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ABSTRACT:  The aim of this study is to investigate the effects of non-Newtonian blood rheology 
models on the wall shear stress (WSS) distribution in a cohort of patients-specific coronary arteries. 
Twenty patients with diseased left anterior descending (LAD) coronary arteries (with varying degrees of 
stenosis severity from mild to severe) who underwent angiography and in-vivo pressure measurements 
were selected to perform computational fluid dynamics (CFD) simulations. Three-dimensional (3D) 
patient-specific geometries were reconstructed from 3D quantitative coronary angiography. To compare 
the effects of rheological properties of blood on WSS along the arteries, each artery was divided into 
3 segments; proximal (pre-stenosis), stenosis and distal (post-stenosis). Blood was modelled as a 
Newtonian and non-Newtonian (Carreau-Yasuda, Casson and Power-law) fluid. 
Our findings showed that the WSS distributions over proximal and stenosis segments were significantly 
affected by the non-Newtonian properties of blood whereas the effect was negligible over distal segment. 
On the other hand, the type of non-Newtonian model is important to achieve accurate results over 
proximal and stenosis regions, but over distal region, it does not matter what model is used. Therefore, 
to simplify the simulation, the Newtonian model can be acceptable in finding the wall shear stress 
distribution over the distal region regardless of severity of stenosis. 
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1. Introduction
Coronary artery atherosclerosis is the leading cause 

of mortality and morbidity in the world [1]. Because of 
its essential role in the development and progression of 
atherosclerosis, haemodynamics has become a fundamental 
tool in assessing functional significance of coronary arteries 
[2-4]. A comprehensive haemodynamic assessment of 
coronary arteries remains a non-trivial procedure, even with 
state-of-the-art medical imaging devices and analysis software 
[5]. Recent advances in medical imaging, computational 
power and mathematical algorithms enabled the previously 
challenging field of patient-specific computational fluid 
dynamics (CFD) to become a viable emerging tool for 
studying and understanding coronary haemodynamics in 
detail [2, 3, 6, 7].

The most important haemodynamic force is wall shear 
stress (WSS) exerted on the monolayer of endothelial cells 
lining the inside of the artery wall. It is imperative to study 
the rheological behaviour of blood and determine whether 
it is Newtonian or non-Newtonian, as this has a significant 
effect on WSS. In healthy arteries, at low shear rates (< 100 
s−1) blood behaves like a non-Newtonian fluid [8-10] whereas 
at high shear rates (> 100 s−1), it can be treated as a Newtonian 

fluid [10, 11]. However, when it comes to diseased arteries, 
there is no rule of thumb when blood should be treated as a 
Newtonian or non-Newtonian fluid. 

Significant research has been carried out to determine 
haemodynamic effects of non-Newtonian properties of 
blood in healthy and diseased coronary arteries [12-17]. 
However, the common limitation of these studies is that they 
evaluated non-Newtonian characteristic of blood on a case by 
case basis, not in a cohort of coronary arteries with varying 
degrees of stenosis. Therefore, this has left an important 
research question unaddressed and that is whether there 
is a correlation between severity of coronary artery disease 
(CAD), degree of blood’s non-Newtonian behaviour and 
haemodynamic perturbations. This study aims to address this 
by performing patient-specific CFD simulations in a cohort of 
20 patients with varying degrees of CAD.

2. Methods
2-1- Patient selection

In this study, 20 patients with a stenosis in their left 
anterior descending (LAD) coronary arteries were included. 
Stenosis severity varied from 30% to 70% in the whole cohort. 
The stenosis severity was defined based on diameter stenosis 
percentage, as previous described [9]. Table 1 shows some 
clinical characteristic of the patients.
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2-2- Reconstruction of three-dimensional models of coronary 
arteries

Three-dimensional quantitative coronary angiography 

(3DQCA) was used to create the 3D LAD geometries of 
patients, using an in-house developed software utilizing state-
of-the-art image processing and segmentation techniques [2]. 

Table 1. Baseline clinical characteristics of cohort of patients 
 

 

  

Table 1. Baseline clinical characteristics of cohort of patients

 

Fig. 1. Reconstruction of geometry of a sample model (a) Coronary angiography of stenosed artery (LAD) of patient 

with geometric data (b) 3D reconstruction of stenosed artery. Location of the stenosis can be seen from diameter and 

area plots along the length of the artery very well. 

  

Fig. 1. Reconstruction of geometry of a sample model (a) Coronary angiography of stenosed artery (LAD) of patient with geometric data 
(b) 3D reconstruction of stenosed artery. Location of the stenosis can be seen from diameter and area plots along the length of the artery 

very well.
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Fig. 1 shows an example of these models.

2-3- CFD Modelling
In order to perform CFD simulation of Newtonian and 

three non-Newtonian blood flow in stenosed arteries, ANSYS 
CFX 16 (ANSYS, Inc., Canonsburg, PA, USA) was used. 
Blood flow was assumed to be laminar, steady state, single 
phase and incompressible. The Newtonian model and three 
non-Newtonian models including Carreau-Yasuda, Casson, 
and Power-law were used to simulate the blood viscosity. The 
effective viscosity equations of blood and their parameters are 
presented in Table 2 in detail.

The Navier-Stokes equations (Equations (1), (2)) were 
used to simulating the blood flow under the mentioned 
assumptions.

 (1)

 (2)

Where u, , p and  are velocity vector, density of blood, 
static pressure and shear stress, respectively.

Arterial walls were assumed as a rigid boundary. No slip 
boundary condition was applied on the wall of the arteries. 
Average proximal and distal pressures, measured in vivo, were 
used as inlet and outlet boundary conditions, respectively.

Finite volume method was applied on numerical 
simulating. Governing equations were discretized based on 
first-order-upwind scheme. Convergence was achieved when 
the residuals of mass and momentum equations were less 
than 10-4. 

2-4- Grid generation
3D reconstructed geometries were meshed in ANSYS 

Meshing using tetrahedral elements. Fig. 2 shows an example 
of the utilized non-structured grid in the artery shown in Fig. 
1. 

Mesh independency was examined for all geometries. To 
achieve results without grid errors, the best size of the grid 

 

 

Table 2. Equations of different blood viscosity models and their parameters 
 Model Effective viscosity equation Parameters 

1 Newtonian  =  3.45 = mpa.s 

2 Carreau-Yasuda [18] 
1

0( )[1 ( ) ]
n

q q    
−

 = + − +  

0 56 = mpa.s, 0.22n = , 1.25q =  

3.45 = mpa.s, 1.902 = s 

3 Casson [19] 2( / )c c   = +  4.14c = mpa.s, 3.80c = mpa 

4 Power-law [18] * 1n   −=  
* 35.00 = mpa.sn, 0.6n =  

 

The Navier-Stokes equations (Equations (1), (2)) were used to simulating the blood flow under the 

mentioned assumptions. 

( . ) .p  = − −u u τ                       (1) 

. 0 =u            (2) 

Where u, ρ, p and τ are velocity vector, density of blood, static pressure and shear stress, respectively. 

Arterial walls were assumed as a rigid boundary. No slip boundary condition was applied on the wall of 

the arteries. Average proximal and distal pressures, measured in vivo, were used as inlet and outlet 

boundary conditions, respectively. 

Finite volume method was applied on numerical simulating. Governing equations were discretized based 

on first-order-upwind scheme. Convergence was achieved when the residuals of mass and momentum 

equations were less than 10-4.  

2-4- Grid generation 

Table 2. Equations of different blood viscosity models and their parameters 
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Table 2. Equations of different blood viscosity models and their parameters

 

Fig. 2. Non-structured computational meshes of artery shown in Fig. 1 

 

  

Fig. 2. Non-structured computational meshes of artery shown in 
Fig. 1

 
Fig. 3. Grid independency test for artery shown in Fig. 1. The Figure shows the variation of wall shear stress 

magnitude (Pa) of single point on artery with respect to grid size (mm). 

  

Fig. 3. Grid independency test for artery shown in Fig. 1. The 
Figure shows the variation of wall shear stress magnitude (Pa) of 

single point on artery with respect to grid size (mm).
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was selected. Fig. 3 shows the mesh dependency test for the 
artery shown in Fig. 1. As shown in this Fig., the best mesh 
size is 0.2 mm.

2-5- Statistical analysis
To determine if the difference between parameters 

of Newtonian and non-Newtonian models is statistically 
significant, T-tests were performed using Graph Pad Prism 
v. 7.01 (Graphpad, La Jolla, California). Resulted P-value less 
than 0.05 was considered as a significant difference.

3. Results
Figs. 4-6 show the contours of apparent viscosity for three 

arteries as a representation of various arteries including 
mild, moderate and severe stenosis sizes, for Carreau-
Yasuda, Casson and Power-law models, respectively. It is 
notable that the mean diameters of the mentioned arteries 
are equal to 2.16 mm, 2.03 mm and 1.99 mm, respectively. In 
order to obtain a better comparison of different models, Figs. 
4-6 indicate the percentage difference in dynamic viscosity 
between the non-Newtonian and Newtonian models. In 
the following contours, the arteries are divided into three 
regions. Region (1) is the proximal region which is from 
the inlet of the artery up to 20 mm before of the stenosis 
location. Region (2) is the stenosis region which contains 
±20 mm of lesion point and region (3) is a distal region 
which is from 20 mm after stenosis location up to the end 
of the artery. In each region, the average value of dynamic 
viscosity (top panel) and the percentage difference (bottom 
panel) is specified. Also, the maximum and minimum value 
of viscosity and percentage difference in each artery is shown 
in the Figs. 4-6.

Results show that in all cases, the magnitude of 
dynamic viscosity varies along the arteries and it reduces 
significantly at the stenosis location. Therefore, we can 
infer that the minimum magnitude of dynamic viscosity 
occurs at the point of stenosis. There is reasonable evidence 
to support that in non-Newtonian models, the average of 
dynamic viscosity and its percentage difference between 
Newtonian and non-Newtonian models over distal region 
are almost less than two other regions. As an example, for 
the represented artery with a mild stenosis (Fig. 4), the 
average of dynamic viscosity over distal region, using the 
non-Newtonian Carreau-Yasuda model is 0.0039 Pa.s which 
is 12.34% greater than the Newtonian model. However, the 
average percentage difference in dynamic viscosity between 
non-Newtonian (Carreau-Yasuda) and Newtonian models 
over stenosis and proximal regions are about 13.91% and 
25.47% respectively. Considering the variations of dynamic 
viscosity and its corresponding difference between various 
models in all patients, the maximum and the minimum of 
the percentage difference often occur at places where the 
magnitude of dynamic viscosity is maximum and minimum, 
respectively.

In the same way, the contours of WSS for three 
representation arteries are presented for all Newtonian and 
non-Newtonian models in Figs. 7-9. The WSS distribution 

in each case varies and it is because of different geometries, 
different boundary conditions, and different viscosity models 
of the individual cases. Although WSS distribution is different 
between various arteries, the behavior of it over the stenosis 
region was found to be the same. In all cases, the magnitude of 
WSS increases suddenly at the throat of stenosis in each artery 
as shown in Figs. 7-9 (red areas in WSS contours). 

As demonstrated in Figs. 7-9 (bottom panel), there are 
some differences in WSS magnitude between Newtonian and 
non-Newtonian models through each artery, which it changes 
in different areas from very low to very high amounts, 
however the average amount is almost low. Also, there are 
merit to suggest that in each artery where the WSS amount 
is low, the percentage difference is high, and the maximum 
difference often occurs at occasions that the magnitude of 
WSS is at minimum.

Tables 3-5 present the location of stenosis and also average 
of WSS over proximal, stenosis and distal regions for all 
twenty patients with mild, intermediate and severe lesions.

Figs. 10-12 show Variation of the average of WSS, dynamic 
viscosity and cross-sectional area of three represented arteries, 
along the length of the arteries for all Newtonian and non-
Newtonian models. As shown in these Figures, both WSS 
and dynamic viscosity magnitude change with arterial 
cross-sectional variations. The average of WSS increases by 
decreasing the cross-section and on the contrary decreases 
by increasing it. But the average of dynamic viscosity for non-
Newtonian models is completely opposite. It increases and 
decreases by increasing and decreasing the cross-sectional 
area, respectively. The magnitude of WSS increases suddenly 
at the throat of stenosis in each artery which can be seen as 
local peak point on WSS curves in the stenosis region. Unlike 
the WSS, the average of dynamic viscosity decreases suddenly 
at the throat of stenosis which its magnitude depends on the 
hemodynamic models. Dynamic viscosity curves along the 
artery express the stated contents clearly.As shown in Figs. 10-
12, Power-law model has the widest range of dynamic viscosity 
among examined models. For example, for the represented mild 
artery, the average of dynamic viscosity varies from 0.0023 to 
0.0067 Pa.s. However, the Carreau-Yasuda and Casson models 
give it from 0.0037 to 0.0050 Pa.s and 0.0044 to 0.0053 Pa.s, 
respectively. Observations show that almost when the average 
of WSS is relatively small (proximal region), resulted WSS using 
Newtonian model is less than resulted WSS using Power-law 
model and when the average of WSS is relatively high (distal 
region), Newtonian model gives the average of WSS along the 
artery greater than Power-law model.

Fig. 13 presents the T-test of WSS magnitude for all cases 
over three different regions. Comparing resulted P-values 
show that there is no statistically significant difference in WSS 
between Newtonian and non-Newtonian models over the distal 
region (P=0.0643>0.05). It means that in order to simplify 
simulation and probably reduce the time of solution, we can 
use the Newtonian model instead of non-Newtonian models 
over the distal region without significant changes in the WSS 
results. It can be applied to LAD coronary arteries including 
different stenosis sizes.
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Fig. 4. Contours of dynamic viscosity magnitude distribution (top panel) and its percentage difference between 

Newtonian and non-Newtonian models (Bottom panel) for a representative patient-specific coronary artery with 

mild stenosis. (a) Carreau-Yasuda model, (b) Casson model and (c) Power-law model. 

 

Fig. 4. Contours of dynamic viscosity magnitude distribution (top panel) and its percentage difference between Newtonian and non-
Newtonian models (Bottom panel) for a representative patient-specific coronary artery with mild stenosis. (a) Carreau-Yasuda model, (b) 

Casson model and (c) Power-law model.

 

Fig. 5. Contours of dynamic viscosity magnitude distribution (top panel) and its percentage difference between 

Newtonian and non-Newtonian models (Bottom panel) for a representative patient-specific coronary artery with 

intermediate stenosis. (a) Carreau-Yasuda model, (b) Casson model and (c) Power-law model. 

Fig. 5. Contours of dynamic viscosity magnitude distribution (top panel) and its percentage difference between Newtonian and non-
Newtonian models (Bottom panel) for a representative patient-specific coronary artery with intermediate stenosis. (a) Carreau-Yasuda 

model, (b) Casson model and (c) Power-law model.
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Fig. 6. Contours of dynamic viscosity magnitude distribution (top panel) and its percentage difference between 

Newtonian and non-Newtonian models (Bottom panel) for a representative patient-specific coronary artery with 

severe stenosis. (a) Carreau-Yasuda model, (b) Casson model and (c) Power-law model. 

  

 

Fig. 7. Contours of WSS magnitude distribution (top panel) and its percentage difference between Newtonian and 

non-Newtonian models (Bottom panel) for a representative patient-specific coronary artery with mild stenosis. (a) 

Newtonian model, (b) Carreau-Yasuda model, (c) Casson model and (d) Power-law model. 

Fig. 6. Contours of dynamic viscosity magnitude distribution (top panel) and its percentage difference between Newtonian and non-
Newtonian models (Bottom panel) for a representative patient-specific coronary artery with severe stenosis. (a) Carreau-Yasuda model, 

(b) Casson model and (c) Power-law model.

Fig. 7. Contours of WSS magnitude distribution (top panel) and its percentage difference between Newtonian and non-Newtonian models 
(Bottom panel) for a representative patient-specific coronary artery with mild stenosis. (a) Newtonian model, (b) Carreau-Yasuda model, 

(c) Casson model and (d) Power-law model.
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Fig. 8. Contours of WSS magnitude distribution (top panel) and its percentage difference between Newtonian and 

non-Newtonian models (Bottom panel) for a representative patient-specific coronary artery with moderate stenosis. 

(a) Newtonian model, (b) Carreau-Yasuda model, (c) Casson model and (d) Power-law model. 

Fig. 8. Contours of WSS magnitude distribution (top panel) and its percentage difference between Newtonian and non-Newtonian models 
(Bottom panel) for a representative patient-specific coronary artery with moderate stenosis. (a) Newtonian model, (b) Carreau-Yasuda 

model, (c) Casson model and (d) Power-law model.

 

Fig. 9. Contours of WSS magnitude distribution (top panel) and its percentage difference between Newtonian and 

non-Newtonian models (Bottom panel) for a representative patient-specific coronary artery with severe stenosis. (a) 

Newtonian model, (b) Carreau-Yasuda model, (c) Casson model and (d) Power-law model. 

  

Fig. 9. Contours of WSS magnitude distribution (top panel) and its percentage difference between Newtonian and non-Newtonian models 
(Bottom panel) for a representative patient-specific coronary artery with severe stenosis. (a) Newtonian model, (b) Carreau-Yasuda model, 

(c) Casson model and (d) Power-law model.
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Fig. 14 presents the T-test of maximum and minimum 
values of WSS along the arteries for all three sets of lesion size. 
It shows that all models give the minimum and maximum 
values of WSS without a statistically significant difference 
(P >0.05). In addition, as shown in Fig. 15, they predict the 
location of the maximum and minimum values of WSS along 
the arteries with an ignorable difference, too.

4.  Discussion
Blood dynamic viscosity within the coronary arteries plays 

an important role in the behavior of atherosclerosis disease. 
For instance, it is known that any factor which increases the 
dynamic viscosity of blood, such as diabetes, hyperlipidemia, 
and smoking, increases the risk of formation of atherosclerotic 
plaques [18]. It is also evident from the literature that, the 
WSS distribution along the artery, is an important factor to 
predict the behavior of atherosclerosis disease [20-22]. Low 
shear stress increases the risk of formation and progression of 
atherosclerotic plaques in coronary arteries [23, 24]. In some 
studies, the WSS below 1 Pa is considered as low shear stress 

 

Table 3. The location of stenosis and the average WSS over different regions along the artery with mild stenosis 
 

 

  

Table 3. The location of stenosis and the average WSS over different regions along the artery with mild stenosis
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[25]. However, high shear stress over lesion region may affect 
the plaque stability and lead to plaque rupture [23, 26].

Our findings showed that the pattern of dynamic viscosity 
is proportional to the size of coronary artery such that the 
smaller the artery the lower the dynamic viscosity (Figs. 
10-12). Therefore, the average of dynamic viscosity in small 
arteries is less than medium and large arteries. It means that 
the possibility of plaque formation in small arteries is very 
low which is in agreement with the biological references [27, 
28]. Similarity, the same conclusion can be obtained from the 

average of WSS pattern along the arteries. It can be concluded 
from Figs. 10-12 that unlike the dynamic viscosity, the average 
of WSS in large arteries is less than small arteries which 
provides the better conditions to formation of atherosclerotic 
plaques. Because of the tapering nature of LAD arteries, in 
all cases the average of WSS over the proximal region was 
observed less than stenosis and distal regions. Similarity, 
earlier, it had been expressed by Johnston et al. (2004) [29] 
that the WSS at entrance to the right coronary artery (RCA) 
is less than the end of it. In some cases, the average of WSS 

 

Table 4. The location of stenosis and the average WSS over different regions along the artery with intermediate 
stenosis 

 

 
 

 

Table 4. The location of stenosis and the average WSS over different regions along the artery with intermediate stenosis
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magnitude over proximal region is very low. For example, 
Fig. 7 shows the average of WSS over the proximal region 
using Newtonian, Carreau-Yasuda and Casson models, is less 
than 1 Pa. It expresses that, forming again of atherosclerotic 
plaques over proximal region is more probable than stenosis 
and distal regions.

Our results showed that the trend of variation of WSS 
and dynamic viscosity along particular artery are the 
same for all rheological models and there was a difference 
only in their magnitude. The contours of WSS and their 
percentage differences between Newtonian and non-
Newtonian models showed that almost where the WSS 
range increased, the difference between rheological models 
decreased. It is true because over regions with high WSS 
range, the momentum has greater effect than the friction 
on blood flow through arteries and thus the importance of 
using viscosity model decreases. Based on our statistical 

results, the WSS distribution resulted from different models, 
are approximately equal over the distal region (where the 
average of WSS is almost high) of each artery and there is 
no significant difference between them (Fig. 13). Since we 
used the cohort of patients with various stenosis sizes in 
our statistical analysis, we demonstrated that the conclusion 
discussed above is independent of the size of the lesion. Our 
results showed that in addition to WSS distribution over the 
distal segment, differences in the magnitude of maximum 
and minimum of shear stress and also their locations along 
each artery between various rheological models aren’t 
statistically significant, too (Figs. 14-15). So even if the 
maximum and the minimum of WSS occur at distal region, 
the Newtonian model is still useful to simulating the blood 
flow in the artery over this region. For instance, to find 
the WSS distribution along the represented artery shown 
in Fig. 7 based on the Carreau-Yasuda model, it is enough 

 

Table 5. The location of stenosis and the average WSS over different regions along the artery with severe stenosis 
 

  

Table 5. The location of stenosis and the average WSS over different regions along the artery with severe stenosis
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Fig. 10. Variation of the average of WSS, dynamic viscosity and cross-sectional area along the length of the artery 

for a representative patient with mild stenosis. 

 

Fig. 10. Variation of the average of WSS, dynamic viscosity and cross-sectional area along the length of the artery for a representative 
patient with mild stenosis.

 

Fig. 11. Variation of the average of WSS, dynamic viscosity and cross sectional area along the length of the artery 

for a representative patient with intermediate stenosis. 

Fig. 11. Variation of the average of WSS, dynamic viscosity and cross sectional area along the length of the artery for a representative 
patient with intermediate stenosis.
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to simulate the first 50 mm of 115 mm long of the artery 
(regions (1) and (2)) using mentioned model. And to reduce 
the time of solution, we can simulate the remaining length 
of the artery using the Newtonian model instead of Carreau-
Yasuda model. However, the results would be in a good 
agreement and there would not be a significant difference 
between them.

 No research has been found that statistically examine the 
differences in WSS between Newtonian and non-Newtonian 
models to be compared with this work. However, this results 
are consistent with the findings of Johnston et al. (2004) 
[29]. They had shown that for regions of mid-range to high 
WSS, the Newtonian and non-Newtonian models are in good 
agreement.

4-1- Study limitations
In this study, the blood flow was considered the steady 

state. Due to the large number of case studies (20 patients x 
4 models = 80 cases), simulation of these cases, regardless 
of this assumption, would be too time-consuming. 
Although this assumption affects the simulation results, 
since the purpose of this study is to compare the various 
viscosity models and not to determine the exact solution, 
the current results are acceptable. Also, previous studies 
have been shown that this assumption is reasonable for 
blood flow modeling in coronary arteries [30, 31].

In addition, the artery walls have been assumed to be 

rigid and the effect of artery motion during the cardiac 
cycle has not been taken into account. This assumption 
has been shown to have no significant effect on simulation 
[32, 33]. 

5. Conclusions
The result showed that the average of WSS increased along 

the artery from proximal to distal regions. In all models, WSS 
distribution behaved in a similar manner along the artery, with 
increases associated with increasing arterial cross-sectional 
area and vice versa. Hence these results demonstrated the 
location of stenosis consistently. In addition, based on 
statistically analysis, there was no significant difference in 
WSS distribution over the distal region and also in maximum 
and minimum of it as well as their locations along each artery, 
between various models which can be helpful to reduce the 
run time process of simulation.
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Nomenclature
u Velocity, m/s
p Pressure, Pa
Greek symbols

 

Fig. 12. Variation of the average of WSS, dynamic viscosity and cross-sectional area along the length of the artery 

for a representative patient with severe stenosis. 

  

Fig. 12. Variation of the average of WSS, dynamic viscosity and cross-sectional area along the length of the artery for a representative 
patient with severe stenosis.
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ρ Density, kg/m3

μ           Dynamic viscosity, Pa.s
τ            Shear stress, Pa
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