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Background: Local hemodynamics plays an important role in atherogenesis and the progression of
coronary atherosclerosis disease (CAD). The primary biological effect due to blood turbulence is the change
in wall shear stress (WSS) on the endothelial cell membrane, while the local oscillatory nature of the blood
flow affects the physiological changes in the coronary artery. In coronary arteries, the blood flow Reynolds
number ranges from few tens to several hundreds and hence it is generally assumed to be laminar while
calculating the WSS calculations. However, the pulsatile blood flow through coronary arteries under stenotic
condition could result in transition from laminar to turbulent flow condition.

Methods: In the present work, the onset of turbulent transition during pulsatile flow through coronary
arteries for varying degree of stenosis (i.e., 0%, 30%, 50% and 70%) is quantitatively analyzed by calculating
the turbulent parameters distal to the stenosis. Also, the effect of turbulence transition on hemodynamic
parameters such as WSS and oscillatory shear index (OSI) for varying degree of stenosis is quantified. The
validated transitional shear stress transport (SST) k-o model used in the present investigation is the best
suited Reynolds averaged Navier-Stokes turbulence model to capture the turbulent transition. The arterial
wall is assumed to be rigid and the dynamic curvature effect due to myocardial contraction on the blood flow
has been neglected.

WSS,..x and OSI calculated

using turbulence model deviates from laminar by more than 10% and the flow disturbances seems to

Results: Our observations shows that for stenosis 50% and above, the WSS, max

significantly increase only after 70% stenosis. Our model shows reliability and completely validated.
Conclusions: Blood flow through stenosed coronary arteries seems to be turbulent in nature for area

stenosis above 70% and the transition to turbulent flow begins from 50% stenosis.
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Introduction

The leading causes of death and disability in the western
world are disorders related to the vascular system (1).
Annually, coronary artery diseases (CAD) are responsible
for 7.3 million deaths and 58 million disability-adjusted life
years lost worldwide (2). Since iz vivo measurements of the
wall shear stress (WSS) and other hemodynamic parameters
are difficult to perform in the artery, computational fluid
dynamics (CFD) technique has been used as an effective
alternative to calculate various hemodynamic parameters
and blood constituents near the coronary wall. The typical
Reynolds number range of blood flow through coronary
arteries varies from few tens to approximately 4,000 in
the aorta (3). Steady laminar flow through a circular pipe
becomes unsteady at a Reynolds number of 2,000 and
transition into fully turbulent flow occurs at about 4,000 (4).
However, due to the presence of the stenosis, curvature
effects and the pulsatile nature of the blood flow through
arteries, transition to turbulence can occur even at much
lower Reynolds number (5,6).

Because of the flow complexity and time involved in
solving full Navier-Stokes equation, most previous studies
have made appropriate assumptions. Some assumed the blood
flow in coronary arteries to be laminar (7-14) and behave
as Newtonian fluid (8,15-17) and some studied turbulence
transition and non-Newtonian effects considering idealized
straight arterial model with single model stenosis obstruction
(11,15,17-21). Several experimental investigations have
been carried out on flow disturbances in the downstream
region of idealized modeled stenosis (18,22,23). Ahmed and
Giddens (24) examined the development of flow disturbances
downstream of smooth 25%, 50% and 75% area reductions
in an idealized geometry and observed a substantial increase
in the disturbance level above 50% stenosis. Beratlis et «/. (18)
conducted both numerical and experimental investigation of
transitional pulsatile flow in a prototypical stenotic site giving
a blockage ratio of 50% and Reynolds number of 570. They
used direct numerical simulations (DNS) to study the flow
disturbances downstream of the constriction and observed
that distal region is dominated by alternating random
fluctuations. The Reynolds number in cardiovascular system
is lower when compared to larger arteries like carotid and
aorta due to reduced blood flow rate and smaller diameter
of coronary arteries (25). Hence it is generally assumed to
be laminar for smaller coronary arteries like left main artery
(LM), left circumflex artery (LCX), left anterior descending
artery (LAD) and right coronary artery (RCA).
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The above CFD studies have addressed pulsatile blood
flows in stenotic coronary arteries accounting fluid-structure
interaction, transition to turbulence, non-Newtonian effects
and even plaque morphology. However, the arterial models
considered were limited either to an idealized geometry,
without curvature and/or for a particular percentage stenosis
in large arteries like carotid or aorta. Transitional shear
stress transport (SST) k-o turbulence model is utilized
here to capture the flow transition, if any, to turbulent
state. Transitional SST k- model has been found to
capture turbulence transition and predict WSS better than
standard RANS based turbulence models (19,21,26). The
onset of turbulent transition during pulsatile flow through
coronary arteries is quantitatively analysed by calculating
the turbulent kinetic energies at distal locations for varying
degree of stenosis. Disturbances in the arterial blood flow
due to turbulence can influence the physiological parameters
and processes, such as pressure loss, WSS, wall pressure,
mass transport from the blood to the vessel wall and wall
remodeling (27,28). Hence, it is of clinically relevance to
quantify the effect of turbulence transition on hemodynamic
parameters such as WSS and oscillatory shear index (OSI) for
varying degree of stenosis.

In the present study, first according the authors, the
effect of laminar assumption on WSS and OSI predictions
has been investigated for blood flow through simulated
coronary arteries with varying degree of stenosis (i.e., 0%,
30%, 50% and 70% stenosis). The present work contributes
towards an improvement in the CFD model that is adapted
in clinical studies resulting in better prediction of WSS,
OSI, CFR and FFR.

Methods

In this section we present the construction of 3-D artery
model, boundary conditions and numerical methods used to
simulate the blood flow through coronary arteries.

In vivo coronary artery models: IVUS imaging and
geometry reconstruction

Intravascular ultrasound (IVUS) imaging with tissue
characterization is considered as gold standard in evaluating
progression or regression of plaques (29). In vivo IVUS
images obtained from patients was used in the present study
with consent. A total of 146 patients were selected from
160 patients in a single-center study (30) who underwent
percutaneous coronary interventions. After the intra
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Figure 2 Velocity inflow profile of blood.

coronary administration of vasodilator, a 40-MHz IVUS
catheter (Atlantis SR Pro; Boston Scientific) was used to
acquire the IVUS images. Approval to conduct the study
was obtained from the ethics committee at Toho University,
Japan, and written informed consent was provided by all
participants. Stenotic geometries of sample patients were
taken from this pool.

The study included 146 patients (126 males, 20 females)
with mean age 69.6£9.9 years. Mean HbAlc, LDL, HDL and
total Cholesterol of patients were 5.83+0.32, 97.22+34.07,
51.12+14.77 and 173.52+41.15 mg/dL, respectively 31). In-
house software for atherosclerotic plaque imaging analysis
(ImgTracerTM, courtesy of AtheroPoint, Roseville, CA,
USA) was used to calculate intima-media thickness. A web-
based system was developed to manually generate contour
plots of lumen [internal elastic lamina (IEL)] and the vessel
outer wall [external elastic lamina (EEL)]. A Python script
was used to concatenate data from different sections into
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one single file which was read as formatted data points in
ICEM CFD preprocessing software. The artery was then
reconstructed using the multi-section solid command in
CATIA V5 CAD software. IVUS can only provide 2-D
cross-sectional images and additional imaging modalities
like CT scans and X-ray angiography is required to get the
3-D curvature. In the present investigation, 3-D centerline
curvature of LCX was reconstructed from the published
multi-slice CT angiography of a left coronary segment (32).
The reconstructed 3-D in vivo arterial geometrical models
for 0%, 30%, 50% and 70% stenosis are shown in Figure 1.

Boundary conditions

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 Berne and Levy, (33) is used in the
present study as shown in Figure 2. Outflow condition
was used at the outlet with a flow weighting of 1. Inlet
turbulent intensity of 3% typically seen in coronary arteries
is considered for the current simulations (11). A stationary
wall with ‘no slip’ condition was used to simulate the
arterial wall. At the inlet, the flow Reynolds number reaches
a maximum value of 410 based on the inlet diameter of the
artery during peak systole.

Computational mesh

The computational mesh was generated using ICEM CFD

cdt.amegroups.com Cardiovasc Diagn Ther 2016;6(3):208-220
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Figure 3 Computational mesh. (A) 3-Dimensional computational
mesh for coronary artery with 30% stenosis; (B) enlarged view of

mesh at inlet showing the prism layer to capture the wall effects.

commercial package. The robust scheme was adapted for
mesh generation. The final mesh had 516,000 elements
(Figure 34). A prism layer consisting of 4 layers with a
height ratio of 1.2 was employed to capture the flow near
the wall (Figure 3B). In the present model the value of y+
for the first grid away from the wall is 0.5 as required by the
turbulent transition model.

Inlet and outlet sections were extended by 5 times
the vessel diameter in proximal and distal directions,
respectively to satisfy the computational ‘Outlet’ boundary
condition while ensuring smooth entry. Four 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
analyzed the data from second cardiac cycle.

Governing equations

The blood flow in coronary arteries is governed by Navier-
Stokes’ Eq. [1,2] (34). Finite volume method (FVM) based
commercial CFD software ANSYS 15.0 (35) was used to
carry out the computational investigations. The blood flow
is assumed to be unsteady, isothermal and incompressible.
The ensemble-averaged governing equations solved for
mass and momentum conservation are:

(I)  Continuity: the continuity equation is based upon
the mass conservation principle and a general form can be
written as

Do
Ox.

i

(1]
(II) Momentum: the momentum equation is based

upon the momentum conservation principle (Newton’s
second law) and a general form can be written as
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Where, U, is the mean velocity vector, p is the static
pressure, p is the fluid density and v the kinematic viscosity.
For turbulent flows, the time-averaging process produces
the unknown Reynolds stresses (uu;) which are to be
modeled using turbulence theory. In laminar flows the

Reynolds stresses are almost zero.

Transitional shear stress transport (SST) k- turbulence
model

Moderate to severe arterial stenosis can produce highly
disturbed flow regions distal to stenosis with transitional
and/or turbulent flow characteristics. Neither laminar
flow modeling nor Reynolds Averaged Navier-Stokes
(RANS) based turbulence models that are developed
for fully turbulent flows are suitable for this kind of
flows (36-38). The turbulence model utilized here is
the transitional shear stress transport (SST) k-0 model
designed to capture the transition, if any, to turbulent
state (19,21,26). The transitional model solves the SST
k-o transport equations with two more equations, viz.,
Eq. [3,4]; one for intermittency and one for transition
onset criteria, in terms of momentum-thickness Reynolds
number. The model utilizes empirical correlation based
strategy to take in to account the effect of pressure
gradient, external turbulence level and transitional length
on turbulent transition and local flow parameters. Further
details of this model with validation and justification of
using this model in physiological flow conditions were
reported by (26).

The transport equations for # and w are

0 0 0 ok

—(pk)+—(pku,)=—| ', — |+ G, +7,

at(p )+6x,.(p u, ) 6xl.{ k 6x]}+ (R’ (3]
0 0 0 ow

— — )=—T,— |+G,+Y, +D
at(pw)-'_axi (pam]) axj( waxj]+ w+ w+ @ [4]

Where I' represents effective diffusivity, G is the generation
term, Y is the diffusion term and D represents the cross-

diffusion.

Carreau non-Newtonian model: WSS and OSI

The hemodynamic conditions in the cardiovascular system
are also influenced by the molecular viscosity of the
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Figure 5 Inlet wave form (24).

blood. The application of non-Newtonian model for the
cardiovascular flow analysis is crucial for achieving good
results (39). The molecular viscosity according to Carreau
model (40) is given by:

ﬂ=uw+(ﬂo—ﬂm)[1+(i7)2}(%l) 5]

where time constant 4=3.313s; Power law index n=
0.3568; zero shear viscosity 1,=0.056 kg/m-s; infinite shear
viscosity 1, =0.00345 kg/m-s and 7 is the shear rate.

For incompressible fluids and non-slip conditions applied
to the arterial wall, the spatial WSS 7, is calculated as:

ou

3

WSS=z,= —,ua [6]

where x is the dynamic viscosity, 4, is the tangential to
the wall velocity and # is the unit vector perpendicular to
the wall.

The OSI accounts for departure of instantaneous WSS
from its time averaged value. The oscillating shear index
(OS)) indicates the intensity of the oscillation around zero
throughout the cycle, which can be expressed as (41):
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where T is the cardiac cycle, 7, is the temporal WSS

vector. OSI values range between 0 and 0.5, where 0.5
indicates a purely oscillatory flow. There are studies
suggesting the intensively oscillating WSS causes the fatigue
lesions of the arterial intima and further the atherosclerosis
and arterial stenoses (3).

Model validation and verification
Model validation

For the validation purpose, pulsatile flow field distal to a 75%
axisymmetric constriction in a straight tube was simulated
using transitional SST k- model and compared with the
experimental data of (24). The idealized stenosed geometry is
shown in Figure 4. The experimental inlet wave form in Figure 5
is utilized in ANSYS FLUENT by using User Defined
Function (UDF). Blood was modeled as an incompressible
Newtonian liquid with density p=1,000 kg/m3 and dynamic
viscosity p=0.0036014 kg/ms. The mean velocity, U, of the
inflow profile used for the simulations was 0.04254 m/s and
the mean Reynolds number for the simulations was 600. The
peak and minimum Reynolds numbers were 996 and 204
respectively. The Womersley number, o, was approximately 7.5.

Velocity profile comparisons

Velocity profiles obtained using simulations at time “12’
are compared with Ahmed ez 4/., (24) experimental data
and plotted in Figure 6. The transitional k- turbulence
model shows good agreement against the experimental
data from Ahmed et al., (24) for the data recorded at 1D
and 1.5D downstream of the stenosis. Comparing the
computed and measured centerline velocity, the transitional
k- turbulence model is able to predict the distal flow
field with 95% accuracy. This is achieved by the two

Cardiovasc Diagn Ther 2016;6(3):208-220
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Figure 6 Velocity along the radius at location distal to the stenosis. (A) At 1 D from the stenosis throat; (B) at 1.5 D from the stenosis throat.

Table 1 Mesh and temporal independence study

Verification study Mesh volumes Time step (s) WSS, ., (Pa) Change in WSS, (%)
Mesh independence 258,000 (coarse) - 41.36 -
516,000 (medium) - 46.33 12
774,000 (fine) - 48.18
Time step independence - 0.05 42.89 -
- 0.01 46.33
- 0.005 47.25

additional transport equations used along the equations for
turbulent kinetic energy (k) and specific dissipation rate of
turbulent kinetic energy (w). The two additional equations
are solved for turbulent intermittency and momentum
Reynolds number. Detailed formulation and validations for
transitional flows were reported by (Menter et 4l., 2006) (27).

Verification

Apart from validation, verification process assesses whether
the numerical model is correctly implemented by comparing
the model’s numerical results against the analytical results.
It also involves sensitivity analysis of the input parameters
to the numerical model.

Mesh independence

Mesh independence was investigated by comparing the
WSS, at peak systole with the following three different
meshes: coarse, medium and fine mesh corresponding
to 258,000, 516,000 and 774,000 mesh control volumes

© Cardiovascular Diagnosis and Therapy. All rights reserved.
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respectively. Table 1 gives the details of the mesh
independence test by providing the WSS, for various
mesh volumes used. The table also gives the percentage (%)
change in WSS, as the number of mesh volumes increases.

Temporal independence

A time-step independence test was carried out with 15, 75,
and 150 time-steps per cycle which corresponds to 0.05, 0.01
and 0.005 seconds respectively by comparing the WSS,
at peak systole during a cardiac cycle. Table 1 gives the
details of the time step independence test by providing the
WSS,..x for various time step used. The table also gives the
% change in WSS, as the time step is reduced.

Convergence criteria

Numerical simulation methodology involves iterative
procedures and hence convergence criteria have to be set
up for the conserved flow properties. Convergence criteria
of 107 and 107 which is the final difference between the
analytical solution and the iterative solution have been

Cardiovasc Diagn Ther 2016;6(3):208-220
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Figure 7 Comparison between straight and curved geometry for one cardiac cycle. (A) WSS, ; (B) WSS,
Table 2 WSS, WSS,,, and the difference against straight geometry at peak systole
Hemodynamic parameter Straight geometry Curved geometry Difference (Pa) Difference (%)
WSS.,.., (Pa) 27.05 60.06 33.01 122.03
WSS,,, (Pa) 2.53 3.80 1.27 50.27

set up for the mass conservation (Eq. [1]) and momentum
conservation (Eq. [2]) equations respectively.

Results

In order to assess quantitatively the onset of turbulence,
simulations based on laminar and turbulent model are carried
out for varying degree of stenosis and the hemodynamics
parameters are compared. In the present methodology, the
following assumptions are adapted: (I) arterial wall is non-
elastic; (II) cardiac movements are neglected; (III) viscosity
of the blood is a function of shear rate only.

Comparison between straight and curved geometry

The effect of 3-D centerline curvature on the WSS is
numerically studied. The 0% stenosis artery geometry
with and without 3-D centerline curvature (Figure 14 and
a constant cross-section artery with straight centerline)
and WSS, during
a cardiac cycle for both the geometries mentioned above.
WSS, is area weighted average of the WSS (Eq. [6])
over the entire arterial lumen surface at a particular time
in a cardiac cycle and WSS, is the maximum value of

was considered. Figure 7 gives WSS

avg

WSS (Eq. [6]) over the entire arterial lumen surface at a
particular time in a cardiac cycle. It can be seen that WSS,
and WSS,,.,is consistently less compared to the artery with
curvature throughout the cycle. Tuble 2 gives the percentage
deviation in WSS,,, and WSS, for curved artery from the
straight artery along with absolute difference in Pascal.

© Cardiovascular Diagnosis and Therapy. All rights reserved.

WSS predictions using turbulent and laminar models

The transitional SST k-o model is capable of taking into
account additional stresses due to turbulence, if any, through
the Reynolds stress term in the governing equation (Eq. [2]).
To determine whether the flow has transition/turbulent
zones, the hemodynamic parameters obtained by turbulent
transitional model are compared with the laminar model.
The calculated WSS,,, and WSS, based on laminar and
turbulent model considering blood as non-Newtonian fluid
(Eq. [5]) for all arterial geometries are plotted in Figure §.

Table 3 present the deviations of turbulence transition
model from the laminar model in the calculated WSS,
and WSS,,, values and clearly shows that the difference
between the absolute values for laminar and turbulent
models increases almost exponentially with the stenosis. As
the turbulence level in the blood flow increases the values
of WSS increases due to increase in the velocity gradient
at wall. Figure 9 presents the WSS distribution obtained
using the turbulence model for all the stenosis geometry.
At the throat (stenosis) WSS is maximum and increases
downstream after the stenosis as the flow becomes highly
disturbed due to the presence of obstruction.

Oscillatory shear index (OSI)

OSI calculated using Eq. [7] at a location downstream of
the maximum stenosis and averaged over a complete cycle is
plotted in Figure 10. It can be inferred from the figure that the
OSI varies significantly between the laminar and turbulent

cdt.amegroups.com Cardiovasc Diagn Ther 2016;6(3):208-220
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Figure 8 WSS for all stenosis levels considering blood as non-Newtonian fluid. (A) WSS,; (B) WSS,

Table 3 WSS, WSS, and the difference against laminar model at peak systole

avg)

Hemodynamic parameter Stenosis (%) Laminar (Pa) Turbulent (Pa) Difference (Pa) Difference (in %)
WSS,.q 0 15.11 15.16 0.05 0.33

30 13.11 13.88 0.77 5.89

50 8.84 10.05 1.21 13.68

70 23.53 31.37 7.84 33.31
WSS, .« 0 87 87.75 0.75 0.86

30 42.88 46.33 3.45 8.05

50 235.5 269.35 33.85 14.38

70 3,773.4 4,078 304.6 8.07

models for 50% and 70% stenosis indicating that the transition
to turbulence starts occurring above 50% stenosis.

Onset of turbulence

A comparison of turbulent kinetic energy as a percentage
of mean flow kinetic energy along the radius at a location 2
inlet diameters distal to the stenosis is plotted in Figure 11.
It can be observed that the turbulence intensity increases
significantly for 70% stenosis compared to 50% or lower
stenosis which indicates that the flow becomes turbulent at
peak velocity for 70% stenosis.

Discussion
Our model, validation and assumptions

The pulsatile blood flow through coronary arteries under
multiple-stenosis condition could undergo transition from
laminar to turbulent. Transitional SST k-o model was

© Cardiovascular Diagnosis and Therapy. All rights reserved.
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developed for transitional flows. This has been validated
and utilized to capture turbulence transition in coronary
arteries. We demonstrated that the flow transition affects
the clinically relevant hemodynamic parameters such as
WSS and OSI for stenosis above 50% and the flow becomes
fully turbulent for 70% stenosis. It is assumed that the
artery is made of rigid wall and the effect of cardiac motion
on the geometry is neglected.

Brief survey and benchmarking

In numerical coronary hemodynamic analysis, the blood
flow is generally assumed to be laminar. Though, there is
general consensus on transition to turbulence occurring
in large arteries under stenotic conditions, there is no
literature available on turbulence transition studies in 3-D
transient pulsatile coronary arteries for varying degree of
stenosis including centerline curvature and considering
blood as non-Newtonian (Table 4). Viscosity of blood

Cardiovasc Diagn Ther 2016;6(3):208-220
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Figure 10 OSI for a cardiac cycle for varying degree of stenosis

considering blood as non-Newtonian fluid.

increases markedly at low shear rates. In the present
investigation the Carreau model was used to model this
non-Newtonian behavior in order to improve the accuracy
of WSS predictions in coronary arteries. Our present work
was aimed to provide quantitatively the onset of turbulence
in simulated coronary arteries which would help in
making informed choice on laminar/turbulent assumption
resulting in better WSS predictions. Transitional SST
k- turbulence model is utilized here to capture the flow
transition, if any, to turbulent state. First, the model is
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Figure 11 Turbulent kinetic energy along the radius at a location 2

inlet diameters distal to stenosis.

validated against the widely benchmarked experimental
results of Ahmed ez 4l., (24) for 75% stenosis where the flow
Reynolds number varies from 200 to 1,000. Ahmed ez 4/., (24)
observed flow transition to turbulent at location distal to
the 75% stenosis. Hence, the measured velocity profiles at
distal locations were chosen for validating the transitional
SST k- turbulence model. The model was able to predict
the velocity profile behind the stenosis accurately (Figure 6).
This is achieved by solving two additional equations; one
for turbulent intermittency and the other for transition
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Table 4 List of laminar/turbulent flow studies in coronary arteries

217

Newtonian vs.

. . o . )
Investigators Laminar vs. turbulent non-Newtonian % stenosis Coronary arterial geometry

Long et al., Laminar Newtonian 25%, 50%, Idealized straight tube with smooth stenosis

2001 (42) 75%

Boutsianis Laminar Newtonian - In vivo coronary artery

etal., 2004 (7)

Nosovitsky Laminar Newtonian - Idealized straight pipe models

etal., 1997 (11)

Verghese et al., Turbulent model: - 50-80% Idealized straight pipe models

2003 (21) low Re k-0

Ryval et al., 2004  Turbulent model: Newtonian 75% and 90% Idealized straight tube geometry

(19) transitional SST k-o area reduction

Suetal., Laminar Newtonian 25%, 50%, In vivo LAD artery with 3-D centerline curvature
2014 (13) 70%, 90%

Shalman et al., Turbulent model: - 50%, 60% Idealized straight pipe models

2002 (20) RNG k-0 and 70%

Wu et al., Laminar Newtonian 30%, 50% Idealized straight pipe models

2015 (14) and 70%

Bhaganagar Turbulent model: Newtonian - Straight geometry with non axisymmetric stenosis
etal., 2013 (17) transitional SST k-o considering various plaque morphologies
Tanetal., Turbulent model: Newtonian 75% Idealized straight tube geometry with stenosis
2008 (25) transitional SST k-o

Beratlis et al., Turbulent-DNS Newtonian 50% Idealized straight tube geometry with stenosis
2005 (18)

Molla et al., 2013  Turbulent-LES - 50% Idealized straight tube geometry with symmetric
(43) stenosis

Present study Turbulent model: Non-Newtonian 0%, 30%, In vivo coronary artery with 3-D centerline curvature

transitional SST k-

50% and 70%

momentum Reynolds number (26,44).

A Note on the effect of coronary geometry

and WSS, increases significantly from that of straight
model.

WSS and OSI: comparison between laminar and
turbulent models

First, comparison was made between straight and in vive
coronary artery with 0% stenosis to quantify the effect of
3-D centerline curvature on WSS. While comparing the
calculated hemodynamics parameters, it was observed that
the centerline curvature significantly affects the WSS (122%
tor WSS, and 50% for WSS,,,). It can also be seen that
WSS, and WSS, is consistently less compared to the
artery with curvature throughout the cycle. In vivo coronary
arteries are tortuous in nature with multiple bends, twists
and windings. In every bend WSS tends to be high on
the outer radius and low on the inner radius due to the
centrifugal force acting on the blood flow hence the WSS,
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In results section, the effect of laminar flow assumption on
WSS and OSI predictions was investigated for blood flow
through simulated coronary arteries with varying degree of
stenosis (i.e., 0%, 30%, 50% and 70%). Figure 8, Figure 9
and Table 3 clearly demonstrate that the laminar model
under-predicts the WSS and the change in WSS value
increases with increase in the severity of stenosis. As the
turbulence level in the blood flow increases the values of
WSS increases due to increase in the velocity gradient at
wall. The values of WSS, and WSS, based on turbulent
model are consistently higher than the laminar model for

max
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all stenotic geometries during the peak systole. Hence, the
flow is turbulent during the peak systole irrespective of
stenosis value. The difference in WSS, is considerably less
than that for WSS, between the two modeling approaches
(Table 3). This is due to the fact that WSS, occurs at the
minimum cross section in a geometry and highly dependent
on reduction in area and the flow rate and less dependent
. for a stenotic geometry on the
other hand is significantly affected by the change in WSS

distribution throughout the distal region of the stenosis due

on the flow regime. WSS,

to turbulence transition.

A Note on effect of stenosis severity

It can be seen that for 0% and 30% stenosis, WSS
WSS.,..x and OSI calculated using laminar and turbulent

avgy

model gives almost similar results throughout the entire
cycle which manifests that the flow is laminar (Table 3)
(Figure 10). However, for 50% and 70% stenosis, the
calculated WSS, ., WSS, and OSI shows substantial

differences between the turbulent and laminar model

max

confirming that significant turbulent zones exist in the
blood flow. For 70% stenotic arterial model, the OSI is
0.3 distal to stenosis (Figure 10) which is considered as
highly oscillatory flow. Low WSS and highly oscillatory
blood flow sites are linked to atherogenesis and plaque
progression (28). Hence, for higher degree of stenosis,
using a turbulent model becomes important to accurately
predict the WSS
low WSS. As plaque rupture is linked to critical flow and

g Values as well as the spatial locations of
stress/strain conditions at the stenotic arterial cross section,
the accuracy of the computational fluid models in predicting
hemodynamic parameters is valuable and assistive in cardiac
clinical decision support systems.

Ouset of turbulence transition

Turbulent kinetic energy as a percentage of mean flow
velocity along the radius at a location 2 inlet diameters distal
to the stenosis is plotted in Figure 11. The turbulent kinetic
energy approaches zero near the walls which is due to the
dampening effect of velocity disturbances by the rigid walls.
It can be observed that the turbulence intensity increases
significantly for 70% stenosis and reaches 30% at the centre
line compared to 3% for 50%. Based on the peak turbulent
kinetic energy, transition from laminar to turbulent flow
occurs between 50% and 70% stenosis and turbulence is
established at 70% stenosis.

© Cardiovascular Diagnosis and Therapy. All rights reserved.
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Strengths, weakness and extensions

The validated transitional shear stress transport (SST) k-0
model used in the present investigation is the best suited
Reynolds averaged Navier-Stokes turbulence model to
capture the transition, if any, to turbulent state. This study
according to the authors presents for the first time the
investigation of turbulence transition for varying degree of
stenosis during a pulsatile blood flow through 3-D in vive
coronary arteries with centerline curvature and considering
blood as non-Newtonian. Though specific patients from
the sample pool were considered in this study, we intend
to apply this more towards clinical applications on our own
collaborative science.

However, the accuracy of transitional SST k-® model to
capture turbulent transition and turbulent zones depends
upon the surface roughness value and the transition
momentum thickness Reynolds number. Standard values
have been assumed in the Eq. [3-6] for these constants.
Since, these values are patient dependent the usage of
in vivo measured values is expected to provide more
accurate results. In the present methodology, the following
assumptions are adapted: (I) arterial wall is non-elastic; (II)
cardiac movements are neglected; (ILI) viscosity of the blood
is a function of shear rate only. There is always a possibility
of modeling these assumptions which leads to more accurate
predictions.

It has been demonstrated that the transition to turbulence
starts occurring above 50% stenosis. For non-Newtonian
blood flow through iz vive coronary arteries with centerline
curvature, turbulence affects the hemodynamic parameters
like WSS,,, WSS,,., and OSI significantly for stenosis above
70%. However, the onset of transition to turbulent flow
seems to occur for 50% stenosis.

In the current study, we have demonstrated that the
flow transition affects the clinically relevant hemodynamic
parameters such as WSS and oscillatory shear stress (OSI).
This concept was evaluated for coronary vessels having
the stenosis above 30%. Further, we showed that the flow
becomes fully turbulent above and beyond, if the vessel has
70% stenosis. In clinical cardiology, CFD models can be
used to calculate coronary flow reserve (CFR) and fractional
flow reserve (FFR). The present work contributes towards
an improvement in the CFD model that is adapted in
clinical studies resulting in better prediction of WSS, OSI,
CFR and FFR. This is particularly helpful in understanding
the patients which show early signs of cardiovascular
disease and stroke. Such models are independent of the
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imaging modality. Even though, our model was based out
of the IVUS, but this is extendable to CT-based coronary
imaging.
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