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Abstract— Computational bio-mechanics is developing rapidly as a non-invasive tool to assist the medical fraternity to help in both 
diagnosis and prognosis of human body related issues such as injuries, cardio-vascular dysfunction, atherosclerotic plaque etc. Any 
system that would help either properly diagnose such problems or assist prognosis would be a boon to the doctors and medical society 
in general. This project is an attempt to use numerical analysis techniques; in particular, computational fluid dynamics (CFD) to solve 
hemodynamics related problems. The mathematical modeling of the blood flow in arteries in the presence of successive blockages has 
been analyzed using CFD technique. Different cases of blockages in terms of percentages have been modeled to study the effect of 
blockage on wall shear stress values and also the effect of increase in Reynolds number on wall shear stress values. The concept of 
fluid structure interaction (FSI) has been used to study the effect of increasing von Mises stress on arteries and to determine the region 
of rupture in arteries. The simulation results are validated using in vivo measurement data from existing literature. 
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I. INTRODUCTION 

    The idea of computational fluid dynamics (CFD) for analysis 
of blood flow in arteries was given by [1]. The circulatory 
system consists of vessels which aren't rigid but are elastic 
tubes which contract or dilate. The technique of CFD is 
generally associated with analysis of atherosclerotic arteries as 
discussed in [2] in which plaque accumulation prevents the 
flow of blood in arteries. This leads to conditions of higher 
pressure and low wall shear stress. Also [3] gave an idea of the 
effects that implanting a stent has in human body and its effect 
on the flow patterns of blood and wall shear stress values. The 
idea of blood flow in presence of a flow divider was given by 
[4]. Blood pressure and wall shear stress values were computed 
in three different regions i.e. pre stent, post stent and the stented 
region.  
    [5] gave an insight into the hemodynamic simulation of 
blood flow which provided an insight into the functional and 
diagnostic aspects of blood flow. The computational modeling 
of blood flow and the fluid structure interaction provided an 
accurate aspect of blood flow. The results were validated on the 
basis of echo-Doppler technique and results were found to be 
in good agreement with numerical simulations. The effect of 
atherosclerotic plaque formation in branched regions of arteries 
was given by [6]. It was proved that in regions of plaque 
formation there exist low wall shear stress values. Also blood 
was assumed to be Newtonian since the diameter of these 
arteries were lesser than 100 micro m and only in those cases 
where it’s greater it was modeled as a non-Newtonian fluid. 
Both 2D and 3D simulations were performed and results were 
validated. The effect of using an approximate geometry and its 

validation against the real geometry was given by [7]. This 
compared the blood flow through the abdominal part of aorta 
by the use of a real and virtual geometry. Real geometry was 
obtained from CT scan data. Wall shear stress and vortices 
were found to be higher in case of a real geometry. Also, the 
velocity values were found to be higher in case of real geometry 
as compared to virtual. An insight into the 3 phase modeling of 
blood was given by [8]. This multiphase model tracked the wall 
shear stress, phase distributions and flow patterns in each phase 
in the flow of blood. In [8] the multiphase model was adopted 
since it could model blood as a fluid having RBC’s of 30-35% 
volume fraction. WBC’s and platelets constituted 1%.  

    An insight into the multiphase simulation of pulsatile flow 
in a coronary artery was given by [9]. The 2 phase flow model 
predicted shear thinning more efficiently than the single 
phase model. Hemodynamic computation in the right 
coronary artery using the concept of multiphase flow was 
provided by [10]. In [10] a pulsatile velocity inlet was 
provided. The non-Newtonian model predicted RBC buildup 
on the inner sides of the blood vessels. The results show the 
importance of multi-phase models in phenomena such as 
particulate migration and interactions at the surface of 
endothelium. The use of CFD to study blood flow in arterial 
stenosis with surface irregularities was provided in [11]. In 
this study CFD simulation was carried out for 48% occlusion 
non-Newtonian model was chosen for the study. The 
investigation was performed at various Reynolds numbers 
and the pressure drop across the artery was virtually 
unaffected by surface irregularities at low Reynolds number. 
Three different Reynolds number were considered and also 3 
different viscosity models and it found that the carraeu model 
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gave the best results. In this simulation both Newtonian and 
non-Newtonian models were used. 
    [12] discussed the use of discrete phase models for analysis 
of blood flow (RBC and plasma) in capillary vessels. These 
were modeled as a fluid structure interaction (FSI) problem. 
The concept of spring dashpot model for interaction between 
particles was provided by [14]. [15] discusses the pulsatile 
blood flow through 4 different coronary of the artery which 
has been reconstructed from angiograms. The results were 
validated with [6]. The concept of fluid structure interaction 
in areas of hemodynamics was provided by [16].  
    [17] Provided an idea of the research going on in the field 
of medical devices and vessels — carotid bifurcations, 
coronary arteries and cerebral aneurysms. The latest research 
work going on in the field of biomedical engineering was 
given by [18] which introduced the idea of image based CFD.  
    The idea of plaque rupture in arteries due to the 
accumulation of atherosclerotic plaque was described by 
[19]. This gave us an idea about how changes in shear and 
normal stress can affect plaque. Variation in the flow of 
pressures and flow was described in [20]. It proved that 
pressures can be predicted with consistency by CFD.  
    The influence of vascular diseases and vessel structure on 
flow patterns was discussed by [21]. [22] gave an idea of the 
damage in a left ventricular assist device due to fluid stress. 
[22] provided a statistical estimate of the damage to cells 
flowing through the pump and values were compared to in 
vitro normalized index of hemolysis values. 
    [23] performed CFD analysis on a femoral artery assuming 
blood flow to be pulsating, incompressible and Newtonian. 
Authors in [23] concluded that adverse flow field that was 
created upstream and downstream of the blockage may cause 
enhanced growth in size of the blockage. The authors also 
comment on the importance of the stent design in the 
possibility of restenosis. [24] provided recent insight into the 
use of FSI for studying fluid flow in carotid artery. Studies 
were performed for both normal and high flow rates of blood. 
[24] found that the flow rate had little effect on the critical 
buckling pressure. 

II. PROBLEM DESCRIPTION 

    The main aim of this project was to study the effect of wall 
shear stress on arteries in cases of increasing the plaque 
accumulation on the walls of the arteries by the use of 
modeling, simulation and analysis techniques. Analysis was 
carried out for various percentages i.e. 10% -30% for cases of 
blockages between inlet and bifurcations. Also the case of 
successive blockages i.e. between the inlet and bifurcation and 
the bifurcation and outlet are considered. Other case of 
successive blockage studied was between the bifurcation and 
both the outlets. The values of area weighted average wall 
shear stress (AWAWSS) were noted in each case and 
validated using existing literature data. The other situations 
analyzed were successive blockages of 10%, 15%, 20% and 
30% in regions between inlet and bifurcation and also between 
bifurcation and artery 

    Initially blood was modeled as a single phase homogenous 
fluid and the values of AWAWSS were compared with those 
obtained by modeling it as a 3 phase non-homogenous fluid. 
Blood was initially modeled also as a Newtonian fluid and 
simulation values were then compared with those from power 
law scheme used for non-Newtonian model. The concept of 
FSI was used to study the deformation of the artery in the 
presence of atherosclerotic plaque. Effect of increasing 
Reynolds number on the wall shear stress was also studied. 
Details of the various models used are discussed in subsequent 
sections. 
    Figure 1 shows the main coronary artery with bifurcations. 
The main coronary artery bifurcates into the left anterior 
descending (LAD) and the left circumflex artery (LCX). The 
major coronary lesions which occur are shown in Figure 2. 
 
 

 
Figure 1. Illustration of main coronary arteries with bifurcations [25] 

 

 
Figure 2. Popular classification of coronary bifurcation lesions [26] 

III. METHODOLOGY 

A. Modelling Approach 

     The modeling was performed in commercial software 
CATIA V5R20 and it was modeled on the same lines as [3] and 
[4]. The inlet diameter was taken as 4mm and the 2 branches of 
the coronary bifurcated artery namely the left artery descending 
(LAD) was taken at 1510 and was 3.6mm in diameter. The right 
branch of left circumflex artery (LCX) was taken at 1320 and 
was 4mm in diameter. The inlet as well as outlet branches were 
20mm in length. The blockages were modeled as a circular 
blockage of respective percentages and were of length 4mm.The 
blockage for the current analysis was modeled as a protrusion 
from within (circumferentially) as against a standard modeling 
procedure of narrowing of artery [6]. 

Blood was modeled as a 3 phase non-homogenous fluid and 
was assumed to be non-Newtonian i.e. the viscosity varied 
according to the power law scheme. The concept of fluid 
structure interaction was used to study the deformation of the 
artery and to obtain the regions of high stress concentrations due 
to the presence of atherosclerotic plaque. A transient analysis 
was performed wherein parameters such as density, velocity 
was varied w.r.t time and their effects were considered. 
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NON-NEWTONIAN MODEL 
Blood was modeled as a non-Newtonian fluid and the power 

law scheme was used. A Power-law fluid, is a type of  fluid for 
which the shear stress, τ, is given by 
 
 = K (u/y)n 
 
where: 
 K is the flow consistency index (units Pa•sn), 
 ∂u/∂y is the shear rate or 
the velocity gradient perpendicular to the plane of shear (units 
s−1) 
 n is the flow behavior index (dimensionless). 
 
Power-law fluids can be subdivided into 3 categories based on 
the value of their flow behavior index: 

 
n  Type of fluid 

<1  Shear thinning 

1  Newtonian fluid 

>1  Shear thickening 

 
Since blood is a shear thinning fluid i.e. its shear stress decreases 
with the increase of viscosity the value of n is less than 1.In this 
case, the value of the power law index n was taken as 0.63. The 
value of viscosity K was taken to be 0.0035 [13] and the 
temperature to be 298K. 

MULTIPHASE AND DISCRETE PHASE MODEL 
The Eulerian multiphase model was used and blood was 
modeled as a 3 phase fluid consisting of RBC, WBC and 
platelets. Particle-Particle as well as particle-wall interactions 
were considered. The value of coefficient of restitution for 
particle-particle was given as 0.2 and particle-wall as 0.8[14]. 
The use of discrete phase model enabled us to model RBC’s 
and WBC’s as discrete phases of particles constituted in blood 
i.e. as particles suspended in blood. The spring dashpot model 
[14] was used to invoke particle-particle interaction which 
basically defines the model of 2 spheres as to be connected by 
a spring and the interaction depending on the spring constant 
which was given to be 800 N/mm and damping factor which 
was given to be 0.9 [15]. The particles injected were of 
0.01mm in diameter and were injected from the inlet surface 
with a velocity of 0.15m/s. The Rosin-Rammler distribution 
was followed for the distribution of particles inside the 
medium. An implicit scheme was used to solve the differential 
equations. The inlet volume fraction was taken to be 1 The 
outflow as 0.59 and 0.41 through the 2 outlets respectively 
[13].  

FLUID STRUCTURE INTERACTION 
This was used to model the artery walls as deformable in order 
to account for the deformation produced due to the fluid – 
structure interaction and also study the stress concentration 
regions in the artery. This was used to determine the regions 
of rupture which occurred due to high stresses caused by the 
accumulation of atherosclerotic plaque. The walls of the artery 
were modeled as a fluid-structure interface and pressure 
contours were imported from the flow analysis performed in 
FLUENT to a structural solver. The values of Young’s 

modulus, yield strength and ultimate strength were 1MPa, 
0.01 MPa, 0.02MPa respectively [18].  

K-ε TURBULENCE MODEL 
This was used to simulate mean flow characteristics for 
turbulent flow. It consists of 2 partial differential equations i.e. 
one for energy (K) and the other for the dissipation rate (ε). 
Standard wall treatment were used for the walls. 
For turbulent kinetic energy k 
 

 
 
For dissipation  
 

 
 
where 
 
ui represents velocity component in corresponding direction 
Eij represents component of rate of deformation 
t represents eddy viscosity 
 
BOUNDARY CONDTIONS AND SOLUTION SCHEMES 
The inlet boundary was defined as a velocity inlet with a 
velocity of 0.15m/s for all 3 phases. At the bifurcation 59% of 
the flow was directed at one outlet and 41% through the other. 
The pressure at the inlet was given as 80mm of mercury i.e. 
approximately 0.105atm of pressure. The outlet was defined 
as a pressure outlet boundary and a pressure of 0.105atm was 
set as the outlet pressure. The value of density was taken as 
1050 kg/m3 [4]. The viscosity was varied according to the 
power law model and the 3 coefficient model was followed. 
The power law index was taken as 0.63(value of n) and 
viscosity as 0.0035(i.e. the values of K) [13]. The temperature 
was taken as normal room temperature of 298K. 
First order upwind scheme was used to compute momentum 
and second order upwind scheme was used to compute 
turbulence kinetic energy and dissipation rates. The pressure 
values were computed using the Semi-Implicit Method for 
Pressure Linked Equations (SIMPLE) algorithm. The volume 
faction was also computed using the first order upwind 
scheme. Since the use of non-Newtonian model required the 
use of energy equation the energy terms were computed using 
the second order upwind scheme. 

IV. DETAILS OF ANALYSIS 

A. 10% Blockage between the bifurcation and both the 
outlets 

    The artery was modeled with a blockage of about 10% for 
4mm length between the bifurcation and both the outlets 
(figure 3). The artery was 8mm on either side of the blocked 
area. It was found that wall shear stress was maximum in the 
area of the blockage. 
    Since the area decreased near the region of blockage the 
velocity was found to be the highest in that region as depicted 
in figure 4. 
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B. 20% Blockage between the bifurcation and both the 
outlets 

    The artery was modeled with a blockage of about 20% for 
4mm length between the bifurcation and both the outlets 
(figure 5). The artery was 8mm on either side of the blocked 
area. It was found that wall shear stress was maximum in the 
area of the blockage.    Since the area decreased near the region 
of blockage the velocity was found to be the highest in that 
region as depicted in figure 6. 

 

C. 30% Blockage between the bifurcation and both the 
outlets 
    The artery was modeled with a blockage of about 30% for 
4mm length between the bifurcation and the outlets (figure 7). 
The artery was 8mm on either side of the blocked area. 
AWAWSS was maximum in the area of the blockage. 
    Since the area decreased near the region of blockage, 
velocity was found to be highest in that region as shown in 
figure 8. 
 
D. 10% Blockage between inlet and bifurcation and 
20% between the bifurcation and both the outlets. 
    The artery was modeled with a blockage of about 10% for 
4mm length between the inlet and bifurcation and 20% 
between the bifurcation and 1 of the outlets (figure 9). The 
artery was 8mm on either side of the blocked area. The wall 
shear stress value was noted down. It was found that wall 
shear stress was maximum in the area of the blockage. 
 

 
Figure 3. Model of an artery with 10% blockage in 2 regions 

 

 
Figure 4. Velocity vector in an artery with 10% blockage in 2 regions 

 

 
Figure 5. Model of an artery with 20% blockage in 2 regions 

 
Figure 6. Velocity vector in an artery with 20% blockage in 2 regions 

 
 

 
Figure 7. Model of an artery with 30% blockage in 2 regions 

 

 
Figure 8. Velocity vector in an artery with 30% blockage in 2 regions 

 
Figure 9. Model of an artery with 10% between inlet and bifurcation and 

20% between bifurcation and 1 outlet 
 

 
Figure 10. Velocity vector in artery with 10% between inlet and bifurcation 

and 20% between bifurcation and 1 outlet 
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Figure 11. Model of an artery with 15% between inlet and bifurcation and 

20% between bifurcation and 1 outlet 
 

 
Figure 12. Velocity vector in artery with 15% between inlet and bifurcation 

and 20% between bifurcation and 1 outlet 
 

    Since the area decreased at the region of blockage velocity 
was found to be the highest at the region of blockage and also 
there was an accumulation of particles at the region as shown 
in figure 10. 
 
E. 15% Blockage between inlet and bifurcation and 
20% between bifurcation and 1 outlet 
 
    The artery was modeled with a blockage of about 15% for 
4mm length between inlet and 20% between the bifurcation 
and 1 of the outlets (figure 11). The artery was 8mm on either 
side of the blocked area. The wall shear stress value was noted 
down. It was found that wall shear stress was maximum in the 
area of the blockage. 
    Since the area decreased near the region of blockage the 
velocity was found to be the highest in that region. There was 
also an accumulation of particles which was observed as 
shown in figure 12. 
 

 
Figure 13. Model of an artery with 20% between inlet and bifurcation and 

30% between bifurcation and 1 outlet 
 

 
Figure 14. Velocity vector in artery with 20% between inlet and bifurcation 

and 30% between bifurcation and 1 outlet 
 

 
Figure 15.  Model of an artery with 10% blockage at the region the artery 

divides into LAD and LCX. 

 
 

F. 20% Blockage between inlet and bifurcation and 
30% between bifurcation and 1 outlet 
 
    The artery was modeled with a blockage of about 20% for 
4mm length between inlet and 30% between the bifurcation 
and 1 of the outlets (figure 13). The artery was 8mm on either 
side of the blocked area. The wall shear stress value was noted 
down. It was found that wall shear stress was maximum in the 
area of the blockage. 
    Since the area of cross section reduced due to the blockage, 
velocity was found to be highest in the region of blockage. 
Also there was accumulation of particles in the region as 
shown in figure 14. 
 
G. 10% AT THE REGION WHERE THE ARTERY 
BIFURCATES INTO LAD AND LCX 
 

The artery was modeled with a 10% blockage at the region 
where the artery bifurcates into LAD and LCX as shown in 
figure 15. 
 
 

 

 
Figure 16. Deformation observed in an artery with 10% blockage at the 

region the artery divides into LAD and LCX. 
 

 
Figure 17. Stress analysis of an artery with 10% blockage at the region the 

artery divides into LAD and LCX 
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Figure 18. Model of an artery with 10% blockage at the region the artery 
divides into LAD and LCX and also at the beginning of one of the outlets 

 
 

Due to fluid structure interaction (FSI) between blood and 
the arterial walls a maximum deformation of 8.005 e-5 m was 
observed as shown in figure 16. 

The stress analysis revealed that the maximum von-Mises 
stress on the artery was 0.0907MPa which was greater than 
the yield stress (0.01MPa) as shown in figure 17.This implies 
that the artery wall would rupture at the region of 
atherosclerotic plaque since stresses maximum in this region 
was greater than yield stress. 
 

 

H. 10% AT THE REGION WHERE THE ARTERY 
BIFURCATES INTO LAD AND LCX AND ALSO AT THE 
ENTRANCE OF ONE OF THE OUTLETS 
 

The artery was modeled with a 10% blockage at the 
region where the artery bifurcates into LAD and LCX and 
also at the entrance of 1 of the outlets as shown in figure 18. 

Due to fluid structure interaction between blood and 
arterial walls a deformation of 8.314e-5m was observed as 
shown in figure 19. 

 

 
 

Figure 19.  Deformation observed in an artery with 10% blockage at the 
region the artery divides into LAD and LCX and also at the beginning of 

one of the outlets 
 

 

 
Figure 20.  Stress analysis of an artery with 10% blockage at the region the 
artery divides into LAD and LCX and also at the beginning of one of the 

outlets 
 

 

Figure 21.  Model of an artery with 10% blockage at the beginning 
of one outlet and 20% at the beginning of the other 

 
 

    The stress analysis revealed that the maximum von-Mises 
stress on the artery was 0.0995MPa which was greater than 
the yield stress (0.01MPa) as shown in figure 20. This implies 
that the artery wall would rupture at the region of 
atherosclerotic plaque since stresses in this region was higher 
than yield strength 
 

 
I. 10% AT THE BEGINNING OF 1 OUTLET AND 
20% AT THE BEGINNING OF THE OTHER 
 

The artery was modeled with a 10% at the beginning of 1 
outlet and 20% at the beginning of the other as shown in 
figure 21. 
 

 

 
 

Figure 22. Deformation observed an artery with 10% blockage at the 
beginning of one outlet and 20% at the beginning of the other 

 

 
 

Figure 23.  Stress analysis of an artery with 10% blockage at the beginning 
of one outlet and 20% at the beginning of the other 
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Figure 24. Model of an artery with 50% blockage between inlet 

and bifurcation 
 

 
 

Figure 25.  Stress analysis of an artery with 50% blockage between inlet 
and bifurcation 

 
 

Due to fluid structure interaction between blood and 
arterial walls a deformation of 8.4013 e-5 m was observed as 
shown in figure 22. 

The stress analysis revealed that the maximum vonMises 
stress on the artery was 0.09966MPa which was greater than 
the yield stress (0.01MPa) as shown in figure 23. This implies 
that the artery wall would rupture at the region of 
atherosclerotic plaque since stresses were greater than the 
yield strength in this region. 

 
Figure 26. Model of a stent 

 
Figure 26. Stent modelled as a complete solid with inlet and outflow 

boundaries. 
 
 

J. 50% BLOCKAGE BETWEEN INLET AND 
BIFURCATION 
 

The artery was modeled with a 50% blockage between 
inlet and bifurcation as shown in figure 24. 

The stress analysis revealed that the maximum von-Mises 
stress on the artery was 0.112MPa which was greater than the 
yield stress (0.01MPa) as shown in figure 25. This implies 
that the artery wall would rupture at the region of 

atherosclerotic plaque since stresses were greater than the 
yield strength in this region. 

Also there was a 49% increase in the value of equivalent 
stress which emphasized that fact that a surgical intervention 
was required to deal with the problem of blockages of 50% 
or above in arteries whose walls are blocked by plaque 
accumulation. 

The area weighted average wall shear stress was found to 
increase by 46% which also justified the above fact. 

V. ANALYSIS OF STENT DEPLOYMENT  

A stent is a tube or other device placed in the body to 
create a passage between two hollow spaces. Stenting is the 
placement of such a stent. Initially a guide wire is inserted in 
position. Then a catheter is inserted through it at the end of 
which is a balloon (stent) is initially collapsed and passed 
through the catheter. This is adjusted into position and a 
balloon is then inflated. 

A coronary stent was initially analyzed for its flow 
characteristics. Then its deployment in a human artery was 
simulated. Steady state analysis was performed with velocity 
inlet and a pressure outlet. For the fluid structure interaction 
analysis of the stent pressure contours were imported from 
fluid analysis to the structural module. CAD Model of the 
stent is shown in figure 26. Figure 27 shows the Model of a 
stent with inlet and outlet boundaries modeled for analysis 
purpose. 

The stent pushes the plaque against the walls of the artery 
opening up the blocked region allowing blood to flow easily. 
Figure 28 shows the stent placed in an artery. 

Figure 29 shows the different interfaces and various 
constraints imposed in the regions of the stent. 
 
 

 
Figure 27. Model of a stent with inlet and outlet boundaries modeled for 

analysis purpose 
 

 



SHREYAS S. HEGDE et al: COMPUTATIONAL FLUID DYNAMIC APPROACH TO UNDERSTAND THE EFFECT … 

DOI 10.5013/IJSSST.a.17.32.29                                         29.8                            ISSN: 1473-804x online, 1473-8031 prin 

 
 

Figure 28. CAD model of a stent placed in an artery 

    
 

 
 

Figure 29. Various constraints and interfaces around a stent 

     
 

 
 

Figure 30. Stent in an expanded state i.e. its orientation after it has been 
expanded to help open up the artery and allow blood to flow smoothly 

 
This shows that the expansion of stent (figure 30) helps in 

enlarging a blocked artery allowing for easier blood flow 
inside. Figure 31 shows deployment of stent inside an artery. 

 

 
 

Figure 31. A stent deployed successfully in an artery 

 
TABLE I. COMPARISON OF VALUES OF AWAWSS FOR BLOOD 
MODELED AS A 3 PHASE FLUID AND A SINGLE PHASE FLUID 

 

Percentage 
Blockage 

Region 
Multi 
Phase  

Single 
Phase  

10 Between both the 
bifurcation and 

outlets 

5.24 5.05 
20 6.08 5.88 
30 6.12 5.98 

10% between inlet and bifurcation and 
20% between bifurcation and outlet 

 
6.78 

 
6.54 

15% between inlet and bifurcation and 
20% between bifurcation and outlet 

 
6.85 

 
6.62 

20% between inlet and bifurcation and 
30% between bifurcation and outlet 

 
6.98 

 
6.75 

 

VI. RESULTS AND DISCUSSION 
 

A. Comparison of Area Weighted Average Wall Shear 
Stress values for Single phase and Multiphase flows 
 
    Initially blood was modeled as a single phase 
homogeneous fluid and the values of area weighted average 
wall shear stress values were noted. The density of blood was 
used as 1050 kg/m3 and the viscosity as 0.0035 kg/m-s. Next 
blood was modeled as a 3 phase fluid consisting of RBC’s, 
WBC’s and platelets and the values of area weighted average 
wall shear stress was noted  
    The coefficient of restitution for particle-particle 
interaction was found to be 0.2 and particle wall interaction 
to be 0.8. The average diameter of particles used was 
0.001mm. 
    These values were compared and it was found that the 
values were higher in case of multiphase flow due to larger 
interaction between particles and also between wall and the 
particles.  
    Table I shows the comparison of values of AWAWSS for 
blood modeled as a 3 phase fluid and a single phase fluid. 
    The values of AWAWSS were obtained in Pa. It was 
observed that, the values of AWAWSS were greater when 
blood was modeled as a 3 phase fluid rather than as a single 
phase. This can be attributed to the fact that in 3 phase fluid 
there was greater particle-particle and particle-wall 
interactions compared to single phase fluid and hence the 
force exerted by the particles on the wall was greater which 
in turn led to a greater wall shear stress. 
TABLE II. VALUES OF AWAWSS FOR DIFFERENT PERCENTAGES 

AND REGIONS OF BLOCKAGE 
 

PERCENTAGE  REGION  AREA WEIGHTED 
AVERAGE WALL 
SHEAR STRESS 

(Pa) 

20  Between inlet and 
bifurcation 

7.42 

30  9.62 

50  13.79 

20 Between inlet and 
bifurcation and also 

7.86

30  9.79 
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between bifurcation 
and 1 of the outlets 

15% between inlet and bifurcation and 
20% in between the bifurcation and 1 

of the outlets 

8.61 

15% between inlet and bifurcation and 
30% in between the bifurcation and 1 

of the outlets 

9.14 

20% between the bifurcation of 1 
outlet and 30% between the 

bifurcation and the other outlet 

10.28 

WALL SHEAR STRESS IN ARTRIES WHICH ARE BLOCKED AT 
THE BIFURCATIONS 

10%  At the region where blood 
from the inlet bifurcates into 

LAD and LCX 

7.68 

10%  At the region where blood 
from the inlet bifurcates into 
LAD and LCX and also at the 
entrance of 1 of the outlets 

8.71 

10% and 20%  At the region where blood 
from the inlet bifurcates into 
LAD and LCX and also at the 
entrance of 1 of the outlets 

9.61 

 
B. Variation of Area Weighted Average Wall Shear 
Stress with varying Percentage of blockage 
 
    The values of area weighted average wall shear stress were 
found to increase with increasing percentage of blockage. 
This was attributed to the fact that area of cross section was 
reduced and blood flowed in a smaller area thus exerting a 
larger amount of force than before on the walls. The collision 
between the particle and walls increased and velocity 
increased due to decreased area of cross section. Table II 
below shows the values of AWAWSS for different 
percentages and regions of blockage. 
    It was observed that the wall shear stress values increased 
as the percentage of blockage increased. This was due to the 
fact that as the area of blockage increase blood flows in a 
narrower path and with a greater velocity. Due to this it 
collides with greater force (since higher velocity) with the 
wall as a result of which the shear stress is high. 
 

 
 

Figure 32. Variation of Reynolds number with Von-Mises stress 

 
C. Stress Analysis of blocked arteries 
 
The mechanical properties of soft tissues were taken from 
[18]. The values of Young’s modulus and yield strength were 
1Pa and 0.01MPa respectively. The stress analysis was done 
in order to study the region of rupture which occurred due to 
high stress concentration caused by atherosclerotic plaque 
accumulation. It was observed that the equivalent (von 
Mises) stress values increased with increasing percentage of 
blockage. This led to a failure in the region of the artery 
whose walls were highly stressed due to the accumulation. 
The table III below shows the variation of equivalent stress 
with increasing percentages of blockage. 

It was observed that since the values of stresses exceeded 
the values of yield strength the arteries ruptured in the region 
of atherosclerotic plaque. 
 
D. Effect of Reynold’s number on equivalent stress 
 

Reynolds number (Re) is a dimensionless quantity that is 
used to help predict similar flow patterns in different fluid 
flow situations. They are also used to characterize different 
flow regimes within a similar fluid, such 
as laminar or turbulent flow: 
 laminar flow occurs at low Reynolds numbers, 
where viscous forces are dominant, and is characterized by 
smooth, constant fluid motion; 
 Turbulent flow occurs at high Reynolds numbers 
and is dominated by inertial forces, which tend to produce 
chaotic eddies, vortices and other flow instabilities. 
The Reynolds number is defined below for each case as: 
 

 
 
 L is a characteristic linear dimension, (m) 
  is the dynamic viscosity of the fluid (Pa·s) 
  is the kinematic viscosity ( =  /) (m²/s) 
  is the density of the fluid (kg/m³). 
 

The analysis was done considering 20% blockage and 
assuming blood as a Non-Newtonian fluid. The results 
obtained were obtained as shown in table 3. 

It was seen that as Reynolds number increases the values 
of equivalent stress increased. This was attributed to the fact 
that an increase in Reynolds number is due to an increase in 
velocity and the force exerted by the particles in particle-wall 
collision is greater since the particles collided with greater 
velocity. 
 

TABLE III.  VARIATION OF VON-MISES STRESS WITH 
PERCENTAGE OF BLOCKAGE 

 
PERCENTAGE  REGION  EQUIVALENT 

STRESS(MPa) 
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20  Between 
inlet and 
bifurcation 

0.075 

30  0.083 

50  0.112 

20  Between 
inlet and 
bifurcation 
and also 
between 
bifurcation 
and 1 of the 

outlets 

0.0807 

30  0.087 

15% between inlet and bifurcation 
and 20% in between the bifurcation 

and 1 of the outlets 

0.078 

15% between inlet and bifurcation 
and 30% in between the bifurcation 

and 1 of the outlets 

0.08 

20% between the bifurcation of 1 
outlet and 30% between the 

bifurcation and the other outlet 

0.0839 

WALL SHEAR STRESS IN ARTRIES WHICH ARE BLOCKED AT 
THE BIFURCATIONS 

10%  At the region 
where blood from 
the inlet bifurcates 
into LAD and LCX 

0.0907 

10%  At the region 
where blood from 
the inlet bifurcates 
into LAD and LCX 
and also at the 
entrance of 1 of 

the outlets 

0.09951 

10% and 20%  At the region 
where blood from 
the inlet bifurcates 
into LAD and LCX 
and also at the 
entrance of 1 of 

the outlets 

0.09966 

 
 

VII. VALIDATION 
 

To estimate the accuracy of the current solver the values 
of AWAWSS values were found by remodeling the same 
artery as in [6]. Data from simulation were compared to the 
values obtained in [6]. Remodeling (3D) was done for 4 
situations as shown in figures 33 through 36. Same 
Newtonian model used in [6] was used for validation also. 

Table below shows the validation of AWAWSS against 
the values obtained in [6]. 

It was found that the values obtained using the approach 
in the current paper were in coherence with the analysis and 
measured values obtained in [6]. 
 

TABLE IV. AWAWSS VALIDATION WITH [6] 

 
Region AWAWSS 

[6] – Single 
phase Flow 

Current 
Work 

Normal LCA Bifurcation 4.05 3.91 
0.0.1 4.67 4.502 
0.1.0 4,84 4.68 
0.1.1 5.48 5.27 

   
 

 
 

Figure 32. Normal LCA Bifurcation [6] 
 

 
Figure 33. Type 0.0.1[6] 

 

 
Figure 34. Type 0.1.0[6] 

 

 
Figure 35. Type 0.1.1[6] 

 

 

Figure 36:  AWAWSS variation with blockage (%) 
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Figure 37.  Equivalent stress variation with blockage (%) 

 

VIII. CONCLUSIONS AND DISCUSSION 

    Analysis was performed for arteries with varying degrees 
of blockages and it was found that the values AWAWSS 
increased with percentage of blockage. This was attributed to 
the fact that the as arteries get blocked progressively the area 
for blood flow decreases which causes velocity to increase in 
that particular region. Since the wall shear stress value is 
proportional to the change of velocity/ change of length the 
increase in velocity is very high over a small length. Due to 
this particles strike the surface of the wall with a greater 
velocity thus exerting a greater fore and the result is a high 
value of wall shear stress. This can cause reduced flow of 
blood to vital body organs like the heart and brain which 
damages or sometimes even kill heart muscle cells which 
could eventually be fatal.  
    It was also observed that as Reynolds number increases the 
vales of von-Mises stress increases.  This is attributed to the 
fact that the increase in Reynolds number is due to an increase 
in velocity (since density, viscosity and length terms remain 
the same). This makes particles collide against the wall with 
a greater velocity and hence greater force. Hence due to 
greater velocity in turn leads to a higher value of shear stress. 
Also since area of cross section is decreased due to the 
narrowing of the artery it can lead to reduced blood flow to 
the heart and can be fatal which makes this study 
significant.The values of wall shear stress obtained by using 
the multiphase flow model was higher than that obtained 
using single phase flow model due to greater particle-particle 
and particle-wall interactions. This was another significant 
result of the analysis. Also the stent deployment procedure 
simulation helped to understand how the introduction of a 
stent helps in the easier flow of blood in blocked arteries by 
pushing the plaque against the walls of the artery. 
    An increase in the percentage of block from 20% to 50% 
indicates an average raise of more than 45% in both 
AWAWSS and Equivalent Stress as shown in figures 36 and 
37 below. This emphasized that fact that a surgical 
intervention was required to deal with the problem of 
blockages of 50% or above in arteries whose walls are 
blocked by plaque accumulation. 

    The results of stress analysis showed that the artery 
ruptured in the region of the blockage due to very high values 
of von-Mises stress i.e. values of stresses were greater than 
the yield strength thus leading to failure. 
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