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Abstract

The current numerical analysis was utilised to compare the hemodynamic
effects caused by flow disruptions in coronary arteries with and without
stenosis. Computational Fluid Dynamics (CFD) technique was used in order to
evaluate the hemodynamic importance of patient-specific coronary stenosis and
to provide information to the public, particularly surgeons, and assist them in
reducing the risk of stenosis. Assuming the flow is turbulent and non-
Newtonian viscosity, the Carreau model is incorporated by utilizing STAR-
CCM+ 2021.2.1. The tested model is a patient-specific coronary stenosis with
an area stenosis of (60%). The velocity, shear stress, and strain rate were
evaluated and revealed that the stenosed artery experiences more hemodynamic
impacts as the flow rate increases compared to the normal artery. To assess the
turbulence effect, the turbulent kinetic energy (TKE) and the turbulent
viscosity ratio (TVR) were applied. The findings showed that the TKE and
TVR are almost the same downstream of the stenosis. The TKE and TVR
being somewhat higher with the stenosed artery model than the unstenosed
artery model, and it increases as the flow increases. Moreover, to determine the
stenosis severity, the coefficient of pressure drop (CDP) and lesion flow

coefficient (LFC) were used and showed that the CDP value be higher in
stenosed artery (107pa) compared to a normal artery (5.2pa) but it was less
when the flow increased (84.4pa), (2.5pa) respectively. Whereas the LFC value
in the stenoses artery is hiaher (0.61) and rises as flow increases (0.69).

Keywords: Coronary stenosis, hemodynamic impacts, stenosis severity, computational fluid dynamics, non-
Newtonian fluid flow, turbulent flow.
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1. INTRODUCTION

The biggest cause of death worldwide is cardiovascular disease (CVD), which is predicted to account for more
than 22 million fatalities annually by 2030 [1]. Atherosclerosis, a disorder that causes inflammation in the arterial
wall and narrows the lumen, is the primary degenerative mechanism that underlies CVDs [1]. Furthermore, a
monthly report issued by Al-Zahraa teaching hospital in Wasit Governorate, Irag, announced that about 740
clinical cardiac examinations and approximately 150 coronary angiography and angioplasty were performed every
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month. In other words, atherosclerosis is a quiet, complex, and complicated disease that develops when immune
cells and lipids build up in the artery wall, causing a plaque to form[2]. Local physiological, biomechanical, and
systemic factors have all been linked to atherosclerosis , and local important parameters affect it. In particular,
Wall Shear Stress (WSS) is a well-known indicator of the development of coronary atherosclerosis [3] [4]. High
levels of WSS are associated with plaque destabilization even though low wall shear stress areas have been known
to be more prone to plaque production [5].previously, the flow dynamics in presence of atherosclerosis do not
significantly change, but as time passes, the transition to turbulence can occur even at much smaller Reynolds
numbers; these deposits are critical in modifying the flow characteristics [6]. Numerous hemodynamic studies
have been conducted to comprehend the flow field variations. Various measurement approaches can be used to do
this in an in-vivo setting. Some hemodynamic variables, including wall shear stress, are still difficult to quantify
with enough accuracy; because it enables the highly accurate calculation of a variety of hemodynamic parameters.
Computational Fluid Dynamic (CFD) has already utilized as an essential substitute to thoroughly analyse a
number of blood physical phenomena in blood vessels and as a crucial part of the study of CVDs [7],[2].

In addition to study the hemodynamics of blood flow, it is crucial to take into account the disease's worldwide
effects. Due to this, substantial research in this field has been conducted using experimental and/or numerical
techniques. Despite the fact that many experimental hemodynamic investigations have been conducted in the
literature using in vivo or in vitro methods [8], there are several limitations that have been noted elsewhere [9]. as
a result computational techniques have recently become the method of choice for many researchers [10][11], such
as Young [12] examined the flow in a tube that was somewhat constricted using a rudimentary model in among
the earliest thorough examinations of the flow in stenosis.

Due to the complexity of blood flowhemodynamics research has evolved significantly over time, and scientists
have accepted a number of hypotheses. While some researchers looked at the turbulent transition [13] [7] and non-
Newtonian impacts [14][15] and [6] . Laminar and Newtonian effects in coronary arteries were investigated [17]
[18] [1]. Various investigations have underlined the significance of considering that blood is non-Newtonian
behaviour and choosing the appropriate model to more accurately reflect the in vitro condition [18].

6 non-Newtonion models and a Newtonian model are evaluated in an intriguing study conducting by Razavi et
al. [18]. The acquired data demonstrated that, when compared to other models, the power law model yields bigger
variations, amplifying the non-Newtonion behaviour in terms of WSS and velocity values. However, the authors
underestimate the non-Newtonian behaviour. In contrast, the modified Casson models and generalised power law
are closer to the Newtonian state. The Carreau and Carreau-Yasuda models were demonstrated as the best models
to replicate the behaviour of blood because they indicated moderate values as opposed to the preceding models
(the cut-off value over which flow can be expressed to be non-Newtonian). Other authors have also compared
Newtonian and non-Newtonian models [14] [15].

Although identical results were achieved for both scenarios in terms of velocity profiles and WSS measurements,
Chaichana et al. [19] contrasted the influence of the power law generalized model (non-Newtonian) with the
Newtonian fluid. On the other hand, the Newtonian and non-Newtonian Carreau-Yasuda models were contrasted
by Gaudio et al.[20]. According to their findings, the velocity for such a Carreau-Yasuda model is marginally
smaller than that in the Newtonian model; however, the non-Newtonian impacts are more significant in the
distributions of shear stress indices. The Carreau and Carreau-Yasuda models are the most popular in research
[11][21] , and Razavi et al.[18] also suggested that they are the best models to simulate blood rheology.

The flow of blood in arteries is typically laminar when there is no stenosis. But a zone of turbulent flow may
develop downstream of a mild to severe stenosis. Jahngiri et al. [13] improved diagnostic techniques for locating
a severe stenosis may result from greater comprehension of the flow and flow turbulence in the post-stenoses zone
[22]. Mahalingam et al. [7] employed the SST k — w model throughout pulsatile across coronary arteries with
various degrees of stenosis to investigate the turbulent transition effect on haemodynamic variables. The results
showed that after 50% stenosis, the transition to turbulent begins to occur, and above and beyond 70% stenosis, it
becomes totally turbulent. The k — w transitional has been examined and verified by numerous authors [23][7][1],
and this model has been revealed as the best turbulence model to describe the flow of blood in pulsatile situations,
according to the literature.

The Newtonian, pulsatile, and turbulence flow patterns in double stenoses were numerically examined by Lee et
al. [24][25] with Reynolds numbers ranging from 100 to 4000. It was thought that constriction ratios and stenoses'
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separation varied. After the turbulent flow was solved using a k — w turbulence model, the flow field and
secondary flow zones were examined. The first article [24] expected the artery to be stiff, while the second piece
assumed it to be flexible. The Large Eddy Simulation (LES) method is suggested by Molla et al. [26] for
investigations into the flow of blood in a narrowing artery. The authors presupposed that the flow was Newtonian
pulsatile turbulent blood flow. More recently, Al-Azawy et al. [27] and Carvalho et al. [1] investigated the effects
of non-Newtonian models and turbulence models as part of the ongoing effort. These articles claim that for a large
portion of the flow through medical devices like blood pumps and arteries, the turbulence model with elliptic
blending Reynolds stress model with the Carreua model provided the most perfect prediction.

Furthermore, it must be noted that now in clinical practice, it is impossible to perform a physical examination for
patients just on their WSS values[28] As a result, the diagnostic criteria utilized by doctors have a larger practical
purpose than has been adequately addressed in the literature to date. The most often utilized diagnostic variables
are fractional flow reserves (FFR), coefficient of pressure drop (CDP), and lesion flow coefficient (LFC)
[29][30][31][32]. In a 3D straight artery model, Kamangar et al. [33] examined the effects of various stenosis
shapes and porous vessel wall materials using coronary diagnostic criteria. The findings came to the conclusion
that varied stenosis morphologies and porous medium could result in incorrect evaluation of the stenosis's
diagnosis, particularly with regard to FFR. Additionally, it is difficult to precisely regulate how to measure FFR in
practice when it depends on where the guide wire is placed [34]. Whereas with CDP and LFC, the examination
will be more accurate, especially when it comes to the intermediate states of stenosis.

The aim of the present work is to compare the hemodynamic effects caused by flow disruptions in coronary
arteries with and without stenosis in order to evaluate the hemodynamic importance of patient-specific coronary
stenosis by using a Carreau model.

1.1 Problem statement

The narrowed arteries could block blood flow and form clots, or thrombosis. In medical applications, the range of
area stenosis (40%-70%) is intermediate stenosis and requires further examination by the cardiologist to determine
whether the patient requires an angioplasty or if medication is sufficient. In order to assess the level of these
problems and reduce the risk, the blood was investigated numerically in the present work.

2.1. PHYSICAL MODEL

In this work, a model of special data of a patient from the AL-Zahraa teaching hospital at Wasit, Iraq with a
stenosis in the left coronary artery was performed as illustrated in figure 1. The area of stenosis for this case is
60%. In the present work, this case is compared with a healthy left coronary artery (without narrowing) (see figure
2, which presents the geometry of both cases).

Figure 1. Coronary angiography with geometrical data.
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Figure 2. Geometry of models (all dimensions are in millimetres (mm)).

2.2. NUMERICAL DESCRIPTION

Using the commercial CFD software STAR-CCM+ 2021.2.1 (16.04.012-R8) [35], a numerical model of the 3D
computational geometry of a stenosis artery was created. Furthermore, the polyhedral mesh that is suitable for
complex geometry is included in this software. The steady Navier-Stokes equations are fixed numerically using a
finite volume methods in this software [36], as shown below.

ou; _
Froial €Y
du;  Op d ( )6ui )
pu] ax] N axi ax] [ﬂ S axj ulu]] ( )

Where u; is the change in velocity, u; = (u, v, w), is the Cartesian coordinate, x; = (x, y, z); while p is the
pressure and p is the density (1060 kg/m® ) , 7w, is the Reynolds stress tensor, u(s) is the blood viscosity,

which is calculated from the shear rate tensor [36] as follows:
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As indicated in Table 1, five variable meshes were created to examine the spatial mesh resolution demands for the
3D simulators. The CFD model in this study was created with a polyhedral mesh using STARCCM+ 2021.2.1
(16.04.012-R8) [35], as illustrated in Figure 3. In addition, four prism layers were used to deal with the boundary

layer.

Table 1 Data of mesh.

Mesh

M1

M2

M3

M4

M5

Number of cell

125466

326726

859145

1092156

1377140

Figure 3. Mesh arrangements showing the prism layer.

Figure 4 shows the behavior of axial velocity at a horizontal line across a stenosis region, demonstrating a grid-
independency test. The velocity forecasts for meshes M4 and M5 are roughly comparable to the other three

meshes, as illustrated in this graph. As a result, the mesh M4 (1092156 cells) is selected to represent the fluid
characteristics across the model for the following simulation.
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Figure 4. Sketch of Axial velocity through a horizontal centreline.

The near-wall sharpness was calculated using distance in non-dimensional space to the first grid cell next to a
wall:

y
yt = o VPTw (4)

Here y is the distances between that cell's centre and the wall, u the viscosity of blood, p the density of the blood,
and t,, is the wall shear stress [35], as shown in figure 5. Furthermore, the flow chart in figure 6 depicts the series
of operations carried out by the CFD solver of the present work.

Y Wall Y+
Zx 000 0.56 L .7 2.2 2.8

[ |

Figure 5. Contour of non-dimensional distance to the first near-wall grid point y*.
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Figure 6. A flowchart depicting the CFD setup process.

2.3. MODELLING OF BLOOD RHEOLOGY AND TURBULENCE

It was supposed that blood did not behave like a Newtonian fluid flow. As previously investigated in [37][38], it is
critical to use a suitable non-Newtonian model for blood flow analysis in order to get good findings.

The Carreau model produces more realistic findings when simulating blood flow, and it is widely used in
hemodynamic studies [18] when compared to other non-Newtonian models.

The Carreau model is shaped like this equation [39]:

uUSD = peo + (o — peo) [1 + (A8)?] 172 (4)

Table 2 contains the data of the variables that appear in the preceding equation.

Table 2. Parameters used with Carreau approach [39].

Blood viscosity at zero Blood viscosity at infinite The relaxation time, A The constant model, n
shear rate, po shear rate, oo
0.056 Pa's 0.00345 Pas 3.313 0.3568

Turbulence modeling is significant in hemodynamics investigations because the flow can become turbulent in the
presence of stenosis, resulting in the creation of recirculation zones [40]. Considering the influence of turbulence
in arteries with narrowing plays a vital role in predicting the real difficulties that occur from this change in arterial
area. As a result, the elliptic blending Reynolds stress model was adopted in this work[40][41], since it has
superior capabilities, especially with low Reynolds numbers[42].

2.4. BOUNDARY CONDUCTIONS

A human heart continuously beats faster and slower in response to stressors and alterations in the environment, so
in the present work, the velocity was applied at the inlet utilizing two values of velocity flow rate, Q = 85 ml/min
(0.2 m/s) at rest and Q = 255 ml/min (0.6 m/s) at hyperemic [43]. A non-slip condition was applied at the artery
wall, and a zero pressure was specified at the outlet. The details of the present simulation are presented in table 3

for two cases; the first one is AS = 0%, while the second case is AS = 60%.
Wasit Journal of Engineering Sciences.2022,10(3) pg.64



Table 3. Conditions that applied at the inlet.

Condition Condition 1: at rest Condition 2: at exercise
Flow rate (units) 85(ml/min) 255(ml/min)
Velocity at the inlet (unit) 0.2(mfs) 0.6(mfs)

3. RESULTS AND DISCUSSION
3.1. EXAMINATION OF FLOW FIELD

By comparison with the experimental results of a nozzle published by the Food and Drug Administration (FDA)
[44], the present numerical simulation's axial velocity was first verified viewed in figure 7 . The axial velocity data
were provided at a line placed at the outflow part, as shown in this figure. This figure shows high compatibility
with the experimental findings of [44]. Thus, the maximum percent error between the simulation result model of
viscosity (Carreau) and the experimental data, which is found from the result of [44], is 2.5%.

35k
3
ZasF
B¢
= L
g 2r
=1 [
R
Z sk
S ¢
4 r
<y o
05k
r -/— — — The experimental [45]\
ok 4 The present work Ny,
\f(lwwul\ulwuuluqu\TT—w
-0.0068 -0004 -0D.002 V] 0.002 0.004 0.006

Position (m)

Figure 7. Axial velocity variation at the present work's line and experimental data from [44].

One of the most essential indicators for identifying the plaque-effected section of the coronary arteries is the
velocity of blood flow, as shown in figure 8, which indicates the contour of velocity magnitude in (m/s) of a
healthy artery (AS = 0%) and the stenosed artery (AS = 60%) at different flowrates.

Condition 1 Condition 2

AS= 0%
_ e
D —
- Ty
~ AS=60%
0.000 0.667 1.33 2.00 2.67 333 400 467 533 6.00
| D ]

Velocity (m/s)
Figure 8. Contour of velocity magnitude at mid plane.
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When compared to the normal left coronary artery from figure 8, the velocity across the stenoseis portion was
found to be much higher. Also, an enhanced flow pattern was found in the stenosis artery as compared to the
normal coronary artery over the plaque region when the flow rate was increased. However, a recirculation region
was also identified immediately after the stenosis part. That results in increased plaque development; however, in
the case of a normal coronary artery, a smooth velocity was found.

In the stenosis areas, there is a high blood flow velocity. Due to the smaller lumen diameter, the increased velocity
causes greater blood flow resistance and reduced blood flow. This information could be extremely useful to
medical professionals in locating hotspots wherein blood tends to collect. Furthermore, blood flow in the plaque-
effected region is restricted, resulting in an imbalance in oxygen demand and supply in the tissue. Another of the
main reasons for chest discomfort and other symptoms of coronary heart disease is the diminished oxygen
delivery to the surrounding tissues.

3.2. CLINICAL ISSUES

For the cases that were analysed, the strain rate's clinical significance is presented with different flowrates,
noticing that the values of strain rate are higher in the stenosis model than in the healthy model, and it is predicted
to be higher when increasing the flowrate as presented in figures 10. It should be noted that the narrowing region
is where the strain rate has its maximum value, which is likely to produce hemolysis.

Condition 1 Condition 2
AS= 0%
‘ e
. — —
| TEmem—— ——
AS=60%

7.e+02 l.e+032 Ze+03  Fe+03 4e+03 4e+03  Se+03

rain r -y 00
Strain rate (s) -

Figure 10. Contour of strain rate at mid plane.

Furthermore, the magnitude of Wall Shear Stress (WSS) is presented in figure 11. From this figure, it can be seen
that regardless of the healthy model used, the WSS distribution on the wall follows a similar pattern. Where the
flow accelerates substantially, where the vessel geometry shows acute curvature and creases, stresses are higher in
value in stenosis arteries.

Condition 1 Condition 2

a5 54 64 75 88 08 LIeHR 120 15eHI 1404 L5eH?

200 il 21
Wall shear stress (pa) | NN

Figure 11. Contour of wall shear stress at the artery wall.
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The degree of stenosis has a big influence on the WSS outcomes. The temporal variations in hemodynamic loads
exerted on the artery wall are measured by the WSS gradient. The readings are significantly higher in stenosis
areas than in unstenosis areas. In the healthy model, the WSS magnitude distribution data is shown to not exceed
10 pa, while WSS magnitude results in diseased models reach 150 pa. The WSS magnitude distribution findings
vary in the stenosis area/s compared to unstenosis sections. WSS is highest at the neck (stenosis) and rises
downstream following the stenosis as the flow becomes highly disrupted by the obstruction.

3.3. EFFECTS OF TURBULANCE

As stenosis progresses, the turbulent kinetic energy (TKE) value increases abruptly, as shown in Figure 12,
indicating the transition to turbulence and the formation of turbulent structures downstream of the stenosis. The
sudden increase in velocity leads to the development of turbulent structures. In addition, as shown in figure 13, the
Turbulent Viscosity Ratio (TVR) is higher in the stenosis artery and it increases as the flow increases.

Furthermore, the turbulent kinetic energy is depicted before and after the stenosis in distinct vertical lines, as
shown in figures 14 and 15. In a similar vein, the Turbulent Viscosity Ratio (TVR) was studied and shown in
Figures 16 and 17. For both artery models, it can be noticed that the TKE and TVR are almost the same
downstream of the stenosis, with the TKE being somewhat higher with the stenosis artery model than the
unstenosis artery model, and it increases as the flow increases also. The TVR is higher in the stenosis artery model
than the unstenosis artery model. The high velocity across and upstream of the stenosis causes this. The peak TKE
comes downstream of the stenosis due to viscosity oscillations, especially when it is far away from the stenosis.

Condition 1 Condition 2

AS=0%

—
AS=60%

10e-0R.0660.18 0.26 035 044 033 062 071 079 088 097 11 11 12 13 14 1%

Turbulent kinetic energy (ko) [N B

Figure 12. Contour of turbulent kinetic energy at mid plane.

Condition 1 Condition 2

AS=60%

10e-06 0.00046 0.00081 0.0014 0.0018 00027 00027 0.0052 0.0036 0.0041 00045 0.0050

AS= 0%

Turbulent viscosity ratio

Figure 13. Contour of turbulent viscosity ratio at mid plane.
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3.4. EFFECT OF NON-NEWTONIAN
3.4.1. IMPORTANCE FACTOR

The clinical significance of the Importance Factor (IF) for the instances studied is analysed as suggested by [28]

IF =*®) ()

Hoo
Where u(S) is the real dynamic viscosity of blood, which is specified by the non-Newtonian models, where i,
denotes the Newtonian shear viscosity (4, = 0.00345 pa.s).

The Newtonian flow will have an IF equal to 1, while non-Newtonian flow zones will be indicated by values that
are different from unity. As shown in figure 18 the IF is bigger in the 0% blockage than in the 60% blockage,
which means that the u(S) is higher than the p,, which means that the flow is non-Newtonian. In the 60%
blockage, the flow is more Newtonian.
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Figure 18. Contour of importance factor
As shown in Figure 19, the apparent blood viscosity variations with shear rate were investigated by comparing

the findings of the Newtonian and Carreau models. When the shear rate is greater than 1000 1/s, the dynamic
viscosity is virtually constant, as shown in this diagram.
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Figure.19 Viscosity of blood for Newtonian model and Carreau models versus strain rate.

5. Diagnostic Criteria

5.1. COFFECIENT OF PRESSURE DROP (CDP)

For determining the stenosis severity, the functional parameter CDP is based on the trans-stenosis pressure drop
and velocity magnitude in the proximal part of the stenosis [30]. The CDP is defined as follows:

Ap
0.5 pv?

CDP = (6)

Where Ap is the pressure drops, Ap = (Pproximar — Paistar )» Ve 1S the velocity proximal of the stenosis and p is
the fluid density.

As the stenosis becomes more severe, the amount of distal pressure and flow (velocity) drops, and Ap rises. As the
severity of the stenosis rises, the value of CDP expected to rise.

5.2. LESION FLOW COFFICENT (LFC)

The LFC is a standardized parameter whose value varies from 0 to 1, and it could be beneficial in clinical settings
similar to the CDP. It integrates anatomical and functional endpoints, such as lesion geometry and pressure and
flow data. The velocity value inside the throat area is used to define it. As the severity of the stenosis rises, the
value of LFC is projected to rise [30].
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Where K = A;/A, ; A, is the throat area of stenosis, v, the velocity at throat region. The values of CDP and
LFC for the present conditions were presented in table 4.The results show the CDP value decreases as the flow
increases, but it rises as the degree of stenosis increases. While the LFC value increases as the flow increases and
also increases as the stenosis severity increases.

LFC =

Table 4. The results of CDP and LFC.

Area At Condition 1 At Condition 2
stenosis%o CDP (pa) LFC CDP(pa) LFC

0% 5.2 0 2.5 0

60% 107 0.61 84.4 0.69

6. CONCLUSION

The goal of the current numerical analysis was to compare the hemodynamic effects caused by flow disruptions in
coronary arteries with and without stenosis in order to evaluate the hemodynamic importance of patient-specific
coronary stenosis. Assuming the flow is turbulent and non-Newtonian viscosity, a Carreau model was used. In this
work, the mesh was constructed using commercial CFD software. Apart from the simplicity of the arterial stenosis
model investigated here, the authors think that the simulation outcomes that the paper presents could provide a
cardiologist or medical surgeon with a better understanding and in-depth knowledge of the significant fluid
dynamics aspects of atherosclerosis that are typically present in a real-life biological stenosis.

An evaluation of the velocity, wall shear stress, and strain rate revealed that the stenosed artery experiences more
hemodynamic impacts as the flow rate increases compared to the normal artery. Findings on the turbulent kinetic
energy and turbulent viscosity ratio are almost the same downstream of the stenosis, with the TKE and TVR being
somewhat higher with the stenosed artery model than with the unstenosis artery model, and that increases as the
flow increases. Moreover, to determine the stenosis severity, the coefficient of pressure drop (CDP) and lesion
flow coefficient (LFC) were used, showing that the CDP value is higher in a stenosed artery compared to a normal
artery, but it is less when the flow increases. whereas in stenosed arteries, the LFC value is higher and rises as
flow increases.
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