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ABSTRACT  
Atherosclerosis is a very prominent disease in many 

countries these days. The detection of this disease has been 

difficult as the instruments required are very costly. Studies 

have been going on to find areas that are prone to the formation 

of stenosis. These works help us to understand and monitor 

these regions that are prone to the formation of stenosis. In this 

study, two models have been considered which are a patient-

specific idealized model with a healthy model and a model with 

a 30% block. The analysis has been carried out using the 

Computational Fluid Dynamics (CFD) technique. It helps us in 

understanding the regions which are prone to the development 

of stenosis in the future. This study shows the velocity, 

pressure, and Wall Shear Stress (WSS) which helps us to see 

the flow behavior of blood in the laminar conditions with the 

Quemada viscosity model.      
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1. INTRODUCTION  

Cardio Vascular diseases are one of the most increasing 

problems that lead to many deaths. These diseases mainly occur 

due to disturbances caused in the blood flow and particles that 

may enter our blood with oxygen which is responsible for the 

damage of the endothelial cells. The arteries are lined by a thin 

layer of epithelium made of Endothelial cells resulting in the 

formation of the endothelium. The endothelium has a high 

elastic nature. When the blood flows at high intensities through 

these arteries, the elastic nature of the endothelium helps to 

maintain the artery from collapsing on itself. This endothelial 

cell layer damage is initiated by different mechanisms like 

bacterial or viral infection, oxidative stress through abnormal 

regulation of reactive oxygen species, hypoxia, turbulent blood 

flow and shear stress, environmental irritants such as tobacco, 

and hyperlipidemia [1]. 

The coronary arteries are the blood vessels that are 

responsible for supplying the heart with oxygenated blood and 

nutrients [2,3]. Atherosclerosis is usually caused due to the low 

wall shear stress and flow disturbances due to the deposition of 

plague in the arteries [4, 5].  

Hemodynamics and Computational Fluid Dynamics (CFD) 

are used for the better visualization of the flow disturbances 

caused in blood flow. Hemodynamics helps us to understand 

the behavior of blood flow and CFD helps us in visualizing the 

flow at different times. Several studies have shown that the 

blood flow in coronary artery bifurcations has given an insight 

into the diseases caused in coronary arteries [2, 6, 7].  

The hemodynamic factors are affected due to the geometric 

parameters like a sudden change in the diameter due to stenosis, 

bifurcation, curvature, and tortuosity [8, 9]. The hemodynamic 

changes in the coronary arteries due to the buildup of plague are 

correlated with adverse clinical outcomes [10]. 

In this study, the Quemada viscosity model with laminar flow 

condition is used on a bifurcated healthy, and a 30% stenosed 

model. The velocity, pressure, and wall shear stress (WSS) of 

the blood flow have been studied. 

 

2. METHODOLOGY 

2.1 Coronary artery geometry with bifurcation and 
stenosis 

The 3D model is designed using the Autodesk Fusion360 

software. We have designed a 3D model of the blood artery with 

variable dimensions. Our design has been derived from a study 

conducted by Zaman N et.al. [11]. This design has been referred 

since it is patient-specific data from computer tomography 

angiography, that has been used to produce an idealized 

coronary artery model. We have taken two models, one is a 

healthy model, the second one has a stenosis of 30% blockage 

just after the first major bifurcation. 

The total height from Inlet to Outlet 4 is 200 mm. The inlet 

has a diameter of 5 mm and Outlets 1 and 2 have 2 mm 

diameter. Outlet 3 has a diameter of 3.4 mm and outlet 4 has a 

diameter of 3.6 mm. All the design parameters shown in Table 

1 remain the same for both the model. Model 2 has a 30% 

blockage after the major bifurcation 1 as shown in figure 2.  

For each model, there are 3 zones (shown as circles in figure 

1) that are marked which are considered for the study, in zone 

1 the first bifurcation can be called the major bifurcation 1 and 

zone 2 is called the minor bifurcation. The zone 3 which is at 

the bottom is the major bifurcation 2. 
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Figure 1: Coronary artery healthy model with 
different zones 

 

Figure 2: Coronary artery model with 30% blockage 
just after the major bifurcation 1 

Table 1: Design parameters 

Design Parameters Values 

Diameter at Inlet 5 mm 

Diameter at Outlet 1 2 mm 

Diameter at Outlet 2 2 mm 

Diameter at Outlet 3  3.4 mm 

Diameter at Outlet 4 3.6 mm 

Inlet Area 19.635 mm2 

Outlet 1 Area 3.142 mm2 

Outlet 2 Area 3.142 mm2 

Outlet 3 Area 9.079 mm2 

Outlet 4 Area 10.179 mm2 

Major Bifurcation 1 angle 93o 

Major Bifurcation 2 angle 58o 

Minor Bifurcation 1 angle 35o 

 

2.2 Equations governing the blood flow 
The fluid flow always is bound by the continuity and 

momentum equation this implies that mass and momentum 

always conserved.  

The following continuity and momentum equation can be 

expressed as: 

Continuity Equation: 
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The simulation has been done using the Laminar viscous 

model. Quemada Viscosity Model UDF has been used for the 

simulation. The Quemada Viscosity as stated in [12], the blood 

viscosity is related to structure parameter (u) and RBC volume 

fraction (𝛆). This is given by: 

µ = µ(𝛼𝜺) = µ𝒂 
𝟏

(1−0.5𝑢𝜀)2                                 (5) 

where, µ = Viscosity  

µ𝑎 = 0.00132 Pa s [13] 

The structure parameter (u) is defined by: 

𝑢 =
𝑢0+ 𝑢∞√𝛼𝑠 𝛼⁄

1+ √𝛼𝑠 𝛼⁄
                             (6) 

Where, 𝑢0, 𝑢∞ and 𝛼𝑠 are a function of 𝛆 [13,14]. 

2.3 Computational modelling 
2.3.1 Computational mesh 

 

Figure 3: Computed mesh with a zoomed view of 
the cross section 

The 3D model of the blood vessels is meshed using the 

Academic version of the ANSYS 19 software. The mesh is 

made for CFD and with medium unstructured (tetrahedron) 

meshes and there are 10 inflation layers given to the blood 

vessel walls with a smooth transition and transition ratio of 

0.272. The inflation layer is added as our study requires a close 

look at the wall shear. The mesh has around 7,00,000 to 

7,50,000 elements. 

2.3.2 Mesh independent study 
The mesh independent study has been done based on the 

precision of the results and the time taken for the computation. 

3 meshes of one model have been considered, the elements of 

the first one ranging from 5,00,000 to 5,50,000. The second one 

has elements ranging from 7,00,000 to 7,50,000. The third mesh 

has over 10,00,000 elements. The test has been conducted by 

importing the mesh file into the FLUENT software and then the 

G. N. Nagaharish et al.8



 

 

tested for 10000 iterations The maximum values of velocity and 

wall shear stress.  

Table 2: Mesh independent study values 

Mesh 

Type 

No. of 

Elements 

Max. 

Velocity 

Max. 

Pressure 

Max. 

WSS 

Coarse 598144 2.7 237.912 185.213 

Medium 754101 2.7805 222.742 204.89 

Fine 1000046 2.79707 220 209.312 

 

 
(a) 

 

(b) 

 

(c) 
Figure 4: Graphs plotted for mesh independent 
study (a) Maximum velocity v/s No. of Elements (b) 
Maximum pressure v/s No. of Elements (c) 
Maximum WSS v/s No. of Elements 

 

The above line graphs depict the difference in results 

obtained from the different number of mesh elements. The 

graph in Figure 4 (a) shows the maximum values of velocities, 

Figure 4 (b) shows the maximum pressure and Figure 4 (c) is 

the graph for the Maximum Wall Shear Stress obtained for the 

different meshes of the same model. The velocity obtained 

using the coarse mesh has given a very low value, but the 

computational time taken by this mesh was very less compared 

to the values and time taken by the other two meshes. The 

difference between the values obtained by medium mesh and a 

fine mesh is very minimal but the computational time taken by 

the fine mesh is very high due to the high number of elements 

when compared to the medium mesh. Therefore, the medium 

mesh range has been selected for our study since it gives very 

close values to that of the fine mesh, and also the computation 

time is also less compared to the fine mesh. 

 

2.4 Boundary conditions 
At the inlet, the blood density is set to 1060 kg/m3 and the 

Quemada Viscosity models have been used. The velocity is an 

unsteady velocity UDF that has been interpreted into the 

software. The artery walls have been set to stationary wall 

conditions. The Outlets 1, 2, 3, and 4 have been set to Outflow 

condition. Figure 5 shows the Inflow velocity conditions. Each 

pulsating cycle is 0.75 seconds. The contours for the study have 

been taken at the 0.55s time step as the flow at this timestep is 

maximum.  

 

Figure 5: In-flow velocity profile for blood (plasma 
and RBC) during one pulsatile cycle [15] 

2.5 Validation of the blood flow 

The simulations are carried for water (Newtonian fluid) to 

find the accuracy of the present CFD simulations in a 

bifurcation T channel and compared the results with the 

numerical data [16] and experimental data [17] existing in 

literature for the bifurcation T channel. The geometry 

considered for the validation study consists of the main artery 

branch that breaks into two daughter arteries separated by 900 

bifurcation angles. The length and width of the vessel are 30H 

and H for daughter and mother vessels. The 2D vessel geometry 

is used to perform the simulations for both cases. The 2D 

bifurcation vessel geometry is shown in Fig. The results of the 

velocity profile as shown in Figure 6 are obtained from the 

present CFD simulations are compared with available literature 

data. The velocity profiles shown by the red line are obtained 

by creating a line on the middle plane at a distance of 0.0005 m 

from the bifurcation. At the inlet, a parabolic velocity profile of 

Re = 496 is imposed for the blood flow analysis. The present 

CFD simulation results are in good agreement with the 

available literature data.    
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Figure 6: Validation of present CFD results with the 
computational data [16] and the experimental data 
[17] for Newtonian fluid flow at the bifurcation T 
channel at Re = 496. 

3. RESULTS AND DISCUSSION  

3.1 Influence of bifurcation and stenosis on velocity 
distribution  

The above figures depict the velocity contours of the 2 models 

that are considered for the study. The simulation was done for 

three cardiac cycles to get the repeatable solution. Then the 

results of the second cardiac cycle are considered for analysing 

the various distribution and variations of different 

hemodynamic for different tortuous models. The velocity 

contour has been taken at the peak value of the unsteady 

velocity at 0.55 seconds.  

Figure 7 (a) shows the healthy model, in major bifurcation 

1, there is a high velocity in the first bifurcation which is with 

an angle of 93 degrees, this is due to the sudden change in the 

diameter of the fluid flow and also the high bifurcation angle. 

In the minor bifurcation, there are some regions of velocity. In 

the major bifurcation 2 of Figure 7 (a) slight recirculation zones 

are noticed at the outer wall surfaces. These regions of low 

velocities lead to recirculation which can lead to the damage of 

the endothelial layer which are the regions with high 

possibilities for stenosis development.  

Figure 7 (b) shows the model with one stenosis of 30% 

blockage just after the first bifurcation. In this model, in the 

major bifurcation 1, it is seen that the velocity is high same as 

in Figure 7 (a), however, in the minor bifurcation of Figure 7 

(b) it is observed that the recirculation region has reduced 

compared to the first model. This can be due to the presence of 

the stenosis just after the major bifurcation, the stenosis blocks 

the smooth flow in the major artery and this results in more flow 

into the bifurcated artery compared to the first model. Thereby, 

it can be noticed that fewer regions with low velocity in the 

minor bifurcation in Figure 7 (b). There is a momentary 

pressure increase due to the presence of stenosis. Due to the 

sudden decrease in diameter at the stenosis by 30%, this creates 

a recirculation zone just after the stenosis and the velocity in 

this recirculation region is very low. This region of recirculation 

with low velocity is prone to the damage of the endothelial cell 

layer and leads to the deposition of plague. In the major 

bifurcation 2 of the second model as observed in Figure 7 (b), 

it can be seen that the low-velocity region is shorter compared 

to the low-velocity zone length in Figure 7 (a). This is due to 

the increase in the velocity by the 30% blockage. 

 

(a) 

 

(b) 

 
Figure 7: Velocity contours of (a) Healthy model (b) 
30% blockage model at 0.55s timestep with the 
maximum flow  

3.2 Influence of bifurcation and stenosis on WSS 
distribution 

The tangential Force that is acting on the artery wall or the 

endothelial cell layer due to the flow of blood is known as wall 

shear stress (WSS). The WSS for the blood flow in the arteries 

is calculated using the relation: 

𝜏 = 𝜇 
𝑑𝑢

𝑑𝑦
 [6]                       (7) 

The above images show the WSS contour. The studies show 

that the regions where the WSS is less than 1.5 Pa are prone to 

the formation of stenosis. The regions with low WSS have a 

high recirculation or high oscillatory shear index (OSI). Higher 

the OSI higher the damage of the endothelial cells in the blood 

vessel. In figure 8 (a), it can be observed that in the region 

opposite to the first major bifurcation we see there is a very low 

WSS this region is one of the regions where the stenosis can 

start building up. This low WSS is because of the sudden 

bifurcation which is changing the flow direction partly. Moving 
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further down the artery, at the second major bifurcation at the 

lower half of the model, it is seen that the region away from the 

bifurcation has a very low WSS. Here, the bifurcation is more 

towards the center of the major flow which makes the flow to 

hit the bifurcation region and in the outer region there is vortex 

formation which is the region with WSS.  

 

(a) 

 

(b) 

 
Figure 8: WSS contours of (a) Healthy Model (b) 
30% blockage model at 0.55s timestep with the 
maximum flow  

Figure 8 (b) shows the model having a 30% blockage just 

after the first major bifurcation here we can see the low WSS 

region just before and just after the stenosis. This contour agrees 

with the study done by A. Buradi, & A. Mahalingam[10] for the 

30% stenosis condition. This is because of the sudden change 

in the diameter of the blood vessel which gives rise to a 

disturbance in the flow. Due to the stenosis, the area of cross-

section reduces and this creates a low WSS region further down 

in the artery as seen in the figure. By the time the flow reaches 

the second major bifurcation, the flow is stable and flow 

behaves the same way as model 1 at the second major 

bifurcation.  

3.3 Influence of bifurcation and stenosis on pressure 
distribution 

The pressure contours shown in figure 9 (a) to (b) for the 2 

models show the regions of very low pressures which can be at 

times very low that it can lead to damage in the blood vessel. 

Figure 9 (a) shows the pressure contour for a healthy blood 

vessel, here it is noticed that the pressure in the main artery is 

high but at the first major bifurcation as shown in the zoomed 

view there is the pressure drop and the pressure is very low at 

the bifurcation. This pressure drop is because of the sudden 

reduction in the diameter, and this region has a high velocity 

due to the change in diameter. At the second major bifurcation, 

there is no major change in the pressure. 

 

(a) 

 

(b) 
Figure 9: Pressure contours on wall of blood vessel 
of (a) Healthy model (b) 30% blockage model at 
0.55s timestep with the maximum flow  

In figure 9 (b), it can be observed that at the first major 

bifurcation, there is a pressure drop at the bifurcation. However, 

just above the stenosis, there is high pressure. In this high-

pressure region, there is low velocity due to the recirculation 

created due to the change in the diameter. Furthermore, the 

pressure in the major artery is comparatively lower when 

compared to model 1 as depicted in figure 9 (a). 

4. CONCLUSIONS  

Cardio Vascular Disease (CVD) which is very dangerous 

and also gets detected mostly in very complicated situations 

makes it very dangerous for the patients. This study is based on 
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a patient-specific idealized model that is used to study the blood 

flow behavior with laminar flow condition and the Quemada 

viscosity model is used. The fluid (blood) is considered as a 

non-Newtonian fluid with an unsteady velocity UDF. The 

results show that in the healthy model the small regions with 

low velocity and Wall Shear Stress act as the initiation for the 

development of stenosis. Due to the low velocity and WSS, this 

region will have recirculation which is responsible for the 

damage of the endothelial cell layer which facilitates plaque 

accumulation resulting in the reduction of the flow area. The 

stenosis in the second model (30% stenosis) is considered in the 

region just after the major bifurcation 1 since it is observed that 

there is a region of low WSS in the first model (Healthy model) 

just after the major bifurcation 1. This results in the shift of the 

regions of low velocity and the low WSS to shift further below. 
The decrease in pressure will increase the velocity. Due to this, 

the flow will be directed in a particular direction which will 

cause recirculation in the other regions with low velocity and 

WSS as seen in figures 7(b) and 8(b).      

NOMENCLATURE  

fx Body force in x-direction N 

fy Body force in y-direction N 

fz Body force in z-direction N 

uz Velocity component in z-direction m/s2 

ux Velocity component in x-direction m/s2 

uy Velocity component in y-direction m/s2 

µ Viscosity  Ns/m2 

µa Viscosity of plasma (0.00132 Pa s) Pa s 

α Shear rate s-1 

u Structure Parameter -- 

τ Wall Shear Stress  Pa 

𝜙 Coefficient of viscosity  Ns/m2 
𝑑𝑢

𝑑𝑦
 

Velocity Gradient or Strain Rate -- 
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