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ABSTRACT
Cardiovascular diseases (CVD) are the leading cause of death in the world. According to

the World Health Organization (WHO) 17.3 million people died from cardiovascular
disease in 2008, representing 30% of all global deaths. The most common modality of
treatment of occluded arteries is the use of stents. Despite the widespread use of stents,
the incidence of post-stent restenosis is still high. The study of stents in conditions that
are similar to in-vivo conditions is limited. This work tries to address the behavior of
stents in conditions similar to in-vivo conditions in a generalized framework, thus
providing insights for stent design and deployment. Three dimensional, time accurate
computational fluid dynamics (CFD) simulations in a pulsatile flow with fluid-structure
interaction (FSI) were carried out in realistic coronary arteries, with physiologically
relevant flow parameters and dynamics due to induced motion of the heart. In addition,
the geometric effects of the stent on the artery were studied to point towards possible
beneficial stent deployment strategies. The results suggest that discontinuities in
compliance and dynamic geometry cause critical changes in local hemodynamics, namely
altering the local pressure and velocity gradients. Increasing the stent length, reducing
the transition length and increasing the overexpansion caused adverse flow conditions.
From this work, detailed flow characteristics and hemodynamic characteristics due to the
compliance mismatch and applied motion were obtained that gave insights towards better

stent design and deployment.
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1. Introduction

Motivation

Cardiovascular diseases (CVD) are the number one causes of death in the world.
According to the World Health Organization (WHQO) 17.3 million people died from
cardiovascular disease in 2008, representing 30 % of all global deaths, with Coronary
Artery Disease (CAD) being one of the major contributors, with 7.3 million deaths. Thus,
there is a critical need to address existing and emerging challenges and develop novel
tools to diagnose, monitor, and treat coronary artery diseases.

The hydrodynamics of pulsatile flows in flexible vessels with wall deformations
and large dynamic changes in geometry such as that seen in coronary arteries are not well
understood. These flow conditions exhibit fluid structure interactions (FSI), flow and
structural instabilities and pressure wave reflections that affect flow patterns, induced
stresses and transport processes. However, despite extensive previous work there is
practically no research on the effect that compliance mismatch and stiffness
discontinuities have on the hydrodynamics in realistic physiological conditions that
include the effects of motion of the myocardium on the coronary artery. In particular, the
prediction of in-vivo flow conditions in coronary arteries (CA) and the performance of
prosthesis like stents under these conditions, that cause variation in local compliance are
not understood. It is hypothesized that in coronary artery flows, the large scale motions of
the myocardium along with local variations or discontinuities of the vessel stiffness alter
the pressure gradients leading to non-physiological flow patterns and abnormal wall shear
stresses. It is inferred that this combined mechanism can have significant hemodynamic
effects. An attempt to investigate the effect of dynamic geometry variation and stiffness
variation -as manifested in stented coronary arteries- on the character of the flow is made
in this work. Coronary artery flows are complex and involve multiple mechanical and
chemical interactions and stimuli. Although the role of dynamic variation of the geometry
and stiffness variation is only one piece of the puzzle, yet it is the one that has arguably
received the least attention. This can be primarily attributed to limitations of
computational tools for properly resolving the inherent FSI problem. The proposed

hypothesis is presented in Fig. 1.1



Compliance
Variation

Effect of
Stenting in
Realistic

Coronary Artery
Flows

Dynamic
Geometry
Variation

Figure 1.1 Integration of compliance variation and dynamic geometry variation to simulate realistic

coronary artery flows

Objective

The main purpose of this work is to quantify the effect of the compliance change
due to stenting in realistic coronary arteries, including the effects of the deformation of
the artery under the influence of applied fluid forces (FSI) and the induced motion of the
artery due to the motion of the myocardium itself. There has been considerable recent
work to study the mechanical properties of stents by numerical analysis or in vitro
mechanical tests, and to compare them by type or brand. However, these studies cannot
yet predict their in vivo performance. This study will also try to quantify the effect of
stent parameters: length, transition length and expansion area, on hemodynamics. This
work would be helpful in the design of stents and aid in understanding the bio-fluid

dynamic effects of stenting. The research objectives to this end are:
e Baseline study to establish the hypothesis of the effect of compliance mismatch on

hemodynamics

» This objective provides the basis for the hypothesis that the compliance
mismatch would affect the local hemodynamics, leading to the change in WSS

and OSI near the discontinuities in compliance.
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e Characterize the flow due to dynamic motion of a generalized CA
» This objective will characterize the effects of curvature and torsion on the
hemodynamics, including the dynamics of the change in curvature and torsion
with time, forming the basis for studying the effect of the compliance
mismatch under realistic conditions. This work will help us in isolating the
effect of curvature and torsion on flow.
e Study the effect of compliance change due to stenting of a generalized CA
» This objective will characterize the effects of compliance mismatch on the
hemodynamics under in-vivo conditions, including the dynamics of the
change in curvature and torsion with time. To the best of our knowledge, this
the first study of its kind.
e Study the effect of stent deployment strategies due to stenting in a generalized CA
» This objective will try to answer critical clinical questions with regard to the

effect of stent deployment strategies on local hemodynamics.

Coronary Arteries in Brief

The coronary arteries are the vessels that supply blood to the heart itself, originating at
the aortic sinuses. The heart consists of four chambers, two ventricles and two atria,
which contract and expand in tandem in a rhythmic fashion. The blood from the left
ventricle is carried by the aorta to the whole body and returns back to the right atrium.
This is called the systemic circulation. The blood from the right ventricle flows to the
lungs and returns back with oxygen to the left atrium, forming the pulmonary circulation.
The systemic circulation is at a higher pressure due to the need to reach all extremities of
the body, thus the work done by the left side of the heart is higher compared to the right
side. This is reflected by the presence of a more extensive coronary network on the left
side of the heart. There are two main arteries that supply blood to the heart, the left main
coronary artery (LCA) and the right coronary artery (RCA). The LCA further branches
out into the left anterior descending (LAD) and the Left circumflex (LCX) arteries. The
arteries themselves are supported and connected to the myocardium and thus are affected
by the movement of the heart. It should also be noted that the coronary arteries

themselves deform and are compliant.



Contributions of this Work

The main scientific and engineering contributions of this work is the development of a
general framework to simulate close-to-real mechanical conditions that is experienced by
flow in a coronary artery. This was done by conceptualizing the artery as a helical tube
resting on a beating cylindrical heart. The large scale three-dimensional motion with
physiologically relevant pulsatile flow conditions through compliant arteries provided a
rich and physically relevant environment for investigating the impact of stents placed in
the vessel. To our knowledge, this is the first study to include all these effects in a
coherent framework allowing for a meaningful quantitative assessment of the effect of
different parameters on hemodynamics. Effects of stent compliance mismatch, stent
length, stent overexpansion, and stent transition length are investigated under the
influence of changing curvature and torsion imposed by the motion of the beating heart.

The following journal articles were written during the course of this work and are an

integral part of this dissertation:

e “Hydrodynamic Effects of Compliance Mismatch in Stented Arteries”, Selvarasu

NKC, Tafti DK, Vlachos PP, ASME JBME, Volume 133, Issue: 2, FEB 2011

o “Investigation of the Effects of Dynamic Change in Curvature and Torsion on
Pulsatile Flow in a Helical Tube”, Selvarasu NKC and Tafti DK, ASME JBME,
Volume 134, Issue: 7, JUL 2012

o “Effects of Compliance Mismatch in Elastic Helical Under the Influence of
Dynamic Changes in Curvature and Torsion”, Selvarasu NKC and Tafti DK,
Submitted

e “Effects of Stent Length, Transition Length and Overexpansion in Stented
Arteries”, Selvarasu NKC and Tafti DK, To be Submitted

e “Effect of Pin Density on Heat -Mass Transfer and Fluid Flow at Low Reynolds
Numbers in Minichannels”, N.K.C. Selvarasu, D. Tafti, N.E. Blackwell, ASME

Journal of Heat Transfer, Journal of Heat Transfer, VVol. 132



e “Implementing modular adaptation of scientific software”, Pilsung Kang, N.K.C.
Selvarasu, Naren Ramakrishnan, Calvin J. Ribbens, Danesh K. Tafti, Yang Cao,

Srinidhi Varadarajan, , Journal of Computational Science, Volume 3, Issues 1-2

Organization of Thesis

The rest of the manuscript is organized as follows. The second chapter presents a brief
review of the relevant literature. Chapter 3 presents the methods used to tackle the
problem at hand. Chapter 4 presents the results supporting the hypothesis that compliance
changes affect the hemodynamics. To this end a straight compliant tube with no applied
motion was used. Chapter 5 presents the results providing the flow characteristics for
non-compliant helical tubes subject to realistic myocardial motion. Chapter 6 presents the
results of compliant helical tubes subject to both changes in compliance and myocardial
motion. Chapter 7 presents the effects of three stent parameters — length, transition length
and deployment overexpansion area. Chapter 8 presents a comparison of the flow in a
straight non-moving vs. a moving stented artery. Finally Conclusions and Summary of

this work are presented in Chapter 9.



2. Literature Review

The relationship of arterial tissue and fluid mechanics to cardiovascular disease has been
in the forefront of research for many years[1, 2]. A thorough review on the topic is
beyond the scope of this thesis. However, the strong relationship between the fluid
mechanics of the vessels and the mechanisms associated with atherosclerosis and
thrombosis is well documented. Particularly, the significance of wall shear stresses in
arterial flow and their role in the development of disease has been the topic of numerous
studies [3, 4]. The literature that is relevant to this work consists of works concerned with
dynamic changes in geometry, compliance variation and various deployment strategies.
Presented below is some of the literature relevant to this work. This chapter is organized
as follows. First we present the literature that is of relevance to dynamic change in
geometry, followed by the literature of relevance to compliance variation. Finally we

present the literature that is of relevance to the various stent deployment strategies.

Dynamic Change in Geometry of the Coronary Artery

The effect of the dynamic change in curvature and torsion under pulsatile flow
conditions on local hemodynamics is not fully understood. In this work, we focus our
investigation on the localized hemodynamic effects of dynamic changes in curvature and
torsion. It is our objective to understand and reveal the mechanism by which changes in
curvature and torsion contribute towards observed wall shear stress distribution. The
literature that is relevant to the problem studied in this work can be grouped into three
classes — study of flow in stationary helical tubes, study of the effect of motion on flow
under simplified conditions with applied 2D motion, and studies that are based on patient
specific geometries and observed motion at discrete times of the cardiac cycle. A brief

summary of all three classes of work will be presented in the below paragraphs.

Flow in Stationary Helical Tubes

There is extensive research, both numerical and theoretical, on flow in static
helical tubes with circular cross section, focusing on secondary transport. Wang [5]
studied flow in a tube with small curvature and at low Reynolds number and found that

the recirculating zones drop from two to one when the Reynolds number is reduced.
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Germano [6] developed a orthogonal helical coordinate system to analyze helical tube
flow. Kao [7] wused the coordinate system developed by Germano[6] and obtained
secondary flow patterns for different torsion values. It was shown in the above work that
as the torsion increases, the two-cell vortex structure changes, with one vortex structure
dominating the other. Yamamoto et al. [8] investigated high Dean number flows in a tube
with large curvature and torsion, providing vector plots of the secondary flows. They saw
a dominant vortex develop with increase in Reynolds number. An extensive review on
flow in curved tubes was provided by Berger et al. [9]. Gammak and Hydon [10] studied
steady and unsteady flows in pipes with small, slowly varying curvature and torsion.
They found that the azimuthal WSS increased by the introduction of torsion. For a
uniform pipe, the introduction of torsion breaks the symmetric structure (of flow without
torsion) and skews the velocity profiles in the direction of the torsion. They concluded
that as curvature increases, the axial velocity is forced towards the outer wall and the
secondary velocity field is increased in strength. Increasing torsion skews the components
of velocity in the direction of increasing torsion. Peterson and Plesniak [11] presented the
results of an experimental investigation to determine the influence of two physiologically
relevant inlet conditions on the flow physics downstream of an idealized stenosis are
presented. The mean, maximum and minimum Reynolds numbers of 364, 1424 and 24,
respectively, and a Womersley number of 4.6 was studied. Curvature-induced secondary
flow was found to play a minor role in the near-stenosis region. Vortex ring formation

was relatively unaffected by the mean velocity gradient and secondary flow.

Flow in Moving Tubes

The works listed above are just a few from the extensive literature on the flow in
fixed static helical tubes. Comparatively, the number of works studying the dynamic
effects of change in curvature and torsion is limited. Moore et al. [12] studied the effect
of axial movement on a straight tube, with the applied movement obtained from coronary
angiography. It was found that the movement affects the shear stress oscillation.
Santamarina et al. [13] studied the effects of varying curvature on flow through a
circularly curved tube. They observed that the wall shear rate for the dynamic case was
within 6% of the static case. As an extension of the above work, the effect of frequency
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of curvature change was studied by Moore et al. [14]. It was concluded that the dynamic

curvature change frequency affected the inner wall shear rates in coronary arteries.

Patient Specific Studies

The third class of work found in the literature is based on patient specific
geometries. A model of the bifurcation of the left anterior descending coronary artery and
its first diagonal branch was studied by Prose et al. [15]. The influence of curvature was
found to increase downstream of the branch. Zeng et al. [16] studied one right coronary
artery (RCA) using the geometry and motion from biplane cine-angiograms incorporating
observed bending and torsion. The instantaneous WSS values varied by 150% in the
dynamic case compared to static case. Little difference was seen in the time averaged
WSS between the static and dynamic cases, with the pulsatile effects dominating the
flow. Theodora Kakos et al. [17] studied the flow in a left anterior descending (LAD)
artery with the motion and geometry obtained from x-ray angiograms. They observed that
the motion of the artery damped the recirculation zones formed, compared to a steady
static case. Torii et al. [18] studied an RCA based on observed MR images and observed

that OSI was affected to a greater extent than the WSS due to the applied motion.

Variability of Coronary Artery Geometry and Motion

All the above conclusions were based on the study of one patient specific artery
and thus are limited. The variability of CA geometry and its motion is quite extensive
between individuals. Ding et al [19-21] studied coronary artery dynamics by tracking
motion of the arteries in-vivo. They observed that there was variation in the motion
between individuals and between different vessels themselves in one person. This led
them to hypothesize that the variability of motion affects the susceptibility of vessels to
atherosclerosis between the patients and between the vessels. There is also wide
variability in the anatomical layout and the geometry of coronary artery (CA) between
patients. Brinkman et al. [22] studied 30 autopsy hearts to find the geometric distribution
of the left coronary artery(LCA). Based on measured geometric parameters, they found
no correlation between the 30 hearts studied, with the parameters varying considerably.
Zhu et al. [21] studied the geometry of 32 left anterior descending (LAD) arteries and 35



right coronary arteries from angiographic images. They too found major variations in
geometry, with 80% of this variation being explainable in terms of the curvature and
torsion change. The variation of the curvature about the mean was 25% and the variation
of the torsion was 65% for the LAD. The geometry of the CA affects the local
hemodynamics and shear stresses as evident from specific sites being prone to
atherosclerosis. This leads to the conclusion that measured/calculated hemodynamics

would change drastically from one individual to another.

Need for Studying the Effect of Dynamic Change in Geometry

In summary, the literature is limited with regards to the dynamic effects of motion
on flow, especially of curvature and torsion, as are experienced by coronary arteries.
From the extensive studies on flow in stationary helices, it is known that the flow patterns
are affected by curvature and torsion. From the studies of simple 2D applied motion, it is
known that the WSS is affected by the dynamic changes in geometry [12-14]. Patient
specific models do not help draw general conclusions, due to the fact that the variations
in geometry and motion observed are drastic between patients. Hence to draw general
conclusions, a generalized geometry is needed, both to study the effect of the shape and
the displacement of the CA due to the myocardium. Also, the effect of dynamic curvature
and torsion change on flow patterns in a CA has not been studied in detail.

Thus, one of the objective of this work is to study the effect of the dynamic
change in curvature and torsion on flow in an idealized helical coronary artery resting on

a cylindrical myocardium.

Effect of Compliance Variation on Arterial Flow

The most common treatment modality for occlusive cardiovascular disease is the use of
stents. Although existing stents perform their function of supporting diseased arterial
tissue, stent design profoundly influences the post-procedural hemodynamic and solid
mechanical environment of the stented artery [23-25].

Stone et al.[26] showed that regions of low wall shear stress had higher accumulation of
atherosclerotic plaque accompanied with increase in external wall radius showing a

positive wall remodeling. They also note that within the stented region there is intimal



thickening, causing a reduction of lumen and an increase in fluid velocity and wall shear
stress. It was observed that the neointimal thickness was inversely proportional to the
WSS, suggesting a hemodynamic contribution to restenosis. Pache et al. [27] studied the
effect of stent strut thickness on restenosis during the ISAR-STEREO-2 Trial, by
observing the effect of different type of stents on restenosis in 611 patients with CAD.
The rate of restenosis was 17.9% in the thin stent group and 31.4% in the thick stent
group, mainly through late lumen loss. Studies on coronary artery bypass grafts provide
contrasting results as to the contribution of the magnitude of the wall shear stress on
hyperplasia or the role of the WSS gradient [28-30]. Also studies have shown that the
graft success rate is increased by reducing the compliance mismatch between the host
native artery and the graft [31, 32].

Charonko et al. [33] developed a one-dimensional finite-difference model to predict
pressure wave reflections in stented arteries, and a parametric study of variations in stent
and vessel properties was performed, including: stent stiffness, length, and compliance
transition region, as well as vessel radius and wall thickness. Charonko et al. also studied
the effect of stent design [34] and stent implantation configuration [35] using time
resolved Digital Particle Image Velocimetry (DPIV), where changes in stent design
affected the WSS on the wall. Data from CFD models by LaDisa et al. [36-39] suggest
that stent geometry may cause local alterations in WSS, which have been associated with
neo-intimal hyperplasia and subsequent restenosis. The result obtained using three-
dimensional CFD models suggest that changes in vascular geometry after stent
implantation are important determinants of WSS distributions that may be associated
with subsequent neo-intimal hyperplasia. However, the models used here do not consider
the fluid-structure interactions. Berry et al. [40] carried out a similar study, using flow
visualization studies and CFD. All such studies have presented the micro-scale effects of
stenting before the wires have been covered with the surrounding tissue. These studies do
not pertain to long term stent effects, but to the hemodynamics just after stent
implantation. This is significant because observations made in stented arteries in animal
studies have indicated a continuous growth of endothelial cells. Yazdani et al. [41]
performed DPIV measurements to find the effect of compliance mismatch due to
stenting . They found that large compliance mismatch increased the size and the
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residence time of the near wall vortex, indicating that the compliance of the stent plays a
significant role in post-stent hemodynamics. Thus one of the objectives of this work was

to characterize the effect of compliance change, to find the effect of late restenosis.

Effect of Stent Length, Transition Length and Overexpansion

Numerous risk factors have been identified as the cause of stent failure. These
predictors can be classified as clinical, procedural, or lesion related. This work is
predominantly concerned with the procedural causes of stent failure. Presented below is

some of the literature relevant to this work.

Stent Length Effects

Stent placement approaches vary from covering just the zone of maximal
obstruction to stenting well beyond the lesion boundaries. Mauri et al.[42] studied the
effects of stent length and lesion length on coronary restenosis. They analyzed the
angiographic follow-up of 1,181 patients. Stent length exceeded lesion length in 87% of
lesions. They found that stent length increased the risk of restenosis independent of the
stented lesion length. Kereiakes et al.[43] demonstrated the relative importance of stent
length, independent of post-procedural minimal lumen diameter as a key predictor of
subsequent in-stent restenosis. They concluded that longer stented segment length
correlates with late restenosis. Longer stent length was associated with an increased
frequency of late in-stent restenosis. Kobayashi et al.[44] evaluated the relation between
stented segment length and restenosis in 725 patients with 1,090 lesions. They found that
the minimal lumen diameter was lower when the stent length increased. Restenosis rates
were 47% for the long stent group compared to the short stent group (24%). Moreno et
al.[45] compared the risk of stent thrombosis after drug-eluting stents (DES) versus bare-
metal stents (BMS) and tested the hypothesis that the risk of DES thrombosis is related to
stent length. The risk of thrombosis after DES versus BMS was compared, and the
relationship between the rate of DES thrombosis and stent length was evaluated. They
concluded that the risk of stent thrombosis after DES implantation is related to stent
length. Charonko et al[33] studied the effect of various stent parameters on the pressure

wave reflections. The parameters studied included the stiffness ratio, stent length and
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stent transition length. They found that increasing or decreasing the stent length by
amounts up to 50% resulted in an equal change in the percentage of wave reflection. The
magnitude of the reflected pressure wave was found to vary linearly with length of the
stent being tested.

Stent Transition Length Effects

Berry et al.[46] used finite element analysis to assess the solid mechanical
behavior in a stent/artery hybrid structure for a gradual transition of compliance
mismatch compared to a baseline stent (Palmaz Stent). In vivo hemodynamics and wall
mechanical changes induced by the gradual change in compliance were investigated in a
swine model from direct measurements of flow, pressure, diameter, and histology in the
stented segment of superficial femoral arteries after 7 days. They found that
circumferential stress was also markedly reduced when compliance was changed
gradually, compared to Palmaz stent. Charonko et al[33] studied the effect of the
transition length effects on pressure wave reflections using a simplified 1D analysis and
found that changing the transition length had a relatively small effect on the reflections.
Doubling the stiffness transition length to simulate a compliance-matching stent as in
Barry et al.[46] led to only a 4.3% decrease in reflections. They concluded that the size
of the reflection is relatively unaffected by the transition zone length, and a design that
maintains a constant rigidity from end to end will cause only minor changes in pressure

effects.

Stent Overexpansion Effects

Stent restenosis in BMS and late thrombosis in DES were shown to be caused by
stent under-expansion. Alfonso et al.[47] found that under-expansion was the cause of
stent failure in 58% of DES cases and 33% of BMS cases. Romagnoli et al.[48] also
stated that suboptimal or incomplete stent expansion is associated with increased
restenosis and target vessel revascularization rates and, especially with drug-eluting
stents (DES), might also predispose these stents to thrombosis. They highlighted the
importance of adequate high-pressure post-dilation to obtain optimal stent expansion to

positively affect stent thrombosis and restenosis. From these studies, it was generally
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concluded that the artery needs to be over-expanded during stent deployment. A 10%
cross-sectional area overexpansion is recommended.

However, based on clinical observations, Hoffmann et al.[49] showed that a more
aggressive stent implantation technique is associated with an increase in neointimal
hyperplasia. They concluded that tissue proliferation inside and surrounding stents may
be related to aggressiveness of the stent implantation technique. Russo et al.[50] studied
the effect of increasing balloon-to-artery ratio on neointimal hyperplasia following
primary stent placement using a non-atherosclerotic porcine coronary overstretch model
to determine if an aggressive approach to coronary revascularisation with oversized
balloons is counterproductive. In the porcine models studied, Russo et al.[50] concluded
that vessel overexpansion is counterproductive. It should be noted that this study was
conducted in young disease free arteries.

Relevance to Hemodynamics

The vascular endothelium shows a variety of responses to local flow conditions.
The endothelial cells align with the direction of flow, activate ion channels, and organize
internal cytoskeletal structures, to name a few. Certain regions of the arterial wall
normally undergo structural remodeling that is characterized by intimal thickening which
is hypothesized to represent localized responses to high mechanical forces and shear
stress conditions to which these regions are subjected [51]. This is indicative of a
biological response of the arterial tissue to local hemodynamic conditions [52-54]. Thus
the local shear stress conditions and hemodynamics would affect the endothelial response
and thus would lead to neointimal hyperplasia.

Summary

In summary, the influence of the dynamic change in curvature and torsion is shown to
influence the local hemodynamics[55] and needs to be considered to accurately predict
in-vivo flow conditions in coronary arteries and the performance of prosthesis like stents
under these conditions. Thus, the objective of this work is to study the effect of variation
of compliance under the influence of dynamic change in curvature and torsion on flow in

an idealized helical coronary artery resting on a cylindrical myocardium. It will be
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demonstrated that the movement of the artery due to the movement of the myocardium
cannot be ignored and needs to be considered to accurately predict the effects of
compliance discontinuities such as would be caused by stents in coronary arteries.

In this work, based on the above literature, it is hypothesized that the stent-artery
compliance mismatch affects the local hemodynamics, triggering the physiological
response of the endothelium, which in turn leads to the formation of neointimal
hyperplasia. We investigate the effect of the variation of compliance in stented arteries on
the character of the flow and on the near wall hemodynamics.

From the above literature, the effect of various stent deployment strategies
becomes apparent. We can conclude that the stent length plays a significant role in
determining the post stent clinical outcomes. Thus one of the objects of this work was to
look at the detailed fluid dynamics effects of stent length and identify its contributions to
abnormal hemodynamics, in a curved artery subject to dynamic changes in geometry.
Another object of the current work was to study the effect of transition length and check
the hypothesis by Berry et al.[46]. Finally, the effects of the overexpansion of the artery
during the placement of the stent will also be studied under the influence of the applied

motion.
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3. Governing Equations and Methods

Introduction

In order to study the effect of stenting in coronary artery, we need to consider the applied

motion due to the motion of the myocardium and also the fluid-structure interaction due

to the elastic nature of the arterial walls. The methods used and developed to this end, are

discussed in this chapter. The organization of the chapter is as follows. First the overall

algorithm and flow chart is presented and then each component of the algorithm is

explained in detail.

Algorithm Used in this Work

Fig. 3.1 shows the flow chart of the algorithm used to solve the Fluid-Structure

Interaction (FSI) and applied motion problem that needs to be solved for flows in

coronary arteries. The overall steps involved are:

1.

The initial grid and the initial and boundary conditions are read in. The flow and
structural variables are initialized and the time loop is entered to advance the
solution in time. Steps 2 through 9 are calculated inside the time loop till the
number of time steps required for the specified cycles are completed.

The time dependent pulsatile inlet velocity and outlet pressure is applied for that
time step. The details of the applied pulsatile boundary conditions are provided in
detail in Chapters 4, 5 and 6.

The FSI model equation is solved to obtain the deformations at the deforming
walls.

Transfinite interpolation is applied to transmit the deformations at the walls to the
internal grid points and the internal blocks of the multi-block topology.

The current and previous volume of the cylindrical heart on which the helical
artery rests is calculated based on the applied volume change.

The properties of the centerline of the helical artery, namely its coordinates,
tangential, normal and binormal vectors are calculated at the current and previous

time steps.
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Figure 3.1 Algorithm used to model wall deformations due to FSI and the 3D motion due to the

motion of the myocardium in this thesis
7. Based on the above properties, the 3D translation and rotation of each axial plane

is calculated and applied.
8. The space conservation law is applied to obtain the movement fluxes and

velocities that go into the momentum equation.

9. The conservation equations are solved and the solution is advanced in time.
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10. Steps 2 through 9 are repeated till the number of time steps required for the
specified cycles are completed.
11. The time dependent flow fields in helical coordinates are calculated and the time
averaged wall shear stresses (WSS) is calculated.
The details of the above steps are provided in the following sections, in the order they are
invoked in the in-house code GenIDLEST.

Calculation of the Wall Deformations - Fluid Structure Interaction

After the application of the pulsatile boundary conditions, the next step in the
algorithm is the calculation of the deformations at the arterial wall. The induced motion
(FSI) of the arterial wall under the influence of the fluid forces is solved based on a

cylindrical membrane model [56, 57]. The equations shown below pertain to these

models.
0% E C, 04 F
+ +— = 3.1
ot (1—(;2) RZ" RZat h
0% E 0’6 F
+ $p—kG— =— 3.2
ot (1—02)R2 x? h

Eq. (3.1) was used to study the effect of compliance mismatch in a straight tube
and Eq. (3.2) was used to study the compliance mismatch effects in helical tubes. In Egs.
(3.1-3.2), it is assumed that the arterial wall is a thin linear membrane shell and that the
wall is loaded in the radial direction, with zero longitudinal displacement and the ratio of

the wall material density to the fluid density is one. Here ¢ is the radial displacement, R
is the un-deformed radius of the vessel, C, is the visco-elastic constant, E is the elastic

modulus, o is the Poisson’s ratio, h is the wall thickness, G is the shear modulus, Kk is the
Timoshenko shear correction factor [58], and F is the applied radial external force

component acting on the shell. The elastic modulus E is non-dimensionalized using the

pressure scale p(a*a)*) , the viscoelastic coefficient is non-dimensionalized using the

2
characteristic scale p(a*) ", the displacement ¢, the un-deformed radius R of the

vessel and the vessel thickness h are non-dimensionalized using the un-deformed radius
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at the inlet a*. The time is non-dimensionalized using the characteristic time scalel/a)* .

Egs. (3.1) or Eq. (3.2) is solved implicitly and is coupled to the fluid solution using the
pressure at the wall as the external force component. The vessel wall is assumed to be
stationary initially and the ends of the vessel wall are assumed to have zero deformation

(tethered) at all times.

Transfinite Interpolation

A key ingredient of the algorithm to account for moving boundaries is the
implementation of a dynamic mesh that responds to structural movement at the
boundaries. This is carried out using an ALE approach. After finding the deformation the
of walls, one-, two- and three-dimensional TFI is carried out to transmit the edge
deformation into the volume grid. One-dimensional TFI is first applied to each edge, for

example for an edge (low west edge) it is given by

AXj11= (1_ Qi ,1,1) AXg11 + %11AXimax 1.1 3.3

where a is the control function that preserves the initial grid distribution and is computed

Si ]%
Qiaq = I 3.4
111 Si max,1,1

Here s is the arc length that is computed as

for a given direction as

Stk =Sia kA0 =% o (Ve =Yie i ) 4z —zia ) 3.5
ij.k = Si-1,jk i jk T X1, j k Yi,jik = Yi1,jk ijk T Zi-1,jk

Following the edge interpolation, the surfaces and volumes are interpolated. The details
of the approach is available in Gopalakrishnan et al [59], along with various studies used
to validate the moving grid methodologies implemented in the code. Based on the
requirements of the current study, the ALE method is well suited. This technique has also
been applied successfully to simulate flapping flight with application to micro-air

vehicles and to study compliance effects in coronary arteries [55, 59-61].

Cylindrical Heart Volume Change and Properties of Helical Artery Centerline

To study the effect of dynamic change in arterial geometry due to myocardial
motion, a simplified coronary artery resting on a cylindrical heart is modeled. The
18



maximum height and radius of the heart was set to 0.09m and 0.03m respectively, with
the radius of the helical tube being 0.0015m. The heart rate was set to 60 beats/min. The
time varying contraction and expansion of this mock heart is modeled as a cosine
function for the initial study (Chapter 5). For the subsequent studies the volume change is
modeled as shown in Fig. 3.2. Once the volume is obtained for a given time instant, the
height and radius of the cylinder is known, by assuming that the ratio of cylinder height

and radius remain the same through the cardiac cycle, in this study 3.
2 3
chl = Zleyl hcyI =3 feyl 3.6

From the height and radius of the cylinder, the properties of the helical artery can
be computed as explained in the paragraphs below. A helix can be completely defined

using its curvature and torsion, as defined in Egs (3.7-3.8) below.

(21

K= 3.7
a’ +ﬂ2
B
T= 3.8
a? +ﬂ2

In Eqgs (3.7-3.8) ‘o’ is the radius of the cylinder on which the helix rests and ‘B’ is the
circumferential raise of the helix (if ‘h’ is the height of the cylinder, then p = h). In order
to understand the physical meaning of curvature and torsion, consider a rectangular sheet,
with height h and a width of 2ma. Consider three lines drawn on this surface — a
horizontal line drawn end to end at an arbitrary height, a vertical line drawn end to end at
an arbitrary horizontal position and a diagonal of the rectangle. If the sheet is rolled into a
cylinder by joining the vertical edges, the vertical line will still be vertical and is
analogous to a helix that has only torsion, with a value of 1/B. The horizontal line will be
from a circle, whose curvature is 1/a. The diagonal would form a helix with the curvature
and torsion as defined in Egs. (3.7) and (3.8). These three lines form the limiting cases for

curvature and torsion for a given cylinder.
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Figure 3.2 Variation of the volume of the cylinder with time

As stated above, the coronary artery is modeled as a helical tube. Thus it becomes
important to define the properties of a helix and the helical coordinate system that arises
from such a definition. In helical coordinates, s is the axial coordinate (arc length), 6 is
the angular coordinate and r is the radial position with respect to the helical curve
representing the center. For all the results presented in this work, s varies from 0 to =
(half a helix), 6 varies from —z to +x and r varies from 0 to 1. In the current framework,
the origin of the coordinate system is located at the center of the lower face of the

cylindrical heart as shown in Fig. 3.3. In the current study, the centerline helical curve
position vector R is defined as

R(s):acos(s)x+asin(s)y+ﬂsi 3.9
Thus the coordinate of the centerline at s = 0, n/2 and = are R(a, 0 ,0), R(0,a,h/2) and R(-
a, 0, h/2) respectively as shown in Fig. 3.3. The tangential, normal and binormal vectors
of the helical centerline are define as shown below.
1 dR
o+ p? ds
= 3.10
—— dT
N(s)=—
(s) ™
B(s) =T (s)x N(s)
Using the centerline coordinate, tangent, normal and binormal, we can define any point in

T(s)=

this coordinate system as shown in Eq. (3.11)

X =R(s)+rcosdN(s) +rsin OB(s) 31
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Eq. (3.11) is used to define the grid of the helical tube at any given instance of the cardiac

cycle and helical coordinate position.

¥ =0
/_jﬁt" ;\ﬁ R =(0,0.0)

Figure 3.3 Helical Coordinate system used in the current work

Application of 3D Motion of the Helical Tube Due to the Myocardium

Once the properties of the helical centerline of the artery are known at the previous and
current time step, the next step is to transform the grid points based on the cylinder
volume change. Points on each s plane at a given instant in time needs to be transformed
to the new s plane at the next time instance as is shown in Fig. 3.4. This is done in the
following steps.
1. The properties of the helical centerline (R, T, N and B as defined in Eqgs (3.9-3.10)
are computed at the previous time step and the current time step
2. The translational movement is computed as the algebraic difference between the
current and previous helical position R, as shown in Eqg. (3.12)

Y  _y.p"_pni 3.12
Xtrans_X+R _R
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3. The intersection vector (V) between the s plane at the current time step and the s
plane at the previous time step is computed as the normalized vector cross product
of the tangent vectors (T) at the two time steps. This vector is the vector about
which the points on the previous s plane will be rotated

4. The angle (¢) between the two planes is computed. If this angle is less than 107,
pure translation is assumed and the new position of the points on s plane are set to
the translated coordinates as shown in Eq. (3.12)

5. If the angle between the planes is greater than 107, the translated points m are

rotated about the new centerline R as shown below, where vy, vy and v; are the

components of the intersection vector.

‘{ R" (vj +VZZ)—VX (R;‘vy + ROV, =V, Xiams e =Yy Xirams.y — Vo Xirams.2 )} (1-cosp)+
Xiams s €08 @ +{=RIV, + RIV, =V, Xyane Y, Xyams , | SN @
—_ {R; (vf +vf)—vy (RfvX + RV, =V, X ame x =Yy Xams.y — Vo Xirams 2 )} (1-cosg)+ i13
Xams.y COSP+{—RIV, + RIV, =V, X, +V,Xyane | SIN 0
{ R? (vj +v? ) ~v, ( ROV, + RV, =V, Xirams x = Vy Xerams.y — Vo Xirams.2 )} (1-cosg)+

n n H
_Xtrams,z Cosp+ {_Ryvx + Rx Vy _Vyxtrams,x +Vxxtrams,y}sm o

6. The above steps are repeated for all time steps

(D

Figure 3.4 Rotation of a point from s-plane at time level n-1 to s-plane at time level n

22



Space Conservation Law

Once the new grid is obtained, the next step is the calculation of new grid metrics. This is
followed by the application of the space conservation law (SCL) to obtain the movement
fluxes and velocities. The satisfaction of SCL condition is explained by using a two-
dimensional control area as shown in Fig. 3.4. The dotted and solid lines represent the
cell faces at time level n and n+1, respectively. The shaded area represents the area swept
by the east face. The swept volume is calculated for the 2D case based on a

triangularization method as shown below.

_

oV = %(@ X Xoo-11) + E(XOO—ll X X00—01) 3.14

The grid movement flux is obtained as shown below.

ov?®
U — 3.15
\/a 9 dt

For three-dimensional control volume, the satisfaction of SCL is an extension to the

method described above, where the volume swept by the faces is used to find the fluxes.
Now the three-dimensional volume is computed by dividing the cell into 24 tetrahedrons
by connecting the cell center point to the vertices and to the centers of cell faces.

11

New
old Swept ” SWept
Volume yolume

00

10

Figure 3.5 Application of SCL Condition

Flow Solver

After the grid movement fluxes are obtained, the next step is the advancement of

the fluid solution with time, by solving time dependent, incompressible Arbitrary
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Lagrangian-Eulerian (ALE) based space, continuity and momentum equations with
constant properties in a generalized coordinate system. The SCL condition (Eg. (3.15)) is

obtained as discussed in the previous section. The equations are non -dimensionalized

usinga®, the artery radius for the length scale, 1/ ®" for the time scale, a*»* as the
2 -~ .
velocity scale, and p(a*a)*) as the pressure scale. The physical space (x) is

transformed to a computational space ()?z)?(%)) using a boundary conforming

transformation. Thus, the non-dimensionalized incompressible Navier-Stokes equations
are of the form:

g(ﬁ)—i<\/5Ué)=0 3.16
i_(\/gui)zo 3.17

208 (a0 (B aT) oo o ™ £

The above Egs. (3.16-3.18) are written in tensor notation where Q is the

Womersley number (defined as Q = /ﬂa*), a' is the contravariant basis vector, V’E
MU

is the Jacobian of the transformation, gij is the contravariant metric tensor, \jEUj is the
contravariant flux vector, \/EU gJ is the contravariant flux vector due to grid movement,

u; is the Cartesian velocity vector and p is the pressure. It can be observed that the square

of the Womersley number plays the role of the Reynolds number. With these
modifications, the conservation equations for space, mass and momentum are discretized
with a conservative finite-volume formulation on a multi-block body-fitted mesh using a
second-order central difference scheme on a non-staggered grid topology. A projection
method is used for time integration. Temporal advancement is performed in two steps, a
predictor step, which calculates an intermediate velocity field, and a corrector step, which
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calculates the updated velocity at the new time step by satisfying discrete continuity.
Detailed information can be found in Tafti et al.[62-66] .

Post Processing and Calculation of Primary and Secondary Flow Fields

The final step in the algorithm is the calculation of the primary and secondary flow fields
and the calculation of the hemodynamic parameters. This is done as follows. The
Cartesian velocities can be cast in terms of the helical coordinates as shown below.

b

Ja? +b2

COS SIV+ ——

Sln
\/a +b? \/a +b?

u,:(sinecos( )++a +bzrcosesm ))u+

(s)
)

(sinesin() Ja’ +b’rcosdcos(s ) +( a +b2/<c0549) 3.19
o)

=(cos€cos() Ja? +bzsingsin(s))u +

(cosesin( )+~a’ +b’zsingcos(s ) ( —a? +b21<sm6?)

The secondary stream function in the r-6 plane is written as shown below in helical

coordinates.

[sin fcos(s)+ cosHsin(s)]u
K +7?
W=t 3.20

- cos(s)w

+[sin93in(s)—

cochos(s)JVJr
K +7° K+t
Here « and t are the curvature and torsion, as defined in Egs (3.7-3.8). The forces in
helical tube flows can be summarized as shown below in terms of the Dean number (Dn)

and Germano number (Gn).

Finertial & AU ?
|:centrifugal oc pU ’k
I:twisting oc pU ’r

F H

. Cx —_—
viscous
D

3.21

Ftwisting Rep, = Finertial Dn2 = Finertial DFcentrifugal

Gn= ZRGZDK‘

I:viscous viscous I:viscous I:viscous
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The wall shear stress (WSS) and the oscillatory shear index are calculated as shown

below.
wss = = X
Q° dr
T
[zt 3.22
OSI =05|1-2

T

j|rw|dt
0

Validation of FSI Methodology

The FSI methodology used was validated using two studies. The first study was to
validate the fluid dynamics calculations for pulsatile flow conditions for a rigid vessel
using the analytical solution due to Womersley[67]. The applied pressure gradient was of
the form in Eq. (3.23).

P_ Bcos(t) 3.23
OX

Here B is the non-dimensional amplitude of the oscillation and in this example takes a
value of 62.77. The inlet and outlet are made periodic based on the fully developed
assumption inherent in the Womersley analytical solution. The fluid density is taken as
1060 kg/m?3, the dynamic viscosity is set as 4.876x107 kg/ms, with the vessel radius as
1.5x10° m and the frequency of oscillation equal to 1 Hz. Thus, the Womersley
parameter is set to 1.7531. The comparison of the velocity profile at a given time is
shown in Fig. 3.2a. It can be seen that there is an excellent agreement between the
analytical solution and the obtained numerical solution, with the maximum error being
3%. Similar results were obtained for all other times as well. The comparison of the
variation of flow rate with time in the axial direction for the numerical solution and the
analytical solution also showed good agreement between the two.

To validate the fluid-structure interaction model and the developed procedure, simple
sinusoidal flow conditions were applied to a straight tube for Navier Equations. The
applied boundary velocity and the pressure profiles are shown in Eq. (3.24) below. The

material properties applied are listed in Table 3.1. It should be noted that the parameters
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used for this validation are not based on physiological conditions, but are used only for

the validation of the FSI methodology.

Table 3.1 Wall properties used for the validation case

Parameter Value
Vessel Radius (m) 0.0125
Vessel Length (m) 0.07
Fluid Kinematic Viscosity(m?s™) | 4.9E-6
Fluid Density (kgm~) 1060
Young’s Modulus (Pa) 8.28E+07
Wall thickness(m) 0.00125
Wall Density (kgm) 1060
Wall Viscosity coefficient (Pa.s) | 1.0E+03

P, =(1123.834+1019.415sin ('t ~8.8943x10°*)) Pa
Vo =(0.03927+0.02668sin (o't")+0.01140sin (o't ) )m/s

The analytical results due to Zamir[68] are used for validating the simulation. There was
excellent agreement between the numerically obtained deformation and the analytical
deformation, with the maximum error being around 2%. A comparison of the velocity
profiles is shown in Fig. 3.2b, which again shows good agreement between the numerical
and the analytical results.

Based on these validations, it is established that the method used in this work is accurate
in predicting the fluid flow resulting from time varying pressure and velocity boundary
conditions representative of cardiovascular systems. It also establishes the coupling
between the internal flow and structural deformation representative of compliant arteries.
The same grid resolutions used in the validation studies is used in the actual simulations

under physiologically relevant conditions.
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Figure 3.6 (a) Comparison of analytical solution due to Womersley and the current numerical
solution at T = 0.000, 1.884, 3.768 and 5.652 time units. (a) Comparison of analytical solution due to
Zamir[68] and the current numerical solution at T = 0.000, 1.884 and 5.652 time units. The symbols

are due to the analytical solution and the solid lines are due to the current numerical solution.

Validation of Large Scale External Applied Motion

Santamarina et al. [69] had measured experimentally the velocity profiles using
pulsed Doppler ultrasound velocimeter in a time varying curved planar tube. The
geometrical parameters used in the experiment are listed in Table 3.2. Here the
deformation parameter (¢) is defined as the ratio of amplitude of the change in radius of
curvature and the mean radius of curvature; the Reynolds number is based on the mean
velocity and the Womersley parameter (defined using the frequency of curvature change)
as the time scale. The velocity data from this experiment is used to validate the
methodology used in this study. In the experiment, the deformation of the tube was
produced using a motor coupled through a crank-piston linkage to a carriage that slides
on two rails. The crank-piston linkage converts the rotary motion of the motor to a cosine
wave form, as shown in Eqg. (3.25). The resulting waveform was used in the

computational model, along with the other parameters listed in Table 3.2.
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Table 3.2 Experimental parameters for validation

Deformation Womersley Parameter based

Tube radius/Curvature radius Reynolds Number on curvature change
Parameter (¢) f
requency

0.043 0.26 300 4.2

The comparison of the experimental results from [69] and the numerical study is
shown in Fig. 4, at 8a from the inlet at four times during the cycle. The numerical results
fall well within the limits of experimental uncertainty. The large excursions of velocity
near the walls seen in the experimental results might be due to reflection errors. Similar
results were obtained at the other locations from the inlet as presented in [69]. Thus, it
was concluded based on these validation results that the moving boundary methodology
developed and used in this work is accurate in predicting the tube wall movement and the
associated fluid dynamics of the artery system studied. It should be noted that the grid
resolution in the radial direction used for the validation studies is the same as that used
for the actual simulations in the current study.
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Figure 3.7 Comparison of numerical results with experimental velocity profiles at 8a from the inlet.
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4. Hydrodynamic Effects of Compliance Mismatch in Stented

Arteries

Introduction

Stent design profoundly influences the post-procedural hemodynamic and solid
mechanical environment of the stented artery. However, despite their wide acceptance,
the incidence of stent late restenosis is still high[70], and it is most prevailing at the
proximal and distal ends of the stent. In this chapter, we focus our investigation on the
localized hemodynamic effects of compliance mismatch due to the presence of a stent in
an artery. The compliance mismatch in a stented artery is maximized at the proximal and
distal ends of the stent. Hence, it is our objective to understand and reveal the mechanism
by which changes in compliance contribute on the generation of non-physiological wall
shear stress. Such adverse hemodynamic conditions could have an effect on the onset of
restenosis. Three-dimensional, spatiotemporally resolved Computational Fluid Dynamics
(CFD) simulations of pulsatile flow with Fluid-Structure Interaction (FSI) were carried
out for a simplified coronary artery with physiologically relevant flow parameters. A
model with uniform elastic modulus is used as the baseline control case. In order to study
the effect of compliance variation on local hemodynamics, this baseline model is
compared to models where the elastic modulus was increased by two, five and ten fold in
the middle of the vessel. The simulations provided detailed information regarding the

recirculation zone dynamics formed during flow reversals.

Boundary Conditions

To study the effect of compliance change on hemodynamics, a simplified straight
coronary artery is used. The computational grid consists of ten blocks, each having 69360
cells. The applied representative inlet velocity waveform and the outlet pressure
waveform corresponding to observed pulse waveforms for healthy resting conditions are
shown in Fig. 4.1 [71]. The peak flow rate corresponds to the diastolic phase and the

reversal in flow corresponds to the systole, typical for coronary flows.
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Figure 4.1 Applied coronary artery inlet velocity and outlet pressure waveforms with the region of
interest (ROI) indicated

The vessel is modeled with an exponential taper, which is shown in Eq. (4.1).

r(x)= 'ﬁne[log[z:t]EJ 41

The taper used is as suggested by Olufsen et al.[72]. The inlet radius of the coronary
artery geometry used was set to 1.5mm and the outlet was set to 1.37mm with the total
length of the vessel being 8.4mm. The arterial wall thickness was set to 10% of the radius
and the Young’s modulus was set to 1.15MPa for the normal unstented vessel that was
used as the baseline case to study the effect of the compliance change on hemodynamics.
Other relevant properties are listed in Table 4.1. The Womersley number for this study is
1.7531 and the maximum Reynolds number based on vessel diameter is 340. The values
used fall within observed physiological variations due to various biological factors. The
peak velocity for this Reynolds number is 55.4 units and the near wall grid resolution is
8x10° units. The resolution of the boundary layer plays an important role in accurately
calculating the wall shear stresses. For the current study, the near wall resolution needed
to maintain a y* of 1 is 0.019 units, which is more than two times higher than the used
near wall grid resolution. The temporal descretization used for the calculations was 1le-4
units, selected to maintain the CFL number less than 0.1. Compared to the similar studies
[56, 73-77], the grid spacing used in this study is at least two times smaller. Thus, the

grid independency of the solution obtained is established.
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Table 4.1Wall properties used for the base line unstented case

Parameter Value
Vessel Inlet Radius (m) 0.00150
Vessel Outlet Radius (m) 0.00137
Vessel Length (m) 0.00840
Fluid Kinematic Viscosity(m?s™) | 4.9E-6
Fluid Density (kgm~) 1060
Young’s Modulus (Pa) 1.15E+06
Wall thickness(m) 1.5E-04
Wall Density (kgm) 1060
Wall Viscosity coefficient (Pa.s) | 1.0E+03

Vernhet et al. [78] observed that after three months the compliance values at the stented
section were smaller than surrounding unstented tissue by a factor of 5-6 times. Thus to
study the effect of compliance mismatch, the Young’s Modulus was changed in the
middle section of the vessel to values 2, 5, and 10 times the baseline value. The ratio of
the elastic modulus along the length of the vessel to the baseline value is shown in Fig.
4.2.
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Figure 4.2 Change in compliance due to stent effects that is applied to the stented cases, as compared
to the unstented base line case.

In order to prevent sudden jumps in compliance, an exponential curve fit was used, as
seen in Fig. 4.2 and as shown in Eq. (4.2), where constant ‘a’ takes values of 1,4 and 9
for Young’s Modulus ratio of 2,5 and 10 respectively. All the other properties remain
unchanged as listed in Table 4.1. To make sure that the results obtained are repeatable, all
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calculations were run at least for three cycles. It should be also noted that the proximal

location of the stent is located at axial coordinate 0.0 and the distal end is located at 2.8.

1+ a x<1.4

(1+ e’gO(X70.046667)) '
o : 4.2
1+ (1+ e*90(X72.846667)) X>1.4

Results

For the baseline unstented vessel, it was seen that the pressure does not vary much from
the outlet pressure. Similar observations were made by Tezduyar et al.[79]. The pressure
variation from the outlet value at the sections away from the outlet is higher during the
diastolic phase of the cycle, because the velocity is highest during this part of the cycle.
The stented cases show similar pressure and velocity trends. It was seen that the variation
of the radial displacement follows the variation of the pressure with time. Due to the
increase in elastic modulus at the middle section for the stented cases, the wall is stiffer at
this section. This leads to proportionally smaller wall deformation with respect to the
increase in elastic modulus than the unstented base line case. This reduced deformation
would affect the near wall flow field and thus the wall shear stresses. A similar variation
of radial displacement with axial distance was obtained for all the test cases, with the

displacement following the variation in pressure along the length of the vessel.

Comparison of Stented and Unstented Compliance Effects — Flow Characterization

The flow characterization in a stented artery depends on the flow waveform, pulsatility
and the compliance variation between the stented and unstented section. Vortex
formation has been shown to occur due to the compliance mismatch between the stented
and unstented sections of the artery[41]. To understand the effects of the compliance
mismatch on the local hemodynamics, the time evolution of the vortices are presented in
this section using instantaneous streamlines. When the velocity decelarates and reverses
direction, the flow is unstable with possible separation and shearing of the near wall fluid
layers. Thus the results in this section focus on the time in the vicinity of a flow reversal

that occurs at T = 5.838. Here the flow changes direction from the positive, forward
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direction to the negative, reverse direction (Fig 4.1). Similar results can be expected for
the second flow reversal at the end of the cycle, when the flow changes back to the
positive direction. Figs. 4.3 — 4.4 are focused at the distal end of the stent and the time
intervals between the shown flow fields are AT = 0.03, starting at T = 5.768, except for
panels labeled (c) and (d).

The transient boundary layer thickness is defined as:

0= a 4.3

The unsteady boundary layer thickness for the current study, based on Eq. (4.3) is 0.5704.
The general flow characteristics are similar for all the cases studied, but with distinct
differences with respect to the size and residence times of the recirculation zones
observed. As the flow decelerates, the pressure gradient changes and becomes adverse.
This adverse upstream pressure gradient acts on the flow with time. Since the kinetic
energy of the fluid is less at the wall, the flow reverses first near the wall, leading to the
formation of shear layers (Fig. 4.3a, 4.4a). As the flow decelerates further, the shear layer
destabilizes near the distal end of the stented region and begins to roll in a spiral motion
resembling a recirculation zone (Fig. 4.3b, 4.4b). Eventually, a circumferential
recirculation zone is formed at the distal end (Fig. 4.3d, 4.4c). As the flow changes
direction, the recirculation zone formed migrates to the center of the vessel due to the
growth of the near wall shear layer. The recirculation zone eventually diffuses into the

main flow, leading to the complete reversal of the flow.
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(e) T=5.858 (f) T=5.888
Figure 4.3 Flow field evolution at the distal end located at 2.8 units, starting from T = 5.768 for the
unstented vessel.
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(c) T=5.818 (d) T=5.828
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(e) T=5.858 (f) T=5.888
Figure 4.4 Flow field evolution at the distal end located at 2.8 units, starting from T = 5.768 for the
stented vessel with Es/Eus = 10.0.
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Comparing the flow characteristics for the different compliance cases, the following
observations are made:

e The recirculation zone forms earlier as the stiffness increases, as seen from Fig.
4.4c, compared to Fig. 4.3d

e The recirculation zone size increases with stiffness, as seen from Fig. 4.4d and
4.4e, compared to Figs. 4.3d, 4.3e.

e The recirculation zone dissipation rate is inversely proportional to the stiffness
and the residence time is proportional to the stiffness. For the unstented case, the
recirculation zone formed is dissipated much earlier as seen in Figs. 4.3e and 4.3f,
compared to Figs. 4.4e, 4.4f. Based on the observed snapshots of the flow field,
an approximate increase of 50% in residence time was seen.

e The shearing of the fluid layers near the wall is more persistent for the stented
cases, delaying complete flow reversal.

e The longer residence time of the recirculation zone might increase platelet
residence time near wall and alter near wall shear stresses

Yazdani et al.[41] obtained similar results. Thus compliance mismatch dominates the
local flow field, indicating that the mechanical properties of the stent affects the local

hemodynamics.

Comparison of Stented and Unstented Compliance Effects — Hemodynamic Parameters

The variation of the wall shear stress (WSS) with the axial distance is shown in Fig. 4.5a.
It can be seen that there is a clear increase in WSS at the locations where the elastic
modulus changes from the uniform compliance value to the higher value. This is mainly
due to the fact that the vessel does not deform as it would if the compliance was the same
throughout, leading to the increase in the axial velocity near the wall. This effect is
reversed at the end of the higher compliance section, due to the fact that the vessel
expands more after the stent, leading to a decrease in axial velocity. The change in WSS
in the stented vessels with respect to the unstented vessel is as high as 9% at the entrance

to the stent where the elastic modulus ratio changes.
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Figure 4.5 (a) Percentage change in time averaged WSS with respect to the unstented vessel (b)
Percentage change in OSI of the stented vessel with respect to the unstented vessel (c) Gradient of
shear stress ratio vs. axial distance at different times, when the velocity peaks

The Oscillatory Shear Index (OSI) is defined in Eq. (4.4). The variation of the
percentage change in OSI along the length of the vessel with respect to the unstented
vessel is shown in Fig. 4.5b. The percentage change is more pronounced at the points
where there is a jump in elastic modulus at the entrance and exit to the stented section,
with a change as high as 15% when compared to the unstented vessel.
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The gradient of the shear stress ratio, (defined as the instantaneous ratio of the axial
gradient WSS of the stented vessel to the unstented vessel) along the length of the vessel
is shown in Fig. 4.5c¢ for five different times for Es/Eys = 5.0. It can clearly be seen that
the axial gradient of wall shear stress ratio moves away from zero exactly at the location
where the compliance changes from the nominal value to the higher value used to
simulate the effect of a stent. For times T = 1.2, 2.4, 3.6 and 4.8, the flow is still in the
positive direction, from the inlet to the outlet. For T = 6.2, the flow is in the negative
direction. For the times when the flow is in the positive direction, the gradient of the
shear stress ratio increases at the entrance of the stent as the wall shear stress increases
(Fig. 4.5a). This value then drops to zero as we move away from the discontinuity,
followed by a decrease of the gradient of wall shear stress ratio at the exit of the stent, as
the wall shear stress decreases. A reverse trend is seen for T = 6.2. Again as seen in the
above results, there is a significant change in the shear stress gradient at the entrance and
exit of the stent where the elastic modulus changes value from that at the inlet, indicating
that this change in compliance causes major changes in local hemodynamics that may
influence restenosis.

The variation of the percentage change in pressure is shown in Fig. 4.6a. Even though the
pressure does not change significantly from the unstented to the stented vessel, it is
observed from Fig. 4.6b that the change in pressure gradient from the stented to the
unstented case is quite significant and is as high as 90% at the entrance to the stent, where

the compliance changes from the uniform value.

Discussion

The above results demonstrate that the change in compliance due to the presence of the
stent causes changes in residence times and the size of the recirculation zones at the
proximal and distal ends of the stent. Changes also in the near wall shear stresses was

seen at the discontinuity of compliance, as manifest in changes of WSS, OSI and WSSG.
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Figure 4.6 (a) Percentage change in pressure and (b) Change in Pressure Gradient between the

stented vessel and the unstented vessel

Vorticity Flux Density

In trying to understand the physical mechanism responsible of these changes, the
relationship between pressure gradient and vorticity flux is presented here. The role of
vorticity (curl of velocity vector) in explaining the fluid dynamic phenomena is well
established, starting with the work by Lighthill [80], who pointed out that solid
boundaries act as distributed sources of vorticity. He was also the first to define a term

for vorticity production called vorticity flux density, defined as shown below in Eq. (4.5).
V(a—wj 4.5
Y Ju

Lighthill also pointed out that the vorticity flux is directly related to the pressure gradient
at the wall, although the vorticity transport equation does not contain the pressure
gradient term explicitly. If the momentum equation is written for a stationary wall, at the

wall:

_i(a“’z] _o% 4.6
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Here, p is the pressure at the wall and o is the transverse component of vorticity. In the
above equation, all the components of velocity at the stationary wall are zero. Extending
the above to a wall with radial displacements, it can be seen that only the wall normal
velocity is non-zero, thus the axial momentum equation in cylindrical coordinates at the

moving wall reduces to Eq. (4.7).
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In the above equation, the dominant term is the pressure gradient, which is on average

three orders higher compared to the other terms for this study. The time-averaged
variation of the vorticity flux ratio with respect to the unstented case (Eq. (4.7)) is shown

in Fig. 4.7a.
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Figure 4.7 (a) Time averaged Vorticity flux density Ratio versus Axial Distance (b) Time averaged
vorticity change near wall with respect to the stented and unstented vessels

It is seen that the vorticity flux is more pronounced at the compliance discontinuities,
similar to the discontinuities in pressure gradient seen in Fig 4.6b. This shows that
pressure gradient is the cause of vorticity discontinuities near the wall. The wall shear
stress is related to the vorticity at the wall as shown in Eq. (4.8), thus pointing to a

relationship between the pressure gradient and the wall shear stress through vorticity.

2
o, xnN=Q°, 4.8
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Here ow is the wall vorticity vector and n is the wall normal unit vector. The vorticity
change shed from the wall and propagated in the radial direction away from the wall is

obtained using a first order approximation as shown in Eqg. (4.9).
1 2| (Op ou 11(0(_ ov
ZA(r =-Q°|| =4V, — |-—==| —| r— | |Ar
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Here Ar is the distance of a point in the flow from the wall and Aws is the change in

vorticity shed into the flow. For the near wall points, the obtained change in vorticity for
the stented cases with respect to the unstented values is shown in Fig. 4.7b for time
averaged values. It can be seen that the proximal end of the stent acts as a source and the
distal end of the stent acts as a sink of vorticity. Thus from the above discussion (vorticity
flux production due to the pressure gradient), it can be seen that the vorticity produced
due to the presence of the stent, would directly affect the wall shear stress and influence

endothelial response.

Stent Authority

Figure 7a shows the variation of the time averaged peak difference in pressure gradient at
the proximal location with stent stiffness relative to that of the vessel. From the
inspection of the plot, the variation appears as a hyperbolic tangent, with pressure
gradient difference being zero for the unstented vessel and asymptotically reaching a
maximum value as the stiffness increases. This was similar to observations made by
Charonko et al. [33], who looked at pressure reflections using 1D analysis for different
stent stiffness values. Following Charonko et al. [33], a non-dimensional number referred

to as stent authority is defined as shown in Eq. (14)
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Figure 4.8 (a) Time averaged peak pressure gradient difference at the proximal end versus stent

stiffness ratio (b) Peak pressure gradient difference at the proximal end versus stent authority.
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From Eqg. (4.10), the stent authority takes a value of zero when the stiffness ratio becomes

one and it takes a value of one when the stiffness ratio tends to infinity[33]. For the data
presented in Fig 4.8a, the parameter b was calculated using a curve fit to be 1.9953 versus
2.198 by Charonko et al. [33]. As can be seen in Fig. 4.8b, applying Eq. (4.10) to the
difference in peak pressure gradient at the proximal end resulted in a linear relationship
between stent authority and the peak pressure gradient difference. The stent authority
provides a measure of the peak pressure gradient difference at the proximal location for a
given discontinuity in compliance, providing a quick prediction of this quantity for a
given stent stiffness. For the present study, the resulting proportionality constant was
3.226 of stent authority versus 3.46 from Charonko et al. [33].

Significance of the Simulation Results Presented in this Chapter

The vascular endothelium shows a variety of responses to local flow conditions. The
endothelial cells align with the direction of flow, activate ion channels, organize internal
cytoskeletal structures, monolayers divide in the presence of turbulent flows, to name a

few[51, 52]. Certain regions of the arterial wall normally undergo structural remodeling
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that is characterized by intimal thickening which is hypothesized to represent localized
biological responses to high mechanical forces and shear stress conditions to which these
regions are subjected to [51, 52]. Kamiya et al. [53, 54] applied optimization techniques
to demonstrate that the response of the endothelium to varying shear conditions was to
maintain a constant wall shear stress within a narrow region of 10-20 dyne/cm?. WSS
values outside this range can trigger neointima formation and proliferation of smooth
muscle cells thickening the vascular wall in an attempt to restore wall shear stress within
physiological values.

Thus, it can be concluded that local hemodynamics, especially shear stress distributions
and gradients play a critical role in understanding the physiological response of the
endothelium, leading to stenosis and other pathological conditions found at sites of
compliance mismatch and discontinuity. Here we emphasize some of the results shown in
Fig. 4.6. In Fig. 4.6a, the axial pressure distribution and the corresponding changes are
shown. Seemingly very little change (~1%) results from the presence of the compliance
transition. However, the effect of the compliance transition is clearly shown with sharp
discontinuities in the pressure at the entrance and the exit of the stent. As Fig. 4.6 reveals,
that small change in pressure results in more than 90% change in the local pressure
gradients with a corresponding increase in the WSS and OSI. This large increase in
pressure gradient leads to an increase in the local velocity gradients near the transition
region, and therefore increased vorticity flux generated there as seen in Fig. 4.7, directly
affecting the wall shear stresses seen (Eq. (4.8)). The variation of the WSS, OSI and
WSSG along the length of the vessel revealed discontinuities at the transition regions as
indicated by the pressure gradient. If we are to use the hypothesis by Lei et al. [81]
where they state that sites of large magnitude of shear stress gradients are prone to
lesions, arteriosclerosis and endothelial response through intimal thickening, the
conclusion to be drawn would be that the start and end of the compliance mismatch or
discontinuity are sites that would lead to intimal thickening. Various studies in the
literature also implicate factors like WSS and OSI. From the results presented these

factors also show that sites of compliance mismatch would lead to an intimal thickening.
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Figure 4.9 Variation of Intimal Thickness based on histological measurements due to Vernhet et
al[78], in 10 animals and the absolute percentage change in WSS from the present study. Both the
plots are normalized by the maximum value, which occurs at the proximal location.

Histological measurements of the intimal thickness made at three months after stenting in
animal models by Vernhet et al [78] in 10 animals is shown in Fig. 4.9. The stents were
placed under normal dilation conditions during the experiments. From these
measurements, corresponding to long-term stenting effects in humans, the intimal layer
thickness is markedly different in the stented section when compared upstream and
downstream of the stent. Within the stented region itself, the proximal and the distal
regions show higher intimal thickness, supporting the conclusions made in this chapter,
that the sites with compliance mismatch are more prone to intimal thickening, due to
adverse hemodynamic effects. For example, the change in WSS is highest in the proximal
region, followed by the distal region and the mid-stent region in the present study, as
shown in Fig. 4.9. As would be expected, the current model used in this study predicts
that the pressure gradient and the vorticity flux discontinuities at the proximal and distal
ends decreases as the stent compliance approaches that of the vessel wall. This suggests
that it would be better to design a stent that is as compliant as possible, without loss of

required functionality as supported by clinical research.

Limitations of the Work Presented in this Chapter

The present study is subject to several assumptions, simplifications and limitations that

are discussed below. First, the effect of the stent deployment strategy and the post stent

injury caused to the artery that would contribute to restenosis is not considered. However,
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the objective of the current study was to isolate the effects of the change in compliance
due to the presence of an idealized stent on the flow and on the hemodynamic parameters
that have been implicated in stenosis. This study does not consider the effect of changes
in mechanical stresses in the vessel wall that might be important and affect remodeling.
However, this effect is compounded by the combined hemodynamic changes, and
literature suggesting that changes in hemodynamics would affect stenosis is extensive.
Yet, if and how compliance mismatch affects the local hemodynamics is unresolved. The
present study aims to help understand this effect. The wall model used to calculate the
radial deformations due to the fluid flow is a modified version of the model of
independent rings, with an additional term to model the viscoelastic behavior of the wall.
Only the radial deformation term is considered, due to the fact that the radial forces
(pressure) dominate the other fluid stress components by at least two orders in magnitude,
and thus would contribute to a larger extent to the flow disturbances due to the presence
of the stent. This model has been used extensively in the literature [56, 73-77] and has
been shown to agree with experiments. This model predicts the wall shear stress
accurately and can thus be used as a good predictor of local hemodynamic function. An
exponential transition of the elastic modulus is used, as indicated in Fig. 4.2. Care was
taken to make sure that the elastic modulus transition was continuous and smooth. It is
acknowledged that the transition used in the current study might be less gradual than in
reality and this might cause some over prediction of the parameters presented in this

paper.

Conclusion

Three-dimensional CFD calculations have been performed for pulsatile flow with fluid-
structure interaction in a simplified coronary artery, using physiologically relevant flow
waveforms, with the objective of studying the effect of compliance variation on the local
hemodynamics. The elastic modulus was changed from the baseline case to a value that is
2, 5 and 10 times higher in the middle of the vessel and the effect of this change on the
hemodynamics was investigated. It is seen that as the relative stiffness increases, the size
and the residence times of the recirculation zones, the change in pressure gradient, WSS

and OSI increase. This increase is more dominant at the compliance discontinuities, at the
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proximal and distal ends of the stent. The change in pressure gradient at the discontinuity
was as high as 90% and the corresponding changes in WSS and OSI calculated were 9%
and 15%, respectively. We have demonstrated that these changes are attributed to the
physical mechanism associating the pressure gradient discontinuities to the production of
vorticity (vorticity flux) due to the presence of the stent. Subsequently, these pressure
gradient discontinuities and augmented vorticity flux affect the wall shear stresses.
Following Charonko et al.[33], a scaling parameter was also defined called stent authority
(Eq. (4.10)) for the peak difference in pressure gradient at the proximal end. This
parameter can be used to find the peak pressure difference for a given relative stent

stiffness.

48



5. Effect of Dynamic Change in Curvature and Torsion on Pulsatile
Flow in Rigid Helical Tube

Introduction

The effect of motion of the coronary artery due to the motion of the myocardium is not
studied extensively. In this chapter, we focus our investigation on the localized
hemodynamic effects of dynamic changes in curvature and torsion. It is our objective to
understand and reveal the mechanism by which changes in curvature and torsion
contribute towards observed wall shear stress distribution. Such adverse hemodynamic
conditions could have an effect on circumferential intimal thickening. The results suggest
that changes in curvature and torsion cause critical changes in local hemodynamics,
namely altering the local pressure and velocity gradients and secondary flow patterns.
WSS varies by a maximum of 22% when curvature changes, by 3% when torsion
changes and by 26% when both curvature and torsion change. OSI varies by a maximum
of 24% when curvature changes, by 4% when torsion changes and by 28% when both
curvature and torsion change. We will in this chapter, demonstrate that these changes are
attributed to the physical mechanism associating the secondary flow patterns to the

production of vorticity (vorticity flux) due to the wall movement.

Boundary Conditions

In order to study the effect of the curvature and torsion, a simplified coronary artery in
the form of a helix resting on a cylindrical heart is used. The maximum height and radius
of the heart was set to 0.09m and 0.03m respectively, with the radius of the helical tube
being 0.0015m. This is shown schematically in Fig. 5.2, at time levels indicated by T =
0.0. The heart rate was set to 60 beats/min. The time varying contraction and expansion
of this mock heart can be modeled as a cosine function. This applied cosine wave form is
a simplification of the volume variation of the left ventricle, with the first half of the
cycle representing the systole and the second half of the cycle representing the diastole.

The curvature and torsion of a helix is defined as shown in Eqgs (5.1-5.2) below.
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In Egs (5.1-5.2) ‘a’ is the radius of the cylinder on which the helix rests and ‘B’ is the
circumferential raise of the helix (if ‘h’ is the height of the cylinder, then 2zf3 = h). In
order to understand the physical meaning of curvature and torsion, consider a rectangular
sheet, with height h and a width of 2na. Consider three lines drawn on this surface — a
horizontal line drawn end to end at an arbitrary height, a vertical line drawn end to end at
an arbitrary horizontal position and a diagonal of the rectangle. If the sheet is rolled into a
cylinder by joining the vertical edges, the vertical line will still be vertical and is
analogous to a helix that has only torsion, with a value of 1/B. The horizontal line will be
from a circle, whose curvature is 1/a. The diagonal would form a helix with the curvature
and torsion as defined in Egs. (5.1) and (5.2). These three lines form the limiting cases for

curvature and torsion for a given cylinder.
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Figure 5.1 Modes of motion: (a) Change in volume of cylindrical heart (b) Change in radius of
cylindrical heart (c) Change in height of cylindrical heart. (d) Corresponding change in curvature
and Torsion.

In order to investigate the influence of the time dependent change in curvature and
torsion of the CA, three different modes of motion are studied. First, the volume of the
cylindrical heart is changed as a function of time, holding the ratio of the cylinder radius
and height constant. In this mode, both the curvature and torsion of the helix change with
time. The other two modes of motion are to change curvature only, holding the torsion
constant, and to change torsion only, holding the curvature constant. It should be noted
that during these modes of motion, the arc length of the helical tube is preserved, by
changing the number of turns of the helix. The change in volume, radius and height of the
cylindrical heart is shown in Figs. 5.1a — 5.1c. The corresponding change in curvature
and torsion are shown in Fig. 5.1d. The change in volume of the cylinder and the
corresponding change in shape of the helix are shown in Fig. 5.2 at six time levels of one
half of the cycle for all the three modes of motion. The grid on the surface of the cylinder
is shown to indicate the relative motion of the helix on the surface of the cylinder with
time. It should be noted that the length of the helix is constant for all modes of motion.
The location of a representative plane on which the results in the following sections are
shown and the normal vector from this plane to the centerline of the cylinder is also

shown in Fig. 5.2.
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Figure 5.2 Change in helix shape with time at five time levels. Curvature and torsion changes for (a)
through (f), curvature changes for (g) through (l) and torsion changes for (m) through (r). Torsion
for (g) through (I) is constant at 0.02497 and curvature is 002615, 0.02940, 0.03819, 0.04407, 0.03790
and 0.02940 respectively. The curvature for (m) through (r) is 0.02615 and the torsion is 0.02497,
0.02591, 0.02789, 0.02888, 0.02783 and 0.02591 respectively. For (a) through (f), both curvature and
torsion changes with the values from (g) through (r).

The applied representative inlet velocity waveform and the outlet pressure waveform
corresponding to observed pulse waveforms for healthy resting conditions are shown in
Fig. 4.1 [71]. The applied pulsatile flow combined with the change in volume (Fig. 5.1a)
provides a realistic correlation with actual flow conditions experienced by an idealized
left main coronary artery. The other parameters pertinent to this study are listed in Table
5.1. The walls of the helical tube are considered to be non-compliant. It should be noted
that all the values shown in figures and tables in this work are expressed in non-

dimensional terms using the characteristic scales described in this section.
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Table 5.1 Properties used for the flow simulation

Parameter Value
Tube Radius (m) 0.0015
Tube Length (m) 0.1303
Fluid Kinematic Viscosity(m?s™) | 4.6E-6
Fluid Density (kgm™) 1060

Womersley Parameter 1.7531

The Womersley number for this study is 1.7531 and the maximum Reynolds number
based on tube diameter is 340. The values used fall within observed physiological
variations due to various biological factors. The peak velocity for this Reynolds number
is 55.4 units and the near wall grid resolution is 8e-3 units. The temporal discretization
used for the calculations was 1e-4 units, selected to maintain the CFL number less than
0.1. Compared to similar studies [56, 73-75, 77, 82] , the grid spacing used in this study
is at least two times smaller. The applied velocity and pressure boundary conditions are
shown in Fig. 4.1. The convergence criteria for the pressure and momentum equations is

set to 10°® at each time step.
Table 5.2 Grid independency study

Level Number of Cells | Average Shear Stress | %Change
Coarse 153600 13.2639 6.704
Intermediate 256000 14.0761 0.99
Fine 460800 14.2169 0.0

Grid Independency

To check grid independency, three grid levels were tested (coarse, intermediate and fine)
where the number of cells in the radial direction was increased by factors of 2 and 4. The
inlet velocity waveform and pressure waveform shown in Fig. 4.1 and a static geometry
at the start of the cycle, with cylindrical radius of 20 units and circumferential raise of 60
units were used. The fine level was used as the baseline. A difference of less than 1%
(Table 5.2) was seen in the area averaged shear stress between the coarse and fine grid

levels, thus the intermediate grid level was selected for this study.
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Results

In defining the effects of torsion and curvature on flow, it is useful to define the Dean

Number and Germano number[83] as shown in Egs. (5.3) and (5.4).
Dn =Rep x%° 5.3
Gn=Repr 5.4
In the above equations, the Reynolds number is defined based on tube diameter and the
applied mean flow velocity at the inlet. Here the Dean Number is a measure of the
centrifugal forces and the Germano Number is a measure of twisting forces. The Dean
number is a direct measure of the product of the centrifugal forces and the inertia forces,
normalized by the viscous forces or the effect of the curvature on the flow. Similarly, the
Germano number is a direct measure of the ratio of the twisting forces to the viscous

forces or the effect of the torsion on the flow. A third non-dimensional number was
defined by Liu et al.[83] for large Dean Numbers, as shown in Eq. (5.5).

Gn
Dnt®

The above parameter defines the relative importance of centrifugal forces to the twisting

forces. When the above parameter is large, the contribution of centrifugal forces on the

flow is relatively less important.

Parameters Studied

To study the effect of the dynamic change in curvature and torsion, first the flow
characteristics in the stationary helical tube with the curvature fixed at 0.02615 and the
torsion at 0.02497 is presented, that correspond to the curvature and torsion at the start of
systole. This is followed by the presentation of a comparison of flow characteristics of a
moving helical tube for all three modes of motion studied in this work (Fig. 5.2). It
should be noted that in Figs 5.5 -5.10, the inner wall is the side of the helix that is in
contact with the cylindrical heart at all instances and the wall diametrical opposite to the
inner wall is termed as the outer wall. The inner wall is located at the lower end of the
vertical axis of Figs 5.5-5.10 and the outer wall is the upper end, as shown in the inset in

Figs 5.5-5.7. The same convention is applicable to Figs. 5.8-5.10.
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In the following paragraphs, results from four sets of simulations are presented —
stationary helical tube subject to pulsatile flow, change in curvature, change in torsion,
and change in both curvature and torsion. For each of these simulations, the following
parameters are tracked.

> Axial velocity

» Pressure

» Secondary Stream function

» Wall Shear Stress and Oscillatory Shear Index
The organization of the following sections is as follows. First the results for the baseline
pulsatile flow in a stationary helical tube are presented. This is followed by the
comparison of the flow field for the three modes of motion with each other and the
stationary case. Finally the effect of this motion on Wall Shear Stress and Oscillatory
Shear Index are presented. It should be noted that Figs. 5.5-5.10 and Fig. 5.11 show
representative values of the parameters presented on a plane at the middle of the helical
tube (44a). The location of this representative plane and the normal vector from this plane
to the centerline of the cylinder is shown in Fig. 5.2.

Pulsatile Flow in a Stationary Helical Tube

In this section, the flow characteristics of pulsatile flow in the helical tube fixed at the
start of the cycle is presented, with the aim to isolate the effect of the pulsatile boundary
conditions on flow. Fig.5.3 shows the variation of the axial velocity profile at six time
levels through the cycle, at 44a from the inlet, where 88a is the total length of the helical
tube. The corresponding value of the parameter » is given below each of the figures.
They parameter for this stationary helix changes purely due to change in Reynolds
number, isolating the effects of pulsatile flow. At the start of the cycle, T = 0.0, when »

is the highest, due to the relatively smaller effects of centrifugal forces, the velocity

profile is symmetrical. As » decreases, the velocity profile tends to move towards the

outer wall due to the increased effects of centrifugal forces, as seen in Fig. 5.3b compared

to Fig. 5.3c. A further decrease in y leads to the maximum velocity moving further

towards the outer wall and creating a flatter maximum velocity profile (Fig. 5.3d, Fig.
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5.3e). This flattening of the parabolic profile increases as the effects of the centrifugal

forces increase.

Quter

Inner

(d) 0.0238 (e) 0.0215 (f) 0.0396
Figure 5.3 Variation of axial velocity profile at 44a from inlet of helical tube at six time values (a) T =

00() T=105(c) T=21(d) T=3.15(e) T=4.2 (f) T =5.25. The values below the figures are the
non-dimensional parameter y as defined in Eq. (13). The helical tube is stationary.

Fig. 5.4 shows the variation of pressure at 44a from the inlet of the helical tube. The
values shown are obtained by setting the centerline pressure to zero. It is seen that the
value of pressure away from the center increases as y decreases, reaching a maximum at
T =4.2. When y is large, the pressure isobar lines are horizontal but bent at the inner and
outer walls. When the centrifugal forces are higher (for small ) the pressure lines vary
sharply in the horizontal direction and negligibly in the vertical direction. Similar
observations were made by Liu et al. [83].

A decrease in cross-plane pressure difference at higher » values indicates a
corresponding decrease in secondary flow effects due to centrifugal forces. This is seen in
Fig.5.5, which shows the contours of the stream function with time. This stream function

is defined only in the r-6 (2D cross-sectional coordinates) at that instant in time.
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Figure 5.4 Variation of pressure at 44a from inlet of helical tube at six time values (a) T=1.05(b) T =

21 (c) T=315(d) T =4.2 (¢) T = 5.25. The values below the figures are the non-dimensional
parameter y as defined in Eq. (13). The helical tube is stationary.

When y is large, the secondary stream lines are symmetrical, with the dividing line of
the two vortices being vertical. As seen in Fig.5.5a, the flow consists of a pair of counter-
rotating helical vortices, placed symmetrically with respect to the plane of symmetry.
This secondary flow pattern is known to form due to the centrifugally-induced pressure
gradient, driving the slow moving fluid near the wall inside and the faster fluid from the
center to the outside. When the Reynolds number is small, the secondary flow induced

by the centrifugal forces due to the curvature is small. With the decrease in » parameter,

the secondary and axial boundary layers develop. Similar observations were made by
Yamamoto et al. [84]. It is also seen that the secondary streamlines become denser near

the wall and sparser near the center of the flow as Reynolds number increases or as y

decreases.
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(d) 0.0238 (e) 0.0215 (f) 0.0396
Figure 5.5 Secondary flow patterns at 44a from inlet of helical tube at six time values () T=0.0 (b) T

=105() T=21(d) T=315() T = 4.2 (f) T =5.25. The values below the figures are the non-
dimensional parameter y as defined in Eq. (13). The helical tube is stationary.

From these observations, the importance of they parameter is seen. Figs. 5.3-5.5
represent the isolated effects of the pulsatile flow conditions. These observations are used
below to compare and contrast the effects of the applied motion on the flow and their

corresponding hemodynamic implications.

Pulsatile Flow in a Moving Helical Tube

It should be noted that all the figures presented in this section do not include the flow
parameter at the start of the cycle, due to the fact that the behavior is similar to the
stationary case, presented above.

Fig. 5.6 compares the axial velocity profiles at 44a from the inlet of the helical tube at

five time levels for all three modes of motion studied in this work. The » parameter is

the smallest at all times when the curvature changes and is the highest when the torsion

changes. A decrease in  parameter moves the velocity profile towards the outer wall.
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Time Curvature Only Torsion Only Both Curvature and Torsion

1.05

2.10

3.15

4.20

5.25

Figure 5.6 Comparison of axial velocity profiles at five time levels at 44a from inlet. The

corresponding y parameter is shown below each figure
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Time Curvature Only Torsion Only Both Curvature and Torsion

1.05

2.10

3.15

4.20

5.25

0.0363 0.0411 0.0377
Figure 5.7 Comparison of pressure distribution at five time levels at 44a from inlet. The

corresponding y parameter is shown below each figure.
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Time Curvature Only Torsion Only Both Curvature and Torsion

1.05

2.10

3.15

4.20

5.25

0.0363 0.0411 0.0377
Figure 5.8 Comparison of stream function contours at five time levels at 44a from inlet. The

corresponding y parameter is shown below each figure.
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At T = 1.05, the axial profile is similar to the stationary case for all modes of motion, due

to the similar values of the » parameter, with a maximum velocity of 27 units. At T =

2.1, the axial velocity is higher when the curvature changes compared to the stationary
case (Fig. 5.3c) and when torsion changes. The relatively increased effect of curvature
leads to this higher axial velocity profile. The velocity profile is more parabolic when
only the curvature changes, compared to the other two modes of motion. Similar
increased effects of centrifugal forces are seen at other time levels, where the parameter

y is lower than the stationary case. With increasing curvature (or decreasing y ), the

velocity profile moves closer to the wall and becomes flat. For the modes of motion
where the curvature changes, the velocity profile is rotated about the vertical axis due to

the dynamic movement of the helical tube. When » is large, the flow is dominated by the

twisting forces, leading to more symmetrical axial velocity and secondary flow

distributions. When » is small, the flow is dominated by the centrifugal forces, leading to
asymmetrical axial velocity profiles. These changes in axial velocity profiles with »

affect the variation of wall shear stress along the circumference of the tube, as shown in
the sections that follow.

Fig. 5.7 shows the comparison of cross-plane variation of pressure, with the pressure at
the center of the plane set to zero. It is seen that the value of pressure away from the

center increases as y decreases, the maximum being for T = 4.2, as seen for the

stationary case. The pressure isobar lines are horizontal but bent at the inner and outer
walls as with the stationary case. It is seen that for all time levels the pressure differential
levels are higher towards the outer wall. The effects of the rotation of the flow due to the
dynamic motion of the helical tube are seen with the rotation of the vertical axis of the
pressure at different time levels shown, as the curvature changes (columns 1 and 3). At
the time levels shown, the cross plane values are higher when the curvature changes and
lowest when the torsion change. In fact, the pressure values are lower than the stationary
case, when the torsion changes. When torsion changes, due to the larger y parameter
values, and thus increased twisting forces and reduced centrifugal forces, the pressure

difference is smaller than the other modes of motion. It can be seen that torsion change
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tends to reduce the cross plane pressure gradients, as evident when comparing the
stationary case (Fig. 5.4) and the change in torsion (second column, Fig. 5.7). Clearly, the
motion of the helical tube affects the cross-plane pressure difference.

Fig. 5.8 compares the contours of the secondary stream function values for all three
modes. In all plots of secondary stream functions, when the stream function levels are
same, the normal fluid flow rate represented by this stream function is the same. Thus
stream function contours that are densely packed indicate higher fluid transport in the
normal direction. Also a higher stream function value indicates higher secondary flow
strength and a positive value indicates a counter clockwise rotating flow.

At T = 0.0, as seen with the stationary case, the two vortices are symmetrical for all
modes of motion. At T = 1.05, the secondary flow pattern is similar to the stationary case,
but the vortex strength is higher due to the increased centrifugal forces, indicated by
higher values of stream function, when the curvature changes (columns 1 and 3). At T =

2.1, y decreases with curvature change and increases with torsion change. The decrease
in » with change in curvature leads to a decrease in symmetry of the two vortices. A
further decrease of y leads to the formation of a dominant vortex. As the y parameter

decreases, boundary layers develop on the wall, with the fluid entering the boundary
layers near the outer wall and leaving near the inner wall. An increase in Dean Number or

decrease in y parameter, the circumferential velocity increases, leading to more fluid

being transported into the boundary layers at the outer wall. This leads to the thinning of
the boundary layer near the outer wall and thickening of the boundary layers near the
inner wall. Also, the location of maximum circumferential velocity moves nearer to the
outer wall. The two vortices become skewed by the adjustment of the secondary
boundary layer, as seen in column 1 and 3, rows 3 and 4. It should also be noted that the
secondary stream function values are higher at all times compared to the stationary case
and the stream lines corresponding to the dominant vortex are positive when the
curvature changes.

As seen from Fig. 5.5 and Fig. 5.8, at large » values, the circumferential velocity is high

at both the left and right sides and the two vortices are symmetrical. When the torsion

changes, it is seen that the streamlines are denser than the stationary case, indicating
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higher fluid transport. As the torsion increases, the effect of the twisting forces increases,
thus even though the centrifugal forces are not dominant, the secondary flow strength still

increases. For high » values, the circumferential velocity term is dominated by the

twisting forces, thus if the torsion effects are strong enough, the secondary flow pattern
will become swirl-like. At T = 2.1, when both curvature and torsion changes, the positive
stream function values are higher and the negative stream function values are lower, than
when curvature changes, indicating an increase of the counter-clockwise rotating
secondary flow strength and a decrease of the clockwise rotating secondary flow strength.
This effect is seen to a greater extent at T = 3.15 and T = 4.2. This point to the effects of
the twisting forces, that tend to offset the effects of the change in centrifugal forces. This
conclusion agrees qualitatively with that of Liu et al. [83], who concluded that the
centrifugal velocities depend on the opposing effects of twisting and curvature.

Effect of Dynamic Change in Curvature and Torsion on Hemodynamic Parameters

Variation of time averaged wall shear stress (WSS) as defined in Eq. (5.6) with respect to
the stationary helical tube, along the circumference is shown in Fig. 5.9, at six axial
positions from the inlet. This change in WSS with respect to the stationary case is the
polar radial distance from the center of each plot. The corresponding maximum and
minimum percentage change in WSS with respect to the stationary helical tube, for all

three moving helical tubes is shown in Table 5.3.

WSS :é(%} 5.6
T
Idet
oSl =0.5 1—T°— 5.7
I|rw|dt
0

The WSS values are higher at or near the outer wall compared to the inner wall, due to
skewing of the axial velocity profiles caused by the centrifugal forces, for all modes of

motion studied in this work, including the stationary helical tube. This points to the
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prominent effect of curvature on the flow, as evident from the low values of the »

parameter (<1), for all cases in the current study. Also, it is noticed that the difference in
wall shear stress values at all locations is higher when the curvature changes, either
individually or in conjunction with the torsion. It is also seen that with increasing
distance from the inlet, the location of the maximum and minimum WSS rotates
counterclockwise, with an increase in the maximum and minimum WSS difference. This

points to the localized dynamic rotation effects due to the motion.

Table 5.3 Maximum and minimum percentage change in time averaged WSS with respect to the
stationary helical tube

Position . Qurvature On!y . .Torsion Only F:grvature and Tors_ion
Minimum | Maximum | Minimum | Maximum Minimum Maximum
18a -5.76 11.03 -0.32 0.66 -4.27 12.59
32a -7.17 11.16 -0.36 0.46 -6.36 13.75
44a -8.71 12.55 -1.30 1.22 -8.69 15.98
58a -10.74 15.59 -2.04 1.76 -11.29 19.50
70a -12.60 18.88 -2.73 2.24 -14.05 23.03
84a -14.49 22.16 -3.22 2.78 -16.67 26.45

Table 5.4 Maximum and minimum percentage change in OSI with respect to the stationary helical
tube

Position _ _Curvature On!y _ _Torsion Only C_ur_vature and Torszion
Minimum | Maximum | Minimum | Maximum Minimum Maximum
18a -12.05 9.63 0.50 3.48 -11.31 8.65
32a -12.22 12.22 0.91 3.03 -12.69 11.68
44a -13.11 14.12 1.33 2.44 -14.56 14.59
58a -15.68 17.19 0.76 2.97 -17.26 18.51
70a -18.16 20.90 0.31 3.57 -20.15 23.52
84a -20.61 24.33 -0.26 4.28 -22.87 28.15

The oscillatory shear index (OSI) is defined in Eq. (5.7) [85]. The circumferential
variation of OSI at six locations is shown in Fig. 5.10. The corresponding maximum and
minimum percentage change in OSI with respect to the stationary helical tube, for all
three moving helical tubes is shown in Table 5.4. For all modes of motion, the OSI is
higher at or near the inner wall compared to the outer wall. As the distance from the inlet

increases, the location of the maximum and minimum OSIl values rotates
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counterclockwise, as with WSS (Fig. 5.9). Thus, the movement of the helical tube with
change in torsion or curvature or both leads to changes in WSS and OSI. WSS changes
by a maximum of 22% when curvature changes, by 3% when torsion changes and by
26% when both curvature and torsion changes. OSI changes by a maximum of 24% when
curvature changes, by 4% when torsion changes and by 28% when both curvature and

torsion changes.
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Figure 5.9 Change in time averaged WSS with respect to the stationary helical tube.
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Figure 5.10 Change in OSI with respect to the stationary helical tube.

Discussion

The above results demonstrate that the change with time in curvature and torsion, either
independently or together, due to the movement of the helical tube causes changes in
axial velocity and secondary flow patterns. Changes in the cross plane pressure difference
are found to be affected by both curvature and torsion. It is also found that the
hemodynamic parameters are affected by the dynamic change in curvature and torsion,

with curvature playing a dominant role.

Relevance to Hemodynamics

From the extensive studies available in the literature [51-54], it can be concluded that
local non-uniform hemodynamics triggers abnormal biological events. Here, we highlight
the observed variations in WSS and OSI shown in Figs. 5.9 and 5.10. The wall shear
stress at all locations and for all modes of motion is higher at the outer wall and smaller
on the inner wall. As the distance from the inlet increases, the WSS becomes higher on
the left wall compared to the right wall, due to shifting of the axial velocity profile caused
by secondary flow vortices, when the curvature changes. This is a consequence of the
increased centrifugal forces. A change in torsion leads to a higher WSS compared to the
stationary helical tube. It is known[53, 54] that a lower WSS values lead to intimal
thickening and this corresponds to observed wall thickness values being higher at the

inner wall of curved arteries, which correspond to the values obtained in this study.
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The OSI values are higher on the inner wall than the outer wall for all locations and for
all modes studied. As the distance from the inlet increases, the OSI becomes higher on
the right wall compared to the left wall, due to shifting of the axial velocity profile caused
by secondary flow vortices, when the curvature changes.

Physical Mechanism — Vorticity Production at the Wall Due to Motion

In trying to understand the physical mechanism responsible for changes in flow patterns
and the relationship between secondary flow patterns and WSS, the source of vorticity or
vorticity flux density is used. The role of vorticity (curl of velocity vector) in explaining
the fluid dynamic phenomena is well established, starting with the work by Lighthill [80],
who pointed out that solid boundaries act as distributed sources of vorticity. Extending
Egs (4.5-4.6) to moving helical tubes, with a nontrivial finite wall velocity, we write the
orthogonal axial velocity momentum equation in terms of the vorticity components in the
radial and circumferential directions, at the wall, shown in Eq. (5.8).
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Pressuregradient Diffusion term

In the above equation, the left hand side is defined as the vorticity flux density at the

wall. The radial and circumferential vorticity components are defined in Eq. (5.9).
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In Eg. (5.8), all the terms other than the pressure gradient term are based on the wall
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movement velocities. For the different modes of motion studied the combined wall
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movement velocity terms and the pressure gradient term are of the same order of

magnitude.
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Figure 5.11 Variation of Vorticity Flux at44a,at (a) T=0.0(b) T=1.05(c) T=2.10(d) T=3.15() T

=4.20 (f) T = 5.25.

The variation of vorticity flux density at the wall, at 44a from the inlet of the helical tube
at six instances in time is shown in Fig. 5.11. At the start of the cycle, the vorticity flux
distribution is symmetrical about the vertical axis, with positive maximum and negative
minimum vorticity flux occurring at the outer and the inner walls. Comparing the
vorticity flux density at the wall (Fig. 5.11a) with the secondary flow patterns presented
in the previous section (Fig. 5.8, row 1), it becomes apparent that the vorticity flux
density provides a means to explain the observed flow patterns. It should also be noted
that the » parameter for all the modes studied in this work at the start of the cycle are
identical ( = 0.2418).

At T = 1.05, vorticity flux is negative for all modes at the inner wall. It is also seen that
the vorticity flux density is higher on the left side of the vertical axis, as indicated by the

higher area between the curve to the left and the vertical axis. A change in curvature
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leads to a decrease in vorticity flux on the right side of the vertical axis and a seemingly
corresponding increase in vorticity flux on the left side of the vertical axis. This shift of
the vorticity flux to the left further increases when both the helical tube curvature and
torsion changes. When torsion changes, the vorticity flux density values is higher than
the stationary helical tube. It is also seen that the line connecting the maximum and
minimum vorticity fluxes, which corresponds to the direction of the centrifugal forces,
rotates clockwise. This rotation is larger when the curvature changes .This corresponds
well with the observed secondary flow patterns, where the vortex strength on the left of
the vertical axis is higher than on the right for all modes of motion. As indicated by the
stream function values in Fig 5.8 (column 3, row 1), the vortex strength is higher for all
modes studied in this work on both sides of the vertical axis when both the curvature and
torsion change.

At T = 2.1, for the stationary helical tube and for the motion with change in torsion, the
vorticity flux density is symmetrical about the vertical axis. The vorticity flux density is
higher by about 10% for the case with torsion change. The maximum and minimum
vorticity flux density line rotates further clockwise when the curvature changes, and the
vorticity flux density distribution is dominant on the left side of the vertical axis. These
observed vorticity flux density distributions explain well the symmetrical secondary flow

patterns (Fig. 5.6c, Fig. 5.8 row 2) for high y parameter values and skewed flow patterns
for low » parameter values. Similar conclusions can be drawn by comparing vorticity

flux density distributions at the other times presented in Fig. 5.11 and the secondary flow

patterns in Fig 5.8.
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Vorticity Flux Density and WSS

The wall shear stress is related to the vorticity at the wall as shown in Eq. (5.10), thus
pointing to a relationship between the secondary flow patterns and the wall shear stress
through vorticity.

C()W xXnN= QZTW 5.10
Here ow is the wall vorticity vector and n is the wall normal unit vector. Fig 5.12 shows
the time averaged wall vorticity flux density at six locations from the inlet for all the
cases studied in this work. Comparing these values with the observed WSS and OSI
values(Fig. 5.9 and 5.10), we see that the left dominance of the secondary flow patterns
affect the shear stress distributions on the wall, leading to a higher WSS and OSI values
on the left side of the vertical axis. It can be seen that the outer wall acts as a source and
the inner wall of the helix acts as a sink of vorticity. Thus from the above discussion
(vorticity flux production and secondary flow patterns), it can be seen that the vorticity
produced due to the movement of the helical tube, would directly affect the wall shear

stress and influence endothelial response.

(d) 58a (e) 70a (f) 84a
Figure 5.12 Variation of time averaged Vorticity Flux.
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Effect of Change in Curvature and Torsion

From the definition of the » parameter (Eq. (5.11)), it can be concluded that when » is
large, the twisting forces dominate, leading to a swirl like flow and when » is small, the

centrifugal forces dominate leading to a two vortex torus like flow[83]. The increase in
torsion tends to lead to a flow that is less affected by vorticity flux density at the wall, as
seen in Figs 5.11 and 5.12. The vorticity flux density for the motion with change in
torsion does not change much when compared to the stationary case (10%), where the
curvature remains the same for both the cases. As seen from Eq. (5.10), shear stress
depends directly on the vorticity vector (or the vorticity flux density), thus the
hemodynamic effects (WSS and OSI) due to the change in curvature are dominant when
compared to torsion change. Hence, it is concluded that the vorticity flux density plays an
important role in explaining physical mechanisms that lead to the observed secondary

flow patterns.

Conclusion

Three-dimensional CFD calculations have been performed for pulsatile flow with moving
wall boundaries in simplified coronary arteries, using physiologically relevant flow
waveforms, with the objective of studying the effect of change of curvature and torsion
on the local hemodynamics. The curvature and torsion of the stationary helical tube,
which is used as the baseline case was set to 0.0262 and 0.025 respectively. Three modes
of motion were studied. The first mode was to change the curvature, the second mode
was to change the torsion and the third mode of motion was to change both curvature and
torsion. This change in curvature and torsion was effected to mimic the movement of an
idealized heart on which the simplified artery rests. It was observed that the changes in

observed flow patterns can be explained by the time dependent » parameter. When y is

large, the flow is dominated by the twisting forces, leading to more symmetrical axial

velocity and secondary flow distributions. When » is small, the flow is dominated by the

centrifugal forces, leading to asymmetrical axial velocity profiles. Secondary flow
patterns exhibit a dominant vortex on the left side of the vertical axis. The movement of
the helical tube with change in torsion or curvature or both leads to changes in WSS and

OSI. WSS changes by a maximum of 22% when curvature changes, by 3% when torsion
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changes and by 26% when both curvature and torsion changes. OSI changes by a
maximum of 24% when curvature changes, by 4% when torsion changes and by 28%
when both curvature and torsion changes. We have demonstrated that these changes are
attributed to the physical mechanism associating the secondary flows to the production of
vorticity (vorticity flux) due to the wall movement. Subsequently, these secondary flow

patterns and augmented vorticity flux density affects the wall shear stresses.
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6. Hemodynamic Effects of Compliance Mismatch in Moving

Coronary Arteries

Introduction

The effect of compliance mismatch in stented arteries, under the influence of motion of
the coronary artery due to the myocardium is not studied extensively. In this chapter, we
study the effects of compliance mismatch under the influence of dynamic changes in
curvature and torsion. It is our objective to understand the influence of curvature and
torsion changes on stented arteries. A model with deformable walls with uniform elastic
modulus is used as the baseline control case. In order to study the effect of curvature and
torsion variation on stent compliance mismatch, this baseline model is compared to
models where the curvature, torsion and both curvature and torsion change, in addition to
changes in compliance. The elastic modulus was increased by two, five and ten fold in
the stented section for all three modes of motion. The simulations provided detailed
information regarding the secondary flow dynamics under the influence of the
compliance discontinuities. The compliance discontinuities affect the secondary flow
patterns and augmented vorticity flux that in turn affect the wall shear stresses. As a
result, this work reveals how changes in curvature and torsion act to modify the near wall

hemodynamics of stented arteries.
Boundary Conditions

FSI

The arterial wall thickness was set to 10% of the radius and the Young’s modulus was set
to 0.6MPa for the normal unstented vessel that was used as the baseline case to study the
effect of the compliance change on hemodynamics. Other relevant properties are listed in
Table 6.1.
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Table 6.1Wall properties used for the base line unstented case

Parameter Value
Vessel Radius (m) 0.00150
Vessel Length (m) 0.1303
Fluid Kinematic Viscosity(m?s™) 4.9E-6
Fluid Density (kgm=) 1060
Young’s Modulus ,E (Pa) 0.6E+06
Wall thickness(m) 1.5E-04
Wall Density (kgm) 1060
Shear Modulus 0.2E+06
Timoshenko shear correction factor | 1
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Figure 6.1 Change in compliance due to stent effects that are applied to the stented cases as
compared to with the unstented baseline

Vernhet et al.[78] observed that after three months the compliance values at the stented
section were smaller than surrounding unstented tissue by a factor of 5-6 times. Thus to
study the effect of compliance mismatch, the Young’s Modulus was changed in the
middle section of the vessel to values 2, 5, and 10 times the baseline value. The ratio of
the elastic modulus along the length of the vessel to the baseline value is shown in Fig.
6.1. In order to prevent sudden jumps in compliance, an exponential curve fit was used,
as seen in Fig. 1 and as shown in Eq. (6.1), where constant ‘a’ takes values of 1,4 and 9
for Young’s Modulus ratio of 2,5 and 10 respectively. All the other properties remain
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unchanged as listed in Table 6.1. To make sure that the results obtained are repeatable, all

calculations were run at least for three cycles.

L+ : ,X<4,344
(1_'_ e_[{(x_xbegin+Xtrans/2)/xtrans}47r—2;rJ]
ES (X) B 6.1
EUS a

1+ X >4.344
(14_ el:{(x_xend +Xtrans/2)/xtrans}4ﬂ'—27z':| )

Dynamic Change in Curvature and Torsion

In order to study the effect of the curvature and torsion, a simplified coronary artery in
the form of a helix resting on a cylindrical heart is used. The maximum height and radius
of the heart was set to 0.09m and 0.03m respectively, with the radius of the helical tube
being 0.0015m. The heart rate was set to 60 beats/min. The time varying contraction and
expansion of this mock heart can be modeled as shown in Fig. 6.2a. The curvature and

torsion of a helix is defined as shown in Egs (6-7) below.

(24

K= 6.2
a’ +ﬁ2
s
T= 6.3
a? +ﬂ2

In Egs (6.2 — 6.3) ‘o’ is the radius of the cylinder on which the helix rests and ‘B’ is the
circumferential raise of the helix (if ‘h’ is the height of the cylinder, then 2zf3 = h). In
order to investigate the influence of the time dependent change in curvature and torsion
of the coronary artery, three different modes of motion are studied. First, the volume of
the cylindrical heart is changed as a function of time, holding the ratio of the cylinder
radius and height constant, as shown in Fig. 6.2a. The corresponding change in curvature
and torsion is shown in Fig. 6.2b. In this mode, both the curvature and torsion of the helix
change with time. The other two modes of motion are to change curvature only, holding
the torsion constant, and to change torsion only, holding the curvature constant. The

change in volume of the cylinder and the corresponding change in shape of the helix are
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shown in Fig. 6.3 at six time levels of one half of the cycle for all the three modes of

motion. It should be noted that the length of the helix is constant for all modes of motion.
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Figure 6.2 (a) Change in Volume of cylindrical heart (b) Corresponding change in curvature and
torsion during the motion of the helical tube resting on the cylindrical heart
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Figure 6.3 Change in helix shape with time at five time levels. Curvature and torsion changes for (a)
through (f), curvature changes for (g) through () and torsion changes for (m) through (r).

The location of the mid-plane and the normal vector from this plane to the centerline of
the cylinder is also shown in Fig. 6.3. The specifics of the applied motion are presented in
detail in [86].

Flow Boundary Conditions

The applied representative inlet velocity waveform and the outlet pressure waveform
corresponding to observed pulse waveforms for healthy resting conditions are shown in
Fig. 4[87]. The applied pulsatile flow combined with the change in volume (Fig. 2a)
provides a realistic correlation with actual flow conditions experienced by an idealized
left main coronary artery. It should be noted that all the values shown in figures and
tables in this work are expressed in non-dimensional terms using the characteristic scales
described in the flow solver section. The values used fall within observed physiological
variations due to various biological factors. The peak Reynolds number is 191.6 and the
near wall grid resolution is 8e-3. The temporal discretization used for the calculations
was 5x10, selected to maintain the CFL number less than 0.1. The convergence criteria
for the pressure and momentum equations are set to 10 at each time step. The details of
the grid independency and validation studies are detailed in [55, 86]. In Fig. 4, the dots
represent the pressure and the gradients represent the velocity at the times of interest in

the study.
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Figure 6.4 Applied coronary artery inlet velocity and outlet pressure waveforms. The velocity and
2
pressure shown are normalized using a*»* and p(a*a)*) as the characteristic scales, respectively.

The gradients represent the velocity and the dots represent the pressure at the times of interest.

Results

In order to understand the effects of torsion and curvature on flow, it is useful to define

the Dean Number, Germano number and non-dimensional parameter y [83] as shown in

Egs. (6.4-6.5).

Dn=Rep «°° 6.4
)= Gn 6.6
Dnt®

In the above equations, the Reynolds number is defined based on tube diameter and the
applied mean flow velocity at the inlet. Here the Dean Number is a measure of the
centrifugal forces and the Germano Number is a measure of twisting forces. The
Germano number is a direct measure of the ratio of the twisting forces to the viscous
forces or the effect of the torsion on the flow. A third non-dimensional number was
defined by Liu et al.[83] for large Dean Numbers, as shown in Eq (6.6). The above

parameter defines the relative importance of centrifugal forces to the twisting forces.

Parameters Studied

In the following paragraphs, results from 12 sets of simulations are presented.
This includes the three modes of motion, each subject to elastic modulus variations of 1,
2, 5 and 10. The baseline for each mode is the corresponding unstented counterpart
(Es/Eus = 1). For each of these simulations, the following parameters are tracked: axial
velocity, pressure, secondary stream function and wall shear stress (WSS).

The primary flow is represented by the axial velocity and is plotted as contour
lines in a cross section. For helical tubes, the cross plane pressure difference caused by

the centrifugal forces produce a flow perpendicular to the primary flow direction and is
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termed as the secondary flow. The secondary flow is represented by contours of stream
function obtained from the radial and circumferential velocities. This stream function is
defined only in the r-0 (2D cross-sectional) coordinates at that instant in time. A positive
value indicates a counter-clockwise rotating vortex and a negative value indicates a
clockwise rotating vortex. Also a higher stream function value indicates higher secondary
flow strength.

For figures showing flow characteristics in a cross-section, for example in Fig. 5,
the inner wall is defined as the side of the helix that is in contact with the cylindrical heart
at all instances and the wall diametrically opposite to the inner wall is termed as the outer
wall. The other two principle edges are designated as right and left walls, in the counter
clockwise direction with respect to the inner wall. The inner wall is located at the lower
end of the vertical axis and the outer wall is the upper end, as shown in the inset. Most
figures are plotted at T = 3.15 at the peak flow, unless otherwise stated. This is done for
brevity and the shown flow field is representative of the flow fields seen at other time
levels. Deductions made at T = 3.15 are applicable at other time levels also.

The organization of the following sections is as follows. First the results for the
baseline pulsatile flow in a moving unstented helical tube, subject to changes of curvature
and torsion are presented to establish flows in such configurations. This is followed by

the comparison of the flow field for the three modes.

Outer|wall

Inner|wall

(d)y=0.0202 (e)y=0.0277 (fy=0.0320
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Figure 6.5 Axial velocity profiles at 44a* from the inlet of the helical tube at six time values: (a) T =
005(M) T=1.05() T=21(d) T=3.15(e) T=4.2 (f) T =5.25. The helical tube is unstented. The
values below the figures is the non-dimensional parameter y

Pulsatile Flow in a Moving Unstented Helical Tube

In this section, the flow characteristics of pulsatile flow in the helical tube moving
with both the curvature and torsion changing (Fig.6.2b) are discussed, with the aim to

isolate the effect of the moving, compliant walls and the effect of the » parameter. Fig.
6.5 shows the axial velocity profiles at the middle of the helical tube, at 44a” from inlet of
the helical tube at six time levels. At T = 0.05, when y is the highest and the velocity
profile is near symmetrical (Fig. 6.5a) due to the relatively reduced effects of centrifugal
forces. As y decreases, the velocity profile moves towards the outer wall due to the
increased effects of centrifugal forces. A further decrease in » moves the maximum
velocity further towards the outer wall and creates a flatter velocity profile. This
flattening of the parabolic profile increases as the effects of the centrifugal forces
increases (Fig. 6.5d). This distribution of axial velocities will affect the wall shear stress
magnitudes.

Fig.6.6 shows the contours of stream-function at six instances in time. When y is
large, the stream function contours are near symmetrical, with the dividing line of the two
vortices being almost vertical. As seen in Fig.6.6a, the flow consists of a pair of counter-
rotating vortices. This secondary flow pattern is known to form due to the centrifugally-
induced pressure gradient, driving the slow moving fluid near the inner wall towards the
center and the faster fluid from the center to the outside. When the Reynolds number is
small, the secondary flow induced by the centrifugal forces due to the curvature is small.
With the decrease in » parameter, boundary layers develop leading to the formation of a
dominant counter-clockwise vortex. Similar observations were made by Yamamoto et al.
[84] in flow visualization experiments in stationary helical tubes. It is also seen that the
secondary streamlines become denser near the wall and sparser near the center of the

flow as Reynolds number increases or as y decreases due to the development of the

boundary layers.
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Figs. 6.5-6.6 represent the isolated effects of the pulsatile flow conditions and
moving boundaries. Also the importance of » to characterize flows becomes apparent.
More detailed analysis of the effect of the movement alone is presented in our previous
work Observations similar to those seen in [88] were made for the baseline cases for

changes in curvature and torsion alone, which are not shown here for brevity.
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Figure 6.6 Secondary flow patterns at 44a from the inlet of the helical tube at six time values: (&) T =
005() T=105(c) T=21(d) T=3.15() T=4.2(f) T=5.25. The helical tube is unstented. The

values below the figures is the non-dimensional parameter y

Comparison of Stented and Unstented Helical Tube Flow Fields

The flow characterization in a stented artery depends on the wave form,
pulsatility, elastic modulus variation and the arterial movement. Vortex formation has
been shown to occur due to elastic modulus mismatch between stented and unstented
sections of the artery, in straight non-moving stented vessels [41, 55].

To understand the effects of elastic modulus variation under the influence of
dynamic geometry change, we first present the axial velocity profile for the three modes
and for the three elastic modulus levels in Fig. 7 at T = 3.15 and at the mid stent location.

The corresponding » value at T = 3.15 is shown in the leftmost column for all the modes
studied. As stated in the preceding section, when » is higher, the centrifugal forces are

less dominant compared to the twisting forces and leads to a more symmetrical flow
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field. The » parameter is the highest at all times when the torsion changes and is the

lowest when the curvature changes. When torsion changes (row 1), a centered and near
symmetrical axial velocity profile is seen. When curvature changes (row 2), the velocity
profile is moved towards the outer wall and becomes flat.

Mode Es/Eus=2 Es/Eus=5 Es/Eus=10

v =0.0330

Quter|wall

v=0.0169

Inner|wall

kandt

v =0.0202

Figure 6.7 Axial velocity profiles in the stented artery at peak flow at T = 3.15 in the mid-stent region
(44a*). Deductions made at T = 3.15 are applicable at other time levels.

For the modes of motion where the curvature changes, the velocity profile is
rotated about the vertical axis due to the dynamic movement of the helical tube. When
both curvature and torsion change (row 3), the flow field is similar to when curvature
changes, pointing to the dominant role played by centrifugal forces compared to twisting
torsional forces, for the configurations studied in this work. The axial velocities for the

stented and unstented helical tubes are similar at the pre-proximal location of the stent. At
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the proximal end of the stent, the arterial wall is less compliant. This change in elastic
modulus causes the flow to accelerate compared to the unstented vessel and leads to a
higher axial velocity values in the stented section, as seen from a comparison of Fig. 6.5d
and Fig. 6.7, row 3. This increase in velocity due to the presence of the stent increases
with increasing elastic modulus ratio (Fig. 6.7, row 3, column 1 vs. Fig. 6.7, row 3,
column 3). For example, for the unstented helical tube subject to changes in curvature
and torsion (Fig. 6.5d), the maximum axial velocity is 49.07 units. By comparison, the
presence of the stent of elastic modulus ratio of 10 causes the maximum axial velocity to
increase to 56.0 units (Fig. 6.7, row 3, column 3). This change in velocity due to the
presence of the stents will change the near wall velocities, as seen in Fig. 6.8.

Inner Edge Outer Edge

0
Axial Distance Axial Distance

Figure 6.8 Percentage change in near wall time averaged axial velocity profile of stented vessels with
respect to the unstented helical tube for changes in elastic modulus and changes in curvature and
torsion.

The percentage variation of time averaged near wall axial velocity (%U) with
respect to the unstented baseline is shown in Fig. 6.8, for the mode where curvature and
torsion change, at the inner and outer edges. %U increases at the proximal location due to
the reduced wall deformation in the stented region. %U decreases at the distal end, due to
the relative increase in deformations after the stented region. Also the effect of the
centrifugal forces become apparent, where the inner wall experiences a higher change in
%U compared to the outer wall. With an increase in elastic modulus ratio, %U increases
and asymptotes. When Es/Ews = 2, %U changes by 5.6% at the proximal location,

compared to 10.1% for Es/Eus = 10. Similar changes were also seen for the other two
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modes of motion. These changes in near wall velocities have a direct impact on the wall

shear stress distribution.
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Figure 6.9 Variation of near wall differential pressure at T = 3.15 for all three modes of motion, at
the inner and outer edges. The values shown are obtained by taking the difference of the pressure

profiles of the stented and unstented arteries.

Fig. 6.9 shows the variation of near wall differential pressure with respect to the

unstented baseline for each mode, at T = 3.15 for the three modes studied, on the inner
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and outer edges over the length of the stent. At the proximal end of the stent, the elastic
modulus discontinuity causes pressure to drop from the unstented value. The pressure
tends to return back to the unstented values at the distal end. This is seen for all modes of
motion. The differential pressure drop increases with increasing elastic modulus ratio,
more so when curvature changes, either independently or with torsion. This drop in
pressure is higher at the outer edge and compared to the inner edge. Fig. 6.9 shows the
effect of the elastic modulus change and the applied motion on near wall pressure.
Mode Es/Eus=2 Es/Euws=5 Es/Euws= 10

v=0.0330

Outer|wall

v=0.0169

Inner{wall
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Figure 6.10 Contours of secondary stream function variation in the stented artery at peak flow at T =

3.15, in the mid-stent region (44a*). Deductions made at T = 3.15 are applicable at other time levels.
Fig. 6.10 shows the secondary flow field at the mid-stent location at peak flow (T

= 3.15) for the three modes and for the three elastic modulus levels at the mid stent

location. The corresponding » value at T = 3.15 is shown in the leftmost column for all
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the modes studied. The » parameter is the smallest at all times when the curvature

changes and is the highest when the torsion changes. Thus the secondary flow field is
near symmetrical when torsion changes (Fig. 6.10, row 1) compared to when curvature
changes (Fig. 6.10, row 2 and 3). A change in torsion alone also leads to a stronger
clockwise rotating vortex on the right side whereas a dominant vortex forms on the left,
outer side when curvature changes. As seen from the axial velocity profiles in Fig. 6.7,
with an increase in elastic modulus ratio, the strength of the secondary flow field
increases. The dominant, counter rotating vortex forms earlier when the elastic modulus
ratio is higher with curvature changes (not shown). The observations from Figs. 6.7 and
6.10 for the stented artery can be summarized as follows:

e When y is large, the flow is dominated by the twisting forces, leading to near

symmetrical primary and secondary flow distributions.

e When y issmall, the flow is dominated by the centrifugal forces, the primary

and secondary flow fields becomes skewed towards the left outer wall, leading
to the formation of a dominant vortex.

e An increase in elastic modulus ratio increases the strength of the primary and
secondary flow fields.

e The cross-sectional variation of shear stresses will be affected by the changes

to y parameter with motion and by changes in elastic modulus.

Discussion

The above results demonstrate that changes in elastic modulus in moving helical tubes
due to presence of stents lead to changes in local flow patterns, in addition to the

differences seen for the various modes of motion studied in this work.

Hemodynamic Parameters

To illustrate the relative importance of torsion and curvature change on the local
wall shear stress (WSS), we present in Fig. 6.11 the percentage WSS change, for changes
in curvature and torsion independently, with respect to the mode where both curvature
and torsion change. The first column is at the proximal end, the second column is at the
mid-stent location and the third column is at the distal end of the stent. The stented
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helical tube has an elastic modulus ratio of 10.0. The plots show this variation along the
circumference, with the inner edge located at 0° and the outer edge located at 180°. WSS
is higher on the right side (0° to 180°, counterclockwise) when torsion changes, with
respect to the mode where both curvature and torsion change. This is due to the effect of
the secondary flow field (Fig. 6.10, row 1, column 3) seen, where a vortex of higher
strength forms on the right side. This is in contrast to when both curvature and torsion
change, where a dominant vortex forms on the left side. This leads to the relative
decrease in WSS on the left side (180° to 360°, counterclockwise) when only torsion
changes. When a similar comparison is made for the mode where curvature alone
changes, the WSS change is relatively small, pointing to the dominant role played by
curvature, compared to torsion, as seen in Figs. 6.7 and 6.10. Similar observations were
made in our previous work [88]. From the above, WSS is higher on the left side when
curvature changes and is higher on the right side when torsion changes.

Proximal Mid-stent Distal
180 180 180
r 1 r 1 T

0.2

Figure 6.11 Percentage change in WSS for changes in curvature and torsion alone, with respect to
the mode where both curvature and torsion change with time. The first column is at the proximal
end, the second column is at the mid-stent location and the third column

Fig. 6.12 lists the percentage change of time averaged WSS with respect to the
unstented baselines at the inner and outer edges of the helical tube for the mode where
both curvature and torsion change. The proximal end of the stent is located at the axial
location of 0.0. There is a clear increase in WSS at location where elastic modulus
changes. This is mainly due to the decrease in deformation in the stented region
accompanied by an increase in axial velocity. This is reversed at the distal end, as the

vessel expands more after the stent, leading to a decrease in axial velocity. WSS changes
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are the highest at the inner edge and lowest at the outer edge due to the skewing of the
axial velocity towards the outer wall, by the centrifugal forces. The WSS change is as
high as 15.4% at the inner proximal location for Es/Eus = 10. From the extensive studies
available in the literature [51-54], it can be concluded that local non-uniform
hemodynamics triggers abnormal biological events. If we use the hypothesis by Lei et al.
[81] that sites that experience large gradients in shear stress are prone to lesions,
atherosclerosis and endothelial response, the conclusion to be drawn would be that the
start and end of the elastic modulus discontinuity would lead to intimal thickening. This
effect would be more pronounced at the inner wall than the outer wall and this
corresponds to observed wall thickness values being higher at the inner wall of curved
arteries [89].
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Figure 6.12 Percentage change in time averaged WSS in stented vessels with respect to the unstented

vessel at inner and outer edges for changes in curvature and torsion.
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Figure 6.13 Percentage change in time averaged pressure gradient at the wall with respect to the

unstented vessel at inner and outer edges for changes in both curvature and torsion.
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Physical Mechanism — Vorticity Production at the Wall

We defined and developed Vorticity Flux Density in our earlier works [55, 88] to
understand the physical mechanism responsible for the observed changes in WSS under
the influence of the elastic modulus variation with the movement of the helical tube. This
is shown in Eq. (5.8). Vorticity Flux Density provides the relative importance of the
pressure gradient and near wall velocity changes due to elastic modulus variation and
applied motion. It also contributes to the shear stress at the wall by the following
relationship

@y XN = QZTW o7
where ow is the wall vorticity vector and n is the wall normal unit vector.

90



(a) Pressure Gradient (b) Vorticity Flux Change (c) WSS Change
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Figure 6.14 Variation of WSS, Pressure Gradient and Vorticity Flux change with axial distance for a
straight, non-moving elastic tube subject to pulsatile boundary conditions as per Karri et al. [44]
published in [38].

In a stationary stented vessel, since wall velocities are a consequence only of the
vessel compliance, the main contribution to the vorticity flux density comes from the
pressure gradient at the wall as described by Eq. (5.8). Fig. 6.15 shows the direct
relationship between the pressure gradient, vorticity flux density, and the corresponding
wall shear stress in a straight non-moving but compliant stented artery. However, curved
arteries subjected to three-dimensional motion, exhibit secondary flows which have a
large impact on the vorticity flux density as described in Eq. (5.8), which was established
in our previous work on a moving unstented curved artery [88]. This effect is further
accentuated by the presence of the stent which changes the local flow field by impacting
the secondary flow magnitude in the vessel as shown in Figs 6.7 and 6.10. The effect of
the stent on vorticity flux density as compared to the baseline unstented curved artery
subjected to both curvature and torsional changes shown in Fig. 6.14. What is interesting
to note is that the presence of the stent has opposite effects on the inner and outer edge of
the vessel. At the proximal end of the stent, VFD increases at the inner edge while
decreasing at the outer edge. The trend is opposite at the distal end of the stent. It is
further instructive to note that these trends do not directly correlate with changes in the
pressure gradient as shown in Fig. 6.13 which plots the differential pressure gradient with
respect to the unstented vessel. The pressure gradient shows the same trends at the inner
and outer sides of the vessel, which is contrary to the trends seen in the VFD. That leads

us to the conclusion that changes in the secondary flow magnitudes due to the presence of
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the stent have a non-negligible effect on VFD. As a consequence, WSS variations are no
longer symmetric over the periphery of the vessel but show clear differences between the

inner and outer walls as seen in Fig. 6.12.
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Figure 6.15 Variation of reflected pressure with respect to the unstented baselines. (a) Pref vs. ES/Eus

(b) Pref vs. yavg

Pressure Reflection

In addition to WSS, the pressure wave reflection is another measure of adverse
changes to local hemodynamics. Flows in compliant vessels propagate in the form of
waves and are characterized by pressure wave reflections due to obstacles - in the form of
elastic modulus variations due to the presence of stents for the current study. The
contribution of pressure wave reflections to coronary artery disease is well known [33,
58, 90]. Peripheral artery stiffening can lead to increased wave reflections and therefore
increased pulse pressures and augmented systolic pressures at the aortic root. Weber et
al.[58] showed that pressure augmentation due to reflection divided by pulse pressure
could be used as a significant predictor of early coronary artery disease. In order to
ascertain the effect of the stent, the pressure reflected (Pref) upstream was calculated for
the time averaged flow field for all three modes and elastic modulus ratios. The variation
of Prer with respect to the elastic modulus ratios was a hyperbolic tangent (Fig. 6.16a),
with the Prer asymptotically reaching a maximum as the elastic modulus increases. This is
similar to observations made in our earlier work[55]. The variation of Pret with respect to

the average y parameter was an exponential function (Fig. 6.16b). Following [55], we

obtain a surface fit for reflection coefficient as shown in Eq. (6.8).
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Eq. (6.8) provides a measure of Prer for a given variation in elastic modulus and

average y parameter, providing a quick prediction of this parameter in helical

configurations.

Intimal Thickness

Friedman et al. [86] presented an empirical relationship between the observed
shear rates in arterial casts and measured intimal thickness at 163 sites for arterial
sections of various ages. They observed that the vessels subject to lower shear rates
became thicker in older vessels at a slower rate. The opposite effect was seen in younger
vessels, where the vessels become thicker when the shear rates increase. Based on data
analysis, the intimal thickness was expressed as shown in Eqg. (6.9)

B(s-1)
ss)| {‘“[ S ]J 69
—e

5(s,T)= h(1+a(s—1))e s

Here, 6 is the intimal thickness, s is the normalized shear rate, T is the biological age
parameter of the vessel, h is the thickness of the intimal layer exposed to shear s. The o
parameter is the measure of the sensitivity of the uptake process to shear rate and f is the
activation energy for the process that retards intimal thickening. Using Eq. (6.9), we
calculated the intimal thickness (Scurrent) USING the shear rates obtained from the current
simulation results for the unstented helical tube subject to changes in both curvature and
torsion. Following [86], a is set to 0.982 and B is set to 1.847. The biological age T is set
to 6 units. The normalized intimal thickness thus obtained is shown in Fig. 6.17a by the
solid line, for changes in both curvature and torsion. In this figure, the inner wall is
indicated by 180° and the outer wall is indicated by 0°. As indicated by the WSS and
secondary flow fields presented in the preceding sections, dcurrent IS More pronounced at
the inner wall than at the outer wall. Ojha et al. [89] measured the intimal thickness

(dojha) In the right coronary artery for 17 arteries from patients with an average age of 58.
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Comparing dcurrent and dojha [89] in Fig. 6.17a, an excellent agreement in trend is seen and

dcurrent lies within the measured variation at all locations.
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Figure 6.16 Normalized Intimal thickness calculated based on Eq. (12). (a) Unstented (b) Stented.
The values are normalized with the average intimal thickness. The helical tube is subject to changes
in both curvature and torsion.

Fig. 6.17b shows the calculated intimal thickness for the stented vessel (Es/Eus =
10) at the proximal, mid-stent and distal locations, for changes in both curvature and
torsion. The shear rates obtained from the current computations for the stented helical
tube are used in Eq. (6.9) and the other parameters are set the same values as used for the
calculation of dcurrent . The helical tube is subject to changes in both curvature and torsion.
In Fig. 6.17b, the calculated intimal thickness is higher at the inner wall for all three
locations. As predicted in our previous work [55], the intimal thickness is higher at the
proximal and distal ends and this corresponds well with experimental observations of

Vernhet et al.[78], who studied the effects of long term stenting in animal models.

Limitations of the Current Work

The present study is subject to several assumptions, generalizations and limitations that
are discussed below. First the arterial geometry was assumed to be a simple helical tube
and this artery was assumed to rest on a cylindrical heart. Here the main aim was to
obtain generalized results that try to isolate the effects of the changes in curvature and
torsion as seen in coronary arteries. Our comparisons of the computed intimal thickness
from the current study with the measurements by Ojha et al. [89] show that the intimal

thickness variations are well within the measurement variations for coronary arteries,
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showing the applicability for the generalizations carried out. The effect of the stent
deployment strategy and the post stent injury caused to the artery that would contribute to
restenosis is not considered. However, the objective of the current study was to isolate the
effects of the change in elastic modulus due to the presence of an idealized stent on the
flow and on the hemodynamic parameters that have been implicated in stenosis. This
study does not consider the effect of changes in mechanical stresses in the vessel wall
that might be important and affect remodeling. However, this effect is compounded by
the combined hemodynamic changes, and literature suggesting that changes in
hemodynamics would affect stenosis is extensive. Yet, if and how elastic modulus
mismatch affects the local hemodynamics is unresolved. The present study aims to help
understand this effect. The wall model used to calculate the radial deformations due to
the fluid flow is a cylindrical membrane model. Only the radial deformation term is
considered, due to the fact that the radial forces (pressure) dominate the other fluid stress
components and thus would contribute to a larger extent to the flow disturbances due to
the presence of the stent. This model has been used extensively in the literature [56, 57].
This model predicts the wall shear stress accurately and can thus be used as a good
predictor of local hemodynamic function. An exponential transition of the elastic
modulus is used, as indicated in Fig. 3. Care was taken to make sure that the elastic
modulus transition was continuous and smooth. It is acknowledged that the transition
used in the current study might be less gradual than in reality and this might cause some
over prediction of the parameters presented in this paper. A future extension of this work

would be to include a transition length based on experimental measurements.

Conclusion

Systematic three-dimensional CFD calculations have been performed for pulsatile
flow with moving wall boundaries in simplified coronary arteries, using physiologically
relevant flow waveforms, with the objective of studying the effect of elastic modulus
variations and change of curvature and torsion on the local hemodynamics. The first
mode was to change the curvature, the second mode was to change the torsion and the
third mode of motion was to change both curvature and torsion. This change in curvature

and torsion was effected to mimic the movement of an idealized heart on which the
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simplified artery rests. The elastic modulus was changed from the baseline to a value that
is 2, 5 and 10 times higher in the middle of the vessel to emulate the placement of a stent.
The results suggest that changes in elastic modulus with accompanying changes to
curvature and torsion cause critical changes in local hemodynamics, namely altering the
local pressure and velocity gradients and secondary flow patterns. The change in pressure
gradient at the elastic modulus discontinuity is as high as 47% when the elastic modulus
is increased to 10 with respect to the unstented vessel, under the influence of both
curvature and torsion changes. The corresponding WSS change is 15.4%. We show that
these changes are attributed to the physical mechanism associating the secondary flow
patterns to the production of vorticity (vorticity flux) due to the wall movement. A
surface fit was also defined relating the pressure wave reflection coefficient with stent

stiffness and average y parameter. We also demonstrate that the movement of the artery

due to the movement of the myocardium cannot be ignored and needs to be considered to
accurately predict the effects of elastic modulus discontinuities such as would be caused

by stents in coronary arteries.
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7. Effects of Stent Length, Transition Length and Overexpansion in
Stented Arteries

Introduction

The effect of stent length, stent transition length and stent overexpansion, under the
influence of the motion of the coronary artery due to the myocardium has not been
studied extensively. In this work, we study the effect of these stent parameters under the
influence of dynamic changes in curvature and torsion. It is our objective to understand
the influence of these three parameters on local hemodynamics. A model with moving
deformable walls with an elastic modulus change of five in the stented section is used as
the baseline control case. The simulations provided detailed information regarding the
secondary flow dynamics under the influence of these parameters. It was found that
increasing stent length, decreasing transition length and increasing the overexpansion
would affect the local hemodynamics adversely and lead to higher variations in wall
shear stress and pressure wave reflections. From the local hemodynamics and wall shear
stress changes, it can be concluded that the smaller stent length that adequately covers the
lesion site, higher transition length and lower overexpansion of the stented section would

lead to improved flow conditions in the stented section.

Boundary Conditions

It should be noted that the applied conditions for the pulsatile boundary conditions, FSI
and wall movement due to the motion of the myocardium used in this chapter is the same
as used to study the effects of the compliance variation in Chapter 6. As stated in the
introduction, the object of current work is to find the effects of the following stent
parameters: stent length, transition length and overexpansion. To this end, the above

parameters are changed as shown in Table 7.1.
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Table 7.1 Test Parameters used in the current study

Parameter Stent_ed Transition Length Stent Length Overexpansion
Baseline Study Study Study
Designations Base T1 | T2 | T3 | T4 | S1 | S2 | S3 | S4 |Al| A2 | A3 | Ad
Stiffness Ratio 5 5 5 5 5 5 5 5 5 5| 5|55
Coverage Length 7 70| 70 | 70 | 7.0 |154(238|322]|406]|70(7.0]70/(7.0

Effective Stent

8.4 98 |11.2 126|140 16.8 | 252|336 |420|84 |84

8.4

8.4

Length
Transition Length 14 28 | 42 | 56 | 70 |14 | 14 |14 | 14 |14|14 |14 |14
Total Stent Length 9.8 126|154 |18.2|21.0|18.2|26.6 | 35.0 | 43.4]19.8|9.8|9.8|9.8
Radius Change%o 0 0 0 0 0 0 0 0 0 5110|1520

The proximal and distal ends of the stent are defined as the axial location where
the elastic modulus ratio is half of the change from the unstented to the stented value (3
in this study). The coverage length is set to 7 units for the stented baseline, the transition
length is set to 1.4 units on either end and the total stent length is 9.8. The effective stent
length was defined to be the distance between the midpoints of the proximal and distal
transition regions, as seen in Fig. 7.1. For the baseline, the effective length is 8.4 units.
To study the effects of transition length, the baseline transition length is increased by 2, 3,
4 and 5 times the baseline value of 1.4 units, taking care to maintain the same coverage
length of 7 units. To study the effect of the stent length, the baseline effective stent length
is increased by 2, 3, 4 and 5 times the baseline value of 9.8 units. With an increase in
total stent length, the coverage length also increases. The modeled overexpansion
characterizes the global effects of stent overexpansion in addition to the changes in

compliance.
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Figure 7.1 The definition of transition length and stent length as used in the current study

Results

Parameters Studied

In the following paragraphs, results from 12 sets of simulations are presented.
This includes simulations with varying the transition length, stent length and
overexpansion. For each of these simulations, the following parameters are tracked: axial
velocity, secondary stream function and wall shear stress (WSS).

The primary flow is represented by the axial velocity and is plotted as contour
lines in a cross section. For helical tubes, the cross plane pressure difference caused by
the centrifugal forces produce a flow perpendicular to the primary flow direction and is
termed as the secondary flow. The secondary flow is represented by contours of stream
function obtained from the radial and circumferential velocities. This stream function is
defined only in the r-8 (2D cross-sectional) coordinates at that instant in time. A positive
value indicates a counter-clockwise rotating vortex and a negative value indicates a
clockwise rotating vortex. Densely packed lines indicate higher fluid transport in the
axial direction. Also a higher stream function value indicates higher secondary flow
strength.

For figures showing flow characteristics in a cross-section, for example in Fig.
7.2, the inner wall is defined as the side of the helix that is in contact with the cylindrical
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heart at all instances and the wall diametrically opposite to the inner wall is termed as the
outer wall. The other two principle edges are designated as right and left walls, in the
counter clockwise direction with respect to the inner wall. The inner wall is located at the
lower end of the vertical axis and the outer wall is the upper end (Fig. 7.2). Most figures
are plotted at T = 3.15 at the peak flow, unless otherwise stated. This is done for brevity
and the flow field is representative of the flow fields seen at other time levels. Deductions
made at T = 3.15 are applicable at other time levels also.

For the cases studied here, several groups were constructed by selecting a single
parameter from Table 7.1 to change while the rest were held constant, allowing the
relative effect of each change to be evaluated. The organization of the following sections
is as follows. First the flow characteristics in the baseline stented elastic helical tube
subject to changes in curvature and torsion is presented to establish the general
characteristics seen in such flows. This is followed by the presentation of the flow field of

each of the three parameters studied in this work.

Flow Field in the Baseline Stented Helical Tube

In this section, the flow characteristics of pulsatile flow in the baseline stented
elastic helical tube moving with both the curvature and torsion changing is discussed,
with the aim of providing a general description of the flow field seen in moving helical
tubes and to isolate the effects of the » parameter. Fig. 7.2 shows the axial velocity
profiles at the mid-stent location, 44a” from inlet of the helical tube at six time levels. At
T = 0.05, when y is the highest, due to the relatively less prominent effect of centrifugal
forces, the velocity profile is near symmetrical (Fig. 7.2a). As y decreases with an
increase in curvature and centrifugal forces, the velocity profile tends to migrate towards
the outer wall. A further decrease in » leads to the maximum velocity moving further

towards the outer wall and creating a flatter velocity profile as the effects of the
centrifugal forces increases (Fig. 7.2d).
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(b) y=0.0400

Inner{wall

(f v=0.0320

(d) v=0.0202

Figure 7.2 Axial velocity profiles at the middle of the tube (44a*) from the inlet of the stented helical
tube at six time values: (a) T=0.05(b) T=105(c) T=21(d) T=3.15(e) T=4.2(f) T =5.25. The
value below the figures is the non-dimensional parameter y.

Fig.7.3 shows the contours of stream-function at the same instances in time.

When » is large, the secondary stream lines are near symmetrical, with the dividing line

between the two vortices being almost vertical. As seen in Fig.7.3a, the flow consists of a
pair of counter-rotating vortices, placed symmetrically with respect to the plane of
symmetry. This secondary flow pattern is known to form due to the centrifugally-induced
pressure gradient, driving the slow moving fluid near the inner wall and the faster fluid
from the center to the outside wall. When the Reynolds number is small, the secondary
flow induced by the centrifugal forces due to the curvature is small. With the decrease in

y parameter, the boundary layers develop leading to the formation of a dominant vortex

as seen in Fig. 7.3d. Similar observations were made by Yamamoto et al. [84] for a
stationary helically coiled tube. It is also seen that the secondary streamlines become
denser near the wall and sparser near the center of the flow as Reynolds number increases

oras y decreases. The general flow characteristics seen in moving helical tubes can thus

be ascertained from Figs. 7.2 and 7.3.
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Outer|wall

Inner|wall

(b) y=0.0202 (b) y=0.0277 (b) y=0.0320
Figure 7.3 Contours of secondary stream function at the middle of the tube (44a*) from the inlet of
the stented helical tube at six time values: () T=0.05(b) T=105(c) T=21(d) T=3.15() T=4.2

(f) T =5.25. The value below the figures is the non-dimensional parameter y.

Transition Length Effects

To study the effect of the transition length, four lengths in addition to the baseline
are examined: 2.8 (T1), 4.2 (T2), 5.6 (T3) and 7.0 (T4). Increasing the transition length
smoothens the compliance variation from the unstented to the stented sections. This
reduces the near wall velocities and secondary flow field strength as will be shown in
Figs. 7.4 and 7.5 below.

%Uwall
10 15
%Uwall
10 15
— T
x|

w5www

-5 0 -5 0
Axial Length Axial Length

(a) Inner (b) Outer
Figure 7.4 Percentage change in near wall axial velocity profile with respect to the unstented helical

tube at T = 3.15 for changes in transition length, at the proximal location for the (a) Inner and (b)
Outer edges. The transition lengths are: base — 1.4, T1-2.8, T2-4.2, T3-5.6, T4 - 7.0.
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Figure 7.5 Contours of secondary stream in the stented artery at T = 3.15, at the mid-stent location.
The transition lengths are given below each figure. y = 0.0202 for all three figures.

The flow changes near the wall due to the variations in transition length are
established via Fig.7.4. The near wall velocities drop with increasing transition length,
affecting the shear stress distributions. In general, when there is no overexpansion, the
near wall velocities increase due to the reduced wall deformation at the proximal
location. Also the near wall velocity change is higher at the inner edge than the outer
edge caused by the motion induced centrifugal forces. The transition length increase
reduces the strength of the secondary flow field as seen in Fig. 7.5. This is due to the
smoother wall deformation change between the pre-proximal locations and the proximal

end of the stent.

15
™

S

5 0

Axial Length
(@) Inner (b) Outer

Figure 7.6 Percentage change in time averaged WSS with respect to the unstented vessel at (a) Inner

5 0
Axial Length

edge (b) Outer edge. The values shown are at the proximal end of the stent. The transition lengths
are: base—1.4,T1-2.8,T2-4.2, T3-5.6, T4-7.0.

Increase in transition length also reduces the wall shear stress (WSS) as shown in

Fig. 7.6. At the same time the region subject to a higher WSS variation increases, as the
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extent of the stent increases with an increase in transition length. Thus to summarize, the
increase in transition length:
e reduces the near wall variation of axial velocity and the strength of the
secondary flow field with respect to an unstented vessel
e reduces WSS changes with respect to the unstented vessel at the proximal
and distal ends
e increase the total area exposed to abnormal WSS which will affect

pressure reflection characteristics (discussed later)

Stent Length Effects

To study the effect of the stent length, four total stent lengths in addition to the
baseline are examined: 19.6 (S1), 29.4 (S2), 39.2 (S3) and 49.0 (S4). The near wall
velocities for the various stent lengths studied are examined in Fig. 7.7 for the inner and
outer edges at T = 3.15 (peak flow). With increasing stent length, the near wall velocity
with respect to the unstented artery decreases at the proximal end. This is due to the
increased deformation induced by the higher upstream pressure. At the distal end, the
near wall velocity increases with increasing stent length. This is due to the reduced
deformation induced by the lower downstream pressure. A similar trend is seen at the
outer edge, but as seen in Fig. 7.4, the near wall velocity change is lower due to

centrifugal forces.
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Figure 7.7 Percentage change in near wall axial velocity profile with respect to the unstented helical

tube at T = 3.15 for changes in stent length for the (a) Inner and (b) Outer edges. The total stent
lengths are: base — 9.8, S1 -19.6, S2 — 29.4, S3 - 39.2, S4
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When the stent length is short, the relative closeness of the compliance transition
zones increases the mid-stent %Uwan at the inner edge. This is reversed at the outer edge.
A nominal drop in the strength of the counter clockwise vortex and a nominal increase in
the strength of the clockwise rotating vortex are seen in Fig. 7.8, with increasing stent
length. For both the vortices, this change is less than 4% for S4 with respect to the

baseline stent length.

Outer|wall

Innerjwall

(a) Baseline = 9.8 (b) S2=294 (c) S4=49.0
Figure 7.8 Contours of secondary stream in the stented artery at T = 3.15 at the mid-stent location.

The stent lengths are given below each figure. y = 0.0202 for all three figures.
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Figure 7.9 Percentage change in time averaged WSS with respect to the unstented vessel at (a) Inner

edge (b) Outer edge. The total stent lengths are: base — 9.8, S1 —19.6, S2 — 29.4, S3 — 39.2, S4 — 49.0.

Fig. 7.9 shows the change in WSS with respect to the unstented helical tube.
Increasing the stent length tends to increase WSS nominally. The decrease and increase
of %Uwan at the proximal and distal ends respectively are offset by the relatively higher
and lower deformation at the proximal ends and distal ends. As seen from the near wall
velocity changes, a shorter stent leads to a higher WSS change at the mid-stent location,

at the inner wall. Thus to summarize, increasing the stent length:
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e decreases the near wall velocities at the proximal end and increases the
same at the distal end

e increases the strength of the clockwise rotating secondary vortex and
decreases the strength of the counter clockwise rotating vortex nominally

e reduces the WSS at the inner mid-stent region and increases the WSS at
the outer edge

e increases the total area exposed to WSS variation and affects pressure

reflection characteristics

Overexpansion Effects
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(a) Baseline = 0.0% (b) A2 =10.0% (c) A4 =20.0%

Figure 7.10 Axial velocity profile at mid-stent location for varying overexpansion. The stent

Outer|wall

<

Inner|wall

overexpansion are given below each figure. y = 0.0202 for all three figures.

To study the effects of overexpansion of the artery during stent deployment, four
levels of change in arterial radius are studied: 5% (A1), 10% (A2), 15% (A3) and 20%
(A4). The corresponding changes in cross section areas are 10.25%, 21%, 32.25% and
44%. It should be noted that the area transition matches the transition of the elastic
modulus. Thus the changes in the flow field seen are due to both changes in cross-
sectional area and compliance. The overexpansion of the artery causes drastic changes in
the arterial geometry, creating a divergent channel at the proximal end and a convergent
channel at the distal end of the stent. Thus, the primary and secondary flow fields are
drastically affected as will be shown in Figs. 7.10 and 7.11.

Fig. 7.10 shows the axial velocity profile at the mid-stent location, for the
baseline, A2 and A4. With an increase of the cross section, the axial velocity drops in the
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stented region. This is in contrast to the unexpanded stented baseline, where the axial
velocity tends to increase due to the reduced distensibility of the artery caused by the
increased elastic modulus of the artery. Even a minimum overexpansion of 5% (Al)
causes the axial velocity to drop by 5.8% with respect to the baseline stented helical tube
(not shown). The secondary flow field is also drastically different when there is an
overexpansion of the artery as seen in Fig. 7.11. For example, the counter-clockwise
rotating vortex strength drops by 22% with respect to the baseline stent and the clockwise
rotating vortex strength increases by 4.6% for Al (not shown).

Quter|wall

<

Inner|wall

(@) 0.0% (b)10.0% (c) 20.0%
Figure 7.11 Contours of secondary stream at mid-stent location for varying overexpansion, at T =

3.15. The stent overexpansion are given below each figure. y = 0.0202 for all three figures.
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Figure 7.12 Percentage change in time averaged WSS with respect to the unstented vessel at (a) Inner
edge (b) Outer edge. The radius changes are: base — 0.0%, Al —5.0%, A2 — 10.0%, A3 — 15.0%, A4 —
20.0%.
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From Figs 7.10-7.11, even a 5% change in arterial radius causes drastic changes
in the flow field and affects the WSS as seen in Fig. 7.12. The drop in axial velocity at
the proximal end due to the overexpansion causes a drop in WSS. A corresponding
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increase in velocity after the overexpansion causes the wall shear stress to increase at the
post-distal region. For the baseline case with no overexpansion, WSS increases at the
inner proximal end. By comparison, even an overexpansion in radius of 5% (Al) causes
the WSS to drop significantly (24.6%) with respect to the unstented tube at the inner
proximal end. Due to the movement induced centrifugal forces, the outer edge
experiences slightly lower changes in WSS. It has long been hypothesized that low wall
shear stress and the resultant stagnation of blood permit increased uptake of atherogenic
blood particles as a result of increased residence time and thus lead to intimal
thickening[81, 91, 92]. If this hypothesis is used, the overexpansion of the artery during
stent placement would result in higher intimal thickening when compared to a stent
placed with no overexpansion. Thus to summarize, increasing the overexpansion:
e decreases the axial velocity and secondary flow strength

e decreases the WSS in the stented region
Discussion

Hemodynamic Parameters

The following hemodynamic quantities are tracked to compare the various
parameters studied in this work: pressure wave reflections, percentage circumferential
area exposed to a WSS threshold change and circumferentially averaged WSS at the
proximal end of the stent.

Flows in compliant vessels propagate in the form of waves and are characterized
by pressure wave reflections due to obstacles. In this study, the reflection emanate from
of elastic modulus variations due to the presence of stents. The contribution of pressure
wave reflections to coronary artery disease is well known [33] .The time averaged
pressure wave reflection caused by the presence of the stent, measured upstream of the
stent for the various cases of interest studied in this work is presented in Fig. 7.13. In
general, when there is no overexpansion (T1-T4 and S1-S4), the stent causes a decrease
in arterial deformation in the stented region (narrowing with respect to the unstented

vessel). This leads to a positive reflection coefficient and thus an increase in upstream
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pressure reflection. An overexpansion (Al-A4), leads to a negative reflection coefficient

and thus a decrease in upstream pressure reflection.
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Figure 7.13 Reflected pressure upstream of the stent for all the cases of interest. The parameters are
changed independently for each case.

Fig. 7.14a and 7.14b shows of the percentage circumferential area exposed to a
WSS change greater than £5.0% and +10.0% respectively, with respect to the unstented
artery for each of the parameter studied. Increasing the stent length and transition length
increases the area exposed to a WSS change greater than +5.0%. This is due to the
corresponding increase in total stent length. When the area exposed to a WSS change
greater than £10.0% is considered, the dominant effect of overexpansion compared to
stent length and transition length becomes apparent. This is almost constant when the
stent length is changed, as the areas exposed to greater than 10% occur predominantly at
the proximal and distal ends. The area exposed to WSS greater than +10.0% decreases
with increasing transition length as evident from Fig. 7.6. Fig. 7.15 provides a summary
of the circumferentially averaged WSS at the proximal stent location with respect to the
unstented vessel, a measure of the local hemodynamic changes. Similar variations of
circumferential averaged WSS were observed at the distal end. From Figs. 7.13-7.15, the
overexpansion of the artery has a dominant effect, compared to the stent length and

transition length effects.
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Figure 7.14 Percentage circumferential area exposed to a WSS change greater than (a) +£5.0% and
(b) £10.0% with respect to the unstented artery for each of the parameters studied. The parameters

are changed independently for each case.

Effects of Stent Transition Length, Stent Length and Overexpansion

The results shown in the previous section demonstrate that variation in stent
design and stent deployment can have a significant effect on the magnitude of the WSS
created by the presence of the stent. For the cases tested here this effect could be as high

as 80% with respect to the unstented artery. Thus, if a reduction in the WSS change and
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reduction in pressure wave reflection with respect to an unstented healthy vessel caused

by a stent is desired, several factors should be considered in its design and deployment.
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Figure 7.15 Relative change in circumferentially averaged WSS at the proximal location with respect
to the unstented artery for (a) changes in transition length and stent length and (b) changes in
overexpansion radius.

The first such parameter was considered is the stent transition length. Berry[46]
showed that a gradual transition region can act to reduce the mechanical wall stresses
imposed upon the artery, possibly improving the acute and chronic response of the vessel
to the procedure. One of the goals of this research was to determine if a similar effect is
seen in near wall hemodynamics. Charonko et al[33] looked at the pressure wave
reflection for various stent transition lengths using a one-dimensional analysis for a
straight stationary vessel. The maximum transition length studied was 1/5 of the total

stent length. They concluded that their results showed no benefit to a gradual compliance
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transition region at the ends of the stent. The magnitude of the reflection was unaffected
by the transition zone lengths.

In the current study, the transition length was increased 2, 3, 4 and 5 times of the
baseline value of 1/5 of the stent length. When the circumferentially averaged WSS at the
proximal end for the various transition lengths studied is compared to the baseline stent,
the changes are nominal compared to the other parameters studied in this work, in Fig.
7.15. This might point to the secondary role played by transition length to say stent length
in terms of contributing towards restenosis. But, when the stent coverage length (constant
elastic modulus ratio of 5) is held constant and the transition length is varied by itself, the
WSS changes are significant. For example when the transition length is doubled to 2.8
units (T1), we see that the WSS (Fig. 7.15) drops by 4.9% with respect to the baseline
stent. The WSS change at the proximal end drops with increasing transition length. It
should be noted that when the transition length is increased, the total stent length
increases, even though the coverage length is constant. This causes an increase in the
reflected pressure in Fig. 7.13. This is also evident from the increase in area exposed to a
WSS change greater than £5.0% in Fig. 7.14a.

For case T4 in Table. 7.1, the total stent length is 21.0 units and is comparable to
S1 where the total stent length is 18.2. The transition lengths for T4 and S1 are 7 units
and 1.4 units respectively. Thus appraisal of the pressure wave reflection for these two
cases might provide an insight on the effect of transition lengths. For T4, the pressure
wave reflection changes by 38.4% and for S1, the pressure wave reflection changes by
144%, with respect to the baseline stent. Even though the total stent length differs by
about 13.3%, the difference in pressure wave reflection is significant. Thus the transition
length does seem to reduce the pressure wave reflection upstream of the stent. When the
change in circumferentially averaged WSS at the proximal location with respect to the
unstented artery at the proximal end is compared in Fig. 7.15, the effect of the transition
length again becomes clear. WSS drops by 19.2% for T4 with respect to the baseline
stent, compared to S1 when WSS does not change much with respect to the baseline
stent.

The second factor that should be considered is the total length of the stent chosen
for implantation. It is clear from Fig. 7.13 and 7.14a that the pressure reflection and the
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percentage change in circumferential area exposed to a WSS change greater than +5.0%
is proportional to the stent length. This reinforces the results of several clinical studies
that found a relationship between the length of the implanted stent and restenosis [42-45],
where an increase in stent length increased restenosis rates.

The third parameter studied in the current work is the overexpansion of the artery
after the placement of the stent. In order to prevent the problems associated with stent
under-expansion and subsequent restenosis, it is recommended to over-expand the cross
section of the stented region by at least 10% [47, 48]. But recent studies have shown that
an aggressive overexpansion might lead to neointimal hyperplasia and might be
counterproductive. Thus one of the objectives of the current work was to look at the
effects of overexpansion of the artery after the placement of the stent purely from a fluid
dynamic standpoint. For a cross-sectional area overexpansion of 10.25% (Al), the
upstream pressure wave reflection drops by 320.8% with respect to the unexpanded
baseline (Fig. 16). The percentage change in circumferential area exposed to a WSS
change of +5.0% increases, even though the total stent lengths are identical with the
unexpanded baseline (Fig. 7.14a). When the area exposed to a WSS change greater than
+10.0% is considered, the dominant effect of the overexpansion becomes apparent,
compared to the stent length and the stent transition length. WSS% at the proximal end
(Fig. 7.15), which is an indicator of local hemodynamics, also significantly decreases.
The importance of the drop in axial velocity and secondary flow strength due to the

change in area caused by the overexpansion becomes clear.

Figure 7.16 Normalized Intimal thickness with respect to the unstented helical tube calculated based
on Friedman et al. [19] for changes in overexpansion area. The inner edge is located at 90° and the

outer edge is located at 270°.
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We use our results of WSS reduction caused by overexpansion to predict the
intimal thickening. Friedman et al. [86] presented an empirical relationship between the
observed shear rates in arterial casts and measured intimal thickness at 163 sites for
arterial sections of various ages. They observed that the vessels subject to lower shear
rates became thicker in older vessels at a slower rate. The opposite effect was seen in
younger vessels, where the vessels become thicker when the shear rates increase. Based

on data analysis, the intimal thickness was expressed as shown in Eg. (7.1)
gl=—1) gla—1
5(S;Tj=h[1+rx(5—1j:]e 7 (1_E—T9 5 ) .

Here, o is the intimal thickness, s is the shear rate normalized with respect to the
average shear rate, T is the biological age parameter of the vessel, h is the thickness of
the intimal layer exposed to average shear. The a parameter is the measure of the
sensitivity of the uptake process to shear rate and B is the activation energy for the
process that retards intimal thickening. Using Eq. (8), we calculated the intimal thickness
(0) using the shear rates obtained from the current simulation results to find the effect of
overexpansion on intimal thickness. Following [86], a is set to 0.982 and P is set to
1.847. The biological age T is set to 6 units. The normalized intimal thickness ratio with
respect to the unstented helical tube at the proximal end thus obtained is shown in Fig.
19, where the inner wall is indicated by 90° and the outer wall is indicated by 270°. As
shown by the WSS and secondary flow fields presented in the preceding sections, o is
more pronounced at the inner wall than at the outer wall for all the cases. From Fig. 7.16,

we can see that the intimal thickness is 1.33 times the unstented value at the inner edge.

Secondary Flow Strength
092094096098 1 1.021.041.06

—i0 20
Axial Length
Figure 7.17 Variation of secondary flow field strength with respect to the unstented helical tube at T

= 3.15 for overexpansion cases.
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We now present the effects of overexpansion on the flow downstream of the stent
as the observed downstream stenosis [93] in stented coronary arteries might be due to
flow disturbances introduced by the presence of the over-expanded stented section. Thus
to characterize the disturbance of the flow downstream due to stent overexpansion, post

stent, the secondary flow field strength is calculated as defined in Eq. (7.2).

o Max| |u,|,]ug| ]

7.2
‘us,max‘

Here us, ur and ue are the axial, radial and circumferential velocity components.
The secondary flow strength ratio with respect to the unstented helical tube at T = 3.15
calculated for the stent length cases is shown in Fig. 20. The proximal and distal ends are
indicated by the dotted lines. For the baseline stent, S increases at the proximal end. As
we move towards the distal end, S decreases and falls below the unstented value. It is
lower than the unstented value for about one stent length after which the secondary flow
strength becomes higher than the unstented helical tube. When S is calculated for cases
with an overexpansion, at the proximal end of the stent, S is lower with respect to the
unstented helical tube for all cases (A1-A4). At the post-distal ends, due to the relative
decrease in cross-sectional area, we see an increase in S. In fact S is as high as 5.4%
compared to the unstented value for A4. This increase would affect downstream fluid

residence times.

Limitations of the Current Work

The present study is subject to several assumptions, generalizations and limitations that
are discussed below. First the arterial geometry was assumed to be a helical tube and this
artery was assumed to rest on a cylindrical heart. Here the main aim was to obtain results
of general applicability amenable to quantitative analysis. The effect of the post stent
injury caused to the artery that would contribute to restenosis is not considered. However,
the objective of the current study was to isolate the effects of the change in elastic
modulus and deployment options due to the presence of an idealized stent on the flow
and on the hemodynamic parameters that have been implicated in restenosis. This study
does not consider the effect of changes in mechanical stresses in the vessel wall that
might be important and affect remodeling. However, this effect is compounded by the
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combined hemodynamic changes, and literature suggesting that changes in
hemodynamics would affect stenosis is extensive. Yet, how the above mentioned
parameters affects the local hemodynamics is not understood completely. The present
study aims to help understand their effects. The wall model used to calculate the radial
deformations due to the fluid flow is a cylindrical membrane model. Only the radial
deformation term is considered, due to the fact that the radial forces (pressure) dominate
the other fluid stress components and thus would contribute to a larger extent to the flow
disturbances due to the presence of the stent. This model has been used extensively in the
literature [56, 57]. This model predicts the wall shear stress accurately and can thus be
used as a good predictor of local hemodynamic function. An exponential transition of the
elastic modulus is used, as indicated in Fig. 4. Care was taken to make sure that the
elastic modulus transition was continuous and smooth. A future extension of this work

would be to include transition lengths based on experimental measurements.

Conclusion

Systematic three-dimensional CFD calculations have been performed for pulsatile
flow with moving wall boundaries in simplified coronary arteries, using physiologically
relevant flow waveforms, with the objective of studying the effect of transition length,
stent length and overexpansion on hemodynamics. The curvature and the torsion of the
helical coronary artery were changed with time and this was done to mimic the
movement of an idealized heart on which the generalized artery rests. Increasing the
transition length led to a decrease in proximal and distal end WSS values and a lower
pressure reflection compared to cases with similar total stent length. Thus an increase in
transition length reduces near wall hemodynamic changes. Increasing the stent length
tends to increase the pressure wave reflections and area exposed to a WSS change greater
than +£5.0% with respect to unstented artery. Increasing the overexpansion of the artery
causes the WSS to drop significantly. The intimal thickness predicted using Friedman et
al. [86] was found to be 1.33 times higher than the unstented helical tube, at the inner
edge for the maximum overexpansion studied in this work. The downstream secondary
flow strength is also higher when a stent overexpansion is present. Thus from a fluid

dynamic standpoint, the overexpansion of stented section can lead to adverse flow
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conditions. Thus to summarize the results from this work, decreasing transition length,
increasing stent length and increasing the overexpansion would lead to higher variations
in WSS.
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8. Effect of Helical Geometry and Movement on Hemodynamics

This chapter contrasts the flow and its hemodynamic effects in a moving helical tube
versus a straight tube, to bring out the importance of the effects of the curved geometry of
the arteries and the motion that they experience. Comparisons are made between the
stented (Es/Eus = 5) helical tube subject to changes in curvature and torsion, a stented
stationary helical tube, and a straight non-moving tube of the same length. All the cases
were subject to the same pulsatile boundary conditions. The key difference seen between
the cases is the existence of the secondary flow field induced by the centrifugal forces in

helical tubes. This causes a shift in the axial velocities towards the outer wall.

Boundary Conditions

The applied pulsatile boundary conditions for both the cases are shown in Fig. 6.4, for
healthy resting conditions. The values used fall within observed physiological variations
due to various biological factors. The peak Reynolds number is 191.6 and the near wall
grid resolution is 8 x103. The temporal discretization used for the calculations was 5x10"
4, selected to maintain the CFL number less than 0.1. The convergence criteria for the
pressure and momentum equations are set to 10°° at each time step. The above simulation
parameters apply for both the straight non-moving elastic tube and the moving helical
tube. In order to study the effects of the motion of the myocardium on the
hemodynamics, the curvature and torsion of the helix is changed as shown in Fig. 6.2 and
Fig. 6.3. This condition together with the flow conditions in Fig. 6.4 provides a realistic
correlation with actual flow conditions experienced by an idealized left main coronary

artery.

Results and Discussion

Fig. 8.1 shows the axial velocity profiles at 44a” from the inlet for the stationary straight
tube, stationary helical tube, and the moving helical tube, at T = 3.15. The progression of
the axial velocity profile from a centered symmetric profile in a straight tube to a
distorted profile in the presence of curvature and torsion can be clearly seen. This

flattening of the parabolic profile increases as the effects of the centrifugal force
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increases and the axial velocity is rotated towards the left. This has a direct impact on the

distribution of WSS along the length of the tube.
Straight artery Stationary helical Artery Moving Helical Artery

Figure 8.1 Variation of axial velocity for the straight, stationary helical and moving helical stented

artery at T = 3.15. y is 0.0277 and 0.0202 for the stationary helical tube and the moving helical tube
respectively.

When the cross plane pressure is calculated, no variation is seen for the stationary straight
tube, compared to the moving and stationary helical tubes. Thus by comparison, the
secondary stream function in Fig. 8.2a for the stationary straight tube is very low, almost
non-existent. In the stationary helical configuration, a pair of counter-rotating vortices is
formed with the clockwise rotating vortex on the right side of higher strength compared
to the counter-clockwise vortex. For the moving helical tube, when v is still lower, the
secondary and axial boundary layers develop leading to the formation of a dominant
vortex seen in Fig. 8.2c. This secondary flow pattern is known to form due to the
centrifugally-induced pressure gradient, driving the slow moving fluid near the wall

inside and the faster fluid from the center to the outside.
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Straight artery Stationary helical Artery Moving Helical Artery

Figure 8.2 Variation of secondary flow field for the straight, stationary helical and moving helical
stented artery at T = 3.15. vy is 0.0277 and 0.0202 for the stationary helical tube and the moving
helical tube respectively.

The variation of WSS with respect to the straight non-moving stented artery is shown in
Fig. 8.3, at the inner, outer, right and left edges. The proximal end of the stent is located
at the axial location of 0.0. In general, a clear increase in WSS at the proximal end where
elastic modulus changes from uniform compliance to a higher value. This is reversed at
the distal end, as the vessel expands more after the stent, leading to a decrease in axial
velocity. The variation of WSS is the same for all locations on the wall for the straight
helical tube, due to the centered symmetrical axial velocity profile variation at all times.
WSS changes are the highest at the inner edge and lowest at the outer edge for the helical
tube, either stationary or moving. Due to the presence of the secondary flows and the
distortion of the axial velocity profile, both the stationary and moving helical vessels
encounter a sharp decrease in wall shear stress at the inner wall followed by a large
increase at the outer wall over the length of the vessel. For the moving helical tube, WSS
is higher at the outer edge and lower at the inner edge compared to the stationary helical
tube, leading to a larger change in WSS at both sides. Similar trends are observed at the

left and right edges.
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Figure 8.3 Variation of WSS for the stationary helical and moving helical stented artery with respect
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Figure 8.4 Intimal thickness comparison

Shown in Fig. 8.5 is the intimal thickness of at the proximal end for the stationary straight
tube, stationary helical tube and the helical moving tube, calculated using the empirical

relationship obtained by Friedman et al. [86]. In this figure, 180° is the inner edge and 0°
121



is the outer edge. The values shown are normalized with respect to the average intimal
thickness. It can be seen that for the straight non-moving tube, the intimal thickness is
uniform at all locations. For helical tubes, the intimal thickness is higher at the inner edge
and lower at the outer edge, mainly due to the secondary flow field and the shifting of the
axial velocity profile towards the outer wall. Comparing the intimal thickness values
between the stationary helical tube and the moving tube, the effect of the dominant vortex
formation becomes apparent. For the stationary helical tube, the clockwise vortex on the
right side is stronger, leading to a higher WSS distribution on that side. Thus the intimal
thickness calculated is lower on the right side for the stationary helical tube. For the
moving helical tube, a dominant vortex form on the left side, leading to higher WSS
value on that side. This causes the seen lower intimal thickness on the left side, compared
to the right side.

Conclusion

From the above discussion, the helical tube geometry has a large impact on the WSS by
modifying the axial velocity profile which is the primary WSS producing mechanism.
Thus it becomes apparent that to accurately predict the distribution of WSS and stent
efficacy in coronary arteries, the curved geometry and the movement needs to be

considered.
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9. Conclusions

As stated in the introduction, the main purpose of this work is to quantify the effect of the
compliance change due to stenting in coronary arteries, including the effects of the
deformation of the artery under the influence of fluid forces (FSI) and the induced motion
of the artery due to the motion of the myocardium itself. This study also quantifies the
effect of stent parameters: length, transition length and expansion area, on
hemodynamics. The conclusions from the current work for each of the objectives stated
in the introduction are presented below.

Effect of Compliance Mismatch on Hemodynamics

It is seen that as the elastic modulus ratio increases, the size and the residence times of
the recirculation zones and WSS and OSI increase. This increase is more dominant at the
compliance discontinuities. Thus we conclude that the changes in elastic modulus
between the stented and unstented artery is one of the factors that would affect
endothelial response in stented arteries.

Flow Characterization Due to Dynamic Motion of a Generalized CA

The helical geometry of the artery results in centrifugal and torsional forces acting on the
flow, which produce secondary flows in the cross-section. It is found that centrifugal
forces dominate over torsional forces and have a much larger effect on the flow. The
secondary flow leads to a distortion of the axial velocity profile which directly influences
the wall shear stress. The secondary flows are also sensitive to the motion of the artery.
Thus we conclude that the motion of the helical artery makes an important contribution

towards the hemodynamics in coronary arteries.

Effect of Compliance Change Due to Stenting in a Generalized CA

The changes in compliance and curvature and torsion cause critical deviations in local
pressure and velocity gradients and secondary flow patterns. The pressure reflection
upstream increases with increasing elastic modulus ratio and increasing curvature of the

artery. We also demonstrate that the movement of the artery due to the movement of the
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myocardium cannot be ignored and needs to be considered to accurately predict the

effects of compliance discontinuities.

Effect of Stent Transition Length, Stent Length and Overexpansion

It was found that decreasing transition length, increasing stent length and increasing the
overexpansion affects the local hemodynamics adversely and leads to higher variations in
WSS. Stent overexpansion has a dominant effect compared to changes in stent length and
stent transition length. The intimal thickness predicted was found to be 1.33 times higher
than the unstented helical tube, at the inner edge for a stent expansion ratio of 0.92. The
downstream secondary flow strength is also higher when stent overexpansion is present.
Thus from a fluid dynamic standpoint, the overexpansion of stented section can lead to

adverse flow conditions.
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Appendices

Appendix A: Macro to Post-process Time Dependent Data

The below TECPLOT macro is used to calculate the velocities in helical coordinates, the
secondary stream function, vorticity flux density variation and the WSS change, based on
time dependent data from the code. In the below code block, curly braces used in
TECPLOT macros is replaced by <> signs, to avoid conflicts with the citation manager

(EndNote). Please replace the <> signs by curly braces.

#!MC 1200

# Created by Tecplot 360 build 12.2.0.9077

S!VarSet |MFBD| =

' /home/nareshcs/Documents/work genidlest/Runs With JinWave DefMov/BothCurvTors/
Emod5'

S!VarSet |DIR| =

' /home/nareshcs/Documents/work genidlest/Runs With JinWave DefMov/BothCurvTors/
Emod5/"'

# counter for the file being read

$!VarSet |CURRENT| = '0'

# number of files read
$IVARSET |NUMFILES| = 125
#Time variable and offset
$IVARSET |TIME| = 0.0
SIVARSET |TIMEC| = 0.78854

#LOOP Through all the files
$1LOOP |NUMFILES|

$!VarSet |CURRENT| += 1
#Set Time variable

$!VarSet |TIME| += 0.05

$!VarSet |INPUTFILEl| = 'tecO|CURRENT|.plt"'
$!VarSet |INPUTFILE?2 | '"WSSAngle | CURRENT | .plt"

#Read the tecplot File
S !READDATASET '"|DIR||INPUTFILELl|"™ '
READDATAOPTION = NEW
RESETSTYLE = YES
INCLUDETEXT NO
INCLUDEGEOM = NO
INCLUDECUSTOMLABELS = NO
VARLOADMODE = BYNAME
ASSIGNSTRANDIDS = YES
INITIALPLOTTYPE = CARTESIAN3D
VARNAMELIST = '"x" "y" "z" "u" "y" "w" "p" "t" "vor x" "vor y" "vor z"
"u _eigen" "u_eigen x" "u eigen y" "u eigen z"'

# Calculate volume at a given instant of time
Slalterdata
equation = '<voll>=5843.380684*cos (1* (|TIME|-|TIMEC]|))-
7941.707872*sin (1* (| TIME |- |TIMEC]|))"'
Slalterdata
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equation = '<vol2>=4135.077472*%cos (2* (|TIME]|-
|TIMEC|))+1688.024115*sin (2* (| TIME |- |TIMEC|))"'
Slalterdata

equation = '<vol3>=-57.85730464*cos (3* (|TIME|-|TIMEC])) -
424.7869296*sin (3* (| TIME |- |TIMEC]|)) "'
$lalterdata

equation = '<vol4>=607.6803434*cos (4* (|TIME]|-
|TIMEC|))+318.8142644*sin (4* (| TIME |- |TIMEC|))"'
Slalterdata

equation = '<vol5>=-844.8446829*%cos (5* (|TIME |-
|TIMEC|))+356.5603767*sin (5* (| TIME |- |TIMEC]|)) "'
Slalterdata

equation = '<vol6>=56.65205337*cos (6* (|TIME|-|TIMEC]|)) -
70.58494876*sin (6* (| TIME |- |TIMEC]|)) "'
$lalterdata

equation = '<vol7>=-154.4602735*%cos (7* (|TIME |-
|TIMEC|))+451.904645*sin (7* (| TIME |- |TIMEC]|))"'
Slalterdata

equation = '<vol8>=-106.1765527*cos (8* (|TIME|-|TIMEC])) -
163.215112*%sin(8* (|TIME |- |TIMEC]|)) "
Slalterdata

equation = '<volshift>=7760.3923* (cos(|TIME|)*-1.0+1.0)/2.0"'
Slalterdata

equation =
'<vol>=(28307.619594+<v0l1>+<v0l2>+<v0l13>+<v0l4>+<vol5>+<vol6>+<vol7>+<vol8>) *2.
040311+<volshift>"
#Calculate the helix properties
#Arc Length
Slalterdata

equation = '<arclen>=pi* (20**2+ (60/pi) **2)**0.5"'
#Radius of cylinder
Slalterdata

equation = '<a>=(<vol>/3/pi)**(1/3)"
#Turns of helix
Slalterdata

equation = '<turns>=(<arclen>**2- (<a>*3)**2)**(0, 5/pi/<a>"
#Circumfrential Raise
Slalterdata

equation = '<b>=<a>*3/pi/<turns>'
#Curvarure and Torsion
Slalterdata

equation = '<f>=sqrt (<a>**2+<b>**2)"'
$lalterdata

equation = '<kappa>=<a>/ ((<a>)**2+ (<b>)**2)"'
$lalterdata

equation = '<tau>=<b>/ ((<a>)**2+ (<b>)**2)"

#Axial coordinate
Slalterdata
equation = '<s>=(i-1) *pi*<turns>/200"'
#Centerline of helix (R)
Slalterdata

equation = '<cl>=<a>*cos (<s>)'
Slalterdata

equation = '<c2>=<a>*sin(<s>)'
Slalterdata

equation = '<c3>=<b>*<s>'

#Radius of each point
Slalterdata
equation = '"<r>=sqrt ((Kcl>-<x>)**2+ (<c2>-<y>) **2+ (<c3>-<z>) **2) '
#Normal vector T
Slalterdata
equation = '<nl>=-1*cos (<s>)'
Slalterdata
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equation = '<n2>=-1*sin(<s>)'
S$lalterdata

equation = '<n3>=0'
#Position vector of each point
Slalterdata

equation = '<pl>=(<x>-<cl>)/<r>"'
Slalterdata

equation = '<p2>=(<y>-<c2>) /<r>"'
Slalterdata

equation = '<p3>=(<z>-<c3>) /<r>"'

#Tangent vector T
S$lalterdata

equation = '<tl>=-<a>*sin (<s>) /<>
Slalterdata
equation = '<t2>=<a>*cos (<s>)/<f>"'
Slalterdata
equation = '<t3>=<b>/<f>"
Slalterdata
equation = '<normp>=sqgrt ((<p2>*<n3>-<p3>*<n2>) **2+ (<p3>*<nl>-

<pl>*<n3>) ** 2+ (<pl>*<n2>-<p2>*<nl>) **2) "'
Slalterdata

equation = '<dotp>=(<nl>*<pl>+<n2>*<p2>+<n3>*<p3>)"'
Slalterdata

equation = '<theta>=atan2 (<normp>,<dotp>)"'
$lalterdata

equation = '<g>=l+<kappa>*<r>*sin (<theta>)'
Slalterdata

equation = '<factl>=0.0"'
Slalterdata

equation = '<fact2>=0.0"'

#Intersection vector
S !ALTERDATA

EQUATION = '<V1>=(<P2>*<N3>-<P3>*<N2>)'
S!ALTERDATA

EQUATION = '<V2>=(<P3>*<N1>-<P1>*<N3>)'
S!ALTERDATA

EQUATION = '<V3>=(<PL1>*<N2>-<P2>*<N1>)'

#Find angle of the point w.r.t normal vector
S !ALTERDATA

EQUATION = '<signdot>=<T1I>*<VI1I>+<T2>*<V2>+<T3>*<V3>"
$|ALTERDATA

EQUATION = '<sign>=sign (<signdot>)'
$|ALTERDATA

EQUATION = '<thetal>=<theta>*<sign>'

#Find helical velocities
SIALTERDATA

EQUATION = '<A>=<kappa>/ (<kappa>**2+<tau>**2)"'
S !ALTERDATA

EQUATION = '<B>=<tau>/ (<kappa>**2+<tau>**2)"'
S !ALTERDATA

EQUATION = '<C>=<kappa>/sqrt (<kappa>**2+<tau>**2)"'
S !ALTERDATA

EQUATION = '<D>=<tau>/sqgrt (<kappa>**2+<tau>**2)"'
S!ALTERDATA

EQUATION = '<E>=sqgrt (((1-

<kappa>*<r>*cos (<theta>)) **2+ (<r>*<tau>) **2) / (<kappa>**2+<tau>**2)) '
S !ALTERDATA

EQUATION = '<u s>=(-
<a>/<f>*sin(<s>)7*<u>+(<a>/<f>*cos(<s>))*<v>+(<b>/<f>)*<w>'
S!ALTERDATA

EQUATION =
'<u_r>=(sin(<theta>) *cos (<s>) +<f>*<tau>*cos (<theta>) *sin (<s>) ) *<u>+ (sin (<theta>
) *sin (<s>) -<f>*<tau>*cos (<theta>) *cos (<s>)) *<v>+ (<f>*<kappa>*cos (<theta>) ) *<w>"'
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S!ALTERDATA

EQUATION = '<u t>=(cos(<theta>) *cos (<s>) -
<f>*<tau>*sin (<theta>) *sin (<s>)) *<u>+ (cos (<theta>) *sin (<s>) +<f>*<tau>*sin (<thet
a>) *cos (<s>) ) *<v>+ (-1*<f>*<kappa>*sin (<theta>) ) *<w>'
S !ALTERDATA

EQUATION = '<u sl>=((<r>*cos(<thetal>)*sin(<s>)-
<A>*sin (<s>) +<r>*<D>*sin (<thetal>) *cos (<s>) ) *<u>+ (-
<r>*cos (<thetal>) *cos (<s>) +<A>*cos (<s>) +<r>*<D>*sin (<thetal>) *sin (<s>) ) *<v>+<B>
*<w>) /<E>!
SIALTERDATA

EQUATION = '<u_rl>:(—
cos (<thetal>) *cos (<s>) +<D>*sin (<thetal>) *sin (<s>) ) *<u>+ (-
cos (<thetal>) *sin (<s>) -<D>*sin (<thetal>) *cos (<s>) ) *<v>+<C>*sin (<s>) *<w>"'
S !ALTERDATA

EQUATION =
'<u_tl>=(sin(<thetal>) *cos (<s>)+<D>*cos (<thetal>) *sin (<s>)) *<u>+ (sin (<thetal>)*
sin (<s>)-<D>*cos (<thetal>) *cos (<s>) ) *<v>+<C>*cos (<s>) *<w>"'

#Find Secondary flow field
S !ALTERDATA

EQUATION = '<diff us>=(<u_s>(i,Jj,k)-<u_s>(i,3j-1,k))"
S!ALTERDATA

EQUATION = '<diff r>=(<r>(i,j,k)-<r>(i,3-1,k))"
S!ALTERDATA

EQUATION = '<Ql>=<u>*cos (<s>)+<v>*sin(<s>)'
S!ALTERDATA

EQUATION = '<Q2>=<u>*sin (<s>)-<v>*cos (<s>)'
S!ALTERDATA

EQUATION = '<Q3>=<f>*<kappa>*<w>*sin (<theta>)'
S!ALTERDATA

EQUATION = '<I2>=<r>*<u_t>* (1+0.5*<r>*<kappa>*sin (<theta>))'
S!ALTERDATA

EQUATION = '<Il>=(-<r>*cos (<theta>)+<kappa>* (<r>)**2* (<theta>/2-

sin (2*<theta>)/4)) *<Ql>+ (<r>*<f>*<tau>*sin (<theta>) +<kappa>* (<r>) **2*<f>*<tau>/
2*sin (<theta>)) *<Q2>+ (<r>t+<kappa>* (<r>) **2*sin (<theta>)) *<Q3>"
S!ALTERDATA

EQUATION = '<G>=1l+<kappa>*<r>*sin (<theta>)'
$!ALTERDATA

EQUATION = '<phi>=-1*<r>*<u t>'
SIALTERDATA

EQUATION = ‘<phil>=—l*<r>*<u_tl>'
SIALTERDATA

EQUATION = '<anglel>=acos (-1*<a>*cos (<s>)/<f>)"
SIALTERDATA

EQUATION = '<angle2>=acos (<a>*sin (<s>)/<f>)"
SIALTERDATA

EQUATION = '<angle3>=acos (<b>/<f>)"'
#Find planar axis for cross-sectional plots - rotx, roty, rotz
$!ALTERDATA

EQUATION = '<ptl>=<x>+<a>*sin (<s>)'
$!ALTERDATA

EQUATION = '<pt2>=<y>-<a>*cos (<s>)'
$!ALTERDATA

EQUATION = '<pt3>=<z>-<b>'
$!ALTERDATA

EQUATION = '<denl>=sqgrt (<ptl>**2+<pt2>**2)'
$!ALTERDATA

EQUATION = '<den2>=sqrt (<ptl>**2+<pt2>**2+<pt3>**2)"'
$!ALTERDATA

EQUATION = '<ca>=atan2 (<a>,<b>)'

S!ALTERDATA
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EQUATION = '<rotx>=sin (<ca>)* (<z>*sin (<s>)-<b>*<s>*sin (<s>))+<x>*cos (<ca>) -
(cos (<ca>)-1) * (cos (<s>) * (-
<a>*sin (<s>) **2+<y>*sin (<s>) +<x>*cos (<s>) ) +<a>*cos (<s>) *sin (<s>) **2) '
SIALTERDATA

EQUATION = '<roty>=<y>*cos (<ca>)-sin (<ca>)* (<z>*cos (<s>)-<b>*<s>*cos (<s>)) -
(cos (<ca>)-1) * (sin(<s>) * (-
<a>*cos (<8>) **2+<x>*cos (<s>) +<y>*sin (<s>) ) +<a>*cos (<s>) **2*sin (<s>)) '
SIALTERDATA

EQUATION = '<rotz>=sin (<ca>)* (<y>*cos (<s>)-<x>*sin (<s>))+<z>*cos (<ca>)-
<b>*<s>* (cos (<ca>)-1) * (cos (<s>) **2+sin (<s>) **2) '
#Find Vorticity Flux
S!ALTERDATA

EQUATION = '<den3>=(<kappa>*<r>*sin (<thetal>)+1)"
$!ALTERDATA
EQUATION = '<constl>=(sin(<thetal>)*sin (<s>)-

<f>*<tau>*cos (<thetal>) *cos (<s>)) "'
SIALTERDATA
EQUATION =
'<const2>=(sin (<thetal>) *cos (<s>) +<f>*<tau>*cos (<thetal>) *sin (<s>)) "'
$!ALTERDATA
EQUATION =
'<const3>=(cos (<thetal>) *sin (<s>) +<f>*<tau>*sin (<thetal>) *cos (<s>)) "'
S!ALTERDATA
EQUATION = '<constd>=(cos (<thetal>) *cos (<s>) -
<f>*<tau>*sin (<thetal>) *sin (<s>))'
$!ALTERDATA
EQUATION = '<omega3>=- (<u>*<constl>-
<v>*<const2>+<kappa>*sin (<thetal>) * ( (<b>*<w>) /<f>+ (<a>*<v>*cos (<s>)) /<f>-
(<a>*<u>*sin (<s>)) /<f>)) /<den3>'
$!ALTERDATA
EQUATION = '<omegal2>= (<r>* (<u>*<const3>-
<v>*<const4d>) +<kappa>*<r>*cos (<thetal>) * ( (<b>*<w>) /<f>+ (<a>*<v>*cos (<s>) ) /<f>-
(<a>*<u>*sin (<s>)) /<f>)) / (<r>* (<kappa>*<r>*sin (<thetal>)+1))"'
$!ALTERDATA

EQUATION = '<Re>=3.0734"'
S!ALTERDATA

EQUATION = '<constb>=<u>*<constl>-<v>*<const2>"'
S!ALTERDATA

EQUATION = '<consté6>=<u>*<const3>-<v>*<const4>"'
$1ALTERDATA

EQUATION = '<VortFlux>=-

(((<r>*<const5>+<kappa>*<r>*sin (<thetal>)*<u_sl>)/ (<r>*<den3>)+ (<kappa>*cos (<th
etal>) * (<r>*<const6>+<kappa>*<r>*cos (<thetal>) *<u_sl>))/<den3>**2) /<r>+ (<kappa>
*sin (<thetal>)* (<const5>+<kappa>*sin (<thetal>) *<u sl1>))/<den3>**2) /<Re>'
$!ALTERDATA

EQUATION = '<do2>=(<omega2>(i,]j, k) -<omega2>(i,J,k-1))"
$!ALTERDATA
EQUATION = '<do3>=(<omega3>(i,]j, k) -<omega3>(i,Jj-1,k))"

#WSS calculation
SIALTERDATA

EQUATION = '<WSS>=—1*<diff_us>(i,l7,k)/<diff_r>(i,17,k)/<Re>(i,l7,k)'
#Output the required data into tecplot files
S!WRITEDATASET " |DIR||INPUTFILE2|"

INCLUDETEXT = NO

INCLUDEGEOM = NO
INCLUDECUSTOMLABELS = NO
INCLUDEDATASHARELINKAGE = YES
INCLUDEAUTOGENFACENEIGHBORS = YES
ASSOCIATELAYOUTWITHDATAFILE = NO
ZONELIST = [1-5]

VARPOSITIONLIST = [1-3,33,58,102]
BINARY = YES

USEPOINTFORMAT = NO
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PRECISION = 9
TECPLOTVERSIONTOWRITE = TECPLOTCURRENT

#End loop
$ 1 ENDLOOP
$!RemoveVar |MFBD|

Appendix B: MATLAB Code to Generate Surface Grid of Helical Tube

The below MATLAB code is used to generate the surface grid of the helical tube. The
tube radius (variable called ‘rval’) is set to 1.0 for the outer surface and to 0.5 for
generating the edges of the inner block. This code is needed as GRIDGEN does not

generate orthogonal surfaces in the axial direction for curved tubes and the grid generated

using the below code provides better control on grid distribution in all directions.

) S © S

clear all;
clc;

%**Set the initial radius of cylinder and circumferential raise**$%

a=20;b=60/pi;

%$**Define number of points on surface grid needed**%

u=linspace(0,pi,201);
v=linspace (-1*pi,pi, 65);

$**Radius of tube surface - 1.0 for outer surface and 0.5 for inner

%$rectangular grid surfaces**%
rval=1.0;

%$**Radius Change percentage**%
RRatio =0.2;

%**Calculate the factor to find the change in radius based on

$overexpansion and appropriate transition length. is the
%every axial location**%
for i=1l:length (u)
if i<101
ti(i) = (i-90.5)/3.0*4.0*pi-2*pi;
factor (i)=RRatio/ (1.0+exp(-1.0*ti(i)));
elseif i>=101
ti(i) = (i-113.5)/3.0*4.0*pi-2*%pi;
factor (i)=RRatio/ (1.0+exp(1.0*ti(i)));
end
r(i)=(l+factor(i)) *rval;
end
%**Define helix properties**%
for i=1l:1length (u)
C(i,:)=[a*cos(u(i)) a*sin(u(i)) b*u(i)];
T(i,:)=[-1*a*sin(u(i)) a*cos(u(i)) bl./(a"2+b"2)"0.5;
N(i,:)=[-1*cos(u(i)) -1*sin(u(i)) 0.071;
B(i,:)=cross(N(i,:),T(i,:))/norm(cross(N(i,:),T(i,:)));
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end

%$**Define x,y, z coordinates**%
for i=1l:length (u)
for j=1l:length (v)

arl(i,J)=B(i,1)*sin(v(3))+N(i,1)*cos(v(]));
ar2 (i, 3)=B(i,2)*sin(v(J))+N(i,2)*cos(v(]));
ar3(i,J)=B(i,3)*sin(v(j))+N(i,3)*cos(v(])):

x(i,3)=C(i,1)+r (i) *arl(i,7]):
y(i,3)=C(i,2)+r(i)*ar2(i,3]);
z(1i,3)=C(1i,3)+r (1) *ar3(i,3);

end
end

$**Print to file here that can be read by GRIDGEN**%
f3=fopen ('forL87rl0pt0I201l.grd', 'a');
for i=1l:length (u)
for j=1l:length(v)
fprintf (£3,'sd ',x(1i,3));
end
end
for i=1l:length (u)
for j=1l:length(v)
fprintf (£3,'sd ',y (i,3));
end
end
for i=1l:length (u)
for j=1l:length(v)
fprintf (£3,'%d ',z (1i,73));

end
end
fclose (£3);
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