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Abstract

Hemodynamics including flow pattern, shear stress, and blood viscosity characteristics has been believed to affect
the development and progression of arterial stenosis, but previous studies lack of realistic physiological considerations
such as irregular surface geometry, non-Newtonian viscosity characteristics and flow pulsatility. The effects of surface
irregularities and non-Newtonian viscosity on flow fields were explored in this study using the arterial stenosis models
with 48% arterial occlusions under physiological flow condition. Computational flow dynamics based on the finite
volume method was employed for Newtonian and non-Newtonian fluid. The wall shear stresses (WSS) in the irregular
surface model were higher compared to those in the smooth surface models. Also, non-Newtonian viscosity character-
istics increase the peak WSS significantly. The dimensionless pressure drop and the time averaged WSS in pulsatile
flow were higher than those in steady flow. But pulsatility effects on pressure and WSS were less significant compared
to non-Newtonian viscosity effects. Therefore, irregular surface geometry and non-Newtonian viscosity characteristics

should be considered in predicting pressure drop and WSS in stenotic arteries.
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1. Introduction

Atherosclerosis is a focal pathological phenomenon
characterized by thickening and hardening of arteries
due to deposits, such as lipids, carbohydrates, blood
products, fibrous tissue, and the asymptomatic coro-
nary atherosclerotic lesions are common in industrial-
ized society’s denizens. Progression of these lesions
result in thrombotic complications such as cardiac
arrest and stroke which cause high mortality and
morbidity [1, 2]. Hemodynamics including flow pat-
tern [3], shear stress, and blood viscosity characteris-
tics [4, 5] affect the development and progression of
arterial stenosis. Pressure drop and wall shear stress
(WSS) distribution in the stenosis is particularly im-
portant since pressure drop is related to the cardiac
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afterload. Increased heart afterload is related to the
development of hypertension and the hypertrophy of
ventricles. Also, the arterial wall shear stress is related
to the function of the endothelium. It has been be-
lieved that low and oscillatory shear stress enhances
lipid transport across the endothelium, which is an
important process in the early stage of atherosclerosis.
Also, high wall shear stress on the stenotic region
may cause endothelium disruption and hemolysis.
Therefore, fluid mechanical analysis in the arterial
stenosis can help researchers understood the hemody-
namic environment of arterial disease progression.
Analyzing fluid mechanics inside the arterial tree is
a formidable work because of complex vessel geome-
try, moving arterial wall, pulsatile flow and non-
Newtonian viscosity. Rapid growth of computer
hardware and software technology during the last two
decades has given leeway to computational fluid dy-
namics (CFD) in the biological system; therefore,
experimentally impossible and complex problems can
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be analyzed numerically without significant effort and
cost. After the initial numerical study on the hemody-
namic characteristics in a stenotic artery by Young [6],
many researchers (Forrester and Young, Morgan and
Young, Lee and Fung, Deshpande et al., Johnson and
Kilpatrick) [7-11] have studied the hemodynamics of
a stenotic artery by modeling the stenotic lumen ge-
ometry using a smooth curve such as a cosine. But,
the lumen of a stenotic artery is not smooth and it is
composed of many small valleys and ridges.

Previously, Back et al. [3, 12, 13] experimentally
measured the pressure drop and wall shear stress in an
irregular shape stenotic model using the left circum-
flex coronary artery casting of a man. The results of
this study showed that the effect of irregular surfaces
- small scale valleys and ridges along the stenotic
vessel wall - led to the sharp spikes of wall shear
stresses for Reynolds numbers from 60 to 500. Based
on Back el a.I’s experiment, Johnston and Kilpatrick
[14] presented a numerical study about three stenosis
shapes (cosine, irregular, smooth) by using a com-
mercial CFD package. They calculated the pressure
drop and the wall shear stress of stenotic region for
different Reynolds numbers (between 20 and 1000) in
steady flow. Andersson er al [16] concretized the
study of Johnston and Kilpatrick [14], and showed
that the surface irregularities did not affect the flow
resistance at low Reynolds numbers, while wall shear
stress was larger in the irregular surface model at high
Reynolds numbers. Yakhot et al. [17] measured the
pressure drop and the wall shear stress in the stenotic
region for different Reynolds numbers by using IB
(Immersed Boundary) method suggested by Peskin
[18], and also analyzed the streamlines in the stenotic
region. This study also included the effects of pulsa-
tile flow by using a sinusoidal flow waveform. The
result showed that the surface irregularities had no
significant influence on the flow resistance across an
obstacle for the physiological range of Reynolds
numbers. Chakravarty et al. [15, 19] calculated the
pressure gradient, the wall shear stress and velocity
profile of a stenotic region under unsteady pulsatile
flow by applying time varying inlet boundary condi-
tion using a body acceleration waveform. This study
was performed by using non-uniform, non-staggered
grid, and the effect of surface irregularities on the
flow velocity, the flux, the resistive impedance and
the wall shear stress were explored.

Newtonian viscosity characteristics were assumed
in most previous hemodynamic studies of stenotic
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arteries. But blood is a non-Newtonian fluid that
shows shear-dependent viscous properties because of
its nonhomogeneous nature in micro scale. Blood
contains blood elements such as erythrocytes, leuko-
cytes, and platelets in blood plasma. The apparent
viscosity increases at low shear rates, and has a con-
stant value for the high shear rates. Strain rate varia-
tion is significant in the disturbed flow region in the
stenosis, and the effect of non-Newtonian viscosity on
the shear stress in atherosclerotic coronary arteries
could be more significant than that in non-diseased
ones. Non-Newtonian viscosity might affect the pres-
sure drop, shear rate and stress, and flow characteris-
tics, but the effects of non-Newtonian viscosity have
not been fully considered in analyzing the flow fields
in a stenotic coronary artery under physiological
blood flow waveform.

Therefore, we would like to consider the effects of
lumen surface irregularity, physiological flow wave-
form and non-Newtonian viscosity characteristics in a
stenotic artery using a numerical method. Three dif-
ferent shapes of stenosis models (cosine, irregular,
smooth) were used in order to investigate surface
irregularity effect of the stenotic regions.

2. Methods
2.1 Stenosis models

The mild arterial stenosis models used in this study
were based on the vascular axisymmetric replica of
the segment of a circumflex coronary artery which
was used by Back er al. [13]. The three different ste-
nosis models (irregular, cosine, smooth) shown Fig. 1
were simulated. They had 48% areal occlusions and
thus classified as mild stenosis. The first model (ir-
regular) was the straight axisymmetric model of Back
et al. [13], which mimicked real surface irregularities,
since the actual axial variation of the cross-sectional
area of a left circumflex coronary artery was retained
from the cast of a human cadaver. The second model
(cosine) had the stenotic shape of a cosine curve.

=21+ cos{a(z-2) )]
d<z<d+2z, O

7

R(z,t) =
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Fig. 1. Lumen geometry of the stenotic region of irregular,
cosine and smooth arterial model.

The radius(R) in the stenotic region was given as a
cosine function suggested by Young [6], where z, was
the half length of a stenotic region, § was the maxi-
mum width of the stenosis and z; was the center of the
stenosis with 6 =0.276R, ( R, being the uncon-
structed radius of the stenosed vessel). The third
model (smooth) had a stenosis shape which was given
by a smooth curve fitted to the first irregular stenosis
model. Three stenosis models were analyzed in order
to observe the effects of the surface geometrical ir-
regularity of a stenotic artery on the pressure drops
and wall shear stresses.

2.2 Governing equation

The numerical fluid mechanical study for the ste-
nosis model was based on the continuity and momen-
tum equations. Continuity equation was expressed as:

0 -
a—f+V-(pv):0 )

For 2D axisymmetric geometries, the continuity equa-
tion was given by

op 0 0 pv.
@9 .9 = Fr—o 3
ot +6x(va)+6r(va)+ r ®)

Where x is the axial coordinate, 7 is the radial coordi-
nate, v, is the axial velocity, and v, is the radial veloc-
ity. Momentum equation is expressed as:

ap(pﬁ)-s—VO(pW):—Vp-i—VO(r)-s-pg 4)

o

Where p is the static pressure, 7 is the stress tensor,

and pg and F are the gravitational body force
and external body force, respectively.
The stress tensor 7 was given by

?:n{(vva)—%v-w} )

Where 7 is the molecular viscosity, I is the unit
tensor, and the second term on the right hand side is
the effect of volume dilation which is zero for incom-
pressible flow.

For 2D axisymmetric geometries, the axial and ra-
dial momentum equations are given by
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where Vo\7:%+%+L and v, was the swirl
ox or r
velocity.
2.3 Numerical method

The governing equations were solved numerically
by using the commercial CFD code (FLUENT) based
on the finite volume method. Pressure-based implicit
solver, first order upwind scheme for spatial discreti-
zation, and SIMPLE/PISO scheme for pressure and
velocity coupling were used. Time step size was 0.03
sec and solution converged within 50 iterations per a
time step. The vessel diameter and vessel length for
three stenosis models were 3.08 mm and of 50 mm,
respectively. Flow outlet boundary condition was
given for the outlet. The flow field changes were not



W. W. Jeong and K. Rhee / Journal of Mechanical Science and Technology 23 (2009) 2424~2433 2427

Velocity(cmisec)

Steady flow

0o 0z 04 06 08 1.0
Time{sec)

Fig. 2. Physiological velocity waveform of the left circumflex
coronary artery used in this study [20].

significant in streamwise direction near the exit re-
gion of the calculation domain. Streamwise pressure
gradient was negligible near the exit boundary. Fur-
ther increase of the calculation domain in the distal
streamwise direction did not change the calculation
results. The model was composed of about 12,000
quadrilateral cells. One period of flow waveform was
divided (Fig. 2) into 32 intervals, and the uniform
inlet velocity profile was updated at each interval.
The magnitude of the inlet velocity of steady flow
was calculated from the time-averaged mean velocity
of physiological pulsatile flow. The flow waveform
shown in Fig. 2 was obtained from the blood flow
waveform in a left circumflex coronary artery [20].
For Newtonian fluid, viscosity of 0.003 kg/ms’
and density of 1055kg/m’ were used. The non-
Newtonian viscosity characteristic of blood was in-
corporated by using the Carreau model [5, 24]. The
equation for the Carreau model was expressed as:

n=n,+(m, —m)[lﬂzyz][% (8)

where 7 is viscosity and y is shear rate. The rheo-
logical parameters for human blood are as follows:
n,= 0.056Pa's, 7, = 0.00345Pa's, A= 3.313s, q=
0.356.

3. Results

We simulated the flow fields of the stenotic regions
for three different stenosis models as shown in Fig. 1.
The pressure, wall shear stress and velocity profiles in
the stenotic region for both Newtonian and non-
Newtonian flow were calculated. Our numerical
scheme was validated for the steady flow case by
comparing the calculated results to the previous

worker’s experimental data. The numerical solutions
of the flow fields under the physiological flow wave-
forms were calculated, and the effects of surface ir-
regularity and non-Newtonian viscosity on flow fields
were investigated.

3.1 Model validation

To validate our numerical scheme, the calculation
results were compared with the experimental results
of Back et al, [13]. The pressure drop was normalized
by dynamic pressure based on the areal mean velocity
(ug), and the distribution is shown in Fig. 3. The peak
wall shear stresses and overall pressure drops of the
calculated and experimental results for the irregular
stenosis model are shown in Figs. 4 and 5. CFD solu-
tions agreed well with the experimental data, which
implied that our numerical scheme was as good as
those of previous workers [11, 14, 15].

Fig. 3 shows that the dimensionless pressure drops
were larger for the lower Reynolds numbers than
those for the higher Reynolds numbers in steady flow
condition. Figs. 4 and 5 suggest that the peak wall
shear stress and pressure drop increased with the in-
crease in Reynolds number. Fig. 6 shows the calcu-
lated viscosity by using the Carreau model and the
experimentally measured blood viscosity for different
shear rates [5]. The results showed that the Carreau
model correctly represented non-Newton viscosity
behavior of blood.

3.2 Pressure drop

Pressures at different axial locations were normal-
ized by the mean velocity (u,), which was the areal
mean velocity of steady flow. Temporally averaged
pressures were used at each axial location for pulsatile
flow. Normalized pressure drops are shown in Fig. 7
for the Newtonian and non-Newtonian flow. Normal-
ized mean pressure drops in pulsatile flow were
greater than those in steady flow at all axial loca-
tions for both Newtonian and non-Newtonian fluid.
Larger pressure drops in pulsatile flow were ob-
served for all three stenosis models. Normalized
pressure drops in non-Newtonian fluid were larger
than those in Newtonian fluid (Fig. 7). The effects
of stenosis shape did not affect the normalized pres-
sure drops significantly, but pressure drop was the
largest in the cosine shape stenosis model. Pressure
recovery was observed all different stenosis models
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Fig. 3. Comparison of experimental and simulation results of
dimensionless pressure drop at stenotic locations in steady
flow.

45

@
o
w 304
@
g
= o
@ 5
o
o
=
(7] o
& 154
=
= [*]
@
@
o © @ Back et al (1986)
g O Simulation
[*]
o T T T T T T T T T
0 100 200 300 400 500 600

Reynolds Number
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Fig. 5. Comparison of experimental and simulation results of
overall pressure drops in the stenotic region at different Rey-
nolds numbers in steady flow.
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Fig. 6. Comparison of viscosity characteristics of Carreau
model and human blood [5].

in Newtonian and non-Newtonian fluid. Pressure
variation in the streamwise direction was negligible at
axial locations downstream of 40 mm axial position.

3.3 Wall Shear Stress (WSS)

WSS is an important hemodynamic parameter in
analyzing blood flow in arteries because it affects
thickening of arterial wall and rupture of atheroscle-
rotic plaque by influencing endothelial cell function.
WSS is affected by the geometry of stenotic regions
as well as rheological viscosity characteristics. There-
fore, we calculated the WSS distributions for different
stenosis models considering non-Newtonian viscosity
characteristics. The WSS (t,,) is modeled based on the
Newton’s viscosity law with shear dependant viscos-
ity coefficient using Carreau’s model:

=T ()

where p is the shear dependent dynamic viscosity
coefficient and y, is the wall shear rate.

Fig. 8 shows dimensionless WSS distributions for
the three stenosis models. For pulsatile flow, wall
shear stress at all axial locations was time averaged
for a flow cycle and non-dimensionalized by areal
averaged velocity at mean flow rate. The results
showed that WSS distributions were similar for the
cosine and smooth shapes stenosis model, but WSS
distributions showed abrupt peaks and valleys for the
irregular shape stenosis model. WSS was larger for
non-Newtonian fluid compared to Newtonian fluid
for the period of a flow cycle in all models. Irregular
peaks of WSS were observed in the irregular stenosis
model and the peak dimensionless WSS was about
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flow and physiological pulsatile flow for Newtonian viscosity
and non-Newtonian viscosity model. (a) cosine shape steno-
sis, (b) irregular shape stenosis, (¢) smooth shape stenosis.
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Fig. 9. Comparison of axial velocity profiles at acceleration
phase and deceleration phase at the neck of the stenosis in
three different models. (a) axial velocity of acceleration phase
(t=0.42sec) in Newtonian fluid and non-Newtonian fluid, (b)
axial velocity deceleration phase (t=0.84sec) in Newtonian
fluid and non-Newtonian fluid.

30% higher compared to those of the cosine and the
smooth stenosis model. Axial variation of WSS dis-
tribution was more significant in the irregular model.

3.4 Velocity profiles

We considered the axial velocity profiles at the
neck of the stenosis (minimum lumen diameter) of
three different stenoses. The axial velocity profiles at
the acceleration phase (t=0.42sec) and deceleration
phase (t=0.84sec) of three models are shown in Fig. 9.
They showed that axial velocity profiles at the neck of
the stenosis for non-Newtonian fluid were a little
more blunt than those for Newtonian fluid at the ac-
celeration phase (t=0.42sec), while the viscosity char-
acteristics did not affect the velocity profile signifi-

cantly at the deceleration phase (t=0.84sec). The ve-
locity profiles were less blunt at the acceleration
phase for Newtonian fluid. The centerline velocities
for Newtonian fluid were slightly larger than those for
non-Newtonian fluid at acceleration phase in all
stenosis models, while the centerline velocities in
Newtonian and non-Newtonian fluid were similar in
all stenosis models at deceleration phase. The axial
velocities at the constricted site (neck) were higher in
the cosine shape model compared to those of other
models.

4. Discussion

Blood flow within the arterial system affects the in-
itiation and progression of vascular diseases [3-5, 13,
19, 25, 26], and arterial fluid mechanics is influenced
by various physical parameters such as geometry,
viscosity characteristics, wall elasticity and flow
waveforms. We have studied the effects of stenosis
geometry, non-Newtonian viscosity and flow pulsatil-
ity on the important hemodynamic parameters — pres-
sure drop and WSS. Pressure drop determines heart
afterload, WSS affects endothelium function and flow
pattern determines the transport of blood born parti-
cles. We solved the physical governing equations
incorporating a non-Newtonian viscosity model for
the three different shapes of stenosis models under
physiological flow condition.

To validate our numerical scheme, we compared
our simulation results with the experimental results of
Back et al [13]. Pressure drops and peak WSS in si-
mulation results agreed well with the experimental
results in steady flow. We calculated the pressure
drops, WSS and velocity profiles for the three differ-
ent stenosis models under physiological flow wave-
form. The results showed that pressure drops in the
cosine shaped model was a little larger than those in
the other shapes, but the differences were not signifi-
cant. Pressure drops in non-Newtonian fluid model
were larger compared to the Newtonian flow model.

Chakravarty et al. [15, 19] and Yakhot ez al. [17]
mentioned the effects of unsteady flow in the stenotic
flow region, but simple waveforms, such as sinusoi-
dal waveform or body acceleration waveform, were
applied. In this study, we calculated hemodynamic
parameters for both steady and physiological flow
waveforms. Higher values of pressure drops and WSS
at pulsatile flow were observed compared to those at
steady flow. Also, it was shown that flow dynamics in
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the irregular shaped model was significantly different
from that in the smooth model. The effects of non-
Newtonian fluid were also more significant in the
irregular shaped model. Our simulation results were
similar to those of the previous works in steady flow -
pressure drops and WSS for non-Newtonian flow
were greater than those for Newtonian flow [3, 4, 26,
27]. Also, the effects of non-Newtonian viscosity on
pressure drop and WSS were more significant in pul-
satile flow. Therefore, considering realistic hemody-
namic factors such as non-Newtonian viscosity and
physiological flow waveform could increase the pres-
sure drop. This result implied that the assumption of
neglecting non-Newtonian viscosity and pulsatility
caused underestimation of heart afterload.

The wall shear stresses in the irregular shape model
were higher compared to those in other models. This
result was similar to the previous researcher’s results
using a simple sine flow waveform [17]. The WSS in
the distal stenotic region was lower compared to
proximal stenotic region. This result implied that
blood borne particles could be accumulated in the
distal stenotic region. Also, non-Newtonian viscosity
characteristics increased the peak WSS significantly.
Pulsatile flow also increased the WSS, but the pulsa-
tility effects were less significant compared to non-
Newtonian viscosity effects. High wall shear stress
and low wall shear stress in the stenotic region may
be related to the growth and the rupture of artheroma.
The correlations between low and oscillatory WSS
and atheroma formation have been reported. The
roles of WSS of regulating endothelial function and
structure, modulating endothelial gene expression
[28], modifying bulk transport of lipid [29, 32], and
enhancing monocyte adhesion to the endothelium [30,
31] have been investigated, but have not been fully
understood yet. High WSS could injure the fibrous
cap of atherosclerotic plaque and influence rupture of
plaque.

In conclusion, this study indicates that irregular ge-
ometry, physiological flow waveform and non-
Newtonian viscosity characteristics affect hemody-
namic parameters, such as pressure drop, wall shear
stress and velocity profile. Since non-Newtonian vis-
cosity, flow pulsatility and irregular geometry in-
crease the peak WSS in the simulation results, a more
atherosclerosis susceptible (prone) hemodynamic
environment is provided if we consider realistic he-
modynamic conditions. Therefore, irregular surface
geometries and non-Newtonian viscosity characteris-

tics should be considered in predicting the pressure
drop and WSS in stenotic arterial hemodynamic study.
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