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difference between two Newtonian and                                  

non-Newtonian models. Vessel movement has no 

important effects on entered shear stress on its wall, 

but the alteration in flow lines causes a 70% 

increment in particles depositions on a vessel with 

stenosis. This shear stress has no considerable 

changes with inlet velocity alteration, but it has 

intensive dependence on geometry in the vessel with 

stenosis (13 times more oscillation in stenosis location 

than a healthy vessel).  

Introduction  

 Lipoproteins have five types, i.e. Chylomicron, 

Intermediate Density Lipoprotein, Low-Density 

Lipoprotein (LDL), Very Low-Density Lipoprotein, and 

High-Density Lipoprotein, which has different 

densities from high to low, respectively. LDL is about 

20-25 nm spherical particle [1] with 1.019-1.063 

gr.mlit-1 density [2], which has an important role in the 

stenosis of arteries [3]. The concentration of these 

particles in the blood is 100-190 mgr.dlit-1[4].  

 Moore et al. [5] studied the blood (as an 

incompressible, homogeny, and Newtonian fluid) flow 

pattern in a curve tube (with the no-slip boundary 

condition at its wall), as a candidate for simulating a 

branch of the coronary arteries. They investigated the 

effects of different frequencies in the curvature 

variations in these arteries and resulted that this 
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Abstract 

 In this study, flow hemodynamic parameters and 

settling of LDL particles in healthy ideal and ideal with 

stenosis coronary artery have been studied using the 

Open FOAM software. Not only the effect of movement of 

the vessel on particles depositions have been studied, but 

also both non-Newtonian and Newtonian behaviors of 

blood have been investigated. The particle's motion and 

deposition have been simulated. It has resulted that only 

in small vessels, non-Newtonian behavior of blood can be 

seen and in bigger vessels, there is no remarkable 
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curvature variation in a 5 Hz frequency is more than 1 Hz 

frequency. Weydahl and Moore [6] studied the effects of 

the variations of dynamic curvature on the fluid flow 

pattern and also the distribution of shear stress on the 

walls of these arteries. They simulated the motions of 

these arteries, which have been accrued by the heart 

beating, as cosine variations. In their study, the bleed was 

considered as incompressible and Newtonian fluid and the 

no-slip boundary condition was chosen for the fluid flow 

at the arteries walls. They resulted that, high variations 

and curvature increase the risk of stenosis of coronary 

arteries by increasing of oscillation of the entered shear 

stress to the walls of these arteries. Prosiet al. [7] studied 

the effects of dynamic curvature (based on empirical 

measurements) on the homodynamic of the coronary 

arteries, by solving the 3D Navier-Stokes equations for a 

pulse flow of an incompressible and non-Newtonian fluid 

using the arbitrary Lagrangian-Eulerian method. They 

resulted that, the maximum curvature in these arteries has 

the maximum chance for stenosis. Pivkinet al. [8] 

presented a 3D simple model for ideal simulation of these 

arteries. In their model, two cylindrical tubes on the out 

surface of a sphere (with sine variations of its radius, for 

simulating the heart beating) were considered. The 

solving procedure and also fluid flow properties were 

considered similar to reference [7]. They resulted that, the 

combined effects of inlet flow pulse and the motions of 

arteries are functions of their phases difference. 

Kolandavelet al. [9] studied the effects of variations of LDL 

and O2 concentrations in a model of coronary arteries with 

sine motions. They resulted in that, increasing of LDL 

concentration and decreasing of O2 concentration, 

increase the chance of Atherosclerosis accordance. In 

addition, it was observed that the pulse flow has a more 

important effect on LDL and O2 concentrations than the 

arteries motions. Olgacet al. [10] studied the transfer 

mechanism of LDL from the blood flow into the walls of 

healthy and stenosis coronary arteries. They resulted that, 

after stenosis and also bifurcation locations have more 

LDL concentration. Chaichanaet al. [11] investigated the 

effects of different angles in the left coronary artery on the 

flow pattern and also entered shear stress to the arteries 

walls. They resulted that a more angle of a bifurcation has 

a more decrement of this stress. Binu and Kumar [12] 

studied the effects of stenosis of the left coronary artery 

on atherosclerosis accordance and approved this harmful 

effect. Liu et al. [13] investigated the entered shear stress 

and also the pressure gradient to obtain effects of the 

curvature and angle of an ideal bifurcation on the blood 

flow properties. The result shows that high stress enters 

the bifurcation and low stress enters the inner and outer 

walls of the curve. Pakravanet al. [14] studied the entered 

shear stress to the arteries walls (that have sine motion) 

by the blood flow as an incompressible and non-

Newtonian fluid, using the fluid-structure interaction 

method. Their results show that the entered shear 

stresses in the flow direction are different in two cases of 

wall condition, i.e. with a solid artery wall and fluid-

structure interaction. Chiastraet al. [15] studied the blood 

flow pattern (as a laminar and non-Newtonian) in a 

bifurcation in the left coronary artery, with the no-slip 

boundary condition at the solid artery wall, with different 

angles and curvatures of bifurcation in two cases with and 

without stenosis. They resulted that, the variation of this 

angle has no considerable effect on this pattern, but 

decreasing the radius of this curvature increases the 

entered shear stress by the downstream blood flow to the 

artery walls. Pinto et al. [16] investigated the relationship 

between Murray’s law (a relationship between the radius 

and angle of the bifurcations of the blood circulatory 

system) and the entered shear stress to the arteries walls. 

They considered the blood flow as a laminar and non-

Newtonian flow and resulted that the main effective factor 

on this stress is the difference between the cross-sections 

areas of the main and outlet branches. Gholipouret al. [17] 

analyzed a pulse flow of blood, as a non-Newtonian flow, 

in a bifurcation of the left coronary artery, considering the 

effects of the heart beating. They resulted that, the 

maximum shear stress has occurred at the walls of the left 

main artery and it is the main reason for the tearing of this 

artery and heart attack, consequently.  

 The necessity of this research is the identification 

of locations that have the stenosis chance by deposition of 

LDLinside an ideal coronary artery. Movements of this 
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vessel by heartbeat have been considered in this 

simulation. In addition, the effects of stenosis in the ideal 

model and also effects of Newtonian and non-Newtonian 

fluids inside this vessel have been investigated. The 

novelty of this work is the study of LDL deposition inside 

this vessel using the Euler-Lagrange method.    

Methodology 

 Considering an unsteady-state laminar flow of 

incompressible blood inside 3D ideal (with constant             

cross-section area whole the length of arteries [8]) 

geometry of the left coronary arteries, the following 

Navier-Stokes and continuity equations, have been solved 

to obtain the fluid flow pattern and also pressure gradient 

inside these arteries: 

(1) 

(2) 

 Attending to the low volume fraction of solid 

particles in the fluid flow in this work, the governing 

equation on the motion of solid particles in the                      

Euler-Lagrange approach has been based as below, 

considering the entered Drag, Saffman’s lift, pressure 

gradient, virtual and Brownian forces, respectively [18-

23]: 

     
                                                                                                       (3) 

 The ideal geometry includes a symmetric 45o 

bifurcation, which both of its main (with 3 mm diameter 

and 10.125 and 24 mm lengths before and after 

bifurcation section, respectively) and side (with 1.5 mm 

diameter and 12.375 mm length) branches on the outer 

surface of a sphere (see Figure 1). A symmetric 50% 

stenosis with 2.5 mm length has been considered at 5 mm 

distance after the bifurcation section to investigate the 

effects of stenosis on the homodynamic of blood flow in 

this geometry. The heart beating, non-Newtonian viscosity 

of blood, and pulse inlet velocity of the fluid flow have 

been simulated as below, respectively [8, 24]: 

(4) 

(5) 

             (6) 

 The solid wall model with the no-slip boundary 

condition on it has been used in this study [20]. Attending 

to fast and relative low motions of the arteries walls, the 

dynamic refine Fv mesh has been used in this study [25]. 

Since the pressure difference between the inlet and outlet 

flows is ignorable in the comparison with the atmospheric 

pressure, the pressure outlet boundary condition has been 

considered at the outlet cross-section of this geometry. 

100000 LDL solid particles have been injected into the 

modeled artery, normal to the inlet flow cross-section. The 

one-way coupling has been considered in this model [26]. 

The deposition rate of these particles on the artery walls 

has been defined by deposition factor (DF: the ratio of 

deposited to injected particles) and deposition efficiency 

(DE: deposition factor of a section of the artery) [27]. The 

Courant number [28] has been calculated in this un-steady 

system for obtaining a suitable time steep for convergence 

of the numerical solution. The calculated optimum value 

for the time step in this modeling was 10-5. The acceptable 

accuracy for the calculated values in this numerical 

solution was considered equal to 10-6.  

Results and Discussion 

 First, the grid study has been presented to show 

the mesh independence of this numerical solution. For this 

purpose, the ideal geometry has meshed with 14870, 

53144, 126036, and 250144 calculation cells. The results 

of this study have been presented in Figure 2. As seen in 

this Figure, 53144 cells have suitable accuracy and 

calculation time. In the second step, the predictions of the 

developed model have been compared with the obtained 

results previous studies [8, 24] for validating the ability of 

this model to simulate this blood flow and also LDL 

particles motions and depositions at the walls of this artery 
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Figure 1. The ideal geometries of the modeled healthy bifurcation and 

the bifurcation with stenosis. 

Figure 2. Grid study. 

Figure 3. Validation of the model (with a static mesh) predictions for 

the fluid flow separation in the bifurcation using the obtained results 

byPivkin et al. [8]. 
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(See Figures 3 and 4).  

 Figure 5 shows the obtained contours of axial 

velocity of blood flow (as a Newtonian fluid with a constant 

inlet velocity) and also streamlines of formed secondary 

flows at different cross-sections of the modeled ideal 

geometry. The curvature of this artery caused a non-

uniform pressure and axial velocity of fluid flow, 

consequently. The existence of a pressure gradient at each 

vertical cross-section of the fluid flow causes forming of 

secondary flows in a direction from the inner wall of 

curvature to its outer wall. Before the bifurcation, the core 

of the fluid flow has occurred at the center of the artery 

and the secondary flows formed two vortex flows with 

opposite rotation directions. This secondary flow moves 

the solid particles in a direction from the inner to the outer 

wall. At the bifurcation section, the similarity of the pattern 

of the secondary flow has been varied, due to the dividing 

of the fluid flow to the branches. After this section, in the 

main branch, the core of fluid flow is smaller than the flow 

before this bifurcation and its location has been moved 

toward the outer wall. In addition, the secondary flow and 

also two vortexes have been formed, again. In the side 

branch, the effects of fluid viscosity are higher than the 

effects of curvature on the fluid, due to the low volume 

flow rate and velocity, therefore a weak secondary flow has 

been formed at this section. The presented axial velocity 

profiles in this Figure show that, at the bifurcation, the 

maximum value of this velocity has been located around 

the center of the artery. Nevertheless, after this bifurcation, 

this maximum value is leaning to the outer wall of the 

artery curvature.  

 Figure 6 shows the effects of pulse inlet flow on 

these contours and profiles of axial velocity of blood flow 

and also streamlines of formed secondary flows at the 

bifurcation cross-section. It is clear that the pulse inlet flow 

has no considerable effects on the structure of the formed 

secondary flow at this section, but changes the maximum 

velocity with time. The existence of a minor difference 

between these profiles at t/θ = 0 and t/θ = 0.5, which have 

a similar inlet flow velocity, has been raised from the 

effects of the fluid viscosity, which cause a delay in the 

transformation of momentum along the artery. These 

velocity variations cause fluid flow acceleration around 

solid particles and affect the motion mechanism of these 

particles within the passing fluid flow. Figure 7 shows the 

effects of artery cosine movement, due to heart beating, on 

these parameters at this cross-section. It is clear that this 

movement changes the pattern of the formed secondary 

flow at this section and the maximum difference between 

the maximum values of the flow velocity is at t/θ = 0.25, 

where the sine function of the speed of the artery 

movement is at its maximum domain.  

 Figure 8 shows the obtained profiles and contours 

of axial velocity of blood flow (as a Newtonian fluid with a 

constant inlet velocity) and also streamlines of formed 

secondary flows at different cross-sections of the modeled 

ideal geometry of coronary arteries with stenosis. It is clear 

that, before bifurcation, all the secondary flow streamlines 

are toward the side branch and there is no vortex in the 

fluid flow. In addition, it is observed that, in this section, 

the velocity profile is similar to the healthy artery. At the 

stenosis cross-section, the velocity and core of the fluid 

flow have been grown and all the secondary flow 

streamlines are toward the center of the cross-section. 

After this stenosis section, the core of the fluid flow has 

been moved toward the outer wall of the artery curvature, 

and an irregular secondary flow has been formed at this 

section, due to the existence of a negative flow velocity. 

Such sections of the artery after stenosis, which have a 

negative fluid flow at the inner side of the artery curvature, 

have a high chance of forming secondary stenosis. In the 

side branch, a double vortex secondary flow has been 

formed, unlike the healthy artery.   

 The calculated volume flow rate distribution by 

the presented model has been compared with the 

predicted values by Murray’s law that has been developed 

for a bifurcation in a fixed healthy artery with a constant 

inlet flow (i.e Q ∝ d3 ⇒ Qside branch/Qmain branch = (dside branch/dmain 

branch)3 )[16]. In this case, the prediction of the present 

model for this ratio is 0.123, which has about 1% variance 

from the predicted value (i.e. 0.125) by this law. The artery 

movements and also pulse inlet flow affect this               
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Figure 4. Validation of the model predictions for the centerline velocity of a 

non-Newtonian fluid flow in the length of the shown geometry in this Figure 

using the obtained results by Jeong and Rhee [24]. 

Figure 5. a) Contours of axial velocity of blood flow and streamlines of 

formed secondary flows at different cross sections, and b)axial velocity 

profilesat the mentioned lines in the modeled ideal geometry. 
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Figure 6. Effects of pulse inlet flow on the contours and profiles of axial velocity of 

blood flow and streamlines of formed secondary flows at the bifurcation cross                

section. 

Figure 7. Effects of heart beating on the contours and profiles of axial velocity of blood 

flow and streamlines of formed secondary flows at the bifurcation cross section. 
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Figure 8. a) Contours of axial velocity of blood flow also streamlines of formed                          

secondary flows, and b) axial velocity profiles of this fluid flow at different cross                   

sections of the modeled ideal geometry of coronary arteries with a stenosis. 

Figure 9. Effects of the artery movements and pulse inlet flow onthe fluid flow                    

separation in the bifurcation. 
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distribution, as shown in Figure 9. It is observed that the 

pulse inlet flow has a more important effect on this ratio 

than the artery movements. Figure 10 shows the effects of 

stenosis on this parameter. It is clear that this law has not a 

suitable prediction in this case. In addition, the artery 

movements have more importance in this case. 

 One of the hydrodynamic parameters that have an 

important role in the type and location of occurring heart 

attack is the entered shear stress by the blood flow to the 

arteries walls, which is a function of the fluid flow gradient 

near these walls. Empirical measuring of this parameter is 

too hard; therefore, mathematical simulation of the blood 

flow inside these arteries is a suitable candidate for 

calculating this parameter. Figure 11 shows the obtained 

contour and profiles of the entered shear stress by the fluid 

flow to the walls of a healthy artery with a static mesh 

using the present model. The minimum values of this 

parameter have been located at the inner wall of the 

curvature of the main branch and also at the outer wall of 

the curvature of the side branch. It is observed that the 

gradient of this parameter at the bifurcation is               

considerable. Since the curvature of this artery leads the 

fluid flow toward the outer wall of this curvature (i.e. 

Epircardial wall), therefore the minimum value of the 

entered shear stress has been entered to the inner wall of 

this curvature (i.e. Myocardial wall). The fluid flow 

separation causes entering low shear stress to the initial 

section of the outer wall of the curvature of the side branch 

(i.e. Outer wall). Figures 12 and 13 show the effects of the 

pulse inlet flow and the artery movement due to the heart 

beating on the entered shear stress by the blood flow to the 

artery walls. It is clear that the pulse inlet flow velocity has 

more important effects on this parameter. Figure 14 shows 

the effects of stenosis on the entered shear stress to the 

artery walls. It is observed that the minimum shear stress 

has been entered to the inner and outer walls of the artery 

curvature and the maximum shear stress has been entered 

to the artery wall before its stenosis. Therefore, the 

entered shear stress to these artery walls has considerable 

variations whole the artery length, and these variations can 

increase the extent of this stenosis.  

 Figures 15 and 16 show the effects of considering 

the blood flow (with a constant inlet velocity) as a                      

non-Newtonian fluid on its axial velocity profile and also 

entered shear stress to the healthy fixed artery walls by 

this flow. It is clear that the obtained results are similar for 

these two cases of this fluid flow, and only some 

differences have been observed between these profiles 

inside the side branch, due to its small diameter. The 

presented viscosity contours for different cross-sections of 

this artery in this Figure show a different distribution of 

the fluid viscosity, which causes different effects on the 

fluid flow. Figures 17 and 18 also present similar axial 

velocity profiles and entered shear stresses to the inner 

walls of the artery curvature for the Newtonian and                     

non-Newtonian fluids in an artery with stenosis. Therefore, 

there are no considerable differences between the 

obtained results considering Newtonian and                                   

non-Newtonian fluid flows.  

 Table 1 presents the obtained results by the model 

for deposition of LDL particles on the walls of a healthy 

artery. These results approve the effects of the artery 

movements, due to the heart beating, on the deposition of 

these particles. Since these movements are perpendicular 

to the blood flow direction inside the artery, therefore 

these movements increase the deposition of LDL particles 

on the artery walls. Figure 19 shows the deposition of 

these particles on the walls of this moving healthy artery, 

considering a constant inlet velocity of this Newtonian fluid 

flow. It is the observer that, these particles have been 

deposited on the bifurcation, inner and outer walls of the 

artery curvature, due to the existence of a high shear stress 

gradient at the bifurcation, low shear stresses at the inner 

wall of the curvature, and separation of solid particles from 

the streamlines toward the outer wall of this curvature. 

Table 2 presents the obtained results by the model for 

deposition of these particles on the walls of an artery with 

stenosis. Figure 20 shows the deposition of these particles 

on the walls of this moving artery with the stenosis, 

considering a constant inlet velocity of this Newtonian fluid 

flow. The variations of the entered shear stress to the 

artery wall at the stenosis section increased the rate of 
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Figure 10. Effects of the stenosis on the fluid flow separation in the bifurcation. 

Figure 11. a) Contour and b) profiles of the entered shear stress by the fluid flow to 

the walls of a healthy artery with a static mesh using the present model. 
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Figure 12. Effects of the pulse inlet flow on the entered shear stress by the blood flow to the 

artery walls. 

Figure 13. Effects of the artery movement due to the heart beating on the entered shear stress by 

the blood flow to the artery walls. 
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Figure 14. a)Contour and b)profiles of the entered shear stress by the fluid flow to 

the walls of an artery with a stenosis using the present model with a static mesh. 
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Figure 15. Effects of considering of the blood flow as a non-Newtonian fluid on the axial 

velocity profile and the viscosity contours at different cross sections (i.e.a) at the                      

bifurcation, b) 6d after the bifurcation and c) 2d before the bifurcation) of the healthy 

artery.  
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Figure 16. Effects of considering of the blood flow as a non-Newtonian fluid on the entered shear 

stress to inner wall of healthy artery curvature.  

Figure 17. Axial velocity profiles for the Newtonian and non-Newtonian fluids at different cross 

sections (i.e.a) at the bifurcation and b)1d after the bifurcation)of an artery with a stenosis.  
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Figure 18. Effects of considering of the blood flow as a non-Newtonian fluid on the entered shear 

stress to inner wall of an artery curvature with a stenosis. 

Figure 19. Deposition of LDL particles on the walls of the moving healthy artery.  
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Figure 20. Deposition of LDL particles on the walls of the moving artery with the stenosis. 

Table 1. Deposition of LDL particles on the walls of a healthy artery. 

Fluid Mesh Inlet flow 
Total deposition 

factor 

Number of deposited 

particles before the 

bifurcation 

Number of depos-

ited particles after 

the bifurcation in 

Number of de-

posited particles 

in the side 

Newtonian Static Constant 5.42×10-3 0 542 0 

Newtonian Static Pulse 5.24×10-3 0 524 0 

Newtonian Dynamic Constant 6.83×10-2 123 6858 119 

Non- Static Constant 4.83×10-3 0 483 0 

Table 2. Deposition of these particles on the walls of an artery with a stenosis. 

Fluid Mesh Inlet flow 

Total depo-

sition fac-

tor 

Number of 

deposited 

particles              

before the 

Number of depos-

ited particles af-

ter the bifurca-

tion in the main 

Number of deposited particles 

in the side branch 

Newtonian Static Constant 6.56×10-2 0 6595 0 

Newtonian Static Pulse 6.71×10-2 0 6705 0 

Newtonian Dynamic Constant 1.15×10-1 79 11189 111 

Non- New-

tonian 
Static Constant 6.74×10-2 0 6742 0 
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solid deposition at this section.   

Conclusions 

 In the presented study, the blood flow in an ideal 

geometry of the coronary arteries with different wall 

boundary conditions has been modeled using the 

OpenFOAM software. The motion and penetration of LDL 

particles on the walls of these arteries have been 

investigated to obtain the locations with a high chance for 

stenosis. Comparing the fluid flows as Newtonian and               

non-Newtonian fluid flows indicated that, in small 

diameter arteries, there are some differences between the 

predicted results by the model for these cases. The 

movements of the artery wall, due to the heart beating, and 

also pulse inlet flow of the blood cause entering of some 

shear stress by the fluid flow to this wall, especially in an 

artery with stenosis. This artery movement, which is 

perpendicular to the blood flow inside it, increases the 

deposition of LDL particles on its walls. The locations in 

this artery that have considerable chances for                      

Atherosclerosis occurrence, due to the special conditions of 

entered shear stress by the fluid flow to the walls of these 

sections, have been obtained using the predictions of the 

developed model.  

Symbols 

CD    -  Drag coefficient 

d    -    Artery diameter 

dij   -  Strain tensor 

dp    -    Diameter of LDL spherical particle 

KS  -     Constant 

mp   -   Mass of solid particle 

p    -    Pressure 

Q     -   Volume flow rate of the fluid 

q    -    Constant 

R0     -  Average radius of the spherical heart 

S0   -    Gaussian white noise process 

t   -     Time 

U0    -  Constant inlet velocity of fluid flow  

 vp    -    Velocity of LDL spherical particle 

xp     -   Location of solid particle 

δ    -    Beating domain variations coefficient 

ε      -  Constant 

θ    -    Time period of spherical heart radius variations 

λ     -   Constant 

µ     -   Fluid viscosity 

µ0     -   Constant 

µ∞    -    Constant 

υ     -  Fluid kinematic viscosity 

ρ    -    Fluid density 

ρp   - Density of LDL spherical particle 

τ  - Required time for action of particle to the velocity 

variations of fluid ( τ  = ρpdp2 / 18 µ )  
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