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ide (NO) production, an increase of monocyte adhesion
and migration, and an increase of permeability to macromolecules.7,11,12,28,53,63,64 Understanding the local hemodynamic parameters in the blood flow of the human artery
is critical in the diagnosis and treatment30,53,61 of patients
with cardiovascular disease.
In recent years, single-phase computational fluid dynamics (CFD) techniques, combined with noninvasive
medical imaging, have been used increasingly by researchers seeking to better understand hemodynamic factors.4,12,25,31,44,48,51,56,67,68 Various investigators have reported the coexistence of regions of low WSS and high
tensile stress57,68 and an inverse relationship between WSS
and wall thickness.6,36,37 The increase in wall thickness was
initially associated with plaque accumulation on the vessel
wall. The lumen area remained unchanged with stenosis
less than 40%.26 After stenoses rose above 40%, however,
Wentzel et al.65 observed that the deposition of atherosclerotic plaque and vessel remodeling had no consistent correlation with low WSS. They suggested a growing importance
of nonshear-stress-related plaque progression with lumen
narrowing. Wall thickness was positively correlated with
the curvature and torsion in the human coronary artery and
seemed to be influenced by multiple aspects of the dynamic
geometry.69 Zeng et al.67 concluded that WSS is driven by
a complex combined effect of local and upstream geometry.
Steinman and his colleagues50,52 indicated that clinical decisions based on computational analyses must employ the
actual vessel geometry for an individual’s cardiovascular
disease, not the idealized vessel geometry, which can only
be applied in a general sense to the human circulation.
Additional hemodynamic factors to consider would
be the cell interaction effect and the spatial distribution
of particulate cells in blood flow for the normal case
of about 40% (by volume) red blood cells (RBCs).43
The motions of RBCs in concentrated suspensions were
studied by tracking the particles in flow-through tubes.27
Non-Newtonian shear thinning with plug flow in the
core of the tubes was observed. The RBC viscosity was
governed by the deformation of particles. Based on particle
interactions in concentrated suspensions, Phillips et al.46
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INTRODUCTION
Atherosclerosis, the most common type of cardiovascular disease,1 is a geometrically focused disease preferentially located in the inner curvatures of arteries, near side
branches, and in the outer wall of bifurcations with complex flow patterns.3,9,24,37,69 Several studies have shown
a strong correlation between hemodynamics and endothelial cell functions in the progression of atherosclerosis lesions.41,53,58 Possible mechanisms for this correlation depend on the local flow phenomena, the rheological properties of blood, the artery geometry, and the physiological
state of the endothelium.59 Under low wall shear stress
(WSS), endothelial cell modulates gene expressions, resulting in random cell structures, a decrease of nitric oxAddress correspondence to Jonghwun Jung, Argonne National Laboratory, Energy Technology Division, Building 308,9700 South Cass Avenue, Argonne, IL 60439. Electronic mail: jungjh@anl.gov
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derived a constitutive equation that consists of a stress
tensor depending on the particle volume fraction and a
diffusion equation accounting for shear-induced particle
migration. Based on in vitro experimental results, Munn
et al. described the important role of RBCs in leukocyte
rolling, namely, that the RBCs greatly enhance leukocyte
adhesion to activated endothelium.43
To better understand hemodynamics, several recent studies34,40,55 have applied multiphase theory to blood flow
modeling. In the particle trajectory model for describing the
motion of dilute spherical blood cells,40 the dominant forces
proved to be the drag and pressure gradient terms; other
contributions were relatively negligible. A model based on
near-wall residence time for particulate-wall interactions
indicated the probability of blood particulate deposition in
femoral bypass graft anastomosis. Sun et al.55 analyzed
the interactions between RBCs and leukocytes in a capillary tube using a lattice Boltzmann approach. Our recent
work34 showed that RBC buildup in an idealized coronary
artery with the same tube diameter is on the inside radius
of curvature.
In this work, the application of multiphase CFD to test
the hypotheses of local hemodynamics was undertaken for
a realistic human right coronary artery (RCA) using the
multiphase non-Newtonian theory of concentrated suspension flows.34 The model described the motion of the fluid
and the particulates using the concept of local mean variables, where the cell interactions and the drag force become
important. Of specific interest is particulate deposition and
WSS at the curvature of tortuous reduction in area as a
function of a cardiac cycle for the geometry effect, like
stenosis in a vessel.
METHODS
RCA Geometry
The geometry for a 3-D model of a realistic human RCA was constructed from the views of coronarography (http://flowlab.fluent.com/exercise/coronary.htm), as
described in detail by Berthier et al.4 (Fig. 1). By a technique similar to clinical biplane angiography, 30 consecutive cross sections were used to generate a realistic 3-D
RCA. The vessel had different cross sections along with
variable shapes in the axial direction. From the views of
coronarography,4 two side branches having small diameters
[point (5) of Fig. 1] and a main side branch [point (6) of Fig.
1] were observed. In the simulation, we used a long segment
of RCA without any side branches. The inlet area was 15
mm2 , and the outlet area was 2.2 mm2 . The total length
of the realistic RCA was 0.13 m. A straight entry tube of
20-mm length was attached to the realistic RCA to remove
inlet effects on the computed flow field and to ensure a fully
developed velocity profile in the blood entering region. A
mesh was generated using GAMBIT software (from Flu-

ent Inc.) and a Cooper volume-meshing scheme. A mesh
refinement having a total thickness of 0.182×10−3 m was
used in the vicinity of the wall to better resolve the shear
gradient. The total number of nodes used for the generated
mesh was 40,734. The total number of elements for the
mesh was 36,418 with 278 cross sections of 131 faces per
cross section. We adapted this mesh to our multiphase 3-D
simulations using GAMBIT software.
Multiphase Governing Equations
A multiphase, non-Newtonian, 3-D CFD model was
developed at Argonne National Laboratory for describing
the hemodynamics in vascular vessels. It uses the principles
of mass, momentum, and energy conservation for each
phase. This approach, based on the generalization of
the well-known Navier–Stokes equations, is similar
to that of Anderson and Jackson2 and Gidaspow.22
The principal difference compared with a single-phase
model is the appearance of the volume fraction for
each phase, as well as mechanisms for the exchange of
momentum, heat, and mass between the phases. To solve
the conservation equations for hemodynamics, appropriate
rheological properties of each phase have to be specified.
A modification of the Carreau–Yasuda viscosity model
was used to describe the non-Newtonian shear-thinning
rheological behavior of blood flow. Gidaspow gives a
detailed multiphase flow description in his book.22
In the two-phase non-Newtonian hemodynamic model,
the continuous phase is plasma, which contains water and
various nutrients, minerals, and proteins.39 The predominant dispersed (particulate) phase suspended in the plasma
is RBCs, which have a hematocrit or volume fraction range
of roughly 30–55% in vivo. Leukocytes or white blood cells
and platelets constitute an aggregate volume fraction less
than one percent. In this paper only RBCs are modeled
since they control the blood rheology.
A general mass balance for each phase (k = plasma,
RBCs) is given by
∂(ρk εk )
+ ∇ · (ρk εk vk ) = 0
(1)
∂t
where ρ is density,  is volume fraction, t is time, and v
is velocity. In addition, the volume fraction of each phase
must sum to one as
np

εk = 1.0
(2)
k=1

where np is total number of phases. The volume fraction
occupied by one phase cannot be occupied by other phases.
The momentum equation for each phase is given by
∂(ρk εk vk )
+ ∇ · (ρk εk vk vk ) = −εk ∇ p + ∇ · τ k + εk ρk g
∂t

+
vl − vk ) + Fk
βkl (
(3)
l=k
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FIGURE 1. 3-D computational mesh for a realistic coronary artery generated using Cooper mesh generation algorithm and GAMBIT
software.4,19 The geometry was reconstructed from the views of coronarography. Point (1): inlet; point (2): the end of a straight
entry tube; point (3): maximum curvature; point (4): outlet; and points (5) and (6): the positions of side branches in a real artery.

where p is the pressure, τ is the stress tensor, g is the
gravity force, and F is the external forces such as virtual
mass, rotational and shear lift, electricity, and magnetism.
In the drag force k and l represent plasma or RBCs, and βkl
represents the interphase momentum exchange coefficients.
Solving Eqs. (1)–(3) requires several constitutive relations, discussed next.
Constitutive Relations
Mixture Density
The blood mixture density, ρ mix , is given by the sum of
the volume-fraction-weighted densities for the plasma and
RBCs, neglecting the minor blood-borne constituents:

100

(4)

We used a mixture density65 of 1045 kg/m3 with an inlet
hematocrit of 45% at rest,16 in which the plasma density
was 1003 kg/m3 and the RBC density8 was 1096 kg/m3 .

Blood Rheology Model
The rheological model for blood viscosity is a key factor in the simulation of hemodynamic flows. The nonNewtonian shear-thinning model is able to describe the
flow in a neutrally buoyant dense suspension at high volume fraction of particles.14 The Carreau–Yasuda viscosity
model was used to simulate single-phase hemodynamics in
a carotid artery bifurcation,25 in which the flattened velocity
profiles were as expected for a shear thinning fluid. In our
simulation, the dimensionless relative mixture viscosity, η,
depends on the shear rate as well as the hematocrit, H,
in a way similar to that found by Ding et al.14 (Fig. 2).

Dimensionless Relative
Mixture Viscosity

ρmix = εplasma ρplasma + εrbc ρrbc

The dimensionless relative mixture viscosity can be computed from the experimental rheological data for human
blood8,66 :
(n−1)/2

εRBC µRBC + εplasma µplasma
= m 1 + (λγ̇ )2
η=
µplasma
(5)
where m, λ, and n are parameters defined below, and
γ̇ = (∇ v + (∇ v)T ) is shear rate (1 / s). The dimensionless
shear rate is given by1 + (λγ̇ )2 . In our empirical correlation to the experimental data for the hematocrit range
between 30 and 75%, the time constant, λ, is taken to be
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FIGURE 2. Dimensionless relative blood viscosity, η, as function of dimensionless shear rate, 1 + (λγ̇)2 and hematocrit, obtained from experimental data for blood.8,66 The points represent the experimental data at the different hematocrits and
shear rates. The solid lines represent the empirical correlation
at the constant hematocrit computed from Eq. (5).
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0.110 s, the same as used by Gijsen et al.25 We correlated
the two parameters n and m in Eq. (5) as a function of
hematocrit, H = εRBC , the RBC volume fraction, by the
following polynomial approximations:
3
2
− 0.8246εRBC
− 0.3503εRBC + 1
n = 0.8092εRBC
3
2
− 51.213εRBC
+ 16.305εRBC + 1
m = 122.28εRBC

and shear rate of the RBCs, where the RBC bulk viscosity
(κ) is assumed to be zero. The effective RBC viscosity,
µRBC , is treated as a non-Newtonian shear-thinning fluid
calculated from Eq. (5). Hence, it depends on the shear rate
and the concentration of RBC, i.e., hematocrit.

(6)

As shown in Fig. 2, the dimensionless relative mixture viscosity increases with hematocrit and decreases with increasing dimensionless shear rate, displaying shear-thinning behavior. As the hematocrit goes to zero, Eq. (5) reduces
to the Newtonian plasma viscosity. This model is applied
to the wider physiological range of hematocrit lower than
75%, where the dimensionless shear rate is between 1.2
and 25,000, corresponding to a shear rate, γ̇ , of between
approximately 4 and 1500. Calculations with our empirical
mixture viscosity model vary from experimental data,21,66
near a shear rate of 1000. However, the difference is negligible for low hematocrit.

External Forces
As a particulate moves through a viscous fluid, a resistance to its motion is caused by the interphase drag.
The RBCs behave somewhat like a liquid droplet in blood
flow.21 The interphase momentum exchange coefficients,
β, between the plasma and RBCs are determined by the
Schiller and Naumann model19 as
v plasma − vRBC |
3 ρplasma εplasma εRBC |
β = Cd
(9)
4
dRBC φ
where the drag coefficient, Cd , on a single sphere is related
to the Reynolds number, Rep , as

24 
1 + 0.15 Re0.687
for Re < 1000 (10)
Cd =
p
Re p

Plasma Stress Tensor
The stress tensor for the plasma phase is given by the
Newtonian form as follows:


2
τ = εµ(∇ v + (∇ v)T ) + ε κ − µ ∇ · v I
(7)
3
Here, κ and µ are the bulk and shear viscosity for the plasma
phase, respectively. ε is volume fraction of plasma, and I
is a unit tensor. The plasma bulk viscosity (κ) is assumed
to be zero. The plasma viscosity, µplasma , is treated as a
Newtonian fluid having a viscosity of 1 cp.

RBC Stress Tensor
The stress tensor for the RBC phase, the force experienced by the particle as a result of direct contact with other
particles,2,22 is given by the form


2
τ = − pδ + εµ(∇ v + (∇ v)T ) + ε κ − µ ∇ · v I (8)
3
where δ is the Kronecker delta. The RBC pressure pRBC
then represents an interparticle pressure as a function of
volume fraction of particulate, i.e., εRBC . This pressure is a
result either of the collision of particulates with each other
or elastic or inelastic contact between particulates, causing
a repulsive force. A compressive force must be applied
to bring the particulates closer together. In our RBC-based
simulation, the physical constraint that the particulates cannot overlap is assumed to be 90% hematocrit, since blood is
fluid even at 98% hematocrit by volume.21 As a result, the
interparticle pressure for a suitable hematocrit range in the
simulation is negligibly small. RBC-RBC interactions [Eq.
(8)] are represented by the product of effective viscosities

Cd = 0.44

for

Re ≥ 1000



ρplasma dRBC vplasma − vRBC  φ
Re p =
µplasma

(11)

(12)

where d is the diameter of RBCs, and φ is the shape factor.
The most important factor for the motion of particulates
is the fluid-particulate interaction force as a function of
the relative velocity between the plasma and RBCs. The
coupling between the momentum equation [Eq. (3)] for
the plasma phase and the RBC phase is made explicit by
this drag term. As in the case of the mixture equations for
components22 , the mixture equations for phases show that
the sum of the drag forces in Eq. (3) is zero.
A correction factor called the “shape factor” is added
to account for the effect of shape on particulate motion
in the drag force. The shapes of particulates (sphere, disk,
spheroids, and clusters of spheres) affect the drag force
through the drag coefficients and the shape factor. In this
simulation, the RBC shape for computing the drag force is
assumed to be spherical, i.e., φ = 1. The drag force is an
important factor to determine correct flow fields with RBC
buildup in the local position. In future studies, its effect on
the simulations will be assessed in detail.
Other external forces acting on each phase consist of the
virtual mass and shear lift forces. The virtual mass force19
is given by


dk vk
dm vm 

Fvm = 0.5εm ρk
−

dt
dt


Fvm,k = − Fvm,m



k=m

(13)
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Numerical Considerations, and Boundary and Initial
Conditions
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FIGURE 3. Inlet velocity waveform generated from RCA blood
flow patterns and in vivo pressure and flow rate in the ascending aorta.10,45,47 Cardiac cycle period: 0.735 s.

where
d v
∂ v
=
+ (
v · ∇) v
dt
∂t

(14)

The shear lift force is given by
Flift = −0.5εm ρk (
v k − vm ) × (∇ × vk )|k=m
( Flift,k = − Flift,m )
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(15)

For multiphase flows, the virtual mass effect occurs when a
particulate phase accelerates relative to the primary phase.
The lift force acts on a particulate mainly due to velocity
gradients in the primary-phase flow field. In our coronary
artery simulation the estimated virtual mass force and the
lift force were negligible.

To solve the partial differential equations given above as
an initial value problem, the appropriate initial and boundary conditions are critical for the performance of a realistic simulation and comparison with experimental data. To
simulate blood flow, we used the commercial code FLUENT 6.1.22,19 which contains the multiphase 3-D Eulerian–
Eulerian model based on the finite-volume unstructured
mesh method. The numerical solution method uses a staggered grid arrangement. The scalar variables are located at
the cell center, and the vector variables are located at the
cell boundaries. The momentum equation is solved with a
staggered mesh, while the continuity equation is solved by
a donor cell method. For gas-particle flow dominated by
convection, the bubble shapes strongly depend on the numerical diffusion introduced by the discretization schemes
of the convection terms in the momentum equations.29,33
Multiphase CFD models have been validated by comparing calculated results with the measured data for spatial
and temporal velocities and concentrations obtained from
experimental techniques.22,35 The two-phase CFD model
with the non-Newtonian shear-thinning model was initially
validated for a neutrally buoyant dense suspension flow.13,
14
The current model in the FLUENT code was successfully
applied by reanalyzing NMR slurry measurements49 for the
application of blood flow.34
A pulsatile inlet velocity waveform with a cardiac period
of 0.735 s was used as an inlet boundary condition for
both the RBCs and plasma (Fig. 3). It was generated from
blood flow patterns for RCA45 and in vivo pressure and
flow rate measured in the ascending aorta.10,47 The inlet
velocity profiles were maintained uniform across the inlet
cross section. The boundary condition for zero slip velocity
was employed for both RBCs and plasma. The RBCs were
considered as spherical particles with a diameter of 8 µm.

FIGURE 4. Comparison of driving forces [Eq. (3)] determining the motion of red blood cells in the concentrated suspension flow
computed by an Eulerian–Eulerian multiphase model. Computational simulations (a) with only the stress tensor term, (b) with the
stress tensor and the gravity terms, (c) with the stress tensor and the gravity and the drag terms, and (d) with the gravity and
the drag terms. The cross sections were obtained from the maximum curvature [point (3)] indicated in Fig. 1 at 0.16 s. The color
indicates the RBC volume fraction, a the vector represents the secondary flow. The direction for gravity is positive Y.
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Relative RBC buildup (%)
=

RBC volume fraction − Initial RBC volume fraction
Initial RBC volume fraction
×100%
(16)

RESULTS
A non-Newtonian shear thinning model was developed
for describing the concentrated suspension flow of blood
(Fig. 2), as shown in the literature.5,21,35 The model agreed
well with rheological data of blood in the RBC deformation
region, except for the very low shear rate obtained with high
level of hematocrit.
The RBC motions were estimated using the multiphase
hemodynamic model with the developed constitutive relations. Clustering and segregation of particulates occur due
to the Bernoulli effect from the change of area, i.e., pressure
and velocity fields.23 The dominant driving forces for the
particulate motion are assumed to be the fluid-particulate
interactions due to the drag force and the particulate–
particulate interactions.2,22,35 The latter is known as the
particulate stress tensor [Eq. (8)] or pressure force. Without
the drag force, the simulations predicted the particulate
segregation over the whole range of RBC volume fraction
between 1.0 and 0 [Figs. 4(a) and 4(b)]. The distributions
of the RBC volume fraction approached two limiting cases.
The secondary flow was computed to be an order of mag-

0.51
0.50
0.49
8.E-06
Power Spectral Density

The inlet volume fraction of RBCs was maintained steady
at 45%. For initial conditions the RBC volume fraction was
set to 45%, and both RBC and plasma velocities were set
to zero. The FLUENT’s outflow boundary condition at the
exit was used, where the reference pressure was set to 75
mmHg. The outflow velocity and pressure in the FLUENT
code were updated in a manner that was consistent with a
fully developed-flow assumption. The maximum residual
for convergence of velocity and mass was 10−3 using a
constant time step of 10−4 s on a personal computer having
a 3.2-GHz processor running under a Windows system. The
average run time for a complete cardiac cycle was 33 /4 h
for the multiphase flow and 23 /4 h for the single-phase flow.
The non-Newtonian viscosity model for single-phase flow
with a constant hematocrit and a density of 1045 kg/m3 was
a function of shear rate alone.
All simulations for the realistic RCA with rigid wall
were carried out in the 3-D computational domain. The
non-Newtonian shear-thinning viscosity model for RBCs,
the transient inlet-mixture velocity waveforms for the cardiac cycle, the lift force model, and the drag force model
were programmed into the FLUENT code as individual subroutine files. The computations were run for 21 complete
cardiac cycles. Most of the data analysis was performed for
the 20th cardiac cycle. Relative RBC buildup was represented as follows:

Concentration of RBCs
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FIGURE 5. Averaged RBC volume fraction as a function of
cardiac cycle time at a point of maximum curvature [point (3)]
indicated in Fig. 1. Frequency was obtained from between 10th
and 20th cardiac cycle.

nitude higher near the lowest limiting case (εRBC = 0). The
absence of the particulate stress tensor caused a divergence
due to the high packing of particulates.
Gravity affected the distribution of RBC volume fraction
and the velocity fields. Its effect, however, was reduced
by the drag force added to the momentum equations. The
model with added drag force [Fig. 4(c)] predicted blood
flow with relatively high RBC concentrations in the center.
The RBC buildup near the wall was observed in the region
of lower absolute pressure in the cross section. Actually,
the complete fluid-particulate interactions include the total pressure gradient term in the momentum equation for
the particulate phase [Eq. (3)], as described by Anderson
and Jackson.2 Without the particulate stress tensor [Fig.
4(d)], the features of non-Newtonian shear thinning flow
disappear. In the simulation, the virtual and lift forces were
relatively small compared with the drag force. The difference due to the added forces was two orders of magnitude
smaller than when compared with the difference between
Fig. 4(c) and Fig. 4(d) indicated by the added stress tensor.
The effect of the virtual force was relatively smaller than the
lift force at the measured point of the maximum curvature
[point (3) of Fig. 1]. The observations for the main driving
forces agreed with the results from the multiphase model22
and the particle trajectory model.40
A quasisteady-state condition for the plasma-RBC
hemodynamic simulations was established, depending on
hemodynamic factors, in which the cardiac events related
to valve function were repeated with a period of 0.735
s (Fig. 3). In the single-phase simulations, this condition
was established within the fifth cardiac cycle for all hemodynamic factors. In the multiphase simulation, however,
it was essentially established by the end of the 14th cardiac cycle (Fig. 5), because a limit cycle behavior of local
RBC buildup formed more slowly than other hemodynamic
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FIGURE 6. Inlet velocity profiles at the entrance region with the additional straight tube of 20 mm between points (1) and (2) of
Fig. 1: (a) the axial velocity distributions in the cross sections for the diastole phase at the cardiac cycle time of 14.7 s; (b) the
axial velocity profiles at 14.7 s, and (c) 14.1 s. Flow is in the minus direction of the z-coordinate. The axial direction is the direction
parallel with the vessel tube. The color bar represents the axial velocity.

factors. Local hemodynamic factors oscillated with the
main frequency of 1.37 Hz. The second frequency was
2.74 Hz. The frequencies were calculated by fast Fourier
transform between the 10th and 20th cardiac cycle.
Local axial velocity varied along the length of the RCA
(Figs. 6 and 7) with the inlet velocity waveform generated
by the cardiac events of the valve function (Fig. 3). The
average flow rate of blood in the inlet was approximately
35 ml/min, corresponding to a mean inlet velocity of 0.042
m/s, as reported in the literature.4 Inlet velocity profiles
were indicated by a partial plug flow in the entrance region
of the added straight tube (Fig. 6). The axial peak velocity
at the maximum curvature (Fig. 7) reached a value of 0.25
m/s during the systole cycle, and then decreased to zero
during the diastole cycle. The velocity distribution in the
outlet became almost parabolic with smaller cross-section
area.
A feature of non-Newtonian flow was a flat velocity
profile in the center region of the added tube (Fig. 6). The
entrance length for fully developed laminar flow in the tube
is 7.6 mm for a mixture Reynolds number of about 50,
based upon classical transport theory.5 The entrance length
of 20 mm for blood flow was sufficient for our simulation.
The flow was fully developed within the artery length of
15 mm. In the maximum curvature we are interested, the

axial velocity was predicted to be slightly minus at the end
of the diastole cycle [point (4) of Fig. 7(a)]. The curvatureinduced secondary flow profiles exhibited a single vortex
[Fig. 7(b)]. The magnitude was the same order of magnitude as the axial velocity at the end of the diastole cycle.
The recirculation intensity of the secondary flow also varied during the cardiac cycle. The extent of RBC buildup
generally increased with the aorta valve closure, before the
beginning of the diastole phase in each cardiac cycle, and
decreased during the systole phase.
In the long segment of RCA including the inlet and outlet area, we found that the computed local hemodynamic
factors such as RBC volume fraction and WSS vary along
the length of this artery, which has non-uniform geometry and diameter (Fig. 8). The non-Newtonian multiphase
CFD model generally predicted RBC buildup on the inside
radius of curvature of a realistic human RCA [Fig. 8(a)].
In particular, the simulation predicted higher RBC buildup
with a volume fraction of about 0.55 on the area of maximum curvature just upstream of a tortuous reduction in
area. Such a distinguishing mark is due to the segregation
of blood-borne particulates in the multiphase CFD model.
The WSS distribution [Fig. 8(b)] showed a similar trend
to that observed with the single-phase CFD model. Compared with other RCA areas, the WSS in the inlet area is
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FIGURE 7. Profiles of (a) axial velocity and (b) curvature-induced secondary flow obtained from the cross section (153th cell from
the entrance) of point (3) indicated in Fig. 1. The flow direction is from the front to the back. Inside: r/R = 1, and outside: r/R = −1.
Cardiac cycle period: 0.735 s. The axial direction is the direction parallel with vessel tube.

FIGURE 8. Variations of hemodynamic factors in a long segment RCA: (a) volume fraction (VF) and (b) wall shear stress (WSS) of
red blood cells (RBC) at the diastole cycle (the cardiac cycle time = 14.7 s, 20th cardiac cycle). The color bar indicates the range
of hemodynamic factors.
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FIGURE 9. Hemodynamic factors near the maximum curvature (point (3) of Fig. 1): (a) wall shear stress and (b) volume fraction of
RBC from vessel outside view and vessel inside view at the diastole cycle. (3)-1: the maximum WSS point; (3)-2: the maximum RBC
buildup point; (3)-3: the upflow point; and (3)-4: the downflow point with low WSS in the maximum curvature [point (3)] indicated
in Fig. 1. (cardiac cycle time = 14.7 s, 20th cardiac cycle).

higher due to the entrance effect having high shear rates near
the vessel wall. The WSS in the outlet area was predicted
to be highest (maximum 6 N/m2 ), because of the smaller
cross-section area with a high flow rate. This prediction
may be affected by the absence of the main side branch
[point (6) in Fig. 1] in the RCA. The computed average
local WSS (Fig. 8(b)), except for inlet and out areas, was
in agreement with the WSS range being between 0.33 and
1.24 N/m2 , which was measured from the Doppler wire
and angiographic technique in the coronary artery.17 The
measured mean WSS was about 0.7 N/m2 for the flow rate
of 35 ml/min used in this study.
Of specific interest is the region of maximum curvature
(Fig. 9), where RBC volume fraction generally increased
with the high WSS. However, the point of maximum RBC
buildup [point (3)-1] did not match the point with highest
WSS [point (3)-2]. Compared with RBC buildup just upstream, WSS showed a sharp falling curve followed by a
slower decline [near the point (3)-3]. In the downstream
area, we found a low RBC volume fraction on the inside radius of the curvature with low WSS [point (3)-4]. From the
viewpoint of the vessel inside, near the tortuous reduction
area, the WSS was lower than 0.5/N/m2 with RBC buildup
over the volume fraction of 0.5 [point (3)-3]. Low WSS and
RBC buildup were related near a tortuous reduction area
of the maximum arterial curvature. To better understand
this finding, more results were presented by analyzing the
temporal variations in the hemodynamic factors at the four
points indicated in Fig. 9.
The hemodynamic factors predicted by the single-phase
and multiphase non-Newtonian CFD models also varied
with the cardiac cycle time (Figs. 10 and 11). The WSS

profiles were similar to the inlet velocity waveform (Fig.
3). The viscosity profiles were the opposite: when the aorta
valve closed, the viscosity was high. We found that most
of the contribution to the hemodynamic forces is due to the
RBCs. The WSS from the multiphase model was generally
lower than that of the single-phase model. This difference
is due to the shear thinning behavior having a lower shear
rate in the multiphase flow. The viscosity waveform follows
an inverse process of the shear rate waveform. In comparing the maximum WSS point [Fig. 10(a) and 10(c)] and
the maximum RBC buildup point [Fig. 10(b) and 10(d)],
the viscosities calculated from the multiphase model were
higher than those of the single-phase model [Fig. 10(c)
and 10(d)]. Low WSS was computed in the highest RBC
buildup region [Fig. 10(b)], where the multiphase CFD
model showed the small-scale WSS oscillations that were
not possible to compute using the single-phase CFD model.
The viscosity in this region [Fig. 10(d)] was higher due to
the high RBC volume fraction compared with that of Fig.
10(c). This finding shows the dependency of RBC volume
fraction in our non-Newtonian viscosity model (Fig. 2). The
viscosity in the upflow region was highest for RBC volume
fractions over 0.5 [Fig. 11(c)]. Low WSS (less than 1.0
N/m2 ) was computed in this region [Fig. 11(a)]. Compared
with the upflow region, low WSS also was observed in
the downflow region [Fig. 11(b)]. This region showed low
viscosity similar to that of the single-phase model and a
slightly low, but relatively constant RBC volume fraction
[Fig. 11(d)]. We found that low WSS appears near the RBC
buildup on the inside radius of the maximum curvature.
Hydrodynamic parameters, averaged for a complete cardiac cycle, also varied with the initial plasma viscosity and
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FIGURE 10. Temporal variations of hemodynamic factors near the maximum curvature [point (3)] indicated in Fig. 1. WSS variations
at (a) the maximum WSS point [point (3)-2 of Fig. 9] and (b) the maximum RBC buildup point [point (3)-1 of Fig. 9]. Variations of RBC
volume fraction and viscosity at (c) the maximum WSS point and (d) the maximum RBC buildup point. The mixture values for the
multiphase model are volume-fraction-averaged plasma and RBC values. RBC: WSS due to RBCs computed from the multiphase
model. RBC C: volume fraction of RBCs computed from the multiphase model. Mixture: total WSS or mixture viscosity computed
from the multiphase model. Single: WSS or viscosity computed from the single-phase model at the same condition.

the initial RBC volume fraction in the artery (Fig. 12).
As the initial plasma viscosity increased, the relative RBC
buildup and WSS decreased. Also, as the initial RBC volume fraction increased, the relative RBC buildup decreased,
but WSS increased. For nonspherical particles, presented by
the shape factor (φ) greater than one, both hydrodynamic
parameters increased.

DISCUSSION
We have estimated the hemodynamic factors in a realistic
human RCA using a multiphase, transient, non-Newtonian,
three-dimensional CFD model, FLUENT. The rheological
properties of human blood were determined from the nonNewtonian shear-thinning model as a function of shear rate

and hematocrit, based on experimental data (Fig. 2). The
model successfully described the concentrated suspension
flow of blood in the wider physiological range of hematocrit and the shear rate. For blood flow, the viscosity of
normal human RBCs having very high fluidity is different
from rigid spheres at the concentrated suspension flow.21
In normal circulation, the shear rate in the arteries and
capillaries is probably above 200 s−1 . The deformation of
RBCs due to shear rate can be described by Eq. (8), that
is, the non-Newtonian shear-thinning model. In a crowded
situation at high shear rate, RBCs are more deformable
than colliding particulates due to their biconcave shape.21
The plasma acts as a buffer fluid preventing direct contact
between the particulate surfaces. Hence, the interparticle
pressure term of Eq. (8) is negligibly small for the suitable
range of hematocrit and shear rates in the circulating blood
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FIGURE 11. Temporal variations of hemodynamic factors near the maximum curvature [point (3)] indicated in Fig. 1. WSS variations
at (a) the upflow [point (3)-3 of Fig. 9] and (b) the downflow [point (3)-4 of Fig. 9]. Variations of RBC volume fraction and viscosity
at (c) the upflow and (d) the downflow. The mixture values for the multiphase model are volume-fraction-averaged plasma and
RBC values. RBC: WSS due to RBCs computed from the multiphase model. RBC C: volume fraction of RBCs computed from
the multiphase model. Mixture: total WSS or mixture viscosity computed from the multiphase model. Single: WSS or viscosity
computed from the single-phase model at the same condition.

flow. As a limiting case, the RBC aggregation at low shear
rate is assumed to be negligible in this model.
An additional hemodynamic factor of RBC buildup was
obtained from the multiphase CFD model: the relationship between WSS and the vessel geometry, where the
plaques are known to typically occur. In the single-phase
CFD model with a patient-specific geometry for a coronary
artery, high WSS was predicted at the stenosis itself on the
inside curvature, but when compared with clinical observations,18,62 low WSS was actually found around the stenosis. Van Langenhove et al.60 observed helical flow driven
by the curvature in such a coronary artery. In an in vivo
6-month follow-up study of native arterial segments,53,54
low WSS was associated with the outward remodeling of
atherosclerosis, a feature of vulnerable plaque. In these regions, WSS relatively increased with the increase of plaque

thickness without a change of lumen area. To accurately
identify arterial segments bearing vulnerable plaque, more
hemodynamic factors in the circulating blood need to be
defined.
Hemodynamic factors strongly depend on the nonuniform vessel structure of a patient-specific geometry
(Fig. 8). We have conducted a detailed analysis in the curvature region of RCA using the multiphase CFD model.
We found that geometry-dependent WSS is associated with
RBC buildup of a tortuous reduction area of the maximum arterial curvature, even in the absence of significant
lumen obstruction (Figs. 8 and 9). Large- and small-scale
oscillations for WSS were observed in the maximum RBC
buildup region (Fig. 10). The computation also showed that
the oscillatory flow with flow reversal and the secondary
flow in this curvature play important roles in local RBC
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curvature [point (3)] indicated in Fig. 1.

buildup in a realistic RCA (Fig. 7). Such a flow pattern
causes the particulate deposit to shift to the upstream area
of the maximum curvature, where low and oscillating WSS
was computed (Figs. 10 and 11). As the WSS decreases,
the RBC buildup generally increases during the diastole cycle. Hemodynamic conditions having low WSS in specific
regions may relate to transport mechanisms of other blood
components. In the low WSS region exposed to flow reversal, the endothelium is more easily penetrated by the monocytes and proteins.12,41,56,58 The prolonged residence time
in the recirculation area allows for increased interactions
between cellular components and the vessel wall, specifically, at the end of the diastole cycle. Our computational
results are consistent with earlier clinical observations for
atherosclerotic lesions.15,53,60 Our findings are consistent
with the hypotheses for progression of atherosclerosis described by Stone et al.53 . Our simulations may give further insight into the hemodynamic characteristic for ini-

tial plaque formation and minor obstacle development in
the maximum arterial curvature. Clinical observations such
as plaque thickness and the degree of stenosis would be
necessary.
Hemodynamic features were greatly affected by the rheological nature of blood elements. In normal circulation,
the viscosity of whole blood is about 4 cp,25,37 which
is the mixture viscosity computed from the multiphase
CFD model. At the high shear rates with an assumption
of no cell aggregation, the viscosity of blood is primarily
affected by hematocrit and plasma viscosity. The major
determinants of plasma viscosity are the concentrations of
high-molecular-weight plasma proteins such as fibrinogen
and lipoproteins.20,32,38 The increase of the relative initial
plasma viscosity due to the plasma protein concentrations
might result in an increase of flow resistance. It affected
the RBC fluidity, resulting in a WSS decrease on the inner
artery wall for the same hematocrit and mixture viscosity
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(Fig. 12). The computed results agree with those of the
literature,20,32, 38 where the high value of plasma viscosity
indicates susceptibility to coronary disease.
In in vitro experiment,42,43 the presence of RBCs enhanced the leukocyte adhesion to the endothelium monolayer, along with a dramatic increase of leukocyte rolling
densities and binding rates. The leukocyte behavior can
be influenced by the dispersion due to the RBC-leukocyte
collisions in the bulk flow. The cell interactions increased
the collision frequency with the endothelium.43 In the computational simulation, a non-Newtonian shear thinning effect was enhanced by the increase of initial RBC volume
fraction (Fig. 12). The shear rate near the wall increased
because the velocity distribution has a flatter profile in the
center region of the artery. The RBC addition results in a
WSS increase on the wall of the artery. The computation
predicted that most of the contribution to the WSS is due
to the RBCs. Munn et al.43 found that the adding of RBCs
may modify the existing paradigm for the pathological response of endothelial cells. We expect the cell interactions,
including leukocyte and platelets, in blood flow to play an
important role in the early stage of atherosclerotic plaque
formation.
In the drag term to account for fluid-particulate interactions, the shape factor is defined as the ratio of the actual
resistance force of the nonspherical particle to the resistance
force of a sphere having the same volume and velocity.
This means that the shape factor for nonspherical particles
is generally greater than 1.0, and more drag is experienced
by the nonspherical particle in fluid. If it is applicable to
biconcave-shaped RBC and/or their agglomerates, WSS
might be positively increased, as shown in computational
results (Fig. 12). It becomes plausible that the biconcaveshaped RBC has more advantages than the spherical shape
in the transport of circulating blood.21 More studies will be
required for nonspherical RBC with flow conditions.
Although this multiphase CFD model does not include
the physiologically realistic motions in an artery having
several branches, the model has begun to shed light on
important hemodynamic phenomena, which have eluded
investigators using single-phase CFD models, such as particulate migration and interactions at the surface of endothelial cells. When the model includes monocytes with RBCs,
the correlation between low WSS and particulate buildup
related to atherogenesis on a realistic artery is expected to
be better understood. Additional hemodynamic factors to
consider would be the mass transfer between blood and the
arterial wall, and the cyclic bending of coronary arteries
driven by the heart beat.48,51
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