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Abstract— Atherosclerosis is a potentially serious illness
where arteries become clogged with fatty substances called
plaques. Over the years, this pathological condition has been
deeply studied and computational fluid dynamics has played an
important role in investigating the blood flow behavior.
Commonly, the blood flow is assumed to be laminar and a
Newtonian fluid. However, under a stenotic condition, the blood
behaves as a non-Newtonian fluid and the pulsatile blood flow
through coronary arteries could result in a transition from
laminar to turbulent flow condition. The present study aims to
analyze and compare numerically the blood flow behavior,
applying the k-@ SST model and a laminar assumption. The
effects of Newtonian and non-Newtonian (Carreau) models were
also studied. In addition, the effect of the stenosis degree on
velocity fields and wall shear stress based descriptors were
evaluated.

According to the results, the turbulent model is shown to give
a better overall representation of pulsatile flow in stenotic
arteries. Regarding, the effect of non-Newtonian modeling, it
was found to be more significant in wall shear stress
measurements than in velocity profiles. In addition, the
appearance of recirculation zones in the 50% stenotic model was
observed during systole, and a low TAWSS and high OSI were
detected downstream of the stenosis which, in turn, are risk
factors for plaque formation. Finally, the turbulence intensity
measurements allowed to distinguish regions of recirculating
and disturbed flow.

Keywords— atherosclerosis, CFD, coronary arteries,
hemodynamics, non-Newtonian, turbulence.

L

Cardiovascular diseases (CVDs) are the leading cause of
death globally, and it is expected that by 2030 they will cause
over 22 million deaths per year. Atherosclerosis is the main
underlying pathological process of CVDs, and it consists of
an inflammatory disorder induced by several unhealthy
behaviors and lifestyles, that causes the narrowing of the
arteries” lumen [1]. During early stages, there are no
significant changes in the flow dynamics, nevertheless, as
time progresses, these plaques play a critical role in altering
the flow characteristics and transition to turbulence can
occur, even at much lower Reynolds number [2], [3]. To
understand the flow field changes, several hemodynamic
studies have been conducted [4], [5]. This can be achieved
under in vitro conditions, by performing flow visualizations
through particle tracking methods, or under in vivo conditions
by using different measurement techniques, such as MRI or
Doppler ultrasound [6]. However, in both cases is difficult to
measure with enough accuracy some hemodynamic
parameters, e.g wall shear stress (WSS). For this reason,
computational models have been used as an auxiliary tool for
obtaining more reliable results [7]-[9]. In particular, fluid-
structure interaction (FSI) [10] and computational fluid
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dynamics (CFD) [4] have been used as an effective
alternative to investigate in detail several blood flow
phenomena in blood vessels and an important component in
the study of CVDs, allowing the calculation of various
hemodynamic parameters with high precision [2], [11], [12].

One of the earliest detailed studies of the flow in idealized
stenotic models was conducted by Young [13]. Nevertheless,
over the past few decades, the investigation into
hemodynamics has grown exponentially and researchers
have taking different assumptions, because of the blood flow
complexity. Some authors assumed the blood flow in
coronary arteries to be laminar [4], [14]-[19] and behave as
Newtonian fluid [17], [20]-[23]; others studied turbulence
transition [2], [3], [24]-[26] and non-Newtonian effects [2],
[5], [15], [21], [27]. In fact, in large vessels, blood can be
considered as a homogeneous fluid with constant viscosity.
However, in the presence of stenosis, it is observed that the
viscosity decreases with increasing velocity and reduction of
vessel diameter. Therefore, the non-Newtonian behavior
should be considered [18]. Another important factor to the
local hemodynamics is the shape of the stenosis. Some
researchers apply idealized stenosis shapes [23], [27], [28],
while others make use of artery stenotic models based on
medical images [14], [19], [29]. In a recent study, Wong et
al. [30] studied both idealized and patient-specific coronary
arteries and showed how the curvilinearity and narrowing
complications affect the computed WSS, associated with the
risk of atherosclerosis.

Moreover, in hemodynamic studies, it is also important to
study the WSS based descriptors — time-averaged wall shear
stress (TAWSS), and oscillatory shear index (OSI) [31].
These are important tools to predict disturbed flow
conditions, to estimate the development of local
atherosclerotic  plaques, and also to understand
atherosclerosis progression [32]. Indeed, it has recently been
shown that both high WSS as well as low and, in particular,
oscillatory WSS can play an important role in these processes
[33]. For instance, Gaudio et al [18] compared the Newtonian
and non-Newtonian Carreau-Yasuda model in patient-
specific stenotic coronary arteries with different degrees of
stenosis. For that, the researchers investigated numerically
the blood velocity and the distribution of the shear stress
indices at different times of the cardiac cycle. Their results
showed that WSS and TWASS for the Carreau-Yasuda model
are slightly higher when compared to the Newtonian model.
In another study, Carvalho et al [34] applied the Carreau non-
Newtonian model and also investigated the WSS indices in
different degrees of stenosis. They observed that the WSS and
TAWSS are maximum in the stenosis throat which is in
agreement with the previously mentioned study of Gaudio
and colleagues. Kamangar and his team [29] investigated the
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effect of stenosis in left coronary arteries on the
hemodynamics in suspected diseased patients, using non-
Newtonian (Carreau model) and laminar assumptions. They
observed a considerable pressure drop and an increase in the
velocity and wall shear stress at the stenosis throat. In the post
stenotic section, they observed the prevalence of a
recirculation zone which can result in the growth or formation
of new stenosis.

To wunderstand the turbulence transition effect on
hemodynamic parameters, Mahalingam et al. [2] applied the
SST k-o model during pulsatile flow through coronary
arteries for different degrees of stenosis. They demonstrated
that the transition to turbulence starts occurring above 50%
stenosis and becomes fully turbulent above and beyond 70%
of stenosis. Another interesting study was conducted by
Moreno & Bhaganagar [3] in which different types of
stenosis were evaluated based on real data, and also used the
SST k-o model. They observed that the presence of
turbulence and the location of transition from laminar to
turbulence state are additional hemodynamic parameters to
identify plaques vulnerable to rupture. According to the
literature, the best suited turbulent model to simulate the
blood flow in pulsatile conditions is the transitional k-o
model, also referred as SST k-w. This has been investigated
and validated by several authors [3], [25], [26], [35] using as
reference the experimental study of Ahmed and Giddens [36].

However, the comparison between laminar and turbulent
modeling has not been greatly investigated and the selection
of the proper models to simulate the blood flow is vital to
ensure the accuracy and reliability of numerical results. This
is of great importance, since the objective of hemodynamic
numerical studies is to simulate as best as possible the
phenomena that occur in vivo.

In summary, from the aforementioned reviewed literature,
it can be observed that the use of non-Newtonian models to
simulate blood flow has grown, as well as, the use of
turbulence models, being the Carreau and SST k-o models,
the most widely used to study stenotic arteries. However, the
impact of the models’ selection on results has not been deeply
studied.

In this regard, in the current study, an analysis of the
turbulence modeling effects on blood flow is performed,
comparing the SST k- model to a laminar flow. The effect
of shear-thinning blood behavior was also studied by using
the Carreau model. For this purpose, an idealized coronary
artery with 70% of stenosis was developed since when
coronary arteries are affected by atherosclerosis can lead to a
heart attack [37]. Additionally, the effect of stenosis severity
was also evaluated both in velocity and in WSS based
indicators. Another hemodynamic factor with an indirect
association with thrombotic activity is the level of turbulence
intensity (TI) and, thus, it was also computed. With the
present study, important outputs were obtained,
demonstrating the importance of choosing the appropriate
turbulence model, and detecting atherosclerosis at an earlier
stage of the disease.

II.  METHODOLOGY

A. Geometry of the stenotic model

The first step required to perform computational
simulations of blood flow is to obtain the three-dimensional
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geometry of the artery’s lumen. Taking into account that the
coronary arteries were selected for this study, the dimensions
were selected carefully from the literature to accurately mimic
the real conditions of blood flow in these arteries. The
diameter selection was based on real data obtained by Zhou et
al. [38]in 2017. Moreover, to develop the stenotic area, it was
found that several authors [2], [39], [40] consider the length
of the stenosis as twice the normal diameter of the artery. In
addition, the entrance length was chosen so that the velocity
profiles could be fully established proximal to the stenosis
throat.

To perform this step the Design Modeler tool in ANSYS®
workbench was used and the final stenotic model developed,
and its geometric parameters are represented in Fig.1.

47.1 mm

5.8mm 47.1 mm

1 3 o F

20.87 mm
Fig. 1. Geometry and dimensions of the 70% stenotic model.

229 mm

B. Mathematical modeling

Blood flow is modeled using the well known Navier-
Stokes and the continuity equations as follows in Equation 1
V-ou=0

and 2,
aﬂ+q ;
Plac ™t

where u is the velocity vector, p is the static pressure, p is the
fluid density, and p the dynamic viscosity. These are applied
in the presence of a laminar regime, however, when turbulent
flows are verified, the use of turbulent models is needed, and
some modifications to the momentum equation are included
as can be seen in Equation 3:
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where #; and #; are the velocity components in the x; and x;
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direction, pru'] are the Reynolds stresses, p is the pressure,
and 7;; is the mean viscous stress tensor.

Despite the diversity of turbulence models, in the present
study, the transitional k-w model was selected because of its
reliability and accuracy to capture the transition from a
laminar to a turbulent flow. This model is similar to the
standard model, but with some modifications. The SST k-w
model has two other transport equations, one for the
intermittency and one for the transition onset criteria. This is
of interest in this study since the flow is not fully turbulent in
the entire domain or throughout the entire cardiac cycle [3],
[26]. Moreover, this model is used to effectively combine the
robust and accurate formulation of the k-w model in the near-
wall regions with the freestream independence of the k-¢
model far from the wall [3], [41], [42]. The transport equations
for the turbulent kinetic energy, k, and the specific dissipation
rate, w are modeled as follows in Equations 4 and 5.
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Gy, represents the generation of turbulence kinetic energy
due to mean velocity gradients, G,, represents the generation
of w. r, and ry represent the effective diffusivity of k and
w, respectively. Y, and Y, represent the dissipation of
k and w due to turbulence. D, represents the cross-diffusion
term. S and S, are user-defined source terms.

C. Blood flow assumptions

In this study, both Newtonian and non-Newtonian models
were studied in order to conclude if there are significant
differences in the results obtained. When the blood is
modeled as a Newtonian fluid, appropriate rheological
parameters were applied with a density of 1072.033 kg - m™3
and a viscosity of 0.00315 Pa - s, which are similar to those
used in previous studies [4], [14], [43]. For the pulsatile non-
Newtonian blood flow simulations, the selected viscosity
model was the Carreau model, since it is commonly used by
several authors [14], [15], [44] to simulate the shear-thinning
blood behavior and it is considered the most suitable to
perform these simulations. In the Carreau model, the
viscosity () is given by Equation 6:

n-1
2

1= e + (o — o) [1 + Y] (6)

where, according to the previously cited authors, pe
0.00345 Pa-s is the infinite shear viscosity, yy =
0.0560 Pa - s is the blood viscosity at zero shear rate, y is the
instantaneous shear rate, A = 3.313 s is the time constant and
n = 0.3568 is the power-law index.

D. Boundary conditions

The appropriate boundary conditions are critical for the
performance of a realistic and accurate simulation. In this
investigation, the artery walls were considered rigid by
applying a no-slip condition.

In addition, to ensure that the present study reflects the
realistic simulation of in vivo conditions, a physiological inlet
velocity profile adopted by Doutel et al. [14], as seen in Fig.
2, was applied.

Diastole Diastole

0,5
0,4

Systole
0,3
0,2

o1 /\

O 1 1 1 1 1
0 010203040506 07
Time [s]
Fig. 2. Velocity profile adopted in the simulation, representing a full cardiac
cycle, according to Doutel et al. [14].

Flow velocity [m/s]

The mean inlet velocity (V;,) of the cardiac cycle is defined
as shown in Equation 7, where V}, is the average velocity
along the cycle, w is the angular frequency of the cardiac
cycle, and a; and b; are parameters of the fitting model and
they were obtained from [14]. Equation 7 was written in C-
language using the interface of User Defined Function (UDF)
of Fluent and linked with the solver.

V() = %{ao + Y% [aicos(iwt) + bisin(iwt) 1} (7)
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It should be noted that four consecutive cardiac cycles were
run and only the results from the last cycle were analyzed. At
the outlet, a zero gauge pressure condition was applied.

E. Mesh generation and optimization

The numerical meshing and simulations were performed
in the computational fluid dynamics (CFD) package ANSY'S
Fluent (version R1). In Ansys Meshing, a hexahedral mesh
was created with a bias factor to ensure the accuracy of
computational calculations near the wall, and a more refined
mesh in the stenotic section. To assure a mesh independent
solution, grid tests were made by refining the mesh and
rerunning the simulations until no significant differences
were observed. For each mesh, the maximum velocity was
calculated, and the results are represented in Fig. 3.
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Number of elements
Fig. 3. Variation of the velocity magnitude with mesh refinement for
with 70% of stenosis.

It can be concluded that for meshes with more than
500000 elements, the results are independent of the mesh.
Since the differences are minimal between the results of mesh
3 and 4, and taking into account the computational time, mesh
3 was selected, with 510,720 elements (Fig.4).

Fig. 4. Optimized mesh obtained for the 70% stenotic model.

F. Numerical solution

In Fluent, the finite-volume discretization method is
applied. In this method, the integral form of the conservation
equations is used as the starting point. Moreover, the solution
domain is subdivided into a finite number of contiguous
control-volumes, the conservation equations are applied to
each control-volume and, finally, a system of algebraic
equations for the variables at some set of discrete locations in
space and time is obtained, that can be solved numerically
[45]. However, since the discretized equations are non-linear,
an iteration scheme is used to solve them. In the present
study, the semi-implicit method for pressure linked equations
(SIMPLE) scheme was used, in which, the governing
equations are solved sequentially, segregated from one
another. Furthermore, by default, ANSYS® Fluent stores
discrete values of the scalar at the cell centers. However,
since the values of the variable on the faces are not known,
they must be obtained by interpolating the values on the cell
center values. In this investigation, the second-order upwind
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scheme was used [41]. Higher-order precision is achieved at
cell faces by Taylor's series expansion of the cell-centered
solution in relation to its centroid.

G. Post-processing

The last step of the numerical modeling consists of the
analysis of the results obtained. ANSYS software has
different methods such as contour plot, vector plot, data
curves and streamlines. Using these different ways, the
calculated values of the main variables, pressure, velocities
and turbulent parameters can be confirmed, along with their
precision. Besides that, other parameters have been studied
from the results. Over the years, it has been proved that the
WSS indices are related to lipid accumulation and, thus, these
are held as important risk-factors in coronary artery disease.

For incompressible fluids, spatial WSS, t,,, is calculated
by Equation 8, being y, the deformation rate.

u -
Tw =Wy = WY (3)

Besides the WSS, in the present study, two other
indicators, TAWSS and OSI, are considered in order to assess
the possibility of development of new stenosis, as well as the
plaque rupture. The TAWSS is the time-averaged magnitude
of the WSS and is used to evaluate the total shear stress
exerted on the wall during a cardiac cycle [32]. This is
calculated by applying Equation 9:

1 T
TAWSS = — f |WSS| dt ©)
T Jy
It has also been observed that oscillatory WSS promotes
atherosclerosis [31], [33]. However, this information is not
given by the TAWSS. To account for such effect, the
oscillatory shear index, OSI, was introduced and it is
calculated by Equation 10:

T
) |y wss at|
J;Iwss| dt

051—1
)

(10)

The OSI varies between 0 and 0.5. When OSI is equal to
0, the flow is unidirectional. When OSI is equal to 0.5, it
means that the WSS field is fully oscillatory [33].

Furthermore, turbulence intensity (TI) is also an
important parameter for predicting thrombus formation and
plaque rupture and, therefore, it is of clinical significance to
investigate it [46]. The turbulence intensity, T, is defined as
the ratio of the root-mean-square of the velocity fluctuations,
u’, to the mean flow velocity, 4,4, as shown in Equation 11
[41]:

T = 2 (11)

Ugvg

III. RESULTS AND DISCUSSION

A. Turbulent model and laminar comparison

To assess the flow behavior through the simulated
stenotic artery, a velocity profile of the fluid flow was plotted
along the geometry center of the 70% stenotic model. The
plotted data starts near the stenosis center, where X =0 and
follows the blood flow direction until X =-50 mm. Fig. 5 I)
and II) represent the velocity flow in the diastolic and systolic
peak, respectively, assuming the blood as a Newtonian fluid.
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For both phases, the effect of the laminar and turbulent
behavior according to the SST k-w model was studied.

)
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Fig. 5. Simulated centerline velocity at the time of the: I) diastolic peak; II)
systolic peak of the input velocity profile.

Through observation of Fig. 5, it is possible to observe
that the velocity waveform near and at the stenosis throat
(X'=0) the predicted values by both models in the different
phases of the cardiac cycle are in excellent agreement.
However, after the contraction, the differences are more
notable.

In the diastolic peak (Fig. 5 I), the SST k-w and laminar
model show a similar behavior along the geometry, with a
gradual reduction in velocity after stenosis. These results are
in good agreement with a study conducted by Straatman et al.
[26], who also compared the SST k-w model with
experimental data obtained by Ahmed and Giddens [36].
Looking at Fig. 5 1I, it can be also observed an identical
behavior for both models, however, the transitional k-o
model presents an earlier drop in velocity, that marks the end
of the recirculation zone. The laminar model predicts a
slightly higher recirculation length. In Straatman work [26],
it was also showed that the transitional k-w model over-
predict the length of the recirculation when compared to the
experimental data obtained by Ahmed and Giddens [36].
Taking into account this observation and the results obtained
in Fig.5 1II, it can be concluded that the laminar model over-
predicts considerably more the recirculation length observed
experimentally. Therefore, it seems that the laminar model is
not the most adequate to simulate the blood flow in stenotic
arteries.

Despite the few differences between the two models, it
was showed that the model selection influences the results
and the most adequate model seems to be the transitional k-
w. For this reason, the remaining simulations were performed
with that model.

B. Newtonian and Non-Newtonian behavior

To compare the non-Newtonian effects in flow behavior,
the velocity profiles in the stenotic and post stenotic section
(X'=-2.5 mm), only at the diastolic peak were evaluated for
the 70% stenotic model (Fig. 6).
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Fig. 6. Comparison between the velocity profiles at: a) stenotic section; b)
the post-stenotic section.

As it can be observed in Fig. 6 a) and b), the two models
present the same behavior and there is only a small variation
in the maximum velocity. It can be seen a lower maximum
value in the curve of the Newtonian model compared to the
Carreau model.

In addition, to evaluate if the differences are significative
a statistical analysis was performed by applying a t-test for a
significance level, o, of 0.1. The P values obtained were
approximately 0.99 for both cases, Fig. 6 a) and b). This
shows that there are not significant differences between the
two models.

Fig. 7 shows the wall shear stress (WSS) along the
coronary artery, in particular in the region of the stenosis at
the diastolic peak.

500
A

400
& 300
4200
100

0

3 1 -1 -3
X Distance [mm
Newtonian ====- Non-Newtonian

Fig. 7. Comparison between the WSS using the Newtonian and Carreau
model.

The maximum value of WSS is located in the maximum
narrowing area and the differences between the two models
are more perceptible than in velocity. Comparing the
Newtonian model to the Carreau model, the first one predicts
a lower value of WSS, visible in the peak where there is the
presence of the stenosis. These results are in agreement with
a previous study conducted by Gaudio et al. [18].
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Similarly to the previous results, the t-test was applied in
the same conditions, and a P value of 0.82 was obtained. As
before, according to the t-test, the differences are not
considered significant. However, there is a reasonable
difference between the two P values observed, which proves
the bigger impact of non-Newtonian assumptions on shear
stress measurements.

C. Effect of stenosis severity

Taking into account the prior results, the Carreau and the
SST k-w models were applied to investigate the effect of
stenosis severity. For this purpose, two additional cases were
simulated, a stenotic model with 50% of diameter reduction
and a healthy model. Note that, for these models, similar
meshes to the optimized one showed previously, were made.

To evaluate the flow behavior through the stenotic artery
in the presence of different degrees of stenosis (0, 50 and
70%), the centerline velocity was plotted and the results
obtained are depicted in Fig.8 (a) and (b), corresponding
respectively, to the systolic and diastolic phases of the cardiac
cycle.

In both phases of the cardiac cycle, the stenotic models
attain their maximum velocity in the center of the geometry
(X=0 mm), and as expected, the healthy model maintains its
velocity along axis (approximately 0.3 m/s during systole and
0.6 m/s during diastole). Moreover, both stenotic models
present a similar behavior until the stenosis throat.
Nevertheless, the differences after the contraction are quite
significant.

During systole (Fig.8 (a)), it can be observed that for both
models there is a continuous drop in the centerline velocity
after stenosis, until afterward occurs a more noticeable drop
in velocity, which is more accented in the 70% stenosis case.
This marks the end of the recirculation zone predicted by both
models. However, the 70% stenotic model presents higher
velocities and a recirculation zone longer than the 50%
model, due to the greater diameter reduction seen in this
model.

Similarly to the systolic phase, during diastole (Fig. 8 (b)),
the 50% stenotic model shows a recirculation length
significatively lower, marked by an earlier and smoother drop
in velocity. In turn, the 70% stenotic model presents a gradual
reduction in velocity until the end of the artery. This is due to
the recirculation zone length, which is higher than the channel
length. Regarding this result, a remark must be made.
Through the analysis of velocity vectors results, the existence
of vectors in the opposite direction to the flow was verified
since the end of the artery. To confirm that this was a valid
result, a new test was performed using the same geometry
with a longer length and, indeed, the end of recirculation was
observed. This proves that in the presence of this pathology,
changes in blood flow can be huge, especially during diastole,
where the highest velocities are reached.
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Fig. 8. Centerline velocity at the time of the: (a) systolic peak; (b) diastolic
peak of the input velocity profile.

D. Effect of stenosis on WSS and its indices

Additionally, as WSS is an important factor in the
development of atherosclerosis, its evolution along the
stenotic artery was also studied in the two main phases of the
cardiac cycle, systole, and diastole (Fig.9 (a) and (b),
respectively).

Regarding the WSS results during systole (Fig.9 (a)), for
X= - 30 mm can be observed a small peak in the 70% stenotic
model, which represents the end of the recirculation zone and
thus, after that, the WSS values decrease and maintain a
constant value until the end. Although this behavior is not
perceptible for the 50% case, a smoother variation in WSS
happens, without any marked peak. This is due to the
smoother reduction in velocity (Fig.8 (a)) verified in this
model when compared to the 70% case.

Moreover, the maximum WSS is observed at the stenosis
throat and its value increases with the degree of stenosis. For
70% and 50% of stenosis, 207 Pa and 39.6 Pa of WSS are
observed, respectively.

During diastole (Fig. 9 (b)), there is no peak in the grey
plot in the post stenotic section. This is explained by the
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continuity of the recirculation in the 70% case, as clarified
previously. For the 50% model, the behavior is very similar
to that obtained during diastole, only presenting lower WSS
values. Regarding the healthy model, this presents a constant
value of WSS in each phase (approximately 2.3 Pa during
systole and 4.3 Pa during diastole) and shows that in a healthy
situation the WSS should be much lower than the ones
verified, showing the impact of the degree of stenosis on
some hemodynamic parameters.
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Fig. 9. Comparison between the WSS obtained for each degree of stenosis
during (a) systole and (b) diastole.

During diastole, the maximum WSS is also observed at
the stenosis throat, however, the values are much higher than
during systole. For 70% and 50% of stenosis, 480 Pa and 91.3
Pa of WSS are observed, respectively.

The results obtained are in agreement with other studies,
for instance, Mulani et al. [27] had similar conclusions when
comparing a healthy model to stenotic models with a
geometry quite similar to those presented in this study. In
addition, through the analysis of these results, it can be
concluded that effectively the transient condition is extremely
important to understand what happens in vivo and comparing
both phases of the cardiac cycle, significant differences were
observed.

After the WSS was calculated, other hemodynamic
parameters including OSI and TAWSS were determined and
the results are presented in Fig.10.

By observing Fig.10 a) and b), it can be seen that both
plots have quite similar shapes to those presented in Fig.7.
Starting with the OSI results, Fig.10 a), the highest values
(0.5) are located right after the stenosis throat. This happens
because the stenosis creates complex flow patterns with
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vortices appearance causing the increase of OSI [31]. In the
remaining geometry, the OSI values are approximately equal
to zero, which means that the flow is unidirectional. In other
words, the low OSI values at the stenosis throat are due to the
small spatial velocity fluctuations verified in that region.
However, downstream of the stenosis, the shear-layer is
unstable with spatial fluctuations. Note also that both models
(50 and 70%) have the same results, proving that the 50%
model has also regions with backflow, as previously
observed.
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Fig. 10. Comparison between the WSS indices obtained for each degree
of stenosis (a) OSI and (b) TAWSS.

On the other hand, the highest values of TAWSS are
observed in the stenosis throat. This was expected since this
hemodynamic indicator is the time-averaged value of the
WSS vector magnitude and, thus, the results presented in
Fig.9 and Fig.10 b) are quite similar, however, with lower
values of TAWSS, approximately, 300 Pa for the 70%
stenotic model and 62 Pa for the 50% stenotic model [31].
Furthermore, the healthy model (0%) shows values close to
zero for both indices, showing clearly the hemodynamic
impact of atherosclerosis.

Additionally, in general, it can be observed that regions
downstream of stenosis had lower TAWSS and higher OSI,
which constitute risk factors for the incidence and
progression of atherosclerosis [33]. These results are in good
agreement with recent studies conducted in arterial stenosis
[31], [33], [47].

E. Effect of stenosis on turbulence intensity measurements

The turbulence intensity is another important
hemodynamic parameter that gives a good measure of the
instability of the flow [48]. In this study, the turbulence
intensity was evaluated during diastole because it is the most
critical phase of the cardiac cycle. This was studied for each
degree of stenosis in four different axial positions (x = 2.6
mm, X =0 mm, X = -9 mm, and x = -50 mm). The results are
shown in Fig.11.
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By observing Fig.11, it can be seen that before stenosis,
Fig.11 (a), the TI of the 70% stenotic model is slightly higher
than the remaining cases which, in turn, present almost the
same TI values. Despite those observations, in general, the TI
values are very low. Quite similar results are observed in the
stenosis throat, Fig. 11 (b), however, although it is not
perceptible, the 50% stenotic model presents higher TI values
than the healthy model, as it has been also observed by other
authors [46], [49]-[51]. Downstream of stenosis, Fig.11 (c),
those differences are more notable and the plot of the 70%
stenotic model presents a different behavior, with a concavity
inward in the central zone, and higher values of TI near the
wall. This may be explained by the disturbed flow region
observed downstream of the stenosis marked by the presence
of recirculation areas. Similarly, at the end of the artery,
Fig.11 (d), the highest values of TI are observed for the 70%
stenotic model, which proves the existence of disturbing
flows at the outlet, as previously observed in Fig. 8 (b).
Moreover, it can also be seen that the other models present TI
values close to zero. This pattern clearly indicates that the
70% stenotic model is the most severe and worrisome case
from a clinical point of view.

Iv.

The present study provides new insights on the use of the
transitional variant of the k-w model for predicting pulsatile
flow through stenotic coronary arteries, instead of the laminar
model, which is commonly used by several researchers. Note
that, the differences between the two models are verified only
in the post stenotic area, where recirculation occurs.

The results from this study also indicate that the non-
Newtonian effects are more significant in the wall shear stress
measurements, with the Newtonian model predicting slightly
lower values in the stenotic section, showing that the
selection of the viscosity model changes the results, even in a
slightly way. The same tendency was observed in the velocity
profiles, however, it is almost imperceptible.

Regarding the effect of stenosis severity, it was shown
that the 70% stenotic model is a severe case presenting longer
recirculation zones than the 50% model and it has also
presented the highest WSS values in the stenosis throat,
showing the possibility of plaque rupture, i.e, thrombosis.
Besides that, other hemodynamic indicators were evaluated
and low TAWSS and high OSI were found downstream of
stenosis, which, in turn, are also associated with a higher risk
of plaque formation. Moreover, the turbulence intensity was
found to be useful for characterizing the type of flow and the
presence of recirculation zones.

Despite the results agreed with previous studies, further
investigations are necessary, since the physiological flows
are complex. In this sense, in future work, it would be
interesting to validate the numerical results presented in this
study by performing in vitro tests to verify the accuracy of
these simulations, and also test other turbulence models.

CONCLUSIONS
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