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Abstract Localized plaque causes narrowing of the arterial wall, resulting in an alteration in the
flow structure, reducing the flow of fluids reaching the heart and resulting in heart attacks. The
formation of stenosis could disturb the normal hemodynamics in blood rheology. A bifurcated
artery with different types of stenosis is considered in order to illustrate the four possible
formations of plaque between healthy and diseased arteries. Due to the fact that a diseased artery
is reported to be less compliant, the artery wall is modelled as a two-dimensional rigid wall. In
this model, blood flow is assumed to be steady, laminar, incompressible, and characterized as
a generalized power-law model that is non-Newtonian in nature. The numerical simulation is
performed using COMSOL Multiphysics, which is based on finite element method. Based on
simulation results, different types of stenosis in the bifurcated artery have a significant impact on
velocity profiles and wall shear stresses.
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1 Introduction

Cardiovascular disease related to coronary artery disease is typically caused by atherosclerosis,
formed when cellular waste products, fatty substances, smooth muscle cells and cholesterol
accumulate in the arterial lumen [1,2]. The localization of plaque, which in medical terms is known
as stenosis, leads to a reduction in arterial passage area that considerably disturbs the normal blood
circulation to the other organs and tissues [3,4]. Plaque ruptures may occur as the condition worsens,
exposing an individual to severe cardiovascular diseases and eventually leading to a stroke or heart
attack. It has been demonstrated that the geometry of the bifurcated artery can be classified according
to the angle between the mother and daughter arteries and the location of plaque formation. When
the angulation is greater than (>) 707, the T-shaped branch artery is obtained where the shifting to
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the branch is slightly complicated in comparison to Y- shaped branch artery with angle between the
mother and daughter artery less than (<) 70° [S]. In this work, four different types of model have
been considered according to [5-8] to investigate the distribution of plaque formation for anatomic
considerations. Until now, the adoptation of coronary treatment by using stent have always been a
major challenge especially for bifurcation case. Stents were conventionally used in clinical practice
for the treating cardiovascular diseases until endovascular therapies were developed. The stent
restores the flow of blood in a disease vessel and helps to reduce the chance of a heart attack
depending on where it is placed. Knowledge of stent implantation in bifurcated artery is crucial
for the understanding on the changes of the arterial blood flow pattern and the distribution of wall
shear stress. The study of stent implantation using an in vitro pulse duplication system has been
conducted by Peacock et al. [9]. The result in vivo and vitro studies has concluded that the flow
patterns are globally and locally affected by the stent structure [10]. Using a three-dimensional model
of healthy and stented coronary artery bifurcation, Zarandi et al. [11] investigated non-Newtonian
hemodynamics and shear stress distribution. The flow behaviours and shear stress profiles near the
arterial wall in stented coronary artery were discovered to induce the local flow disturbance where the
lowest value of wall shear stress were developed at the intra-stent region of the mother and daughter
arteries.

A Newtonian model of blood rheology can be applied to fluid flowing through large arteries
with shear rates exceeding 100 s™! (reciprocal seconds) [12,13]. However, for fluid flows through
a diseased vessel that possessed an arterial constriction, the hemodynamical behaviours of fluid in
this network of vessels exhibits the hemodynamics property which accurately described as a non-
Newtonian model [14]. Johnston ef al. [15] explored the significance of an accurate consideration of
blood rheological representation by considering both Newtonian and few other non-Newtonian blood
rheological models comprised of the Walburn-Schneck model, Carreau model, power law model,
generalized power law model as well as the Casson model, in treating the blood flow characteristics.
They discovered that for a high inlet velocity, the distributions of wall shear stress between the
Newtonian and non-Newtonian model are similar. Whereas, when the inlet velocity is lower, they
obtained low wall shear stress values for Newtonian model in comparison to the other non-Newtonian
models. They also found that the distributions of shear stress exerted on the wall for the Power Law
and Walburn-Schneck models were underestimated in comparison to the other types of rheological
model. In comparing the Newtonian model to the generalized power law model, Johnston et al.
[16] conclude that the wall shear stress is approximated at a relatively small value for low inlet
velocities at low shear regions. Johnston et al. [16] examined five different non-Newtonian models
of coronary blood flow in the right coronary arteries. It is kind of impossible to capture a single
constitutive relation in predicting all of the non-Newtonian behaviours of the fluid flowing in various
situations [17]. From various non-Newtonian models, the generalized power law model is chosen
here to represent the rheological behaviours of blood due to its combination property of a Newtonian
model at a low shear rate, the power law model at a high shear rate and the Casson model as a special
case [17]. Further, Bakheet ef al. [18] have also recommended the use of a generalized power law
model during the low inlet velocities and low shear rates flow to gain an excellent estimation of shear
stress along the arterial’s wall. The influence of the shape of stenosis on the blood flow behaviours
has been investigated in [19] by considering the rheological behaviours of blood as the generalized
power law model. The shear-thinning as well as shear-thickening natures of non-Newtonian fluid has
been successfully examined in [20] by characterising the fluid’s behaviour as a generalized power law
fluid model which passes through an artery with differently shaped constrictions. The implications
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of different stages of atherosclerotic disease development to blood haemodynamics that is treated as
a generalized power law fluid was examined in [21] by considering a mild shaped constriction with
48%, 64% and 84% cross-sectional area of reduction.

Motivated by the findings from the cited studies, focus will be made on the effect of stenosis
located at various locations in a branch artery by considering the blood as a laminar flow that is
treated as a generalized power law model. The simulations carried out in this study are obtained by
using a computational software which works according to the finite element algorithms, known as
Comsol Multiphysics 5.2.

2 Mathematical Formulation

Prior to the formulation of the mathematical model, a few assumptions are imposed on the
computational domain of branch artery that possess a stenosis. These include:

1. The branch artery is of finite length.

2. The consideration of four types of morphology with different stenosis formation consist of Type
I to Type IV.

3. At the lateral junctions and on the flow divider of the branch artery, curvatures are introduced
so that discontinuities causing nonexistent separation zones can be eliminated.

The atherosclerotic lesions are portrayed by using several kinds of classification which describes the
formation of stenosis as proposed in [9-12]. In this work, two models of a bifurcation are added
(TYPE I and TYPE III) to display the four possible types of morphology as shown in Figure 1. A
healthy artery is referred as TYPE I. Stenosis of parent arteries proximal to bifurcations is classified
as TYPE II. Stenosis located in the parent artery which goes further into the upper wall of bifurcation
is categorized as TYPE III. Stenosis of TYPE IV occurs in the parent vessel, near the ostium of the
bifurcation, and proximal to the bifurcation.

Let us consider the incompressible flow of generalized power law model through a stenosed
bifurcated artery with 4 different morphologies where the flow is assumed to be steady and laminar.
Hence, the suitable two-dimensional governing equations for such fluid flow are governed in non-
dimensional form by these following equations, stated as
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The parameters i and j represent the respective values of x and y. While, the parameter A in

Equation (3) refers as the symmetrical rate of deformation tensor. The dimensionless parameter of
Reynolds number, Re is obtained as
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7 denotes the stress tensor, u is the velocity in x-direction, v is the velocity in y-direction. The axial
and radial coordinates are characterised in two-dimensional Cartesian coordinate system as x and
y, respectively. Parameters such as the dynamic viscosity of blood, density of blood, and pressure
distribution on the surface are represented by yu, p and p,respectively. The shear forces exerted along
the arterial wall is calculated using the expression defined as,

6v+6u
T=u|l—+—|,
“ax ay

based on the findings obtained for the axial and radial flow velocity.

To solve the governing equations specified in Egs. (1)—(3), the appropriate governing equations
are imposed along the boundary of the bifurcated artery. The inlet of the artery is imposed with a
parabolic velocity profile, u(x, y) as shown in the equation below

u(x,y) = umax(l - (}—})T) and v(x,y) =0, at x=0, and —a<y<a. €))
a

Meanwhile, the no-slip conditions are prescribed along all the wall of the branch artery

u(x,y) =0, v(x,y) = 0. (5)

A traction-free configuration is employed at the branch artery outlet, which can be described as
follows
(=pI+7)-n=0, (6)

where a unit for the outward normal vector is characterized as n. At the axial and radial coordinate of
(x,y) = (0,0.5), a pressure point constraint, p (x,y) = 0 is being employed.

3 Numerical Results and Discussion

A different type of blood rheology was investigated numerically by calculating the axial velocities at
the mother and daughter arteries as well as visualizing the streamlines and wall shear stresses. The
specific location where the evaluation of the flow variables for all TYPE of the geometrical model
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Figure 1: Geometry of Bifurcated Artery with Various Kinds of Morphologies: (a) TYPE I, (b) TYPE
IL, (c) TYPE IIL, (d) TYPE IV

are labelled as shown in Figure 2. Velocity profiles of generalized power law model simulations are
studied for three different lines inside the bifurcated artery. The first line, denoted as L1, is located
right before the main bifurcation, the second line, L2, is at the upper bifurcation, and the last line, L3,
located at the lower bifurcation.

3.1 Velocity Profile for Different TYPE of Model

The cross-sectional profiles of the axial velocity corresponding to different axial position and value
of generalized power law index, n which describes the flow with varying vicosity of blood for Re
= 300 are illustrated in Figure 3 to Figure 5. Based on the figures shown, it is clearly seen that
the magnitudes for the velocity of blood are gradually decreased from the respectives maxima to zero
velocity at the wall. The distributions of velocity obtained here are correspond to the no-slip boundary
condition prescribed at the wall and the assumption that the vessel behaves like a rigid tube. From the
outcome, it seems that the velocity becomes significantly higher for TYPE III and TYPE IV which is
contributed by the narrowing of an artery. Meanwhile TYPE I in Figures 3(a), 3(b) and 3(c) shows
the normal parabolic velocity profile without the backflow occurrence since there are no constricted
area at these locations. However, TYPE II in Figures 3(b) and 3(c) show that the backflow and flow
separation has occurred at the wall of the artery as the velocity values are found negative here. The
transitions of blood rheological behaviour from shear-thinning (n=0.639) to Newtonian (n=1) and
then to shear-thickening (n=1.2) fluid models happened as the generalized power law index, n are
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Figure 2: Location for Evaluation of Problem Variables for All TYPE of Geometry

increased (refer to Figures 3(a), 3(b) and 3(c)). Interesting to note that the magnitude of the velocity
for Figure 3(c) are higher to those 3(a) and 3(b).

Figure 4 illustrated the velocity profile in upper bifurcated artery part at location (L) for different
rheology of blood. A no-slip condition and the assumption that the vessel behaves like a rigid tube
result in zero velocity at both sides of the wall. There is a skewed velocity profile for TYPE I, TYPEI,
and TYPE III along the line (L2), which refers to the inner wall of the daughter artery in this case. The
flow is much faster at this side in comparison to the other side as the maximum velocity is achieved
here. In contrast, velocity profile for TYPE IV is skewed to the left and possessed the highest value
compared to those in TYPE I, TYPE II and TYPE III. The findings obtained for Newtonian and shear-
thickening fluid models also show that the velocity profiles for TYPE IIl and TYPE IV are declined to
the negative value after reaching zero which indicates that the recirculation areas are formed near the
arterial wall. In Figure 3, the magnitude of maximum velocity for all types of constricted geometry
except for TYPE IV is lower than that at the location (L1) due to part of the flow already decelerating
after becoming obstructed in the mother artery and flow divider. Meanwhile, TYPE IV exhibit highest
velocity magnitude at (L,) as compared to (L;) since TYPE IV consist of stenosis at the outer and
inner wall of upper bifurcate. Hence, the high velocity fluid layer were forced to move more slowly
as it passes the constricted region.

Figure 5 illustrated the velocity profile formed in lower bifurcated artery at location (L3) for
different rheology of blood. Assuming the vessel behaves like a rigid tube, velocity is zero at both
sides of the wall in all cases. Noticed here as well is the profiles pattern for the axial velocity along
the line (L3) which distributed in a similar pattern as the profiles of velocity along the line (L,) for
all TYPE cases as found in Figure 4. Moreover, the magnitudes of maximum velocity for all TYPE
are observed to be lower than those obtained at the (L;) location as indicated in Figure 3, due to
the flow disturbance that has occurred at the mother artery as well as along the flow divider which
contributes to a decelerated flow. As the generalized power law index n increases, the maximum
velocity magnitude for all TYPE gets higher. However, TYPE IV exhibit lowest magnitude of velocity
compared to those in 5(a) but highest in 5(c). Velocity TYPE I and TYPE II shows no negative value
for all different values of n. Velocity for TYPE III shows the negative value after reaching zero for
n=1 and n=0.639 due to the formation of flow reversal along the outer arterial wall of the branch
artery. The flow velocity for TYPE IV has been considerably affected by a more complex and severe
type of stenosis indicated by the negative flow formed in the vicinity of the outer arterial wall for all
values of n.
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Figure 3: Velocity Profile at Location L; for (a) n=0.639, (b) n=1, (c) n=1.2

Figure 6 illustrated the velocity profile in the most diseased artery, TYPE IV, for different type
of blood rheology. Clearly observed in Figure 6(a) and 6(b) that the shear-thickening model has
attained the greatest magnitudes of velocity. From Figure 6(b), there is a skewed velocity profile
in the upper and lower bifurcated arteries, with the maximum velocity occurring at the other ends.
One can observe that the velocity in upper bifurcate is higher as compared to those found in the
lower bifurcate. However, the velocity for shear-thickening model shows the highest in upper and
lower bifurcated artery as compared to those Newtonian and shear-thinning models. Due to the slight
differences in shape and size of the stenosis in upper and lower bifurcated arteries, hence this will
give a considerable impact on the flow pattern and velocity along this region.

3.2 Wall Shear Stress Distribution

For four different types of bifurcated arteries, Figure 7 displays the wall shear stress distributions
along the bifurcated artery for Newtonian rheological behaviour (n=1), shear-thinning rheological
behaviour (r=0.639), and shear-thickening rheological behaviour (n=1.2) by using Re=300.

As can be seen from this figure, the shear-thickening model has the highest shear stress value
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Figure 4: Velocity Profile at Location L, for (a) n=0.639, (b) n=1, (c) n=1.2

exerted on the wall. The peak of the wall shear stress corresponds to the narrowest points of the
cross-section (TYPE II- TYPE 1V), while the peak of wall shear stress for TYPE I corresponds to
the lateral junction of bifurcated artery. A profile of wall shear stress illustrates stenosis geometry in
which upstream of the stenosis, the wall stress increases rapidly until it reaches the stenosis throat.
At the critical height of the stenosis, wall shear stresses reach their maximum and then decrease
downstream. As the shear stress exerted on the wall attains a negative value, this indicating that the
flow reversal is occurred at that region. The occurrence of flow reversal is presented in TYPE II, TYPE
III, and TYPE IV cases for the shear-thinning, Newtonian and shear-thickening models. According to
Yao et al. [22], the wall shear stress distribution contributes significantly to the discovery of platelet
aggregation sites. Shear forces in the wall could be amplified at stenotic area, contributing to its
rupture, leading to paralysis in the affected region.

4 Conclusion

The non-Newtonian model of blood flow has been successfully characterized as a generalized power
law model by analyzing steady, laminar and incompressible fluid flows in a branch artery with four
types of morphologies related to stenosis location. Based on the different morphologies considered,
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the effect of stenosis locations on the flow parameters of velocity are investigated not only along the
stenotic region, but also on the daughter artery. The flow velocity is considerably influenced by the
varying locations of stenosis. Also, the development of flow stagnation and reversal may promote the
worsening effects of cardiovascular disease, which is the thrombosis occurrence. In the future, we
would like to incorporate time and other haemodynamic effects to further study and discuss.
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