32-34] and Cross models [35,36]. Ikbal
et al., [37] concluded that the GPL model is the most generic model for non-Newtonian models due
to its unique characteristics as a Newtonian model at low shear rates, a power law model at high
shear rates, as well as a Casson model in certain circumstances. Sabaruddin et al., [2] agreed with
Ikbal et al., [37] on the use of a GPL model. The authors investigated various generalised classical
models and found that the GPL model accurately approximates the wall shear stress (WSS) in a low-
shear zone. High-risk plaques and blood clots can be accurately predicted if the WSS values can be
forecasted accurately [38]. Additionally, the GPL model is better at predicting the WSS for low input
velocities than the Newtonian model [39].

Taking into account the literature survey discussed above [1,15,40], the study of GPL blood flow
through multiple stenoses arteries with mass transfer has not yet been performed based on the
authors’ knowledge. Specifically, this study examines blood flow characteristics and mass transfer in
straight arteries with double stenoses. A recent scientific study used computational techniques and
numerical solutions to examine blood flow, heat, and mass transport in the stenosed artery [12].
However, assessing mass transfer in the double stenosed artery with varying occlusion of stenoses
has yet to be investigated. Analysing blood flow is vital because it plays a key role in the development
of dangerous illnesses like heart attacks and strokes. More research is required to take mass transfer
into account when mathematically simulating blood flow across the arterial system's multiple
stenoses. Most patients initially dismiss the first occurrence of stenosis in an artery due to its subtle
effects [41]. However, as time progresses, the stenosis tends to worsen, and the likelihood of a
second stenosis forming increases, thereby significantly affecting blood flow characteristics [42]. This
study examines the blood flow dynamics in cases of double stenosis, with varying severities and
distances between successive stenoses, to determine the blood flow characteristics and identify the
stage at which this condition poses a significant risk, which is a significant contribution to this study.

There is a need to further study by considering the manipulated variables in the artery aids in
analysing the characteristics of blood and mass flow, which is essential in the case of drug delivery.
This study develops a mathematical model based on the GPL fluid model to describe the rheology of
blood. Manipulation of the severity of the stenoses and the distance between them is taken into
account in the present research, which is significant in this study. It is proposed that the numerical
simulation of arterial blood flow is carried out using a computational fluid dynamics (CFD) method as
it constitutes the most accurate method for solving the complicated problem of mass transfer in
arterial blood flow. Numerical simulations can provide detailed insights into the flow dynamics at any
level that may be difficult to achieve experimentally. This includes visualising velocity profiles,
pressure distributions, and shear stresses within the blood vessels. Simulations allow for a granular
understanding of the fluid mechanics that may be challenging to capture with specific experimental
techniques [22]. Furthermore, using CFD in simulating blood flow includes noninvasive analysis,
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patient-specific simulations, flow visualisation, calculation of hemodynamic parameters, predictive
capabilities, cost and time efficiency, optimisation and design opportunities, and sensitivity analysis
[43]. Thus, the present study applies the computational numerical technique via the COMSOL
Multiphysics, which was developed based on finite element methods (FEM), to simulate the mass
transport and momentum of the GPL blood rheology through a rigid wall of double stenosed artery.
The artery is assumed to be rigid as fats, such as cholesterol, accumulate and build up in the wall [44].
Solving the developed mathematical model is intended to contribute greatly to the solution of the
arterial stenoses issue, thus increasing the medical field’s understanding of how to deal with
atherosclerosis. These benefits contribute to a better understanding of blood flow dynamics, aid in
disease diagnosis and treatment planning, and improve the design and evaluation of medical
interventions.

2. Mathematical Formulation

A two-dimensional axisymmetric, laminar, steady, incompressible GPL model is considered.
Figure 1 represents the geometric representation of the problem, where the radius of the artery is
denoted as a. §; and §, are the depth of the severity of the first and second stenosis, respectively,
[y is the outlet segment, [, is the distance between the double stenosis, [;and, l; are the lengths of
stenoses and [, is the inlet segment.
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Fig. 1. Visual illustration of double
stenoses in an artery

The equations governing flow in a cylindrical coordinates system can be stated in non-
dimensional forms as follows [1]:
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The parameters u and w denote radial and axial velocity components in r and z direction in the
spherical coordinates, respectively. The mass concentration is specified as C, and the radius of the
artery is denoted as R,. The dimensionless parameter, such as Re, is the Reynolds number, and Sc is
the Schmidt number, expressed in Eq. (5). In addition, the component U is the flow speed and the
diffusivity component in the blood is expressed as D,,,. Parameter m is the consistency index, and n
is the power index of the GPL model. Following that, the stress tensor is denoted as 7, the blood
density is denoted as p and pressure is expressed as p. It is assumed that the arterial wall is rigid.
Therefore, the bloodstream’s velocity boundary conditions are the standard no-slip conditions [45],
where r = R(z) is the radius of the arterial segment in the stenotic region.

u(r,z)=v(r,z)=w(r,z)=0 on r=R(z)
It is assumed that the radial and micro-rotational fluid flows parallel to the axis, as well as the axial

velocity gradient, are zero, which can be expressed mathematically as follows:
ou(r,z)
0.

v(r,z)=0,w(r,z) =0, =0,on r=0
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A fully developed parabolic velocity corresponding to Hagen-Poiseuille [1] is assumed to occur
initially when the system is at rest. In order to induce the parabolic velocity profile inlet [45], the
following conditions are required:

2
at z=0; u(r,0)=0, and w(r,0)=u_max 1—(£j (parabolic inlet)
a

At the outlet, traction-free conditions are applied [45], which can be described as follows:
(-pl+7)n=0.

It is denoted by n that an outward normal vector with a pressure point constraint is defined p=0,
and I is the unit tensor. It is proposed that mass concentration axial symmetry conditions [1] are as
follows:

GC(r,z)
or

=0 on r=0.

The mass concentration of the solute is considered to be constant at the input, whereas the
concentration gradient is zero at the outflow of the finite-length artery L, which can be expressed
non-dimensionally as [1]:

GC(r,z)

C(r,z)=1 at z=0 and o

=0 at z=1L.

A Dirichlet boundary condition with zero concentration on the artery wall can be described as
follows Reima et al., [1]:

C(r,z):O on rzR(Z),

As a result, the relationship between mass transport in the blood and mass transfer inside the
artery wall is essentially ignored. It is fair to assume no concentration on the wall when the fluid-side
mass transfer resistance is greater than the wall-side resistance, as demonstrated by
Reima et al., [1]. Exceptionally, at the inlet, where the initial mass concentration of the solute is zero,

C(r,z)zo for z>0.

In this study, the governing equations for mass transport simulations in an artery with multiple
stenoses were solved by utilising the COMSOL Multiphysics software. Using COMSOL Multiphysics’
built-in CAD tools, a two-dimensional axisymmetry artery was constructed. The geometry used in this
study is idealised; however, patient, patient-specific geometry needed to be used in order to simulate
more accurate results. Nevertheless, to simplify the complexity of the study and also to understand
the behaviour of blood flow with mass transport in different severity of stenoses, idealised geometry
based on Reima et al., [1] is applied. The numerical results presented in this section have been
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obtained using a mesh that has been constructed with extra fine element sizes. Two physics models,

Laminar Flow and Transport of Diluted Species, were used to calculate the velocity, mass

concentration, and WSS of different severities of stenosis in COMSOL Multiphysics. In addition to
examining the area occlusion, multiple stenoses are also examined in terms of distance. The

characteristics of blood and mass transport were also analysed by varying the severity of the

occlusion area and the distance between the stenoses, as shown in Tables 1 and 2. Using the
parameters from Reima et al., [1], Reynold’s number of Re= 250 and Schmidt’s number of Sc= 3000

were applied.

Table 1

The severity of stenoses with constant
distance between two stenoses (I,= 1)

Severity of area of

occlusion 0 0

Casel 0.2 0.6

Case 2 0.4 0.2

Case 3 0.6 0.3
Table 2

The distance between two stenoses
at a constant severity (6,=0.6, 6, =

0.3)

Distance between two stenoses l,
Type 1 0.9
Type 2 0.7
Type 3 0.5

3. Validation and Mesh Test

In order to ensure mesh parameters did not negatively impact the findings, this study made
several efforts at mesh refining. This study also computes the maximum velocity and number of
domain elements using COMSOL Multiphysics, as shown in Table 3. The mesh test aims to
demonstrate that results are independent of the number of elements. Figure 2 illustrates the

saturation of mesh with varying element sizes.

(d)
Fig. 2. Mesh with various element sizes with partially magnified section. (a) mesh 1,

normal element size. (b)mesh 2, fine element size (c) mesh 3 with a finer element size.
(d) mesh 4, extra fine element size.

Based on Table 3, we can see that the maximum velocity obtained from the meshing of all sizes
of domain elements is nearly the same. This justifies the independence of the meshing; hence, the
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Mesh 4 with extra fine element size is utilised to mesh the geometry to achieve accuracy,
consequently aiding in getting a better result.

Table 3
Results of mesh parameter in 2D axisymmetric model

Mesh 1 Mesh 2 Mesh 3 Mesh 4
Domain Elements 5760 11354 24084 52502
Maximum velocity (m/s)  2.91845 2.93016 2.93320 2.93326

The model was validated by comparing the two-dimensional model developed in this study with
the benchmark fluid problem in Ghia et al., [46]. As part of the validation process, the lid-driven cavity
will be used as a benchmark for evaluating numerical methods as well as fluid characteristics and
behaviour in confined volumes with incompressible flows driven by the tangential motion of a
bounding wall [46]. Figure 3 illustrates the streamline of the velocity plot. In Figure 3, the velocity

streamlines are in excellent accord with Ghia et al., [46] for every Reynolds number, Re=100, 400,
and 1000.
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(a) (b)
Fig. 3. Velocity contour and streamline for lid-driven cavity problem with (a) Re=100,
(b) Re=400, and (c) Re=1000

Credible Re parameters are used to determine the significance of model validation. A comparison
is also made between the axial and radial velocities of the cavity at coordinate (0.5, 0.5), as shown in
Tables 4 and 5. As seen from the comparison of Tables 4 and 5, the present result is nearly identical
to that of Ghia et al., [46], where fine-mesh solutions exhibit greater counter-rotating vortices as Re
rises. Initially, vortices appear near the corners or the walls, but as Re increases, their centres slowly
move towards the cavity centre. As a result, the velocity and vortex contours produced by this study’s
source code were the same as those acquired by Ghia et al., [46], as seen in Figure 3. The numerical
validation demonstrated the applicability of the developed techniques. Due to its reliability, it
overcame the challenges inherent in this current investigation, which are discussed in further detail
in the following section.

Table 4
Vertical line u-velocity through cavity
geometric center

Re Current Study Ghia et al., [46]
100 -0.20488 -0.20581
400 -0.11351 -0.11477
1000 -0.05958 -0.06080
Table 5

Horizontal line v-velocity through cavity
geometric center
Re Current Study Ghia et al., [46]

100 0.05691 0.05454
400 0.05384 0.05186
1000 0.02653 0.02526

4. Results and Discussion

Figure 4 illustrates the velocity streamline, magnitude and velocity surface results obtained from
the simulation study. The parameters, such as the severity of stenoses and the distance between
each stenosis, are set as (6; = 6, = 0.4) and [, = 1, respectively, based on Reima et al., [13].
Figure 4(a) illustrates the presence of flow recirculation in the flow field of the non-Newtonian fluid
flowing through a fully developed narrow artery. This raises the risk of atherosclerosis yet again. The
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velocity in double stenoses is observed to have two major peaks. Based on contour plots shown in
Figure 4, the velocity profiles extend gradually and smoothly downstream of the stenosis. As shown
in Figure 4(a), the flow in the stenosis model experiences a small and weak recirculation zone. At the
throat of stenosed arteries, distinct velocities with rapid changes in magnitude are also observed.

Figure 5 illustrates the axial velocity profile at the location of the evaluation L, (r=0.5, z=3.75) for
different power-law indices, n. The velocity is observed to be higher with an increasing value of n at
the inlet. However, as the fluid flows, the velocity decreases with increasing value of GPL index n.
Generally, maximum velocity is predicted by the shear-thinning model (n =0.639), and minimum
velocity is observed in the shear-thickening model (n =1.2) [14]. As a result, it is possible that the
shear-thinning fluid flows faster and has a greater momentum due to changes in the apparent
viscosity of fluids due to different generalised power laws indexes n. Power Law models exhibit a
decreasing viscosity as the shear rate increases, consistent with the shear-thinning phenomenon
[39]. Meanwhile, the shear-thickening rheological behaviour is attained as the highest viscosity in the
significant shear rate ranges.

The maximum velocity magnitude is similar in Case 1, which is at the highest compared to Case 2
and Case 3, as shown in Figures 6(a) and 6(c). Notably, the axial velocity of normal and stenosed
arteries differs significantly. It is evident from the results that there is a sudden change in velocity
peaks, and the velocity increases at the stenosis region. When the area of reduction of the stenosis
is reduced, and the area of reduction in another stenosis suddenly increases, the velocity changes
abruptly. In Figure 6(a), the velocity is very high at the outlet due to sudden occlusion at the end of
the artery, which enhances the flow rate. In Figure 6(c), the occlusion occurs at the inlet of the artery;
hence, the velocity increases and can return to the normal state as it flows towards the outlet.
However, in Figure 6(b), Case 2, the maximum velocity is lower, and an increase in velocity has
occurred throughout the artery. This is due to the severity of the occlusion area in both stenosis,
which inhibits the velocity from returning to a normal state. As the area reduction increases, the axial
velocity of the stenosis region increases. A twisting effect is created on the blood flow due to the
velocity. It can be seen from Figure 6 that the intensity of the twisting effects increases as the blood
flows downstream. A quantitative analysis comparing each severity case with Figure 4, where the
occlusion is kept constant, showed a drastic increase in velocity of 180% when occlusion is worsened
near the outlet of an artery. Nevertheless, the velocity percentile reduced to 104% when the severe
occlusion formed further from the outlet of the artery. Consequently, an increase of 180% in velocity
causes a nonlinear increase in the pressure drop across the stenosed portion. This potentially
worsens the blockage and impedes blood flow, raising the risk of acute cardiovascular events such as
heart attack or strokes, which is similar to the numerical research by Kaazempur et al., [47]

The velocity at different positions of stenoses is also observed in Figure 7. The area reduction of
stenoses is fixed at (6; = 0.2, §, = 0.6); however, the distance between the stenoses is reduced
froml, = 1tol, = 0.9,0.7 and 0.5, as stated in Table 1. The velocity profiles in all three positions
are almost similar; however, the maximum velocity value increases as the distance between the two
stenoses reduces. It can also be observed from the velocity streamlines that the intensity of blood
flow increases as the stenoses are closer. Analytically, the velocity percentile across the artery rises
to 0.12% when stenoses are close to each other. Conversely, a 0.05% increase in velocity is shown
when the stenosis is further from each other. The velocity differences between each type are small
because the flow is mainly impacted locally by the severity of stenosis [48]. The significance of the
distance between two stenoses is lessened since the effect of a single severed stenosis on velocity is
mostly limited to its immediate surroundings. Comparatively, our findings of velocity are consistent
with Alsemiry et al., [1].
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Fig. 4. Velocity magnitude and streamlines for the GPL model in (a) 2D axisymmetric and (b) 3D
stenosed artery
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Figure 8 illustrates the surface contour for concentration, C transportation throughout the
stenosed artery. Based on the two-dimensional and three-dimensional surface contour plots
visualised in Figure 8, the concentration pattern follows the flow field for better understanding.
Figure 8(a) shows that the concentration is disrupted towards the throat of the stenoses; along the
first stenosis (bottom stenosis), concentration is low throughout the artery; however, at the stenosis
region, the mass concentration increases. Higher mass transfer occurs at the second stenosis (upper
stenosis) as the region possesses low flow velocity due to the separation of flow at the upper stenoses
towards the outlet, which identifies a weak recirculation zone.

Figures 9 and 10 exhibit the line graph of mass concentration and diffusive flux comparison for all
three cases at different stenosis severity, as stated in Table 4. It is observed from Figure 9 that the
area of occlusion and velocity affect the solute concentration. From Case 1 (6; = 0.2 and §, = 0.6),
the occlusion area at the outlet (top stenosis) is more severe than the other, resulting in a drastic
increase in mass concentration due to the narrowness of the artery. The mass concentration is low
at the centre of the artery and increases towards the stenosed region. Based on Case 1, the mass
concentration is higher than in other cases due to severe occlusion at the outlet, increasing the mass
accumulation across the artery. On the other hand, in Case 3 (§; = 0.6, and §, = 0.3), the area of
occlusions is more severe at the inlet of the artery (bottom stenosis) than the other stenosis.
Therefore, the mass concentration attained here is lower than in Case 1 in the stenosed region;
however, towards stenosis, it increases gradually. Whereas in Case 2 (§; = 0.4 and §, = 0.2), the
trend of mass concentration is constant and increases toward the artery wall as the occlusion area
on both of the stenosis is not severely obstructed. In all cases, the mass concentration accumulated
at the stenosed artery’s wall. The mass concentration increased 8-12% at the post-stenotic region in
Cases 1 and 3. Consequently, there is a low and stagnant velocity at the post-stenotic region of the
artery, resulting in an increase in mass concentration towards the wall [47]. Overall, stenosis or
narrowing of the artery changes mass concentration depending on velocity distribution.

Based on Figure 10, the diffusive flux rate in Case 1 (§; = 0.2 and §, = 0.6), the trendline starts
at a high value and fluctuates towards the wall. In addition, a sudden fluctuation is seen at the
stenosed region, followed by a slight increase before reducing to zero at the artery wall. This is due
to the area of occlusion that is deeper at the outlet of the artery, which forces the diffusion flux to
be higher, and a sudden drop is seen as it flows toward the stenosed region. The trendline of Case 3
is similar to Case 1 due to severe occlusion at the inlet; hence, the rate of mass transfer rate is higher
in the beginning and decresase towards the wall. However, in Case 2 (6; = 0.4 and §, = 0.2), the
mass transfer rate is lower than the one observed in Case 1 and Case 3 due to the low severity of
stenosis. Hence, the rate of mass transfer in Case 2 is not entirely hindered by the mass of the solute
from flowing through. However, unlike Case 1 and Case 3, in Case 2, the trendline reduces smoothly
towards the stenosis wall, and the diffusive flux is distributed across the artery. Based on Case 1 and
Case 3, the rate of mass transfer increases, and it fluctuates towards the narrow wall due to an
increase in stenosis height near the outlet. At the stenosed region, the diffusive flux reduces to over
-72%, proving the accumulation of mass accumulation is at the occlusion region in Case 1 and Case
3. Consequently, reduced diffusive flow in a stenosed area can greatly impact tissue health and
function because vital substances are not adequately supplied and removed [27]. On the other hand,
the diffusive flux for Case 2 is reduced to only 76% when the stenosis is not severe; therefore, the
rate of mass transfer is still efficient.

Figure 11 depicts the profile of mass concentration at different positions of stenosis. The distance
between the stenoses is observed to affect the mass concentration and fluid flow. Based on Figure
11, due to the severity of the top stenoses (near the outlet), the mass concentration for Type 3
(=0.5) is discovered to increase higher at the stenotic region and then drastic increase to one at the
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wall of the stenosis than the mass concentration obtained for Type 1 and Type 2. This is due to the
shorter gap between each stenosis, hence the higher accumulation of the mass concentration. The
mass accumulation of Type 3 (/;,=0.5) increased to 5% from Case 3 (/,=1) in Figure 9. On the other
hand, the mass concentration for Type 1 (/=0.9) increased slightly by 0.04%, and Type 2 (/>=0.7)
increased by 4.2% from Case 3 (/=1). As the distance between each stenosis decreases, the
recirculation of flux at the post-stenotic region increases, resulting in an increased accumulation of
mass concentration.

Figure 12 demonstrates the diffusive flux magnitude profile at different stenosis positions. It is
observed that Type 1 (/;=0.9) has a lower diffusion rate; however, the trendline has a quicker and
smoother enhancement after the stenotic region, and then the diffusion rate fluctuates towards the
wall. This occurs due to the distance of stenosis, which is further away from each other, and the
increment of stenosis severity close to the arterial outlet. However, the diffusive flux for Type 2
(=0.7) and Type 3 (/,=0.5) have a higher diffusion rate and decrease drastically across the artery as
the distance between each stenosis becomes closer. The diffusion rate fluctuates up to -88% when
the distance between each stenosis is closer to each other, leading to further build-up of substances,
eventually increasing the occlusion area of stenosis.
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WSS has been found to play an important part in investigating atherosclerosis in arteries [9].
Higher WSS values can result in plaque rupture. Plaque formation can also be attributed to low and
oscillating WSS [44]. The wall of the artery with stenoses is analysed for WSS. In an artery without
stenosis, the WSS exhibits a constant trendline. Plaque rupture can occur at this point due to the
maximum WSS upstream from the throat. This is in agreement with the outputs of [23], [49]. From
Figure 13, the WSS is observed to increase with an increase in the n value. With the increment in
shear rate values, the viscosity of blood is increased; therefore, the non-Newtonian model (n =1.2),
which acts according to the shear-thickening nature, exhibits the highest WSS, while the non-
Newtonian model (n =0.639) that acts as shear-thinning fluid possesses the lowest WSS among these
three different fluid characterisations.

Figure 14 illustrates that as the occlusion of the stenosis narrows further, the WSS increases due
to an increasing severity level to maintain the flow rate. It is obvious from this value that WSS is
maximal when the first stenosis has a greater area of reduction than the subsequent stenosis. It is
clear from the current results that the WSS increases as the stenosis deepens. Based on Figure 15,
the stenosis distance also affects the WSS value. This can be clearly seen in Figure 15, where the
distance between two peaks decreases as the distance between two stenoses reduces. This could
lead to a higher risk of plaque rupture due to immediate and sudden increments of WSS values from
one stenosis to another.
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4. Conclusion

Atherosclerosis can be related to the nature of blood movement and the mechanical behaviour
of blood vessels and arterial walls, so studying blood flow through a stenotic artery is crucial.
Simulations are performed with double stenoses with different areas of reductions and distances
between the stenoses. Each case is thoroughly examined and discussed graphically. As a result of the
present numerical computations, below are the key conclusions obtained:

A significant increase of 180% is seen in the velocity as the stenosis severity increases in
each case; however, less than a percent velocity increase is shown as the distance between
each stenosis reduces.

As the reduction area increases, the velocity and mass concentration magnitudes increase.
In proportion to the decrease in distance between successive stenoses, the maximum
velocity and mass concentration also rise. It is evident that when there is a small distance
between the two stenoses, the velocity streamline increases, causing difficulty in mass
concentration flow.

As the stenosis worsens, the diffusion flux decreases up to -72 %, causing flow stagnation
and resisting the mass flow. In addition to the decrease in distance between successive
stenoses, the diffusion flux further decreases up to -88%, causing a significant increase in
mass accumulation.

In the WSS simulation, the blood flow characteristics of the stenotic artery were also
demonstrated. A high WSS in a stenotic region of the arterial rigid wall may indicate greater
plague disruption damage in atherosclerosis.

The findings from this study are based on the numerical simulation according to the boundary
conditions applied. The findings shed light on the drastic behaviours of mass accumulation and
velocity with different severity of stenosis. The results will be more accurate if patient-specific
geometry is used in the study. In addition, the permeability of the wall and its effect on mass transfer
can be considered in future work. In addition, by understanding the blood flow characteristics with
mass transfer, effective drug delivery can be administered. This is because poor mass transfer can
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result in inadequate drug distribution, reducing the treatment’s effectiveness [50]. Moreover,
insufficient oxygen transport (hypoxia) due to poor mass transfer can cause tissue damage and
promote the progression of arterial diseases. This can exacerbate the condition and lead to
complications such as ischemia [50]. Therefore, the provided information may be of value in
understanding how mass transfer occurs in arterial blood flow, which might help in treating stenotic
arteries and reducing the likelihood of restenosis after surgery. It is possible that our findings can be
used to identify cardiovascular disease risk factors and find a solution to such diseases.
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