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Abstract

To investigate the effects of the hemodynamics of arterial shape, mainly the bifurcation angle and sinus shape of the carotid
artery, a computational model of the carotid artery has been constructed. In this research, we evaluate the distribution of
velocity, pressure, and wall shear stress (WSS), time average wall shear stress (TAWSS) and oscillatory shear index (OSI).
Three different carotid artery models with varying bifurcation angles with 33° with normal sinus shape, 45° with elliptical
sinus shape and 63.3° with cylindrical sinus shapes have been subjected to computational fluid dynamics simulations. The
research focuses on flow and stress characteristics in the carotid sinus. This study employs the fundamental equation of fluid
mechanics, known as the Navier-Stokes equations, as the governing equation to assess hemodynamic parameters and deter-
mine blood flow characteristics. The simulation used the pressure correction finite volume method. For the non-Newtonian
behaviour of blood, the Carreau model is used based on the measured dynamic viscosity. For pulsatile flow, a representative
standard carotid artery bifurcation pulse wave is applied at the inlet of the common carotid artery model. The results
show that the wider angle model exhibits a low WSS while the narrow angle model demonstrates a high WSS,
indicating a high-risk area for atherosclerosis plaque, and regions with low and oscillatory shear stress in the carotid artery
can lead to endothelial dysfunction.

Abbreviation Nomenclature
BA Bifurcation Angle o Component of Stress Tensor
CCA Common Carotid Artery u Dynamic Viscodity
CFD Computational Fluid Dynamics p Fluid Density
ECA External Carotid Artery n Power Index
ICA Internal Carotid Artery A Relaxation Time
SIMPLEC Semi Implicit Method for Pressure-Linked v Shear Rate
Equations Consistent Hoo Viscosity at zero shear rate (Pa.s)
SIMPLE Semi-Implicit Method for Pressure Linked Ho Viscosity at Zero Shear Rate (Pa.s)
Equations T Yield stress
UDF User Define Method k—e€ Standard k — € Model
WSS Wall Shear Stress
TAWSS Time Average Wall Shear Stress
0SI Oscillatory Shear Indez 1 Introduction
Understanding the role of hemodynamics in the onset of
atherosclerosis and the treatment of vascular diseases is of
utmost importance. Stroke, a prevalent arterial condition,
stands as a leading cause of mortality worldwide [1]. Within
>4 Sarita Singh the carotid artery, two primary branches, namely the internal
saritamath@gmail.com carotid artery (ICA) and the external carotid artery (ECA),
Damini Singh stem from the common carotid artery (CCA). Positioned
damini.ds84@gmail.com upstream of the bifurcation, the CCA serves as the entry
! Department of Mathematics, School of Physical Sciences, point, allowing blood to enter the system [2-4]. Conversely,
Doon University, Dehradun, Uttarakhand 248001, India the ICA and ECA, situated downstream of the bifurcation,
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function as the exit arteries, through which blood leaves
the body. Notably, the internal carotid artery encompasses
a slightly expanded segment called the carotid sinus, posi-
tioned shortly after the bifurcation. The carotid sinus oper-
ates as a pressure receptor and regulator [5—7]. From a fluid-
dynamic perspective, the flow in this region experiences
significant disturbances. Existing literature suggests that
flow separation and recirculation play vital roles in the for-
mation of platelet thrombus and the early development of
atherosclerotic plaques [8].

The utilization of computational fluid dynamics (CFD)
has proven instrumental in the investigation of hemodynam-
ics at the common carotid bifurcation, enabling an enhanced
analytical exploration of the intricate interplay between vas-
cular disease and hemodynamics. Due to its ability to offer
thorough insights into blood flow characteristics and related
phenomena, this innovative approach has grown significantly
popularity in hemodynamic research. Using computational
fluid dynamics (CFD), researchers can model and analyse the
intricate fluid dynamics that occur around the carotid artery
bifurcation, exposing the underlying causes of cardiovascular
diseases. A comprehensive framework for examining hemo-
dynamic variables, flow patterns, and distributions of wall
shear stress that are closely associated with the initiation and
development of vascular diseases is provided by the use of
CFD in hemodynamic investigations [9, 10].

The carotid artery is a convoluted vessel with multiple
twists, branching, and sections of varied diameters, rather
than a simple straight tube. The geometry of the artery influ-
ences how blood flows through it. The shear stress exerted on
the arterial wall by blood flow is one of the primary mechani-
cal variables involved. Shear stress is the force that acts paral-
lel to the wall of the vessel. When blood flows through the
curved and irregularly shaped carotid artery, it experiences
variations in flow velocity and pressure. These variations in
flow dynamics lead to fluctuations in shear stress along the
arterial wall. Numerous studies have suggested a close cor-
relation between atherosclerosis invocation and bifurcation
geometry with unique structures, such as the division of the
common carotid artery (CCA) into daughter arteries of vary-
ing size, structure, and branching angle (the angle between
the internal carotid artery (ICA) and external carotid artery
(ECA)) [11]. In clinical contexts, the bifurcation angle (BA),
which is the angle between the daughter vessels after branch-
ing, has been proposed as a risk predictor. [12—15]. Tada [16]
studied the effect of changing the bifurcation angle on the
distribution and level of both WSS at the encountered site of
atherosclerotic lesions in the carotid bifurcation. Their find-
ings revealed that variations in the bifurcation angle had a
substantial impact on the distribution of both WSS and the
dimensionless oxygen wall flux. However, it was discovered
that changing the bifurcation angle had only a modest impact
on the axial flow pattern. Ro and Ryou [17] conducted a
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numerical analysis that focuses on the characteristics of blood
flow in a stenotic artery bifurcation when subjected to human
body acceleration. The analysis included six simulation cases
with varying body accelerations and bifurcation angles. The
objective was to determine how these variables affected
flow rate and wall shear stress. According to the results of
research, increasing body acceleration caused an increase in
both flow rate and wall shear stress. Using computed CT
angiograms, Sun and Cao, [13], investigated the relationship
between angle and plaque development in 22 individuals
with left main disease. They found a connection between a
significant bifurcation angle and changes in dimension down-
stream of the lesion. Momin et al. [18] used three different
left carotid artery geometries with angles of 40°, 48.5°, and
63.5° to study the influence of hematocrit (Hct) level and
bifurcation angle on the onset of atherosclerosis. The study
also found that models with wider angles had lower WSS
values and models with narrower angles had higher WSS val-
ues. Using computational methods, Zalud et al. [19] studied
the impact of vessel form on the distribution of wall shear
stress. This was achieved by contrasting flow patterns and
wall shear stress measurements between a high-risk predis-
position anatomy and a low-risk carotid artery bifurcation
geometry. The aim of this research was to investigate the
precise effects of vascular geometry on the distribution of
wall shear stress, as well as any potential implications for
the establishment of high-risk conditions at the carotid artery
bifurcation. According to their findings, the internal carotid
artery’s branching angle is greater in high-risk individuals,
and there is a reduced relationship between the diameter of
the internal carotid artery and the diameter of the carotid
artery. The fluid flow and stress in the carotid artery have
been the subject of extensive experimental and theoretical
investigation. The carotid sinus flow happens, according to
the flow dynamics studies [16, 20, 21]. The flow characteris-
tics of the sinus throughout the pulse cycle are sensitive to the
bifurcation angle in this study. It was attempted, in particular,
to assess the role of the bifurcation angle in atherogenesis by
correlating variations in bifurcation geometry with changes
in low pattern, WSS distributions [22].

Understanding the impact of variable bifurcation angle
and sinus shape on atherosclerosis formation is crucial for
gaining comprehensive insights into the development and
progression of this cardiovascular disease. However, there
is still limited knowledge regarding the specific influence
of variable bifurcation angle and sinus shape on atheroscle-
rosis formation in bifurcation geometries. To the best of our
knowledge, no study has been conducted to investigate this
correlation. Hence, in the present study, an attempt made
on elucidating the effects of variable bifurcation angle and
sinus shape simultaneously on atherosclerosis formation
in bifurcation geometries would be a valuable addition to
the existing knowledge. Three idealised geometries of the
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carotid bifurcation model with a standard "Y" bifurcation
shape are selected, with variation in only the bifurcation
angle and sinus shape to minimise the other shape-induced
flow effects. Indeed, analyzing the influence of variable
bifurcation angle and sinus shape on local hemodynamics,
including parameters such as velocity profile, wall shear
stress (WSS), time-averaged wall shear stress (TAWSS),
oscillatory shear index (OSI), can provide valuable insights
into the clinical implications and potential outcomes. The
findings reveal that the model with a wider angle experi-
ences reduced wall shear stress (WSS), while the model
with a narrower angle experiences elevated WSS, signify-
ing a high-risk region for atherosclerosis plaque formation.
Additionally, low and oscillatory shear stress in the carotid
artery’s certain areas can trigger endothelial dysfunction,
which refers to impairment of the inner arterial lining.

The structure of this work is as follows: Section 2 is the
methodology section, which describes the approach we
used to carry out the study. This section consists of the geo-
metrical model used in the study, along with the governing
equations, non-Newtonian viscosity model, boundary con-
ditions, and numerical method used to simulate the system
under investigation. Simulation results and a discussion of
the implications of their findings are presented in Section 3.
Finally, Section 4 provides a summary of the conclusions.

(2) (b)

Fig. 1 Models

2 Methodology
2.1 Geometrical model and flow conditions

In this study, Three carotid artery models were developed for
the study, each representing different geometries. 3D models
is used to simulate numerical flow in the bifurcation of the
carotid artery. The geometry of the three bifurcation models
is shown in Fig. 1. where the 3D representation is displayed
with different in the bifurcated angle, Model 1, Model 2 and
Model 3. The Model 1 and Model 2 are the CAD models
constructed in ANSYS Design Modular, and Model 3 is the
realistic geometry of the carotid artery [23].

1. Model 1: Bifurcation angle 45°, Sinus Shape: Elliptical
Model 2: Bifurcation angle 63.3°, Sinus Shape: Cylindri-
cal

3. Model 3: Bifurcation angle 33°, Sinus Shape: Normal

The geometric parameters of the carotid artery model were
derived from [24]. The essential geometrical parameters are
diameter of CCA, i.e. D = 8 mm and ECA diameter 0.5775D
and the diameter of ICA is 0.69375D and the length of the
CCA is 5.125D, and the lengths of ECA and ICA are the
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same i.e 5.875D. Carotid artery geometrical model 1 and
model 2 have the angle between the external carotid artery
and the internal carotid artery. The sinus region in the inter-
nal carotid artery is constructed using an ellipsoid, which
has a major axis of 18.27 mm and a minor axis of 8 mm [25]
and the centre of the ellipsoid is located at 15 mm away from
the bifurcation point.

We have considered 6 different cross-section locations
where numerical results are presented, as shown in Fig. 2.
Line 1 is at a distance of 21 mm from the inlet, which is the
midpoint of the CCA, line 2 is at 42 mm, at the bifurcation
of the artery. Lines 3, 4, 5, and 6 are located in the sinus
region; the spacing between these lines is 5 mm.

2.2 Mathematical modeling and computational setup
2.2.1 Governing equations

In this study, the mathematical simulation is based upon
three-dimensional non-linear Navier-Stokes equations for
incompressible, non-Newtonian flow fields that are time-
dependent [26]. Blood is assumed to be an incompressible
Carreau fluid, non-Newtonian, and the Navier-Stokes equa-
tion is used as the governing equation for the flow of blood.
The equation system for time-dependent three-dimensional
incompressible flow of a generalised Newtonian fluid can
be represented as,

ou; N du; 1 9
ot ui()xj - pdxjaij @

(a)

Wi 0,1 =1,2.3
ax - 7l9J_ 9~ (2)

1

where u;,1 = 1,2, 3 are velocity components in the cartesian
and x;,i = 1,2, 3 are the three components; o is the com-
ponent of the stress tensor; p is the fluid density, which is
constant 1060kg /m> for incompressible fluid. Egs. (1) and
(2) govern the momentum and continuity fluid for an incom-
pressible, respectively. The following constitutive equation
defines the component of the stress tensor as:

0= —péij +7; 3)

au,- auj] @

e
where p, and 50- are pressure and Kronecker delta (5,7 = 1for
i =J, otherwise 6; = 0) and u is the shear rate dependent
dynamic viscosity, which is determined by different con-
stitutive correlations depending on the type of fluid being
considered. These correlations vary for Newtonian and
non-Newtonian fluids, which is discussed in Section 2.2.2.
Therefore, using Eqgs. (3) and (4) the incompressibility, the
Navier-Stokes Eq. (1) become,

ou; ou; 0 ou [ou; Ou;
—+ui—=—l—p+ﬁ(v21/li)+l oH _+_J
ot 6xj pox. p p ()xj 0xj ox;

Mi 0.ii=1.2.3
ax. - 7l9J - 9~ (5)

l

Fig.2 Geometry of the human carotid artery bifurcation. a Line 1, Line 2, Line 3, Line 4, Line 5, and Line 6 show the flow cross-section level;

b Inner and outer wall of the ICA
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The velocity and pressure can be obtained from the equa-
tion system Eq. (5) by applying appropriate boundary and
initial conditions.

2.2.2 Non-newtonian blood

The value of the dynamic viscosity is determined by specific
constitutive correlations, which depend entirely on what
kind of fluid it is. The experimental data for non-Newtonian
blood exhibit that the viscosity of blood is dependent on
the shear rate [27-29]. Numerous methodologies have been
introduced to explain non-Newtonian impacts in blood flow
estimations [30]. At a higher shear rate greater than 15!, the
Eq. (6) fits the blood data perfectly to describe the dynamic
viscosity. The shear rates to be expected are higher than 15~
based on available carotid bifurcation flow research. The
viscosity is accounted for in blood by employing the Carreu
model, represented as the following equation:

(n=1)/2

= Hoo + (Ho = Hoo) (1 + (7)) (6)

Here, A is the relaxation time, 4 is dynamic viscosity at
zero strain rate, and u ., dynamic viscosity at infinity strain
rate and n is the power index [28, 31, 32]. The parameters
listed in Table 1 are used to simulate the viscosity model for
non-Newtonian blood behavior.

Figure 3 clearly describes the shear-thinning behaviour
of the blood in the Carreau model. According to this, at a
lower shear rate, the viscosity is greater, whereas when the
shear rate increases, the viscosity of blood tends to conform
to the Newtonian model.

2.2.3 Boundary conditions

The generalised 3-dimensional Navier-Stokes system Eq.
(5) can be computed by imposing appropriate boundary
and initial conditions. For our research, we used realistic
boundary conditions that mimic the pulsatile flow, which
imitates the blood flow in the human body, and defined
the UDF in Fluent. Therefore, at the inlet of the CCA, a
transient flow rate profile is proposed. The flow profile is
the combination of systole and diastole depicted in Fig. 3,
where the systole is 0 < # < 0.218 s indicates the rapidly
increasing maximum inflow rate, and the diastole phase is
0.218 < ¢ < 0.5 5. The sine wave has the peak velocity 0.5

Table 1 Coefficients for the Non-Newtonian model [33]

Non-Newtonian Carreau model cofficient

Ho = 0.056Pa.s
Mo = 0.0035Pa.s
A=3313s
n=0.3568

0.00415

0.0041

0.00405

0.004

Viscosity [kg/(m s)]

0.00395

0.0038
300 350 400 450 200

StrainRate [s™]

Fig.3 Relation between Viscosity and shear rate for Carreau Non-
Newtonian model

m/s in the systolic phase, and the minimum velocity is 0.1
m/s with the duration of 0.5 m/s. In order to describe inlet
pulsatile blood flow more precisely, the UDF function in
Fluent is given by the following equation: [34];

0.5 sin[4x(z +0.0160236)] : 0.5n <t <0.5n+0.218

u(r) = s
057 +0218<r<05(n+1)

neN  (7)

Ideally, a Windkessel type model should be imple-
mented as the outlet boundary condition at the outlet [35,
36]. In this study, we do not consider physiological criteria
for using the appropriate terminal resistance to control the
flow of blood at the outlet. So, at the pressure outlet, we
have imposed a simpler gauge pressure 0 or 13, 332 Pa.s
with natural outflow, while the wall is considered as rigid
so that a no-slip boundary condition is imposed there.

2.2.4 Numerical method
A commercial ANSYS fluent finite volume programme
is used to formulate the simulations governing equa-

tions. The QUICK approach is used for spatial discretiza-
tion, and the SIMPLEC algorithm is adopted to model
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the velocity-pressure interaction (Semi Implicit Method
for Pressure-Linked Equations Consistent). This method
is a modified method of the SIMPLE algorithm. This
algorithm was originally proposed by Van Doormal and
Raithby [37]. The variables are computed at the cell cen-
tre, with input provided by four neighbouring cells. The
following equation represents the algebraic approximation
of the integral balance for the P dependent on neighbour-
ing cells for the discrete value of @,

ap®@p = ap®p + ay Py + ay®y + a;Ps + Fy 8)

where, subscript P denotes the cell centre and superscript
E, W, N and S, are the neighbouring grid points, and Fg is a
source term. Other than convection and diffusion, a source
term could include the pressure gradient, boundary condi-
tions, or any other impact [17]. The processes for finding the
solution are as follows:

1. The correct pressure and velocity are considered to be
equal to the current pressure and velocity plus correc-
tions,

u=u*+u'; )

where, u* and 1’ are the guessed velocity field and the
velocity correctively.

2. To derive a relationship between the velocity and pres-
sure corrections, the correction relation and the momen-
tum equations were used,

u=u*+D(Ap); (10)
3. Discretization of the continuity equation for the control

volume,

(PAW)y — (pAu)g + (pAv)g — (pAV)y = 0; (11)

where A is the area of the cell face in the equation.
4. Substitution for the velocities u and v in Eq. (11), leads
to

app, = agpy, + aypy, + aypy, + agpg + F; (12)

where,S = (pAu™)y — (pPAu*) g + (pAV*)g — (pAV*)y =0
[37].
So, when momentum calculations are done in their cor-
rected form, the velocity correction is obtained. A suffi-
ciently fine time step of 0.01 was taken. For every variable,
the solution convergence criteria were adjusted to 1075

2.2.5 Turbulence model- the standard k — &
The following transport equation yields the general form of

the turbulence kinetic energy, k — €. € represent its rate of
dissipation:

@ Springer
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—(pk) + ——(pku)) = —= || p+ = ) ==
ot 0x; ox; oy ) 0X; (13)

i

+G,+G,—pe =Y, +T,

d d _ 0 Hy '\ de
61‘('06) + ()xj (peu;) = 0x; [(” * o, ) ()xi]
) « (14)
€ I3
+ B, %(Gk +B,.Gy) - Bgzp? +T,

where, G, in the above equation is the generation of turbu-
lence kinetic energy by the velocity gradient. Due to buoy-
ancy, the turbulence kinetic energy in the standard k — e
turbulence model is denoted by G,. Y,, denotes the role of
the variable dilation in compressible turbulence in the total
dissipation rate. B, , B, and B, are constants. The turbulent
Prandlt numbers for k, € are given by o, and o, , respec-
tively in Eqgs. (13) and (14). T, and T, are user-defined source
terms. The turbulent viscosity, y4,, is computed by combing
k and £ as follows [33]:

k2
o = B, (15)

where, B u is a constant. The model constants Table. Table 2
were employed, in order to model the transport model.

2.2.6 Hemodynamic descriptors

WSS measurements are crucial for keeping monitoring
of blood flow in arteries. Understanding cardiovascular
diseases requires careful observation of the intensity and
volatility of WSS, a crucial indicator of the force that blood
exerts on artery walls. The WSS is computed at each point
in the cardiac cycle and then averaged within the region of
interest (ROI), either spatially or temporally, to obtain the
Time-Averaged Wall Shear Stress (TAWSS). The resultant
Time-Averaged Wall Shear Stress Magnitude (AWSS), in
addition, provides important details on the general effect of
blood flow on artery walls. These hemodynamic character-
istics enable the creation of suitable treatments that prevent
cardiovascular health by giving important insights into pro-
spective cardiovascular risk factors.

Table 2 The values of model

constants Constants Values
B, 1.44
B,, 1.92
B, 0.09
oy 1.0
o, 1.3
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T
TAWWS=%/ |WSS|dt (16)
0

Where, WSS is the instantaneous vector of shear stress
imparted by blood to the artery walls, and T is the period
of one pulse cycle. Moreover, the Oscillatory Shear Index
(OSI) is an important parameter that reflects the variations
in Wall Shear Stress (WSS) over time and quantifies the
difference between the Time-Averaged Wall Shear Stress
(AWSS) and the Time-Averaged Wall Shear Stress Vector
(AWSSYV). OSI measures the degree of fluctuation in shear
stress during a pulsating cycle. In simpler terms, it indi-
cates how much the shear stress varies back and forth within
each pulsation cycle. The formula used to compute OSI is
as follows,

OSI =0.5x <1 - (17)

| /i WSSdi| >

—
Ji [WSS|dt

3 Result and Discussion

The impact of bifurcation angle and sinus shape on flow
behaviour is investigated using the computational results.
The hemodynamic factors simulations for three different
geometries differ in their bifurcation angle, and the sinus
shapes are discussed in this section. These parameters
affected the velocity profile, pressure , WSS, TAWSS and
OSI. As previously mentioned, the same boundary condi-
tions are applied for the simulation of each model. Since
the boundary conditions are the same at both outlets, the
resistance of the downstream vasculature affects how much
flow is distributed across the outlets. Thus, the geometry of
the bifurcation mostly determines how the flow separates.
The velocity streamline distribution of these three models
is shown in Fig. 5 at the four representative time steps. The
figure of streamline velocity distribution implied that more
recirculations occurred at the late systole (¢3). At the peak
systole (#2) and after the diastole (#4), there is no backflow
was observed. The study selected specific axial positions
to illustrate the flow of blood, namely the middle com-
mon carotid artery (CCA), the bifurcation, and four distinct
axial positions within the sinus. These positions are visually
depicted in Fig. 2 of the paper. At the same positions, the
axial velocity was investigated for the other two models.
Fig. 7 represents the axial velocity at these six axial posi-
tions along with the diameter of the referenced blood vessel.
Due to the initial condition, the axial velocity is depicted as a
periodic flow pattern. Fig. 7a-r presents the x-velocity com-
ponent on these six lines at four distinct time steps during a
cardiac cycle, as demonstrated in Fig. 4. In all models, the
velocity profile at the middle of the CCA and at bifurcation

153
Inlet velocity
t2
0.5
_ 04
2
g
£03
<
=
g t3
3 02 ¢pnu
t4
0.1 <
0 0.1 0.2 0.3 0.4 0.5
Time (s)

Fig.4 Pulsatile inlet velocity cycle

is highest at time 2, which is peak systolic, and the velocity
profile tends to be almost parabolic from model 1 to model 3
as shown in Fig. 7a-f. The velocity profile is slanted towards
the inner phase of the carotid artery wall and became flat-
tered at the outer wall when it moved from line 3 to line 6
as in Fig. 7.

Indeed, transient or unstable flow separation that causes
flow disturbance zones at branches, bifurcations, and curves
in the arterial circulation contributes to a propensity for ath-
erosclerosis. In this study, the distribution of flow param-
eters in carotid artery models was examined by analyzing
the axial velocity contour at specific points during the pulse
cycle. Fig. 6 presents the contour plots of axial velocity on
different axial slices of these carotid artery models at four
distinct time steps, highlighting the presence of flow dis-
turbances. Upon observation, it was found that the flow in
model 1 artery remained undisturbed after the early systole,
indicating a consistent and uniform flow pattern. This can
be attributed to the absence of any unsteady flow condi-
tions in this model. In model 2 artery, a certain level of
flow disturbance was noted throughout the cardiac cycle,
except during the early systole phase. Similarly, model 3
carotid artery exhibited a similar pattern of disturbed flow,
but with a more pronounced interruption. It was observed
that the extent of flow interruption increased with the bifur-
cation angle of the artery. Notably, negative axial velocity
was observed in the slice at the bifurcation, indicating the
presence of blood recirculation in that region. The recircula-
tion zone can also be identified by examining the stream-
lines shown in Fig. 5. Furthermore, the velocity profiles
exhibited minimal variation between the different models,
as depicted in Fig. 6.
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Fig.5 Velocity streamlines distribution at four different times 71 = early systole, 12 = peak systole, 73 = late systole and 4 = mid diastole
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Fig.6 Axial velocity profile on different axial slices at four different times 1 = early systole, 2 = peak systole, 13 = late systole and 4 = mid diastole
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Fig.7 (continued)

A stroke may occasionally be brought on by excessive
blood pressure, which causes arteries to burst and exert pres-
sure on the nearby brain tissues on account of haemorrhage.
High blood pressure-related complications include the thick-
ening of the arterial wall. Additionally, it is asserted that the
detrimental effect of high blood pressure is greater than that
of low shear stress and that the strain of the artery in reac-
tion to high blood pressure might result in atheroma [38].
Thus, in Fig. 8, at the four distinct time steps that are early
systole, peak systole, late systole, and diastole, the contour
pressure distributions are illustrated for all the carotid artery
models. All models have uniform and variable pressure that

varies somewhat over the geometry. At the sinus and bifurca-
tion, significant pressure variations are seen, yet all models
produce the same conclusion. The bifurcation, where there
is a sudden shift in velocity, is where the highest pressure
occurs, corresponding to the maximum shear stress. On the
wall of the sinus section of the ICA branch, blood pressure
doesn’t vary significantly and constantly stays at a moder-
ate level. The specific site where the external carotid artery
(ECA) transitions into the internal carotid artery (ICA) cor-
responds to a notable increase in blood pressure within the
carotid artery apex. Additionally, compared to the walls
of the ECA zone, the pressure on the ICA region’s walls

@ Springer



158 Heat and Mass Transfer (2024) 60:147-165

Pressure

6.712e+02
6.291e+02
5.870e+02
' 5.450e+02
' 5.029e+02
 4.608e+02
' 4.187e+02
3.766e+02
3.345e+02
2.924e+02
2.504e+02
2.083e+02
1.662e+02
1.241e+02
8.201e+01
3.993e+01
-2.160e+00
[Pa]

Pressure

8.091e+02

7.642e+02
7.192e+02
6.743e+02
6.293e+02
5.844e+02
5.394e+02
4.945e+02
4.495e+02
4.046e+02
3.506e+02
3.147e+02
2.697e+02
2.248e+02
1.798e+02
1.349e+02
8.990e+01
4.495e+01
0.000e+00
(Pa]

Fig.8 Pressure contour for four different times 71 = early systole, 12 = peak systole, 13 = late systole and 4 = mid diastole
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Fig. 9 WSS magnitude at four different times 1 = early systole, 12 = peak systole, 13 = late systole and 4 = mid diastole
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is greater. Although the pressure difference was the same
at the boundary between the inlet and outlet borders, the
pressure drop and flow resistance generally increased as the
bifurcation angle rose for the same flow rate. The pressure
in the model 2 is higher than the model 1 at the apex of the
carotid artery and at the proximal part of the ICA and ECA.
Furthermore, because the model 3 has a smaller bifurcation
angle than the models 1 and 2, it has less pressure drop. Con-
sequently, with an increasing bifurcation angle, there was
a corresponding decrease in the flow rate. This reduction
in flow rate was particularly pronounced during the dias-
tolic phase, characterized by lower flow rates, resulting in
reduced variations in flow rate.

Figure 9 shows a comparison of WSS magnitude contours
for different carotid artery models that are different in the bifur-
cation angle and sinus shape at four distinct time steps in one
cardiac cycle. The distribution illustrates the intricate flow pat-
tern that has been formed around the bifurcation. On the distal
side of the bifurcation, where the flow separates, a strong WSS
spatial gradient is particularly evident at peak and late systoles.
Since model 3 has a smaller bifurcation angle than models 2
and 3, it is obvious that the WSS is substantially greater in
this model. Hence, when the value at a specific time steps is
compared for these models, the WSS value decreases as the
bifurcation angle decreases for peak systole and late systole.
However, there is no definite pattern found in shear stress. WSS
plots for these three models on the inner and outer phases of
the ICA at early, peak, and late systole are shown in Fig. 10a-h.
Fig.2b represents the inner and outer phases of the ICA wall. At
each time step, the WSS for all three models is high in the inner
phase and low in the outer phase of the ICA wall. The absence
of a negative WSS suggests that no reverse flow occurred at
that region. Almost zero WSS occurs during the early systole
at the sinus position for all the models. The peak value of WSS
is found in the carotid artery just after the sinus position, where
the diameter of the artery reduces. The velocity gradient of the
blood increases close to the wall of the artery, which causes the
sudden rise of WSS. The variation of the WSS is least at the
sinus position of the carotid artery, where recirculation occurs
more. The value of the peaks changes with the change in bifur-
cation angle along with the length.

Furthermore, there is no impact of bifurcation angle on
WSS at the outer wall, despite the fact that the downstream
variation of WSS on the outside wall is identical to that for
the inner wall. WSS’s magnitude, meanwhile, is less at the
outer wall. According to the computational fluid dynam-
ics data in the current study, the carotid artery, which has
a smaller bifurcation angle, had low WSS values. The low
WSS value represents the likelihood that atherosclerosis may
develop. For smaller bifurcation angles in the carotid artery,
the value of WSS is lowest.+

The study analyzed two WSS-derived parameters: TAWSS
and OSI. These parameters were calculated for all timesteps
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in the simulations. Fig. 11 shows the contour plot of time-
averaged wall shear stress for four different time steps and
under various geometric conditions. The distribution of
TAWSS values, revealing a high value at the significant nar-
rowing observed at the ECA branch, at region before bifurca-
tion and at immediately after the sinus. On the other hand,
Fig. 11 showed low TAWSS values downstream of stenotic
locations, particularly in the potential atherosclerosis-prone
area. The significant influence of geometric factors, espe-
cially bifurcation angle and sinus shape, on TAWSS distribu-
tion in the carotid artery. The lower TAWSS values observed
in Model 2, characterized by a larger bifurcation angle and
cylindrical sinus shape, may indicate reduced mechanical
forces on the arterial wall, potentially elevating the risk of
atherosclerosis development. Conversely, the higher TAWSS
in Model 3, attributed to a smaller bifurcation angle and a
normal sinus shape. Meanwhile, during the cardiac cycle, the
highest TAWSS values were observed at peak systole ¢, in
each model, specifically, 1.453 x 10%in model 3,1.307 x 10°
in model 2, and 1.234 x 10% in model 1. On the other hand,
the lowest TAWSS values occurred during late systole
t4, with values of 2.598 X 10" in model 3 ,8.245 for model
2 and 2.693 x 10! in model 1.

Figure 12 displays the contour plot of the OSI for four
different time steps and under various geometric condi-
tions. The results for OSI Fig. 12 demonstrated high val-
ues downstream of CCA stenosis and carotid bulb stenosis
(ICA plaque area). When fluid flow is purely oscillatory,
the OSI reaches its maximum value of 0.5. Model 2 attrib-
utes wider bifurcation angles and cylindrical sinus shapes
to higher OSI values 4.960 x 10~!. The model 1 attained
4.959 x 10~! value. Meanwhile, model 3 attributes smaller
bifurcation angles and normal sinus shapes to lower OSI
values 4.954 x 10~!. An OSI of 0.5 indicates that the flow is
perfectly reversing, with equal magnitudes of flow in oppo-
site directions during each oscillation cycle. As the shear
stress acting in the opposite direction increases, the OSI
value also increases. This suggests that the flow becomes
more disturbed and less steady, with a higher degree of flow
reversal during the oscillations. This often occurs in regions
where flow separation and recirculation take place. In these
regions, the OSI tends to reach its highest values. In essence,
as the opposing shear stress in the flow intensifies, the OSI
also rises, reaching its peak in regions of flow separation
and recirculation, where the flow changes direction during
each oscillation. The OSI at the branched artery is influ-
enced by the angle at which the artery bifurcates because
of the fluctuation of the WSS over time. The OSI value
shows an direct relationship with the bifurcation angle,
meaning that as the angle increases, the OSI tends to
increase. The variations in the OSI are attributed to changes
in the sinus shape, which occur due to differences in the geo-
metric properties of the artery’s branching structure.
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Fig. 10 WSS for the model
1,model 2 and model 3 during
the cardiac cycle along the inner
phase and the outer phase of
ICA wall at diiterent time steps;
a and b for early systole (t1);

¢ and d for peak systole (t2);

e and f for late systole (t3), and
g and h for early systole (t4)
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Fig. 11 TAWSS contour for four different times 71 = early systole, 2 = peak systole, 3 = late systole and 4 = mid diastole
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4 Conclusion

The geometrical characteristics of blood vessels can signifi-
cantly influence arterial hemodynamics, which refers to the
study of the forces that regulate blood flow through arteries.
In the present study, investigation were performed on the
combined effects of variable bifurcation angles and sinus
shapes on atherosclerosis formation in bifurcation geom-
etries. According to current findings, the distinctive shape of
the carotid artery is believed to play a significant role in pro-
moting mechanical factors that contribute to the onset of dis-
eases. The impact of this unique geometry is primarily due
to the alterations it causes in the blood flow pattern within
the artery. Due to flow separation at the carotid bifurcation,
which shows the same pattern as the stenosed curved chan-
nel, the WSS at the outer wall is significantly less than that
at the inner wall during the whole cardiac cycle. Due to poor
WSS, the outside wall is more susceptible to atherosclerosis
than the inner wall. In this article, blood flow in three dis-
tinct human right carotid arteries is transiently studied using
a non-Newtonian blood viscosity model. When these three
arteries are compared, it becomes clear that the distribution
of wall shear stress creates intricate patterns on the arte-
rial wall that fluctuate significantly over the cardiac cycle.
However, it appears that throughout a significant amount
of the cardiac cycle, low wall shear stress is foremost at
the proximal end of the artery for all arteries. Further down
the artery, there is a higher wall shear stress, specifically at
the arterial bends and narrowing. Low-wall shear stress is
produced by sudden expansions during the majority of the
cardiac cycle. This study also highlights the critical role of
geometric factors in determining TAWSS distribution and
OSI in the carotid artery.

The findings indicated that the probability of atheroscle-
rotic plaque development is increased in areas like the poste-
rior wall of the inner carotid artery sinus where shear stress
occurs at a low rate, velocity is decreasing, and substantial
particle sedimentation exists. The possibility that athero-
sclerosis will develop is indicated by the low WSS score.
The value of WSS is lowest in carotid arteries with wider
bifurcation angles. High TAWSS values are observed at spe-
cific locations in the carotid artery, including the significant
narrowing observed at the ECA branch, at the region before
bifurcation and immediately after the sinus, likely referring
to the widened area carotid artery. The lower TAWSS val-
ues observed in Model 2, characterized by a larger bifur-
cation angle and cylindrical sinus shape, while the higher
TAWSS in Model 3, attributed to a smaller bifurcation angle
and a normal sinus shape. Moreover, the results shows the
maximum TAWSS values occurring at peak systole and the
minimum TAWSS values occurring at late systole for each
model. When the bifurcation angle is wider, and the shape
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of the sinus (the curvature of the artery) is more cylindri-
cal, the OSI value tends to be higher. This implies a more
disturbed and reversing flow pattern, while in this case,
when the bifurcation angle is smaller, and the sinus shape is
closer to a normal or typical shape, the OSI value tends to
be lower. This indicates a more regular and less disturbed
flow pattern. From these result, we concluded that when the
bifurcation angle decreased, several flow variables experi-
enced an increase in their values due to small pressure drops
in the flow field. The change in the bifurcation angle and
sinus shaped had an impact on the WSS at the inner wall
of the artery, TAWSS at the ECA branch, at region before
bifurcation and at immediately after the sinus and the OSI
at the branched artery. However, interestingly, the bifurca-
tion angle had no effect in the region of stenosis. The high
TAWSS values suggest the presence of strong mechanical
forces acting on the arterial wall due to the blood flow pat-
terns. Such high forces could have distinct physiological
effects on the artery. These results are provided with the
presumption that the flow is being studied using a fixed
mesh. There may be some disagreement if the simulations
were performed on a model with elasticity in the arterial
walls and the artery was allowed to move with the heart rate.
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