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Abstract- The computational fluid dynamics simulations (CFD) has been carried in an idealized curved section of human 
coronary artery using multiphase transient, pulsatile and non-Newtonian flow. The study of behavior of affected flow regions 
of blood cells in arteries has significant impact in understanding atherogenesis. The non-Newtonian model is applied to fluid 
dynamics approach consisting of plasma, RBCs, and leukocytes was studied to arrive at numerical simulations of local 
hemodynamics in a flow regime. This CFD model study helps in finding the flow patterns, phase distributions and wall shear 
simulate and to examine the behavior of fluid, and find out that it depends on both volume fractions and shear rate of RBCs 
and leukocytes. The migration and segregation of blood cells in arteries were computed. When higher leukocyte 
concentration was predicted, it was correlated with relatively low WSS near the curvature having a high wall shear stress. 
This action is mainly due to flow-dependent particle interactions of the leukocytes with RBCs in pulsatile flow. This 
multiphase hemodynamic analysis will be of great help in following the mechanism of plaque formation in arteries with in 
vivo complex flow conditions.  
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I. INTRODUCTION 
 
Atherosclerosis, a commonly known cardiovascular 
disease found in humans [1], is observed in specific 
parts of the blood vessels such as inner walls of 
arteries, vicinity of divisions or branches in blood 
vessels and in outer wall of divisions in blood vessels 
having complex flow patterns [2]. In the propagation 
of atherosclerosis lesions, studies have revealed that, 
there is a strong relationship between hemodynamics 
and epithelial cell functions [3]. Basic knowledge of 
local hemodynamic parameters in blood flow in the 
human artery is essential in the diagnosis and 
treatment [4, 5] of patients with cardiovascular 
disease. Over decades, number of investigations has 
been done on this and show [6], the migration and 
adhesion of leukocytes resulted from in vitro 
experiments with affected flow, mostly in the absence 
of red blood cells (RBCs); that atherosclerosis 
vulnerable regions are strongly related with abnormal 
low wall shear stress (WSS) and leukocyte 
endothelium interactions in human blood flow. The 
spatial distribution of blood elements such as plasma, 
RBCs, and leukocytes might change with disturbed 
flow in concentrated suspensions. In such flow, 
lumping of RBCs occurs. It is one of the most 
important inter particle phenomena of blood in which 
RBCs collide with one another by virtue  of relative 
motion between them and stick to form larger RBCs. 
The relative movement of blood cells is essentially 
due to Brownian motion, gravity, electrical forces and 
flow hemodynamics this results in dispersion of 
blood elements. The inside flow of RBCs owing to 
RBC aggregation causes very low shear rates. This 
effect is observed due to fluid inertia and cell density 
differences [4].  

To study these multifaceted hemodynamic physical 
characteristics of blood flow, researchers [7,8] have 
developed scientific models that include a 
constitutive equation depending on the shear rates or 
the hematocrit. To arrive at the flow hemodynamics 
of plasma and RBCs in large-scale vascular 
geometries, multiphase non-Newtonian CFD model 
was employed for the concentrated suspension flow 
of blood [9, 10]. The significant part of total 
hemodynamic force and WSS was due to the RBCs 
and not the plasma [9]. The agreement between the 
distribution of blood elements and hemodynamic 
forces can account for the propagation of 
atherosclerosis. The formed plaques are found to 
coincide with locations at which hemodynamic 
stresses (acting on plaques due to flow obstruction) 
are concentrated [11].  
In this investigation, the multiphase model is used to 
understand the blood rheological properties at low 
shear rates with leukocytes. These studies provide an 
advanced numerical simulation of leukocyte 
migration due to flow-dependent interactions with 
RBCs in disturbed flow regions. The CFD simulation 
found the migration and segregation of white blood 
cells (leukocytes) at specific vascular sites such as 
inner walls of curvature, bifurcations etc. 
 
II. METHODS 
 
A. Multiphase Hemodynamic CFD Model  
In the non-Newtonian 3D CFD model, the blood is 
treated as a multiphase non-homogeneous fluid: a 
suspension of RBCs and leukocytes (the two 
dispersed phases) suspended in plasma. Here we 
adopted the multiphase CFD approach suggested in 
for labeling the hemodynamics of blood flows, since 
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this approach can substantially explain the 
hemodynamics of a system of a large number of 
closely spaced RBCs, which has volume fraction 
range 30–55% in vivo [12,13,14]. The multiphase 
model deliberates the volume fraction for each phase, 
as well as path for the exchange of momentum, heat, 
and mass between the phases. 
 
1) Continuity Equations 
For each phase the continuity equation can be written 
as (k = RBCs, leukocyte, plasma) 

( ) .( ) 0,k k
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             (1) 

Where ρ - Density, ε - Volume fraction, t -Time and 
υ- Velocity. Also, for each phase the volume fraction 
must be sum to one as 
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Where, np=the total number of phases (np=2).The 
blood hematocrit occupied by one phase cannot be 
occupied by another phase. The mixture density of 
blood,  ρmix , is the sum of the product of volume 
fraction and density for the plasma, RBCs, and 
leukocytes excluding other minor blood constituents 

mix plasma plasma RBC RBC leukocyte leukocyte                     (3)
 

 
2) Momentum Equations 
For each phase the momentum equation can be 
written as (k = plasma, RBCs, leukocyte)    
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Where p- pressure, τ - stress tensor, g - gravity force, 
and F - external forces Viz., rotational, virtual mass, 
shear lift, electricity, and magnetism. 
B. Computational Mesh  
The computational mesh for the idealized coronary 
artery model was generated using ANSYS workbench 
softwere Figure 1. The hexahedral mesh elements 
were considered for mesh generation. The artery is 
modeled using a uniform diameter, D=3.2mm. The 
length of the idealized coronary artery is 0.0732m 
(73.20mm). The inflation is used for controlling the 
mesh which consists of 5 layers with a height ratio of 
1.2 to capture the flow near the wall. The number of 
nodes used for the generated mesh was 50,772. The 
number of elements used for the mesh was 92,117. 
C. Numerical Considerations  
To obtain the two-phase numerical solution of non-
linear coupled partial differential equations shown  
above with required  initial and boundary conditions, 
ANSYS FLUENT software [15] was used, which is 
inbuilt with a multiphase 3-D Eulerian-Eulerian 
model. A Periodical pulsatile volume inflow profiles 
were applied as velocity inlet boundary conditions. 
The phasic inflow coronary velocity waveform for 
the Left Coronary Artery (LCA), obtained from [2], is 
used in the present study as shown in Figure 2. The 
velocity inlet boundary condition is used for the 
simulations. Outflow condition was used at the outlet 

with a flow weighting of 1. The pulsatile blood 
inflow profile into the left coronary artery was 
implemented using a User Defined Function (UDF) 
tool inside ANSYS FLUENT software [15]. The 
multiphase Eulerian-Eulerian model is used for 
simulation which consists plasma (ρplasma =1003 
kg/m3, µ = 0.001 Pa s) as continuous phase, red 
blood cells (drbc=8 µm, ρrbc=1080 kg/m3) and 
leukocytes (dwbc=18 µm, ρwbc =1064 kg/m3) as 
dispersed phase in plasma. More specified physics 
models of the non-Newtonian shear thinning 
viscosity, the transient inlet-mixture velocity wave 
forms, were programmed into the software FLUENT. 
All simulations were performed in the 3D 
computational domain. 

 
Fig. 1. Three-dimensional computational mesh grid for an 

idealized curvature coronary artery. 

 
Fig. 2. Pulsatile coronary inlet velocity waveform for RBCs, 

plasma and leukocytes for cardiac period. 
 
A pulsatile inlet velocity waveform was applied as 
inlet boundary conditions for plasma, RBCs, and 
leukocytes. The volume fraction of RBCs at inlet was 
maintained uniform and steady at 45%, while the 
volume fraction of leukocytes was maintained 
uniform and steady at 0.05%. For initial conditions, 
the 45% RBC volume fraction was set and both 
plasma and RBC velocities were kept zero. The 
reference pressure at exit was set to 1.02 x104 kg/ms2 
(75mmHg) above atmospheric pressure. The used 
maximum residual for convergence was 10-3 with a 
constant time step of 0.01s. Three cardiac cycles were 
simulated for each transient simulation in order to 
ensure statistical convergence or periodicity. It was, 
however, observed that, after first cardiac cycle, the 
results showed exact periodicity. For presentation of 
the results, we analysed the data from second cardiac 
cycle.   
D. Carreau non-Newtonian Model 
The molecular viscosity of the blood is influenced by 
hemodynamic conditions of the cardiovascular 
system. The application of non-Newtonian model for 
the cardiovascular flow analysis is vital for achieving 
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good results [16]. Here we used Carreau Non-
Newtonian model for both red blood cells and 
leukocytes. According to Carreau model [17], the 
molecular viscosity is given by  

1( )2 2( )[1 ( ) ]
n

o    


                         (5) 
Where, time constant λ=3.313s; power law index n= 
0.3568; zero shear viscosity µ0=0.056 kg/m-s; infinite 
shear viscosity µ∞ =0.00345 kg/m-s and   is the shear 
rate. Applying non-slip conditions to the arterial wall, 
for Newtonian fluids, the spatial WSS can be 
calculated using following equation,   

t
w

uWSS
n

  
  


                                          (6) 

Where µ-dynamic viscosity,  µt -tangential to the wall 
velocity and n- unit vector perpendicular to the wall. 
 
III. RESULTS AND DISCUSSION 
 
The simulation of two-phase flow consists of plasma, 
RBCs and leukocytes in an idealized curved coronary 
artery (Figure 1.) was carried out with the non-
Newtonian shear-thinning viscosity model and the 
pulsatile coronary inlet velocity waveform (Figure 2). 
The RBC volume fractions and leukocytes volume 
fractions determined is found to be highest on inside 
of curvatures (Figure 3). The colour bar in Figure 3 
shows the range of RBC and leukocyte volume 
fractions due to variation in secondary flows in the 
curvature cross section, which are characterized by 
two vortices with weak up flow in the center and 
stronger flow in the boundary layer. Usually, the 
secondary flow is weakened during the diastole, 
resulting in an increase in the RBCs and leukocytes 
buildup on the inner walls of curvatures. By the 
second cardiac cycle, the ratio of the volume fraction 
of RBCs in the inside curvature to the initial value is 
about 1.097 (Figure 3a). Similarly, the ratio of the 
volume fraction of leukocytes in the inside curvature 
to the initial value is about 1.121 (Figure 3b). 
The Figure 3 (a) & (b) shows the contours of 
hemodynamic factors and particle buildup in terms of 
volume fraction for both RBCs and leukocytes. In 
Figure.3 the regions of least and highest leukocyte 
and RBC buildup is found on the inside and outside 
curvature of the artery respectively. 
The Fig.4 shows the variation of plasma volume 
fraction on inside curvature of idealized coronary 
artery model. The color bar shows the range of 
plasma volume fractions. The computed plasma 
volume fraction is found to be least on the inside 
curvature and highest on the outside curvature of the 
artery (Figure 4).This is mainly due to the highest 
hematocrit (volume fraction) level of plasma, say 
54.5 in percentage, and also it is a continuous phase 
treated as Newtonian fluid with constant viscosity of 
0.001Pa.s. 
             The Figure 4 shows the region of highest 
buildup or concentration of plasma at the inside 
curvature of the artery, and the lest buildup or 

concentration of plasma is at the outside curvature of 
the artery. The movable nature of blood cells in the 
vortex of the affected flow regions was determined 
from hemodynamics (Figure 5.) attained from the line 
made on plane at curvature through the vortex center. 
The distributions of velocity showed a parabolic 
profile with 0.5% of leukocytes by volume and with 
45% of RBCs by volume in the inside curvature for 
different time steps. 

 

 
Fig. 3. (a) & (b) shows contours of hemodynamic factors and 

particle build up for RBC and leukocytes 

 
Fig. 4. Contours of hemodynamic factors and particle build up 

for plasma phase 
 
On the other hand, at inside curvature of model, a 
circulating flow with the vortex formation is taking 
place due to reverse flow in the annular region of 
expansion, in which low velocity (i.e., low shear rate) 
exists with high RBC viscosity. In the case of 
maximum velocity 0.75m/s at peak time 0.55 sec 
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(Figure 5.), the viscosity of RBC increased in the 
vortex region when compared with other inlet 
velocities, mainly due to low shear rate and the high 
RBC volume fraction. The volume fraction of RBC 
was depleted in the vortex center of the annular 
region. A multiphase concentrated flow character of 
blood including 0.5% leukocytes by volume was 
studied at the same configuration with a pulsatile inlet 
velocity profile (Figure 2). The leukocytes were stuck 
in the vortex regions, particularly in the very small 
secondary vortex, in which a lower RBC 
concentration was determined. [18]. 

 

 

 
Fig. 5. (a), (b), & (c) shows variations of different 

Hemodynamic factors (RBCs & leukocytes) and velocity 
obtained from the line on plane made through vortex center at 

curvature, for different time steps. 

Figure.6 shows the variation of RBC and leukocyte 
volume fraction with cardiac cycle time obtained at a 
point of inside curvature in the artery model. As the 
cardiac cycle time keeps on increasing the leukocyte 
and RBC buildup continues on the wall and the 
volume fraction of leukocyte and RBC keeps on 
increasing. The variation of volume fractions is 
mainly due to the various particle sizes of RBCs and 
leukocytes suspended in plasma. The distribution of 
blood cells can be manipulated because of the driving 
forces between phases in pulsatile flow; it also 
corresponds to the geometry and inlet velocity. 
As the cardiac cycle keeps on increasing, the 
leukocyte buildup continues and the volume fraction 
of leukocyte keeps on increasing. This results in 
increasing interactions of leukocytes with the artery 
wall. As a result the wall shear stress of the artery 
increases with increased cardiac cycle time as shown 
in Figure 7. 

 
Fig.6. Variation of RBC and leukocyte volume fraction with 
cardiac cycle time obtained at inside curvature of the artery 

model 
CONCLUSIONS 
 
In this study, we presented an idealized curvature 
coronary artery, considering a multiphase non-
Newtonian rigorous blood stream, functional to a 
wide biological range of hematocrits, together with 
low shear rates. The multiphase CFD simulation 
ascertained the movement and segregation of white 
blood cells (leukocytes) to precise vascular sites, in 
specific, the secondary vortex, which show a 
relationship with low WSS due to flow and geometry 
dependency in particle interaction with RBCs in 
pulsatile flow. This understanding is possible only 
with a two-phase flow model including red blood 
cells. This multiphase hemodynamic study will 
improve our understanding on propagation of plaques 
in arteries, which can help to guide treatment of the 
vulnerable plaque. 
 
REFERENCES 
 
[1] American Heart Association. “Heart Disease and Stroke 

Statistics.”- (2004) Update.  
[2]  Berne R, Levy M. “Cardiovascular Physiology.” 3rd Edition. 

Mosby, St. Louis, 1967. 



International Journal of Mechanical And Production Engineering, ISSN: 2320-2092,                 Special Issue, Sep.-2016 

Numerical Simulation Of Pulsatile Blood Flow In An Idealized Curved Section Of A Human Coronary Artery 
 

19 

[3]  Stone PH, Coskun AU, Yeghiazarians Y, Kinlay S, Popma JJ, 
Kuntz RE, et al. “Prediction of sites of coronary atheros 
clerosis progression: in vivo profiling of endothelial shear 
stress, lumen, and outer vessel wall characteristics to predict 
vascular behavior.” Current Opinion in Cardiology, 18, 458-
470, 2003. 

[4]  Nobis U, Pries AR, Cokelet GR, Gaehtgens P. “Radial 
distribution of white cells during blood flow in small tubes.” 
Microvascular Research, 29 295–304, 1985. 

[5]  Ross R. “Atherosclerosis-an inflammatory disease.” New 
England Journal of Medicine, 340, 115–126, 1999. 

[6]  Pritchard WF, Davies PF, Derafshi Z, Polacek DC, Tsao R, 
Dull RO, et al. “Effects of wall shear stress and fluid 
recirculation on the localization of circulating monocytes in a 
three-dimensional flow model.” Journal of Biomechanics, 28, 
1459–1469, 1995. 

[7] Giddens, D. P., C. K. Zarins, and S. Glagov. “Role of fluid 
mechanics in the localization and detection of 
atherosclerosis.” Journal of Biomechanical Engineering, 115, 
588–594, 1993. 

[8]  Phillips RJ, Amstrong RC, Brown RA. “A constitutive 
equation for concentrated suspension that accounts for shear-
induced particle migration.” Physics of A: Fluid Dynamics, 4, 
30–40, 1992. 

[9]  Jung J, Lyczkowski RW, Panchal CB, Hassanein A. 
“Multiphase hemodynamic simulation with pulsatile flow in a 
coronary artery.” Journal of Biomechanics, 39, 2064–2073, 
2006. 

[10]  Jung J, Hassanein A, Lyczkowski RW. “Hemodynamic 
computation using multiphase flow dynamics in a right 
coronary artery.” Annals of Biomedical Engineering, 34, 
393–407, 2006. 

[11]  Falk E, Shah PK, Fuster V. “Coronary plaque disruption.” 
Circulation, 92, 657–671, 1995. 

[12]  Anderson TB, Jackson R. “A fluid mechanical description of 
fluidized beds.” Industrial and Engineering Chemistry 
Fundamentals, 6, 524–539, 1967. 

[13]  Gidaspow D. “Multiphase flow and fluidization: continuum 
and kinetic theory descriptions.” New York: Academic Press; 
1994. 

[14]  Jung J, Hassanein A. “Multiphase hemodynamic analysis of 
cardiovascular systems.” In: 2005 AIChE annual meeting. 
2005. 

[15]  ANSYS, Fluent 15.0. “FLUENT User’s Guide.”  ANSYS 
Inc. 2013. 

[16]  Johannes, V. Soulis., Thomas, M. Farmakis., George, D. 
Giannoglou., George, E. Louridas. “Wall shear stress in 
normal left coronary artery tree.” Journal of Biomechanics, 
39, 742–749, 2006. 

[17]  Cho, Y.I., Kensey, K.R., “Effects of the non-Newtonian 
viscosity of blood on flows in a diseased arterial vessel Part 
1: steady flows.” Bioreheology, 28, 241–262, 1991. 

[18]  Hoi, Y., H. Meng, S. H.Woodward, B. R. Bendok, R. A. 
Hanel, L. R. Guterman, and L. N. Hopkins. “Effect of arterial 
geometry on aneurysm growth: Three-dimensional 
computational fluid dynamics study.” Journal of 
Neurosurgery, 101, 676–68, 2004. 

 
 
 
 
 
 
 

 


