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Abstract

Three dimensional pulsatile blood flow CFD simulations in geometrically genuine
normal and non-normal (aneurysm) human neck-head vascular systems nominally
spanning the aortic arch to the circle of Willis has been performed and studied. CT scans
of the human aortic arch and the carotid arteries were interpreted to obtain geometric data
defining the boundary for a vascular CFD simulation. This was accomplished by
reconstructing the surface from the anatomical slices and by imposing pertinent boundary
conditions at the various artery termini. Following automated formation of a non-
conformal CFD mesh, steady and unsteady laminar and low turbulent simulations were
performed both for the normal and aneurysm models. Atherosclerosis and atherosclerotic
induced aneurysms can occur in the ascending aorta.

The results showed marked differences in the flow dynamics for the two models.
Secondary flow is induced in both of the models due to the curvature of the aortic arch
which is distorted in three dimensions. Counter clockwise rotating vortex formation was
seen at the aneurysm segment in the ascending aorta for the aneurysm model which was
absent for the normal case. The effect of the aneurysm bulge was seen in regions
proximal to it at peak reverse flow causing secondary flow. These secondary aortic blood
flows are though to have an effect on the wall shear stress distribution. Maximum
pressure regions for the aneurysm were observed at regions distal to it indicating the
possible location for rupture. Wall shear force (WSF) values for the normal case at the
aortic bend were low indicating the possible reason for the formation of the aneurysm in
the first place. The WSF values at the aneurysm segment for the aneurysm case were also

low supporting the low shear stress induced atherosclerotic aneurysms theory. These

\



results may act as a precursor for a multiscale Large eddy simulation model (LES) for
pulsatile blood flow eliminating the need for a priori definition of the flow as laminar or

turbulent.

Vi
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CHAPTER |
INTRODUCTION

Stroke is the third leading cause of death after heart disease and cancer, and the
leading cause of long-term disability in the western world, (Petty et al. 2000) today.
Ischemic infarction of the brain can occur due to the diminution of cerebral blood flow,
sudden occlusion of a feeding artery, rupture of an aneurysm, embolic phenomena or
surgical maneuvers. Detailed knowledge of vascular hemodynamics is thereby
exceedingly important for a variety of clinical implications, e.g., analysis of blood flow
alterations during arterial occlusions or endovascular interventions, correlation of regions
of disturbed flow with occurrence of embolic phenomena, correlation of regions of low
wall shear stress with development of aneurysms, (Cebral et al. 2003).

1.1 Anatomy

The aorta is the major blood vessel in the human body transporting the blood from
the heart to the rest of the body. The main components of the aorta are the ascending
aorta, descending aorta, and the aortic arch. The aorta is a complex geometry including
curvature in multiple planes, branches and bifurcation as well as taper. From the aortic
arch, the aorta branches off into the left Common carotid artery, left Subclavian artery,
Brachiocephalic artery which in turn branches off into the right Common carotid artery
and the right Subclavian artery. Moving higher up, the left and right Common carotid
arteries then divide into the left and right external and internal carotid arteries
respectively while the Subclavian arteries divide into the auxiliary and vertebral arteries.
The principle arterial inflow to the head in humans occurs via six arteries (Figure 1.1)

two internal carotids, two external carotids, and two vertebrals, starting at the aortic arch.
1



The vertebral arteries unite to form the basilar artery while the basilar artery and carotids
meet to form the Circle of Willis below the hypothalamus.

The anatomy of the artery (Figure 1.2) consists of three coats or tunics and a
hollow layer known as the lumen through which the blood flows. The innermost layer of
an arterial wall is known as the tunica interna. It consists of a layer of endothelial cells a
basement membrane, and a layer of elastic tissue called the “internal elastic lamina”. The
blood flowing through the lumen is in direct contact with this layer. The middle coat or
tunica media is principally composed of elastic fibers and smooth muscle. The outer coat
known as the tunica externa is composed of elastic fibers and collagenous fibers. An
external elastic lamina separates the tunica externa from the tunica media (Toratora et al.
1990).

The structure of the tunica media provides the arteries with two major properties;

elasticity and contractility. When the ventricles of the heart contract to pump blood into

Figure 1.1: The human head-neck arterial system, aortic arch (orange arrow), internal carotid
arteries (blue arrows), external carotid arteries (yellow arrows) and vertebral arteries (green
arrows). From Primal Pictures



the large arteries, they expand to accommodate the extra blood; then as the ventricles
relax, the elastic recoil of the arteries forces the blood onwards. The contractility of the
artery comes from its smooth muscle, which is arranged longitudinally in rings around
the lumen like a doughnut and is innervated by the sympathetic branches of the
autonomic nervous system. When there is sympathetic simulation, the smooth muscles
contract this in turn applies contractile pressure on the wall around the lumen thereby
narrowing the vessel. This reduction in the available area for the blood to flow through
the lumen is called vasoconstriction. VVasodilation on the other is the process where the
smooth muscle fibers relax and consequently the artery expands when the sympathetic
simulation is removed. (Toratora et al. 1990).

Blood flow from the heart to the other parts of the body takes place through
certain large arteries which consist of the aorta, brachiocephalic, common carotid,

subclavian, vertebral and the common iliac arteries. These arteries are known as the

Figure 1.2: Anatomy of artery (Taken from www.sci.sdsu.edu)



elastic arteries or conducting arteries. The elastic properties of these conducting arteries
are provided by the tunica media which consists of more elastic fibers and less smooth
muscle. The flow of the blood through these arteries depends on the expansion and
contraction of the heart accordingly as the heart contracts the volume of blood flow
through these arteries increases thereby stretching the arterial walls leading to storage of
energy as pressure. Alternatively as the heart expands the volume of the blood flow
through the arteries is reduced which is then supplemented by the stored energy in the
arterial walls thereby ensuring a continuous flow of blood through the arteries. (Toratora
et al. 1990).
1.1.1 Aneurysm
An aneurysm (Figure 1.3) is a thin weakened section of the wall of an artery that

bulges outward, forming a balloon like sac of the blood vessel. Most common sites of
occurrence of an aneurysm in the human body are in the cerebral anterior artery (which
comes) from the Circle of Willis, abdomen commonly known as the abdominal aortic
aneurysm (AAA), thorax known as the thoracic aneurysm. In the aorta, bulging can occur
anywhere along the entire vessel.
Aneurysm can be classified into three types based on their geometry:

a) true aneurysm,

b) false aneurysm, and

c) dissection.



Figure 1. 3: Aneurysm of the ascending aorta (www.uth.tmc.edu)

The wall of the blood vessel consists of 3 layers and true aneurysm is a condition
that affects all three of them namely the tunica interna, media and externa. Whereas in a
situation where only two of these outer layers are involved a condition known as false
aneurysm of the vessel results which is dangerous since it carries a high risk of the blood
vessel bursting. In a situation where the wall of the blood vessel is broken resulting in a
spillage of blood beyond the vessel wall a condition known as dissection is caused.

There are many triggers for Aneurysm but one of the main causes is
atherosclerosis, where one of the layers of the artery (endothelium) is damaged due to
high blood pressure, high levels of cholesterol, and cigarette smoke. Accumulated fats,
cholesterol, fibrin, platelets, cellular debris, and calcium are deposited in the arterial wall
because of this breach which in turn catalyses the arterial wall in to producing substances
that result in further accumulation of cells in the endothelium thus forming
atherosclerotic lesions. This in turn results in further cholesterol deposits on and near the
vessel walls called plaque leading to a further deterioration of vessel wall going on to

cause an Aneurysm.



One of the leading causes is diabetes where in the earlier onset of arthrosclerosis
damages the blood vessel catalyzing the formation of an aneurysms. Bulging of the wall
of the blood vessel is also caused due to high blood pressure. This is the leading factor in
development of aneurysms of the thoracic aorta. Aneurysm is also caused due to Cystic
medial necrosis wherein the tunica media is converted into a fibrous tissue thereby
reducing the strength of the vessel. In a situation where the vessel wall is weakened due
to bacterial infection an aneurysm known as Myctotic aneurysm is caused. Inflammatory
conditions such as psoriasis, rheumatoid arthritis may produce inflammation in the blood
vessel wall itself weakening the wall of the aorta. Apart from the above causes any
physical trauma to the chest area can scar the aorta making it a target for aneurysm. The
two most common symptoms of an aortic aneurysm are chest pain and back pain. Chest
pain is the first sign of aortic dissection causing a tearing or ripping pain in the chest.

1.2 History

“William Harvey’s description of circulation of blood flow in the 16" century is
considered as the first step on the path to modern cardiovascular physiology” (Milnor,
1982). Later in the 17" century Hales demonstrated an experimental procedure to
measure the blood pressure by inserting a tube in the artery of a horse and noting the
height to which the blood rose in the tube. In the 18" century ‘Adolf Flick’ a German
physiologist devised a method to measure the blood flow by measuring the concentration
of oxygen in the blood. ‘Stewart’ at the end of 20" century used a different method of
determining the cardiac output by using dilution of injected salt solution to measure the

circulation time and blood flow.



The measurement of pulsatile blood flow as a function of time from the recorded
pressure gradient began in the mid 20™ century. Most of these methods are based on
Bernoulli’s principle according to which kinetic energy is converted into pressure when
the velocity of flow in a closed channel is disturbed. All these methods became obsolete
when the electro magnetic flow meter was invented which makes use of the fundamental
electro magnetic principle of generation of an electromotive force when a conductor
moves through a magnetic field. Later the ultrasonic flow meters were invented which
were used to measure the blood flow velocity from which the Doppler phenomenon was
discovered which is still used today (Milnor, 1982).

The hemodynamics theory in 18™ century was divided into two lines of thinking,
“one based on the arterial elasticity by which the intermittent ejection of blood is
transformed into a much less pulsatile flow in the periphery; and the other, based on the
manner in which the pressure and flow change as blood moves through circulation”
(Milnor, 1982). The first of these theories lead to the famous “Windkessel theory” which
describes the cardiovascular structure as a compliant structure in series with a resistive
structure. During systole, the compliant aorta acts like a capacitor and stores the blood.
During diastole, the elastic aorta discharges the stored blood through the resistive
branches of the smaller arteries to the organs. The aorta and major branches are treated as
a single chamber, drained by a linear resistance. The pressure and velocity waveforms
given by this model compare quite closely with the physiological data (Ku et al. 1997).

Another way of looking at pressure and flow in the circulation as founded by
“Daniel Bernoulli” was to look at the changes in the vascular properties in the vessels
rather than looking at them as single chamber. The other famous work which contributed
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to the development of hemodynamics was the experimental work done by “Poiseuille” in
the formulation of the law that governs the steady, laminar flow of viscous liquids
through rigid tubes.

An important observation was that the “velocity with which pressure waves are
transmitted through the blood vessels is different from the blood velocity”. “Wormsley”
derived equations relating pressure and the radial motion of the wall to explain the
transmission of pressure waves using a linear simplification of the Navier-Stokes
equations. Wormsley’s mathematical models were derived from the equations of
mechanics and formed the basis for subsequent research in the field of hemodynamics.
Other investigators have used electrical analogous models to explain the phenomenon of
pulse waves. Even though the analogies are not quite perfect these models of the vascular
tree were found to be adequate to explain the phenomenon in the blood vessels.

“Guyton” introduced another way of thinking about circulatory dynamics in
which instead of looking at blood flow through individual vessels, he simplified the
problem by considering all the systemic arteries as a single unit which contain a certain
pressure gradient, volume and flow, and treating the capillaries and venous beds the
same. The model states the fundamental fact that the cardiovascular system is a return
circuit, i.e. the heart imparts energy to the blood and the vascular system determines the
pressure gradients throughout the system in accordance with the physical laws. The
ventricular work is itself influenced physiologically by the pressure that remains to fill
the right side of the heart. Thus the circulation is in a state of dynamic equilibrium

(Milnor, 1982).



1.3 Image based CFD in real arterial geometries

Blood flow study in normal as well diseased artery can be roughly divided into
three major areas
a) Studies which focus more at a cellular level and look at the effects of flow dynamics in
diseased vessel on the chemical properties of the vessel.

b) Both experimental and numerical studies studying the physiological hemodynamics
and the effect of shear stress on the wall mechanics of the artery wall of a normal as well
diseased artery e. g. Aneurysm.

¢) “Finally in-vitro cell biology studies and numerical simulation of cell models to
correlate with the hemodynamics found in the arterial models” (Finol et al. 2001).

The advent of high performance low cost computing power over the last decade
has lead to the increase in usage of computational fluid dynamics (CFD) as a practical
and reliable tool for studying time varying three-dimensional (3D) blood flow patterns in
complex and idealized arterial geometries. Until recently the studies relating to arterial
fluid dynamics or hemodynamics and their relationship to disease like atherosclerosis and
aneurysm was restricted to the usage of highly idealized artery models. However
unprecedented advances in the fields of medical imaging, image processing and CFD
over the last decade have made it possible to computationally reconstruct the anatomical
geometry details with sufficient accuracy to render possible performing of time varying
three dimensional blood flow simulations in realistic geometries (Steinman, 2002).

Shahcheraghi et al. studied the unsteady three dimensional flows in a human
aortic arch on simulation geometries generated from CT scan imaging for a peak
Reynolds number of 2500. They used a finite volume formulation of the parent Navier-
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stokes equations on a system of overset grids. Their results demonstrated that the primary
velocity is skewed towards the inner aortic wall in the ascending aorta, but this skewness
shifts towards outer wall in the descending aorta. They also observed extensive secondary
motion in the aortic arch which was influenced by the presence of branches. Shear
stresses were found be dynamic and high along the outer wall. They concluded that
atherosclerotic lesions developed in regions of extrema (maximum or minimum) of the
wall shear stress.

Wood et al. used a combined study of magnetic resonance (MR) and
computational fluid dynamics (CFD) to study the hemodynamics in the descending aorta.
The flow simulation was used to provide greater detail and parameters in addition to
those obtained from measurements. Apart from the detection of regions of high and low
velocities, they measured the wall shear stresses (WSS) during the complete systolic and
diastolic cycles. They detected high velocities during late systole at the inside of the bend
of the descending aorta. Areas of low shear stress were observed in more distal regions
and aligned with the main flow direction.

Leuprecht et al. studied blood flow in the human ascending aorta by combining
both MRI and CFD. MRI velocity measurements downstream of the aortic valve were
used as inflow conditions for the CFD study. They observed that during the systolic
acceleration phase there was a noticeable skewing of the profiles towards the inner wall
of the aortic arch and during deceleration zones of reversed flow developed at the inner
wall near the entrance of the aortic arch leading to C-shaped profile. They also looked at

the wall WSS which could not be measured directly by MRI and found out that high
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stresses occur at the inner wall and that stresses migrate towards the posterior wall during
deceleration.

Mori et al. reconstructed the aortic arch geometry from the MRI images and
constructed a CFD model to study the flow of blood in the aortic arch. They looked at the
torsional (3D curvature) effects on the development of thoracic aneurysms. They
determined that for an unsteady flow condition at the inlet, the flow was left handed and
right handed for a steady case. The inner wall along the top of the aortic arch was
subjected to higher values of WSS and had a circumferential component which may
affect the orientation of the endothelial cells along the vessel wall. They concluded that
the directional change in the wall shear stress coupled with complex spatial and temporal
distributions may damage the endothelial cells and can cause degenerative disorders like
aneurysm.

Houston et al. studied the prevalence of spiral blood flow in the aortic arch and
the effect of age, sex and carotid atheromatous on it. They found out that spiral blood
flow was present in most of the subjects during diastole in the root apex and descending
aortic arch while spiral flow was less observed during systole. They found out that there
was no clear effect of sex or age on the presence of spiral flow.

Moriss et al. looked at the differences in steady and unsteady flow of blood in the
aortic arch and descending aorta in three model variations which differed in the
reconstruction schemes employed in generating the model from CT scans. They
determined that differences exist in velocity contours, boundary layer growth and

recirculation regions along the aortic arch but they were almost the same downstream.
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Differences found during the deceleration phase were high, as flow of a decelerating fluid
is more unstable than an accelerating fluid.

Svensson et al. also looked at differences in CFD results due to different
geometries. Two models were reconstructed from the MRI images by two different
people using commercial segmentation software. They found out that the results were
significantly different for the two geometries. They concluded that WSS distribution
depends upon the local geometry and hence there is need for accurate segmentation
method.

Mori et al. looked at the effect of three dimensional distortion of the aortic arch on
the blood flow and its pathophysiological significance with respect to the pathogenesis of
the aortic aneurysm. For the simulation in an ordinary helix pipe they determined that the
secondary flow was asymmetric and clockwise-rotating flow developed downstream but
the flow did not become a single helix. But for the more realistic geometry, flow was
affected by the choice of intermittent or non-intermittent inflow condition generating left
handed and right handed rotational flows respectively. It was found that only the realistic
model was able to explain the complex distributions of the lesions found in clinical cases
and that for the results obtained from the simpler model the high WSS region distributed
along the center line due to its constant curvature and torsion. On the other hand the WSS
distribution from the realistic model showed a spiral pattern.

1.4 This thesis

Earlier 3-D cardiovascular modeling efforts have focused largely on individual
functional components, e.g., the aortic arch, (Gosling et al. 1971), (Shahcheraghi et al.
2002), the carotid bifurcation, (Ma, 1997) bypass surgical interventions, (Taylor et al.
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1998), vascular fluid-structure interaction, (Hose et al. 2002). These approximations
compromise the efficiency of the CFD model in predicting the flow detail at the aortic
arch bifurcations which is the genesis of this thesis. One of the main points in this thesis
is the consideration of the whole aortic arch and head neck arterial system starting from
the base of the ascending aorta including the carotid arteries up to the Circle of Willis.
Secondly this thesis documents a frame work for developing a combined CT/CFD
methodology enabling vascular flow simulation in normal or non-normal human vessels
encompassing the aortic arch to carotid arterial tree terminus. It addresses the numerous
issues involved in generating a quality 3D solid mesh model from the CT images,
eliminating anomalies, and generating a quality computational mesh to represent the true
anatomical geometry to the CFD simulation.

The cardiovascular system is an internal flow loop with multiple branches
circulating a rheologically complex fluid. Blood flow in normal arteries is assumed
laminar, except perhaps within the aortic arch. It is inherently unsteady due to the cyclic
nature of the heart pump and Reynolds number can vary from the O (1) in small arterioles
O (10%) in the aorta. Both pulsatile natures of the flow and the dominance of the relatively
small Reynolds numbers result in a flow that is far from turbulent. However, in a non-
normal segment, e.g., an aortic aneurysm, it can transition to multi scale insipient
turbulent. The geometry near aortic arch and aortic bifurcation is specifically responsible
for generation of significant secondary flows, a multi-scale character to which appears
engendered in non-normal situations. While the literature in this emerging field is large, it
is our thesis that numerous simplifying assumptions underlying these published studies,
most importantly a single scale formulation, unacceptably compromises true clinical
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utility of proposed CFD methodology. Therefore this thesis validates the need for a multi-
scale fluid dynamics theory known as large scale eddy simulation (LES) in the literature
as the tool for accurate computational modeling of multi scale, vertical arterial flows.
This thesis focuses on the unsteady flow detail in the ascending aorta, descending
aorta and aortic arch. The reason for selecting this region is because atherosclerosis
lesions and aneurysms are thought to occur at complex vascular geometry such as bends
or branches. It analyzes the velocity and pressure profiles, flow disturbances such as
formation of secondary flow or flow reversal, flow separation, etc, for both normal as
well as non-normal cases geometries and predicts their effect on the pathophysiology of
the artery and at the distribution of shear force on the artery walls as a precursor causing
aneurysms.
In summary the specific goals of this thesis were
e Generation of three dimensional solid mesh model of a patient-specific aortic arch
and head-neck vascular tree ready for computational fluid dynamics (CFD)
simulation.
e Performing a steady state as well as unsteady laminar and turbulent flow solutions
to understand the dynamics of blood flow in the aortic arch.
e Interpret the predicted effects of velocity, pressure and shear force dynamics on
the pathogenesis of various disorders like aneurysms.
e Analyze the results in context of establishing the need for a CFD multi scale
simulation of the pulsatile nature and variability of Reynolds number which

makes it difficult to classify blood flow either as laminar or turbulent.
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CHAPTER I
BIO-FLUID MECHANICS

2.1 Introduction

The human body can be thought to be composed of a big piping system filled with
fluid, forming into a tree like structure with many branches. Fluid flow in a vessel or tube
is very common phenomenon in all the living beings including plant and animals. The
fluid flow system is very well developed and efficiently transports various chemical and
biological products from one place in the body to another.
2.2 Steady flow

Equations governing the flow in a tube are highly simplified and are derived from
the partial differential equation system describing the Eulerian conservation principles for
viscous, thermal, and incompressible Newtonian fluids, termed the Navier-Stokes (NS)
equations. The steady flow NS partial differential equation (PDE) system for mass and
momentum in a cylindrical coordinate system is,
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No slip boundary condition is an important property for a fluid flow a tube. The fluid

elements in contact with the wall are arrested while the elements along the axis of the
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tube move ahead less influenced by the wall, this effect is known as the ‘no-slip’
boundary condition. This can also be explained on the basis of viscous properties of the
fluid, in that there can be no “step” changes in velocity at any point in the flow field,
because, according to Zamir, “the velocity gradient at any point is the measure of the rate
of deformation of the fluid element at that point. Therefore, a force is required to
maintain this deformation, and a step change in velocity at a point would mean that the
velocity gradient is infinite at that point.” which is not possible; hence, the velocity of the
fluid in contact with the wall must be the same as that of the wall.

The classical Poiseuille flow in a tube results upon simplifying the NS equations.
The assumptions are steady flow in a straight tube of circular cross section. The classical

solution for fully developed steady state flow is based on
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Upon solving this equation the famous classical Poiseuille flow solution is obtained.

ks 2 72
U =E(I’ a%) (2.6)
andk, =M 2.7)

Where “u, ’= velocity ‘ p,’= pressure, ‘k, ’=pressure gradient, ‘r’ is the radius and * z’is
the viscosity. The pressure gradient is directly proportional to the flow rate where as the

pumping power is directly proportional to the second power of the flow rate and it is

inversely proportional to the fourth power of the radius (Zamir, 2000).
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—Ap, = pressure gradient and H, = pumping power

“While the flow in an artery is pulsatile, some of the basic design features of flow in the
arterial tree can be explained by the use of this steady Poiseuille flow solution” (Zamir,
2000). As we know from the equation 2.8, the pumping power is inversely proportional
to the fourth power of the radius, but there is an apparent contradiction when compared to
what actually happens in the human body. A large blood vessel (with a large radius)
requires a higher metabolic energy to maintain pumping power through the larger
volume. However, metabolic energy is proportional to the square of the radius. The cube
law provides a solution, where the required condition for minimum power occurs when
flow rate is proportional to the cube of the radius. The cube law has been used to explain
the flow in cardiovascular system for many years and agrees with the constant shear rate
in the vascular structure (Zamir, 2000).

Another important aspect of arterial flow that can be explained from steady
Poiseuille flow is the flow at arterial bifurcations, which exist extensively in the arterial
tree structure. “The tree structure eliminates the need to run tubes in parallel piping, thus
saving the need for individual vessels to each tissue cell. Saving occurs at each
bifurcation and is multiplied many times over by the large number of bifurcations that
comprise the tree” (Zamir, 2000). Two parameters « and £ are used to explain this;
where « known as the bifurcation index, explains the ratio of radii of the daughter
vessels, the parameter £ explains the ratio of areas of the daughter vessels over the
parent vessel:

2 2
a=22 p=27% (59
a a,

1 0

17



Where a, a, a,represent the radii of the parent and daughter vessels respectively.
Based on these parameters an interesting observation can be made on the optimum
pumping power required to drive the flow through the junction of an arterial bifurcation
dependent on the branching angles. For a parent with two daughter vessels, the optimum

branching angles cosd, and cosé, are:

L+a®)"P+1-a'
20+ a)"
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cosd, = L (2.10)

These results indicate that the branch with smaller diameter makes a larger
branching angle and vice versa. This can be observed consistently in the cardiovascular
system (Zamir, 2000).

2.3 Unsteady Flow

Even though a steady state solution provides us with a frame work in
understanding the flow through an arterial tree, one cannot ignore the fact that the flow in
the cardiovascular system is pulsatile and hence the need for an unsteady solution arises.
Nevertheless these steady state solutions act as precursor for the more complex pulsatile
solutions which are based on the assumptions made in deriving the steady state solutions.
The assumptions include circular cross section of the tube, and axial symmetry. This
makes the velocity and derivatives in the circular direction to be zero. The tube should be
long enough such that the flow develops fully. This means that along the axis of the tube,
fluid flow changes resulting from changes in pressure will occur only in the axial
direction (Zamir, 2000) Even though for pulsatile flow these restrictions and conditions
generate unrealistic and unphysical flows, they are still very useful in understanding and

establishing the necessary mathematical frame work.
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One of the important distinctions of the pulsatile flow from the steady Poiseuille
flow is the lag of the flow behind the pressure due to the inertia of the fluid. This is quite
evident if the change in the pressure is rapid and not so when it is slow. Also because of
this lag the peak value that the flow reaches is somewhat short of what it would be in the
steady Poiseuille flow. This loss of peak is more at a high frequency of the driving
pressure and less for low frequency. At a very low frequency the pressure and flow
change simultaneously as it occurs in a steady Poiseuille flow (Zamir, 2000).

The equation for flow in a tube for the pulsatile case is similar to the one in steady
case (2.5) expect for the addition of the oscillatory component. Both velocity and

pressure can be written as sum of their steady and oscillatory components
p(x,t) = py(x) + p,(x,1) (2.11)
u(x,t) =uy(x) +u,(x,t) (2.12)
Where the subscript’s (s) represents the steady part and (¢) represents the oscillatory

part. Upon substituting the 2.11 and 2.12 into 2.5 we get the governing equation for the

oscillatory flow
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The solution for the above oscillatory governing equation can be obtained only
when the change in the driving pressure gradient with time is given. As is the case with
all the time varying functions the oscillatory pressure function can be represented as sum
of sine and cosine functions which is known as the Fourier series. Thus the pressure

gradient can be written in the exponential form (Zamir, 2000).
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Upon substituting 2.14 in 2.13 and using separation of variables technique
u,(r,t)=U,(r)e" (2.15)
An ordinary differential equation for velocity is obtained

dU, 1duU, iQ?
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Q= |P% isan important non dimensional parameter (Zamir, 2000), which is known in
U

the literature as the Womersley parameter generally represented by the variable « .

Equation 2.16 is a form of the Bessel equation and has the general solution

U,(r)= I,Zgl: +AJ, (&) +BY,(S) (2.17)

In the above equation A, B are arbitrary constants and J,, Y,are Bessel functions of the

first and second kind and of order zero. Upon applying the boundary condition of no slip

at the wall and finite velocity along the axis, the final solution for U, is

_ika® o 3(0)
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2.4 Velocity profile

The classical solution for the oscillatory flow in a rigid tube is given by

iksa2 (1_ ‘]O(é/))ei(ot (219)
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The above equation can be split up into three components the first component consist of

the constant part namely the amplitude of the pressure gradientk, , square of the radius of

the tube a in the numerator and the viscosity of the fluid and the frequency of the
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oscillation Q in the denominator. The second component consist of the Bessel functions
and describes the velocity profile in the cross section of the tube as a function of r and the
third component consist of the exponential term which produces a sequence of oscillatory

velocity profiles as the time changes (Zamir, 2000). Upon splitting up u,into real and

imaginary parts, it can be seen that the shape of the oscillatory velocity profiles will
depend on the frequency of the oscillationw, since it determines the values of the non
dimensional frequency Q (or Womersley parameter « ).

Ur =U 4z CcOswt —U, sin ot
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u, =U, cosawt —U . sin ot
Graphed in Figure 2.1 the velocity profiles (taken from (Zamir, 2000)) oscillate
between one peak in the forward directions to the other in the backward direction.
Another important observation is that neither the phase nor the amplitude of these
velocity profiles is in phase with the pressure gradient, because of the inertia of the fluid.
The oscillatory flow rate is obtained by integrating the oscillatory velocity profile

over the cross section of the tube.
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2.5 Shear Stress
Another parameter of great importance is the shear stress on the wall of the tube,
because changes in the wall shear stress (WSS) play a major role in the development of

the atherosclerosis and aneurysms. Using solution for u,the solution for shear stress is

e’ 4 g 2o8dyy e (22
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The oscillatory shear stress lags behind the pressure like the oscillatory flow rate.
The highest shear stress occurs at the peak of each cycle, is one half of the steady
Poiseuille flow value, and is dependent on the frequency of the oscillation. The
oscillatory shear stress at a particular frequency oscillates between a maximum and
minimum value times its constant steady state shear stress (Zamir, 2000).
2.6 Pumping power

Another important parameter is the pumping power required to maintain the
pulsatile flow in a tube. The pumping power required to drive and maintain the steady
part of the oscillatory flow is the same as for the steady flow. But coming to the
oscillatory part since it does not contribute to the flow movement any power used to
maintain the oscillations is wasted and decreases the efficiency of the system. Splitting

equation 2.13 into its real and imaginary parts, and considering only the imaginary part,

o°u, 1au ou
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Figure 2.1: Oscillatory velocity profiles with a frequency parameter €2 = 3 and corresponding to the
real part of the pressure gradient. The panels represent profile at different phase angles starting
from 0 in the top and then increasing by 90 degrees (Reproduced from The Physics of Pulsatile Flow
by M. Zamir, 2000)
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The above equation represents the summation of forces per unit volume. It
contains the terms which are similar to the ones observed in the steady Poiseuille flow.
In addition to the presence of the driving forces and the viscous forces there is an extra
acceleration term on the left hand side. Thus in an oscillatory flow balance of forces
depends on the pressure that is driving the flow being equal to the net sum of viscous and
acceleration forces. These acceleration and viscous forces and be either synergetic or
antagonistic at any point in the time cycle. The balance of energy expenditures for a fluid

element of volume 2zrldr and velocity u,l is given as

o°u, 10u
— ¢ (l
dH,, = u( P +F ™ ) x2zrluy, dr (2.24)
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dH , =k, x2zrlu,dr (2.26)

dH,, (r,t)—dH, (r,t) =dH , (r,t) (2.27)

Integrating each term over the cross section of the term
Hvl (t) - Ha| (t) =H pl (t) (2-28)

Calculating the instantaneous balance of energy expenditure
a au d a 1
_ —#y2 (= pu? =
27w|£r( P )2dr + 27l dt!(zpuw)rdr_lkwqm (2.29)

As mentioned in the previous paragraph the acceleration term becomes either
positive or negative as the oscillatory cycle progresses but the viscous term remains the

same. During the positive cycle of the flow the pumping power supports both the
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acceleration and the viscous dissipation terms whereas during the negative leg of the
cycle it returns some of its kinetic energy (Zamir, 2000).
2.7 Oscillatory flow at low and high frequency

Of particular interest is the oscillatory flow at low and high frequencies. In any
oscillating flow the flow lags behind the oscillating pressure but at low frequency this lag
of the oscillatory flow behind the changing pressure is very less and at even lesser
frequency it is negligible and the relation between the instantaneous flow and pressure is
the same as steady Poiseuille flow thus the flow can be termed as “oscillatory Poiseuille
flow”. It is evident from equation 2.19 that this lag is dependent upon the non
dimensional frequency parameter (Q) or the Womersley parameter (« ). The results are
shown here from Zamir are at very low frequency of Q=1 and at a moderately high
frequency of ©Q =10. In the human aortic arch, the Womersley parameter can reach
values up to 22. For low frequency, the oscillatory velocity profile (Figure: 2.2) is almost
in phase with the pressure gradient. It has a peak value close to 1.0 and the relation
between velocity and pressure is similar to steady Poiseuille flow. Similarly the
oscillatory flow rate, oscillatory shear stress, and pumping power are almost in phase
with each other reaching close to the peak value as in the steady Poiseuille flow.

For high frequency the lag between the oscillatory flow in a tube and the changing
pressure is very high and thus flow is not representative of the fully developed Poiseuille
flow profile at the peak of the each cycle. Therefore the profile has much of a flat look to
it rather than a parabolic look. The peak velocity the flow reaches is inversely

proportional to the frequency i.e. higher the frequency the lower is the peak velocity.
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Figure 2.2: Oscillatory velocity profiles with a low frequency () of 1 and corresponding to the real
part of the pressure gradient. The panels represent profile at different phase angles starting from 0
in the top and then increasing by 90 degrees. The profiles reach their peak form at the peak pressure
gradient of 0 and 180 degrees. (Reproduced from The Physics of Pulsatile Flow by M. Zamir)

In Figure 2.3, Zamir shows that it is evident that at a high frequency that, “the fluid near
the tube wall is affected differently from the fluid at the center of the tube, thus distorting
the parabolic character of the velocity profile”. The oscillatory flow rate, oscillatory shear
stress and pumping power are almost zero throughout the cycle indicating very little net
forward oscillatory flow (Zamir, 2000).
2.8 Flow patterns in curved arterial models

Along with the physics of the flow the geometric structure of the arteries affects
the patterns of the flow, in turn, affecting the dynamics of circulation and the forces
acting on the inner lining of the vessel. The later have an effect on the arterial diseases
like atherosclerosis and aneurysms. The flow in curved tubes like the aorta is complex
with secondary motions clearly observed. Thus the knowledge of development of the
secondary flow is important in understanding the complex pattern of blood flow in the

aorta.
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Figure 2.3: Oscillatory velocity profiles with a high frequency () of 10 and corresponding to the
real part of the pressure gradient. The panels represent profile at different phase angles starting
from 0 in the top and then increasing by 90 degrees. The velocity is everywhere zero and the profiles
reach their peak at 90 degrees out of phase from the pressure. (Reproduced from The physics of
pulsatile flow by M. Zamir)

2.8.1 Steady flow

The first study on fully developed viscous flow in curved tubes with a little
curvature was done by Dean in 1927. The physics behind the formation of secondary
flow in a fully developed laminar steady flow in a curved tube is that when flow enters a
curvature site in a tube a radial pressure gradient is developed and the fluid is also
subjected to a centrifugal force. For an inviscid fluid, these forces are the same and
nullify out each other but for a viscous fluid these forces do not cancel out each other and
the inequality causes a secondary flow development in the tube cross section. Firstly as
the fluid enters further into the curvature it tends to interact with the outer wall of the
curvature upon which it moves in a circular direction along the wall and finally reaches
the inner wall of the curvature. Thus the flow now acquires a rotational component. This

can happen anywhere along the length of the tube under consideration and depends upon
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the curvature site. Thus due to this rotation of the fluid causes the formation of two
vortices known as the “Dean vortices”. The flow is skewed towards the outer wall with
maximum axial velocity also occurring towards the outer wall of curvature. According to
Chandran, the flow into the aortic arch is a developing flow and in a developing flow, the
viscous effects of the flow are confined to the boundary layer region and the fluid in the
core acts more as inviscid fluid therefore the velocity profile which is initially skewed
towards the inner wall of the tube moves towards the outer in the downstream region.
Also the maximum wall shear occurs along the inner wall of the bend at the entrance and
shifts to the outer wall as the flow progresses downstream (Chandran, 1993).
2.8.2 Unsteady flow

In the case of pulsatile unsteady flow the *“secondary flow due to centrifugal
forces is confined to the viscous boundary layers which drags the fluid in the core region
such that the secondary flow in the core region is opposite in sense to that observed in the
steady flow” (Chandran, 1993), four Dean Vortices are also observed. In this case the
maximum axial velocity magnitudes occur towards the inner wall of the curvature.

During systole the axial velocity profiles are skewed towards the inner wall based
on the secondary flow formation along the curved tube while for the diastolic phase the
there is flow reversal along the inner wall of the aortic arch curvature. Initially as the
flow enters the tube maximum velocities are observed at the outer wall near the inlet
region. As the flow moves forward in the tube and reaches the aortic arch curvature
maximum velocities are seen at the inner walls which shift again towards the outer wall
in the descending aortic arch section. The flow profiles in the aortic arch are found to be
different due to the presence of the branches namely the Brachiocephalic artery, the
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subclavian artery, and the common carotid artery. Vortices are observed at the inner wall
of the arch without the presence of the branches, but are absent with the presence of the
branches due to the diversion of the flow in the branches. In the descending aorta a
secondary flow pattern is observed occupying the entire cross section both during systole
and diastole but with opposite directions of rotation.

Due to the enormous importance of the vessel curvature upon flow development,
a non dimensional number known as the Dean Number (Np) is defined

_ R
ND—R{ A } (2.30)

C

Where Re = Reynolds number, Ry = relative size of vessel and R¢ = radius of curvature.
A high Dean number can indicate either significant inertial effects or a small
radius of curvature both of which result in significant secondary motion. A low Dean
number on the other hand indicates very little secondary flow effects. In the human body
the average Dean number is around 1500. It is high due to a large Reynolds number and
small radius of curvature. During systole the Reynolds number is around 10,000 which
lead to a high dean number and hence strong secondary flow effects.
2.9 Flow patterns in non-normal arterial models
As discussed earlier, atherosclerosis is a leading cause of death in the western
world. Wall shear stress is thought to have a significant influence on blood coagulation
and thromboembolism, endothelial cell structure and function, and the accumulation of
low density proteins which can lead to atherosclerotic lesions. An “Aneurysm” is a result

of advanced atherosclerotic lesions. The common sites for the location of atherosclerosis
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in human circulation are carotid bifurcation, renal arterial branching, ileo-femoral
bifurcation in the descending aorta, coronary arteries and the aortic arch.

Of importance are the atherosclerotic lesions at arterial curvatures e. g. aortic
arch, various branching and bifurcations sites e. g. carotid arteries and Circle of Willis. It
can be easily understood that the hemodynamics at such sites would be different from
sites which do not have any significant curvature and branching. Therefore, several
theories have been formulated indicating a possible relation between the formation of
these diseases and the blood flow dynamics.

One of the earliest proposed theories was the theory linking the development of
atherosclerosis with low pressure regions. It was hypothesized that at regions of curvature
like the aortic arch, the flow pressure on the outer wall is more than on the inner wall.
The pressure on the inner wall can become negative and pull the endothelium into the
lumen of the artery. However it was later found out that the radial pressure gradient never
becomes large enough for a significant pressure difference to occur and hence this theory
was discarded.

High and low shear stresses are also hypothesized to have an effect on the lesions.
As we know the tunica interna consists of the endothelial cells which form a layer and are
in direct contact with the blood flowing in an artery. This endothelial layer acts as a
barrier and regulates the transport of substances across the arterial wall. “The fluid
induced shear forces regulate the function of the vascular endothelial layer through a
process known as the “mechanotransduction”, where the flow shear affects the
endothelial secretion of prostacyclin” (Lasheras, 2007). Prostacyclin is a vasodilator and
prevents the accumulation of platelets and nitric oxide which reduces leukocyte adhesion.
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Out of the two proposed theories the low shear stress hypothesis is more widely held.
Extremely low values of wall shear stress impair the mass transport between blood and
vessel wall. This prevents exchange of essential nutrients thus damaging the endothelial
cell layer and release of waste products. Due to the lack of exchange mechanism waste
materials are deposited near the wall causing plaque formation. This damage to the
endothelial layer causes disturbed flow conditions and unsteady turbulent stresses. With
the advent of technology, the low shear stress theory has been widely supported because
the levels of wall shear stress necessary for cell erosion at high shear stresses to occur are
rarely seen under normal flow conditions (Chandran, 2007).

Additional theories have been suggested based on the rate of change of wall shear
or wall shear gradients observed in pulsatile flow. These theories correlate the
development of lesions with the change in the wall shear magnitude or direction in which
they act. This causes a greater stimulation of growth factors produced by endothelial cells
and the consequent thickening of the vessel wall.

This wall stress can be approximated using the laplace equation for a symmetric thin-

walled cylinder.
o, = pTR (2.31)

The above equation gives us the relation between circumferential wall stresses o (N/m?)
on the left hand side, the wall thickness t (m), the internal pressure p (N/m?) and cylinder
radius R (m) in the denominator. From this relation it can be clearly seen that given the

pressure and the wall thickness remain constant the stress on the wall increases along
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with its diameter. This increase in stress leads to increase in diameter which again leads
to an increase in stress. Thus the cyclic process continues until the aneurysm ruptures.
This large expansion produces unusual flow characteristics including large
vortices near the vessel walls whose dimensions depend upon the size and shape of the
aneurysm. Due to Bernoulli’s effect, the pressure at the bulged region increases and
vortices are formed. Conservation of mass requires that the average velocity through the
aneurysm decrease, because of this the blood moves very slowly and has a tendency to

clot forming thrombus in the bulged regions (Chandran, 2007).
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CHAPTER I
METHODS

The first step toward a successful CFD simulation is the availability of a good
CAD model for the geometry under consideration. The main aim of this study was to
analyze a patient specific geometry which truly represents the human anatomy as closely
as possible. Via either computed tomography (CT) or magnetic resonance imaging
(MRI), physicians at the Vascular Research Center at UTMCK can generate numerous
parallel two-dimensional gray-scale images of an in vivo arterial system. Definition of the
arteries was enhanced using a contrast agent during the scan. About 200 slices can be
generated from the base of the aorta up to the circle of Willis (Figure 3.1).
3.1 Segmentation

Segmentation is a process by which the 2-D images generated by CT scan or MRI
are converted into 3-D model. Due to the complexity of the geometry, manual
segmentation was used to create a surface mesh defining the geometry of the 3-D model.
Amira 3D modeling software (TGS, San Diego, CA) was used to interpolate between the
contours of the lumen to generate the desired triangular surface mesh. In Amira the
process of segmentation involves a number of steps. Initially, all the images are loaded
into the software. After loading, the area of interest is selected using the cursor which can
be a tedious job. For simple geometries, it is enough to select the region of interest on a
few images at the beginning and at the end, and the software does the rest. But for more
complex geometries, it is necessary to select the area of interest on a more number of
images. After the process of selecting is done, the software generates the 3-D geometry

by interpolating between the CT scan images. The generated surface geometry consists of
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triangular surface elements. The scanning and image transfer process can induce surface
anomalies, which if uncorrected will preclude generation of a quality representation for
construction of a fully 3-D CFD computational mesh. Figure 3.2 illustrates the more
serious of these, which include arterial termination in a taper rather than a tubular cross-
section, intersecting elements where arteries are in close proximity, and holes in the
surfaces near bifurcations. Figure 3.3 illustrates a category of anomalies detrimental to
the CFD simulation set-up process as caused by patient movement-induced data offsets,
branching artery initiation not fully resolved in the data, and/or programmatic alteration

(smoothing) of raw data adversely affected by the existence of boundaries.

Arteries of
interest

Figure 3.1: CT scan image taken at the in vascular research center at UTMCK
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Figure 3.2: Imaging anomalies from CT/MRI to surface mesh generation.

Figure 3.3: MRI abstract image interpretation anomalies.
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Fortunately, CAD systems now exist with effective methods for the accurate
generation of three-dimensional surface meshes. Figure 3.4 details corrections made to
the surface mesh data of Figures 3.2 & 3.3 including artery termini chiseling to provide a
clean planar surface for BC definition, closure of surface holes and elimination of
intersecting (overlapping) surface elements. These corrections were performed using
Proam, the meshing component of the commercial CFD product Star-CD (Computational
Dynamics limited, London), which is explicitly designed for dealing with extremely

complicated meshes such as those anticipated central to this project.
3.2 Non-normal geometry

Unfortunately for the non-normal geometry i.e. aneurysm there were no CT/MRI
scans available. Therefore the available geometry was taken and a bulge was created at
the ascending portion of the aorta. While the maximum diameter of the ascending aorta
for the normal geometry was around 35mm the aneurysm was bulged out such that its

maximum diameter was 48mm (Figure 3.5).
3.3 Initial attempts at creating a solid model

The arterial simulation solution domain requirement is an accurate digital
rendering of the vascular surface geometry, hence creation of a three-dimensional solid
mesh of the entire region interior to this surface. One way to approach this problem is to
directly generate the surface to solid mesh. The present thesis has been based on this
method. This approach may not be viable in some cases, as it skips the step of solid
model creation, which obviates the ability to change geometric attributes or control mesh

quality in critical areas. This is useful, since a proposed surgical intervention can change
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Figure 3.5: Non-normal geometry (the region in yellow represents the site of the aneurysm).
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artery geometry and it can be difficult to model the change and examine the impact a
priori.

The CAD community now distinctly separates solid model geometry creation and
the associated computational mesh. The solid model employs points, curves and surfaces
that mathematically describe the boundary of a region. It is also known as the generation
of Nurbs surface or B-spline. The subsequent mesh is the union (non-overlapping sum) of
subdivisions suitable for a computational procedure. The CFD simulation requires a
three-dimensional solid mesh, but CT/MRI scans produce only a data point cloud
translatable into a surface geometry. Generating the solid geometry, hence mesh, from
this surface geometry is a reverse engineering process, fundamentally dependent on an

adequate surface geometry definition.

The process of generation of solid model or Nurbs surface has its own fair share
of problems. As mentioned above, the initial aim of this project was to generate a Nurbs
surface definition for the geometry using any commercially available software. Rapid
form, Inus technologies was used for this process. The software worked well for the
generation of Nurbs surfaces but there were problems at the arterial bifurcations. The
surfaces intersected (Figure 3.6) among themselves and no matter how smooth the
geometry was made; there was always some sort of intersection. Overcoming this
problem required a lot of manual intervention and even then the surface definition was
not quite clear. Since the whole aim of this project was to go from the process of
generation CT/MRI scan images to a CFD simulation in a very little time, this method
was not considered viable in generating a solid mesh as it consumed a lot of time and

effort.
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Intersecting
B-splines

Figure 3.6: From left to right shown are the B-splines generated on the surface model and
intersecting splines at the arterial bifurcations.

3.4 Mesh generation

The next step towards a successful CFD simulation of the arterial model was the
generation of good computational mesh. Star-CD was used to generate a trimmed
hexahedral volume mesh directly from the surface geometry generated from the CT/MRI
scan images. After the geometry was cleaned up as mentioned in the previous section, the
next step towards generation of the mesh was the creation of a subsurface which allows
one to control the thickness of the mesh near the wall known as the extrusion layer. This
step is crucial as it plays very important role in turbulent simulations where the value of
y+ can play a big role in the generation of a right solution and is also fundamental in the
prediction of shear force on the arterial wall. The distance the subsurface lies from the
surface can be controlled and can be different at various places in the geometry. For
example, at the aortic arch, the subsurface and hence the extrusion layer had a thickness
of Imm. For carotid arteries it was 0.6 mm and for much smaller arties it was 0.2 mm at

the peak. The next step was the generation of the trimmed cell mesh which was achieved
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by placing a big block of mesh consisting of hexahedral cells around the geometry, and
then cutting the mesh based on the geometry of the artery. This process generates what is
known as the trimmed cells mesh (Figure 3.7) and primarily consists of hexahedral cells
and different shapes of prismatic cells recognized by Star-CD. All the cells which cannot
be classified as either hexahedral or prismatic are converted into tetrahedral cells, whose
number is small compared to the hexahedral ones. The mesh is then refined as needed
near the bifurcation (Figure 3.8) and the regions of paramount importance. The result was
that 0.65 million cells including extrusion layer were generated. The resultant extrusion
layer count was 18024 added cells for the aortic arch, and 89008 cells total in the near
vicinities of the bifurcations. All chiseled artery termini were fitted with tubular
extrusions (Figure 3.8), to enable accurate outflow BC definitions. Further, the stem of
the aortic arch carrying blood to the remainder of the body was similarly fitted, to remove
the possibility of this simulation BC definition from corrupting the near field flow into
the carotid arteries. For the non-normal case Mesh was generated in the similar manner
except for the aneurysm site which had more number of cells due the thick wall (Figure
3.9). All the necessary checks were performed on the mesh and it was cleaned up to

remove any badly defined cells.

Figure 3.7: Trimmed cell mesh
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Figure 3.9: Shown from left to right are the differences in wall thickness at the site where aneurysm
is located for the non-normal case and the corresponding site for the normal case.
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3.5 Flow properties & closure models

Both steady and unsteady simulations were performed on the normal and
aneurysm models. The actual arterial flow is unsteady and pulsatile and can be turbulent
at peak systolic. Laminar, low turbulent and high turbulent k- @ simulations are reported
in this thesis, low and high turbulent k- @ model stress tensor specifications differ in their
treatment of the flow near the wall. For the high turbulent model the law of the wall
representation of the flow is assumed near the wall and the value of y+ has to lie between
30 and 800. This can be true or untrue of pulsatile simulations as the value of y+ varies
from 0 to 100. In a low turbulent model instead of using the law of wall representation of
the flow the transports equations for k and @ are solved every where in the domain.
Hybrid wall functions were used in the low-turbulence k- @ model which employs certain
empirical relations as opposed to the standard treatment which solves the parameter k
andw. All the simulations were completed for Newtonian model with density and
constant viscosity mimicking that of blood.
3.6 Boundary and initial conditions

For steady state laminar case a constant input velocity of 0.3 m/sec was fixed into
the aortic arch representative of the nominal average flow rate. For the low and high
turbulent cases the input velocity was fixed at 1 m/sec representative of the maximum
flow rate at which turbulence might occur. For the unsteady flow the steady state cases
were used as initial conditions and the inlet pulse was ran for 2 cycles to remove any
initial condition effects. Split flow rate was used as the outflow boundary conditions were
the flow was split based on the area of the outlet. This method proved adequate to handle

the pulsatile flow conditions.
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3.7 Finite Volume method

The fluid flow simulations reported herein were performed using Star CD, a
commercial CFD code which employs the well established finite volume (FV)
discretization method for converting the parent Navier-Stokes conservation principles
into computable form. Finite volume method belongs to the class of weighted residual

methods wherein for a differential equation.

LQ)=0(3.1)

There exists an approximate solution ((_2), which upon substitution in the

differential equation leaves a residual R defined as

R=L(@Q) (32)

To get a solution close the actual solution the residual has to be made as small as

possible for which it is multiplied by a weighting function W.
[WRdx =0 (3.3)

Different versions of this method (for eg: Finite element method) arise from the
choice of this weight function. For the finite volume methods the value of the weight
function chosen is 1. In this method the calculation domain is divided into several sub-
domains or control volumes, and setting the weighting function to unity over one sub-
domain at a time and zero everywhere else. This form of weighted residuals is called the

control volume formulation (Patankar, 1980).
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To understand the implementation of this method let us consider a simple one

dimensional heat conduction method.
d  dQ
—(k—)+s=0(3.4
OIX( dx) (3.4)

Where K is the thermal conductivity, Q is the temperature and S is the rate of heat
generation. To derive the equation grid points have to employ as shown in the Figure

3.10. P Denotes the grid point where temperature is being calculated and P_, denotes
the point on its west side and P, denotes the point on its east side. The dashed lines
indicate the control volume faces denoted by the p,, , p,,; on the west and east side

respectively. A piece wise linear profile assumption is made as the interpolation function

between the grid points. Writing the discretization equation now we have

ki+1(Qi+1 _Qi) _ ki—l(Qi _Qi_l) + é X =0 (35)

Xi+l Xl—l

Where s is the average value of the source over the control volume. The convective flux
approximations used by Star CD in this project belong to two major classes the Lower
order upwind formulation and the higher order scheme MARS. The higher order MARS
is a multi dimensional second order accurate differencing scheme that operates in two

separate steps.

In Reconstruction scheme using a multi dimensional total variational diminishing scheme

the gradients are calculated which define a second order accurate spatial discretisation.
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Figure 3.10: One dimensional Finite volume grid
The face fluxes for the advected properties are calculated using the reconstructed cell

face flow properties (CD-adapco, London).

The lower order Upwind scheme also known as the donor cell method is based on
what is known as the tank tube model. The control volumes are thought to be stirred
tanks that are connected in series with each other by sort tubes. The flow through these
tubes represents convection, while the conduction through the walls represents diffusion.
Then it is appropriate to assume that the “fluid flowing in each connecting tube would not
know anything about the tank toward to which it is heading but would carry the full
legacy of the tank from which it has come” (Patankar, 1980). This can be represented

mathematically as

. ., convection >0
convection = flux{ Q; }

Q,.;,convection <0

Finally the two Implicit algorithms used to calculate the flow fields by Star CD in
steady and unsteady states are SIMPLE and PISO respectively. Both the algorithms share
the common features of

1) Both employ the common strategy of predictor and corrector form.

2) Continuity is enforced with help of a pressure correction equation combining the

FV momentum and mass conservation equations.
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3) In the predictor stage a provisional velocity field is derived from the momentum
equations and a provisional pressure distribution which are then refined in the
corrector stage to simultaneously satisfy some approximation of both the
momentum and continuity balances. In SIMPLE only one correcter stage is
employed.

4) The above sequence is repeated iteratively while updating the filed dependent co-
efficient until the solution is reached. Under-relaxation is employed to stabilize
the process.

5) The alegebraic set of equation are decoupled and solved iteratively.
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4. Results and Discussion

The first task of the thesis of generating a three dimensional solid mesh on a
patient specific geometry has been explained in detail in the previous chapter. This
section discusses about the computed flow dynamics of the blood in the aorta for normal
as well as non-normal models. To analyze the results better three section regions (Z axis
pointing towards the observer) of interest were selected in the geometry. The first section
was selected at the ascending part of the aorta to look at the flow development in the
initial stages and study the effect of the aneurysm bulge during flow reversal at the
diastolic stage for the non-normal case. The second one was at the midplane section
through the aneurysm for the non-normal geometry and at the same location for the
normal geometry which was the main area of interest as differences are in flow profiles
are to be expected at this region. The third one was after the carotid bifurcations just at
the beginning of the descending aorta to look at the effect of the aneurysm on the flow
past it. (All the figures in this chapter have been placed in the Appendix starting from
page number 75)

Figure 4.1 represents the geometry of the aortic arch for the normal case and
Figure 4.2 represent the geometry for the aneurysm case (Note: from here onwards the
non-normal geometry would be referred as the aneurysm case). Section “A” represents
the section at the ascending aorta, section “B” the aneurysm midplane section, and
section “C” the section at the beginning of the descending aorta. The insets show the lay
out of the sections. Figures 4.3 and 4.4 show the presentation orientation of the sections
followed throughout this thesis, namely the inner wall, outer wall, top and bottom walls.

It is important to note the difference in the orientation between the aneurysm midplane
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section and that of the descending aortic sections the inner and outer walls are at opposite

ends because of the curvature of the aortic arch.
4.1 Steady State

Each simulation namely laminar, low turbulent model and high turbulent model
was run for 1000 iterations with convergence criteria fixed at 1e-4. Good convergence
was observed for all three simulations with terminal residuals of le-7. For the laminar
case the Mars convection scheme was used to solve the momentum equations with a
blending factor of 0.5 which is a compromise between stability, convergence and
accuracy. For the turbulent simulations upwind convection option was used to solve the
turbulence parameters k and » with Mars retained for the momentum equations. Implicit
time marching was employed in all three simulations.

4.1.1 Normal case laminar solution

The CFD results for the steady laminar flow (Figure 4.5) (at a steady input
velocity of 0.3 m/sec representative of the average velocity for unsteady case) in the
curved aortic arch indicate that the fluid in the core region initially moves towards the
outer wall of the curvature near section B and then slowly moves towards the inner wall
at section C. As it can be seen in the Figure 4.6, maximum velocities occur towards the
outer wall in the sections A and B, slowly shifting towards the inner wall at section C.
The flow velocity at sections A and B has a “C” shaped profile, but as the flow
progresses down into the descending aorta it acquires a much sharper profile. This
progressive shift of the velocity initially towards the outer wall and later towards the

inner wall is a function of the Dean number “D”.
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4.1.2 Normal case low turbulent model solution

In the low turbulent model simulations (Figure 4.7) (at steady input velocity of 1
m/sec representative of the maximum peak velocity for the unsteady case) again the fluid
in the core region moves towards the outer wall of the curvature near section B and then
slowly moves towards the inner wall at section C. As seen in the figure 4.8 the maximum
velocities occur towards the outer wall and then shift towards the inner wall at section C.
Again the velocity profiles acquire a C shaped profile initially becoming sharper
downstream.
4.1.3 Normal case High turbulent model solution

High turbulent model simulations (Figure 4.9) were also performed to compare
them to the low turbulent simulations. Figure 4.10 indicates that the fluid as in the other
two simulations moves towards the outer wall initially and then shifts inwardly. The
velocity profiles retain their “C” shape but look highly diffused in nature at sections A
and B. This is not unexpected due to the higher level of turbulent viscosity with this
model.
4.1.4 Aneurysm case laminar solution

For the aneurysm case the CFD results (Figure 4.11) look similar to the normal
case at sections A and B respectively. At section B where the aneurysm is located the
flow acquires a “C” shaped profile but is much smaller compared to the normal case. The
minimum velocity is also smaller compared to the normal case at section “B”. This is
because via Bernoulli’s principle the pressure will be high in the vicinity of the aneurysm
and due conservation of mass the average velocity decreases. It is interesting to note that
the velocity magnitudes at section A for both the cases are very similar but they decrease
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at section B and C indicating the effect of the aneurysm bulge on velocity. At section C
the profiles look very similar with the velocities for the aneurysm case less by a factor of
10 (Figure 4.12).
4.1.5 Aneurysm case low turbulent solution

For the low turbulent aneurysm case (Figure 4.13) the profiles at section A were
similar to the laminar case, at section B for the aneurysm case the profiles are a little
different not acquiring a complete “C’ shape as in the case for laminar flow. The velocity
magnitude for the aneurysm case is less than the normal case at both sections B and C
indicating the effect of aneurysm (Figure 4.14).
4.1.6 Aneurysm case High turbulent model solution

For the high turbulent aneurysm case (Figure 4.15) at section A the profiles were
closely matched, at section B as for the normal case the profiles were smeared a lot and
did not exactly have the “C” shaped profile (Figure 4.16). There was real difference
between the profiles at section “C” compared to the normal case clearly indicating the

better performance of the low turbulent simulations.

The purpose of performing these steady state simulations, other then using them
as initial conditions for the unsteady simulations was to compare the results from the low
and high turbulent model simulations with that of laminar flow and to determine the more
appropriate one to predict the “Turbulence” occurring at peak forward flow and during
the peak deceleration phases for the unsteady simulation. As expected it can be seen that
the results for the laminar and low turbulent case are in essential agreement with each
other compared to the high turbulent model simulations. This is because the law of the

wall assumptions on which the flow is calculated near the wall for high turbulent
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simulations assumes fully developed turbulent boundary layer flow near the wall which is
the not the case with the flow in the human aorta. The low turbulent model simulation
does not assume boundary layer flow “law of the wall”. Thus these steady state results
provide us with a picture of what to expect in the unsteady simulations particularly the
issue of the law of wall being inappropriate
4.2 Unsteady Simulations

For the unsteady simulations the time varying pulsatile velocity wave form was given
as input at the base of the ascending aorta (Figure 4.17). The wave form used is similar to
the one reported by (Pedley, 1980) based on experimental data. The main difference
between the two wave forms is linear interpolation between the data points as Star CD
does only linear interpolations and thus the wave form has more characteristics of a pulse
wave form. The simulations were performed for three cycles and the data was compared.
No difference was observed between the second and third cycle solutions. Due
constraints of space on the server (each output file at the end of 3 cycles occupied close
to 10 GB) it was decided that the simulations would be performed only for two cycles.
The data at the end of the second cycle is reported here. The data is analyzed at four
different times in the pulsatile cycle:

e 1.2 seconds, corresponding to the point at which the flow acceleration is

maximum.
e 1.3 seconds, corresponding to peak forward flow.
e 1.6 seconds, corresponding to the point at which the flow deceleration is
maximum.

e 1.9 seconds, corresponding to the peak reverse flow.
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As for the steady state case laminar flow, Mars was used to solve the momentum
equations with a blending factor of 0.5. For the turbulent simulations upwind was used to
solve for the turbulence parameters. Implicit time marching was used for all three
simulations.

4.2.1 Normal case laminar solution

The results (Figure 4.18a, 4.18b, 4.18c) demonstrate that for time points with
positive velocities, the flow at sections A and B is skewed towards the inner wall slowly
acquiring an “M” shaped profile. Maximum velocities occur at the inner wall. This is in
contrast to what is seen in a steady state case where maximum velocities are observed at
the outer wall for sections A and B. Far downstream, after the aortic bifurcation and just
at the beginning of descending aorta (section C), the flow is skewed towards the outer
wall and is complex with clear flow separation for time points with positive flow. During
the peak reverse flow (1.9 sec) the velocity profiles demonstrate skeweness that is
different from what is observed at other points in the pulse cycle. Since the reverse flow
is only present for small duration (0.2 sec), flow structures from the previous time steps
in the cycle which are not completely decayed still remain and have an influence on the
flow. As it can be seen, the velocities and thus the Reynolds numbers are quite low and
retrograde flow is clearly observed.

Secondary flow

To show the secondary flow a unique representation is followed in this thesis. In
Figures 4.19a, 4.19b, 4.19c the velocity scalar component perpendicular to the cross
sectional slices is represented as contour plot (w is the perpendicular velocity component
here) and the transverse plane components namely u and v are represented as vectors. A
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clear understanding of results for viewing the direction of the flow through the selected
sections i.e. whether the flow is going forward or backwards, while understanding the
secondary flow circulation’s in viewing the formation of vortices.

For the time points with positive velocities it can seen that at sections A and B the
flow moves from the outer wall to the inner wall without any significant secondary flow.
At section C the flow is from the inner wall to the outer wall with a “U” shaped velocity
profile formation at the inner wall. For the peak reverse flow it can be seen that the
dominant flow at sections A and B moves from the inner wall to the outer wall. But for
section C the flow is from the outer wall to the inner wall, opposite to what is observed
for the forward flow.

4.2.2 Normal case low turbulent model solution

For the normal low turbulent model simulations (Figure 4.20a, 4.20b, 4.20c) the
flow patterns at sections A and B are very similar to the laminar flow for time points with
positive velocities. Minor differences in the profile shapes are seen, but the general trend
of the flow is similar. For example the flow at sections A and B is skewed towards the
inner wall and slowly acquires an “M” shaped profile. Maximum velocities occur at the
inner wall similar to the laminar case; again this is opposite to what is seen in the steady
state case where maximum velocities are observed at the outer wall for sections A and B.
Far downstream at section C the flow is skewed towards the outer wall with separation
much more evident than for the laminar case at the time points with positive velocities.
During the peak reverse flow, as is the case with the laminar flow, the velocity profiles
demonstrate skeweness that is different from what is observed at other points in the pulse
cycle. Since the reverse flow is only present for small duration (0.2 sec) flow structures
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from the previous time steps in the cycle still remain and have an influence on the flow.
As it can be observed the velocities and thus the Reynolds numbers are quite low and
retrograde flow is clearly observed.

Secondary flow

The secondary flow (Figure 4.21a, 4.21b, 4.21c) is similar to the laminar case
with some of the profile shapes being a little different. For the time points with positive
velocities it can seen that at sections A and B the flow moves from the outer wall to the
inner wall. There is no secondary motion observed. At section C similar to the laminar
case the flow is from the inner wall to the outer wall with a “U” shaped velocity profile
formation at the inner wall. For the peak reverse flow at sections A and B the flow is
from the inner wall to the outer wall. At section C the flow is exactly opposite to what is
observed for the forward flow i.e. the flow is from outer wall to inner wall.

At sections A and B for the time points with positive velocities the flow at the
core region and the inner wall is forward but for the outer, top and a portion of the bottom
wall it is backward. This can be seen consistently for all of the simulations, laminar and
turbulent for normal cases. The results for the laminar and low turbulent model
simulations for the normal case are close to each other especially at the peak forward
flow phase and the peak deceleration point where the flow can be really unsteady giving
rise to turbulence.

4.2.3 Aneurysm case laminar solution

For the aneurysm case the flow is obviously quite different from the normal case
due to the anatomical differences. The flow at section A for maximum acceleration (1.2
sec) and peak forward (1.3) flow is shown in figure 4.22a. The velocity is skewed
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towards the inner wall where maximum velocities are observed. There is a little amount
of flow separation observed near the inner wall for section A. For section B (Figure
4.22b) the flow is highly complex with maximum velocities and skewness of the flow
occurring at the inner wall. There is a change in the shape of the profiles between the two
time points (1.2 & 1.3) with flow separation being observed clearly at the peak forward
flow. For section C (Figure 4.22c) the profiles shapes are complex with flow separation
observed at the top and the bottom walls for maximum acceleration and peak forward
flow. At peak deceleration the flow separates completely for section B, but is not quite
evident for section A. For section C, the flow turns highly complex.

At peak reverse flow (1.9 sec) there is flow separation at section A due to the
retrograde motion, the flow in section B breaks down completely with maximum
velocities shifting towards the outer wall. At Section C the profiles also look different
than the other time points with maximum velocities occurring at the inner wall.

Secondary flow

At section A as is the case for the normal artery the flow moves from the outer
wall to the inner wall. At section B towards the inner wall in the aneurysm bulge
secondary flow is observed with flow recirculation beginning to form at the maximum
acceleration time point (Figure 4.23a, 4,23b, 4.23c). At peak forward flow there is clear
recirculation flow formation observed with the flow from the bottom wall and the top
wall meeting near the inner wall and forming into a counter clock wise rotating vortex
before leaving the aneurysm bulge. The recirculation flow formation continues and at the
maximum deceleration point it is quite large with the vortex shifting a little inward
towards the core of the aneurysm. The direction of the flow for the vortex is still counter
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clockwise. For peak reverse flow secondary motion is observed at both sections A and B
occurring randomly with vortex rotation occurring in the clock wise direction. At section
C no secondary motion is observed for the peak acceleration and peak forward flow, but
during the peak deceleration point vortex formation can be observed between the outer
wall and the upper wall rotating in a clockwise direction. At peak reverse flow the fluid
motion is from the outer wall to the inner wall for section C with no secondary motion
observed.
4.2.4 Aneurysm case low turbulent model solution

As for the normal artery the flow through an aneurysm for the laminar and low
turbulent simulations (Figures 4.24a, 4.24b, 4.24c) match closely. The flow at section A
for maximum acceleration (1.2 sec) and peak forward flow (1.3) shows similarity in the
profile shapes with the laminar simulation. The flow is skewed towards the inner wall
where maximum velocities occur and the flow starts separating at the peak forward flow
similar to the laminar case. For section B the flow at both the time points is highly
complex with maximum velocities and skewness of the flow occurring at the inner wall.
Again there is flow separation evident for peak forward flow but is slightly different from
the laminar case. For section C the flow separates at the top at the bottom walls for
maximum acceleration and the separation continues at peak forward flow. At peak
deceleration point the flow separation for section B is more than for the laminar case.
Also there is flow separation at section A which is not seen clearly for the laminar case.
For section C the is flow is similar to the laminar case for the first two time points, then
the profile shapes get much more complex for the peak deceleration point similar to the
laminar case.
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Flow separation is observed at section A at peak reverse flow and in section B the
flow breaks down completely with maximum velocities shifting towards the core region
near the inner wall rather than towards the outer wall as for the laminar case. At Section
C the profiles look different than for the other time points with maximum velocities
occurring at the inner wall. It is interesting to note the closeness of the results for the
laminar and low turbulent model case except for these few differences in the profiles
shape.

Secondary flow

At section A the flow is from the outer wall to the inner wall. At section B
towards the inner wall, secondary flow formation is observed at the maximum
acceleration time point (Figure 4.25a, 4.25b, 4.25c). At peak forward flow there is some
recirculation flow formation going on at the point where the flow from the top and
bottom walls meet, but it is not as evident as for the laminar flow case. The recirculation
is counter clockwise direction before leaving the aneurysm bulge. The recirculation flow
formation continues and at the maximum deceleration point the picture is slightly
different than for the laminar flow in that there two separate recirculation’s observed
(which is not observed with laminar flow) for the flows coming from the top and bottom
walls before merging into form a counter clockwise rotating vortex. The vortex shifts a
little inward towards the core. For peak reverse flow it is interesting to note that for the
low turbulent model simulation there is no significant secondary motion observed at both
sections A and B as it occurs for laminar flow. For both the sections A and B the flow is
in the forward direction at the core region and backward near the top and the bottom
walls for positive time points. At section C no secondary motion is observed either for the
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peak acceleration or for peak forward flow similar to the laminar flow. During peak
deceleration secondary flow is detected in the laminar case but for the low turbulent
simulation there is none observed. For peak reverse flow at section C the fluid moves
from the outer wall to the inner wall as observed for the laminar case.

For sections A and B for the time points with positive velocities the flow at the
core region and the inner wall is forward but for the outer, top and the bottom wall it is
backward. This can be seen consistently for all of the simulation laminar and turbulent
for aneurysm cases.

4.3 High turbulent model normal and aneurysm case solutions

High turbulent model simulations were also performed to compare with the low
turbulent model simulation, mainly in detecting secondary flow motions. As expected the
high turbulent model simulations performed poorly for reasons discussed in the steady
state case. Especially for the unsteady case in which the input pulsatile velocity wave
varies from -0.15 to 1, it is impossible to maintain the value of y+ between 30 and 800 to
obey the law of wall on which the velocities near the wall corrupted; this eventually
corrupts the entire solution leading to erroneous results.

For comparison purposes only the results at section B where the aneurysm bulges
occurs for the non normal case are studied. The results for the normal case are
comparable to those of the laminar and low turbulent model cases. The flow at section B
is from the inner wall to the outer wall for the time points with positive velocities and
from the outer to the inner wall at peak reversal flow. Backward flow is seen near the

outer wall and forward flow is seen at the core region.
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But for the aneurysm case the results are totally different. There is no secondary
motion observed for the high turbulent model simulations at peak acceleration, peak
forward flow and peak reversed flow points. There is some recirculation flow observed
near the inner wall for the peak deceleration point but it is not quite evident. Also the
profiles look different compared to the laminar and low turbulent simulations which
match closely. Backward flow near the outer wall is absent for the high turbulent
simulation which is present for the laminar and low turbulent ones. This clearly indicates
the superior performance of the low turbulent simulations for the pulsatile flow
conducted for this thesis.

4.4 Comparison between normal and aneurysm flow dynamics

Comparison between the normal and aneurysm induced flow dynamics shows
marked differences. No secondary motions are observed at the midplane section (section
B) for the normal case, where as for the aneurysm case significant secondary flow was
observed starting at the peak forward flow and being quite evident at the peak
deceleration flow. These data are in agreement with the results published in literature.
Both the laminar as well as low turbulent model results show a great degree of similarity
and hence the correctness of the parameters assumed for the low turbulent model case.
The aortic arch follows a complex meandering path, in addition to severe bending the
center line of the arch also twists thus it does not lie in plane and is distorted in three
dimensions. Just after section B and before the three prominent branches bifurcate the
aorta starts bending, it is at this bending that major flow disturbances start for a normal
aorta and continue well into the descending aorta. This can be seen in the results for both
the normal case as well as aneurysm case where at section C (just before the entrance to
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the descending aorta) secondary flows are observed. The formation of these vortices is
attributed to the centrifugal forces interacting with the boundary layer for an unsteady
flow which in turn drags the fluid in the core region. This results in the formation of the
secondary flow. This magnitude of the secondary flow is a function of the Dean number
(D) which is a ratio of the radius of the tube to the radius of the curvature. This formation
of the secondary flow (which is also seen for normal case at section C) is hence a result
of the severity of the aortic distortion rather than the effect of the aneurysm which is
absent for the normal case. This severity of the aortic distortion and hence the formation
of secondary flow or flow reversal is suspected to be closely related to the formation of
the aneurysm in the first place. Due to this prominent localization of the flow details at
such regions, it has been long hypothesized that there is a relationship between the flow
dynamics and the distribution of atherosclerosis induced aneurysm. Clinical observations
show that the regions near the aortic arch and the abdominal aorta are the sites where
aneurysms develop frequently. Hence such a region was selected for the location of the
aneurysm. Therefore these thesis results clearly demonstrate the complex vascular
geometry induced flow dynamics that may cause the pathogenesis of atheroma induced
aneurysms.

Secondly these thesis results clearly show that flow dynamics for the normal and
the aneurysm cases differ significantly at the region where the aneurysm is located. Upon
entering into a diseased region the flow remains columnar for a finite distance before
expanding to fill the bulged region of the aneurysm. It is at this distal region that the flow
is said to separate from the vessel before eventually reattaching forming a vortex. Vortex
formation begins at the peak forward flow and large vortices are observed during the
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peak deceleration flow. The direction of rotation for these vortices is from the outer wall
to the inner wall. Some amount of vortex formation is also observed at section A for the
aneurysm laminar and low turbulent model cases. These complex flow 3-D flow
structures in the aortic blood flow effect the distribution of wall shear stress which in turn
can affect atherosclerosis hypothesized to lead to development of the aneurysms over a
period of time in many cases. Flow dynamic quantities like the Low wall shear stress are
also thought to have an influence on the spatial distribution of atherosclerosis induced
aneurysm.

Another important observation is the fact that the velocity magnitude at the
aneurysm site is smaller than at the same site for the normal case according to the
principle of mass conservation, larger the area lesser the flow velocity. Even the though
the presence of the aneurysm bulge does not have a significant influence on the flow
downstream it does effect the flow at section A present upstream during peak
deceleration flow and peak reversal flow. This can be explained by the presence of
secondary flow at section for both laminar and low turbulent cases for the aneurysm case
which is absent for the normal case. Another interesting observation is the presence of
reverse or backward flow for at the outer wall for both the aneurysm and the normal
cases. This is clearly observed for all the positive time points. These results thus provide
us with valuable information about the flow dynamics in the diseased regions compared
to the normal region.

4.5 Pressure and shear force

Pressure is an important flow parameter that can play a significant role in

predicting the rupture site for an aneurysm. From the fluid dynamics stand point,
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aneurysms are sites that can produce relatively large changes in the local velocity as
influenced by mass conservation. Since the area of the cross section of an aneurysm is
larger than the other parts of the artery in its immediate vicinity, the velocity through the
aneurysm site is smaller than at the other sites. According to Bernoulli’s principle, this
decrease in velocity is accompanied by an increase in pressure leading to an increased
pressure on the artery wall at the aneurysm site. This can lead to an increase in the
diameter of the aneurysm, which again leads to an increase in pressure. This cyclic
sequence continues until the pressure on the aneurysm wall becomes so large that it
ruptures.

The results for both the laminar and low turbulent simulations for pressure
differed only by about 5% with minor differences in profiles shapes hence only the
laminar results are reported.

4.5.1 Normal case

The wall dynamic relative (the pressure values reported here are with respect to
the relative pressure value of 10000 pa at the inlet of the model) pressure contours for the
normal case are presented in Figure 4.28. It shows the profiles at the peak acceleration,
peak forward flow, peak deceleration and the peak reverse flow time points. For peak
acceleration the high pressure region occurs at the inlet of the ascending aorta covering
almost the entire region and spreading well past section B. For peak forward flow the
high pressure region shifts more towards the outer wall of the ascending thoracic aorta
just below section B. At these regions, the flow in the aorta suddenly decelerates due to
the sharp curvature of the aorta hence causing a higher pressure. For both the time points
high pressure regions also occur along the walls of the left common carotid artery. The
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lowest pressure values are observed along the inner wall of the ascending aorta and the
descending aorta, while the outer wall of the descending aorta had comparatively larger
values. Low pressure regions are observed at the proximal regions of the three main
branches near the aortic bifurcation. Another low pressure region occurs at the bottom for
the middle segment of the aortic arch just beneath the bifurcation region. For peak
deceleration flow the wall pressure distribution has almost the same pattern as for the
peak forwards flow but the maximum pressure region shifts more towards the upper half
of the outer wall. The magnitudes are comparable to values at maximum acceleration. For
peak reverse flow the trend reverses and low pressure regions are seen more towards the
ascending section of the aorta, while high pressure region are observed at the descending
section of the aorta
4.5.2 Aneurysm case

For the aneurysm case the dynamic relative pressure contours are presented in
figure 4.29. At peak forward flow maximum pressure regions occur more at the outer
wall of the ascending aorta compared to the normal case and spreads well past section B
into the left common carotid artery. At peak acceleration the high pressure regions shift
upward compared to the normal case, and occur at section A near the ascending thoracic
aorta. For both time points low pressure regions occur in a large portion near the inner
wall of the aortic arch where recirculation is observed in the velocity profiles. Also low
pressure regions near the aortic bifurcation are shifted to the distal regions near the three
main branches compared to the normal case. The magnitude of the maximum pressure
occurring at the outer wall of section near the thoracic aorta is more for the aneurysm
case.
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For the maximum deceleration time point the maximum pressure still occurs at
the outer wall near section B, about a factor of four larger than the normal case,
indicating that it might be the rupture point for the aneurysm. These results are in
agreement with the results published in literature, which mention about the rupture
regions lying at the distal ends for an aneurysm. At maximum reverse flow the low
pressure region occur at the outer wall for the ascending segment of the aorta just as in
the normal case. Maximum pressure region occur at the descending segment of the aorta.
Figure 4.30 shows the cross section images at section B, it can be clearly seen that low
pressure regions occur at the regions were recirculation is observed in the velocity
profiles.

4.6 Wall shear force

Wall shear stress and pressure are considered as the two most important
parameters from the fluid dynamics standpoint in development of atherosclerosis induced
aneurysm. As discussed the common sites for aneurysms to form are near bifurcations
and curvature branching. Low wall shear stress (WSS) prevents the mass transport of
nutrients between the blood and the vessel wall, essentially the uptake of nutrients and
release of waste products leading to building of waste products at the site which
ultimately can cause the formation of atherosclerosis. Most of the aneurysms are terminal
results of atherosclerosis. Thus it has been extensively suggested in the literature that
there is relationship between the spatial distribution of atherosclerosis and fluid dynamic

wall shear stress.
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Unfortunately Star CD pro version 3.20 has no option to directly output wall shear
stress. The only available alternative is to calculate the “Wall Shear Force” as (CD

adapco, 2007).

-

Shearforce(F:) =7,A @
14

par

N
Where “ A, is a wall cell face area and “v_, ” is the velocity component parallel to the

wall at the center of a near wall cell. Thus the shear force is the maximum shear stress
multiplied by the area of the computational cell with direction given by the tangential
velocity component.
4.6.1 Normal case

The results for the wall shear force (WSF) are given in figure 4.31. At peak
acceleration (t=1.2 sec) maximum shear force occurs along the inner wall of the aortic
arch. In the extrusions created at the descending aorta outlet the shear forces are more
spread over the surface. Low shear force regions can be seen along the outer wall of the
aortic arch. Figure 4.32 shows the region for the normal case corresponding to which the
aneurysm is located for the non normal case. It can be seen that the low shear forces
occur along the outer wall increasing towards the inner wall. These low shear regions
located at the curvature of the aortic arch could be the locations were aneurysm can occur
for the reasons discussed in the previous section. At peak forward and peak deceleration
time points the trend is similar and maximum shear forces occur again along the inner
wall, with low shear forces along the outer wall. But the magnitudes of shear force are
higher for the peak forward flow case than for the peak acceleration case and lower for
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the peak deceleration point. The corresponding segment for aneurysm in the normal
geometry also shows similar trends. At peak reverse flow the maximum shear force
values shift from upper half of the inner wall of the corresponding aneurysm segment to
the lower half. Maximum shear force in this case occurs at the extrusion segment created
near the outlet for the descending aorta.
The laminar solution shear force results are smaller than the low turbulent case by an
order of magnitude at the peak forward flow but for all the other time points the results
were similar with differences in magnitude. This result is important because it is atpeak
forward flow that turbulence is thought to occur in the aorta. The result for laminar case
at peak forward is given in figure 4.33 for comparison purposes. It is important to note
that shear force values for the low turbulence model solution are reported in this section.
4.6.2 Aneurysm case

The wall shear force results for the aneurysm case are presented in figure 4.34.
For peak forward flow the trend of the results is similar to the normal case with high
shear force values found along the inner section of the aortic arch and low shear forces
occuring along the outer wall. The magnitude of the shear force is higher for the
aneurysm case than the normal case at peak forward flow. In Figure 4.35 the shear force
values for the aneurysm segment are shown at peak forward flow. As in the normal case,
very low shear force values occur along the outer wall increasing as we move towards the
inner wall. Such low shear force values could cause atherosclerosis induced aneurysm as
discussed previously. It is interesting to note that the maximum shear forces occur at the
top end of the inner wall where it meets with the rest of the geometry for the aneurysm
segment. The trend of the results is similar for the peak forward flow and peak
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deceleration time points as with the normal case. For the peak reverse flow in figure 4.35
it can be seen that the maximum shear force at the inner wall shifts downwards and now
occurs at the bottom of the aneurysm segment.

Similar to the normal case the laminar solution results differed from the low
turbulent model case by an order of magnitude at the peak forward flow. But for all the
other time points, the distributions were similar with differences in magnitude. This result
IS important because it is that peak forward flow that turbulence is thought to occur in the
aorta. The result for laminar case at peak forward is given in figure 4.36 for comparison
purposes. The wall shear force values reported in this thesis are in agreement with the

published literature.
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5. Conclusions and Future work

The primary goal of the thesis of formulating a frame work for developing a CT/CFD
methodology enabling vascular flow simulation in normal or non normal geometries
within a short span of time has been clearly documented. The CFD study has generated a
detailed understanding of the pulsatile flow dynamics of blood flow in the human aorta as
reconstructed from CT scan images both for normal as well as a diseased model. The
geometry used in this thesis was very close to the actual geometry and preserved the
necessary anatomical details to a great extent. To best of the knowledge of the author
never has been CFD simulations performed on such a large geometry starting right from
the aortic arch near the heart to the base of the Circle of Willis with outflow boundary
conditions defined very far away from the region of interest.

Steady and unsteady simulations were performed and the results obtained were in
good agreement with the results published in the literature. Turbulence in the aorta is
thought to occur at peak velocities and during the deceleration phase in the human aorta
hence both laminar as well as low turbulent model simulations were performed and
compared. The obtained results indicated that the low turbulence models can be used to
model the onset of turbulence if any in the aorta as only these results matched closely
with the laminar case. High turbulent model simulations were compared which indicated
that high turbulence modeling is not suitable for unsteady pulsatile flows in the human
aorta.

Marked differences in the flow dynamics were between the normal and the non-
normal geometries were shown in full detail. While secondary flow was observed for

both the normal and non-normal cases due to the aortic arch curvature, the non-normal
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cases generated clear secondary flow effects at the aneurysm segment (located at the
ascending section of the aorta just before the aortic curvature) which was absent for the
normal case indicating the influence of the abnormality on the flow dynamics. Pressure
and shear force, two most important parameters explaining the developments of
atherosclerosis induced aneurysms, have been studied. The results support the theory of
low shear induced atheroma in the arteries which leads to aneurysm formation. Low shear
forces were observed at the curvature regions in the normal case which might lead to the
formation of aneurysm in the first place. Extremely low shear forces were seen in the
aneurysm segment for the non normal case. The laminar and low turbulent simulation for
shear forces showed differences of an order of magnitude at the peak forward flow which
shows that the results could be different with and without the presence of turbulence,
hence caution is required in drawing conclusions. High pressure values were found at
distal regions to the aneurysm indicating that it might be the possible site for rupture.

The future work requires attention to physiological reality of the human being.
Induction of wall movement in the geometry is required as artery walls are elastic as
opposed to the rigid approximation used. Thus fluid- solid wall interaction should be
included and results compared with the present predictions to note the influence of these
additionally induced complexities and close attention to admissible boundary conditions
is required. In this thesis aortic flow split condition; i.e. the mass flow is divided into the
branches based upon area ratios was used. Although this might be a good approximation
there is no reason to believe that it will be constant during the entire unsteady pulsatile
cardiac cycle. Input data obtained from CT/ MRI scans or experimental procedures
should be used for defining boundary conditions at the aortic entrance and all vessels
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communicating to the Circle of Willis. The aneurysm model geometry should be replaced
using CT/MRI scan data for the genuine case with CFD simulations repeated for
comparison to the simulated non-normal results. The approximations of Reynolds
averaged low turbulence models to model the onset of vascular turbulence issue should
be resolved by replacement with a large eddy simulation (LES) theory, whence the
simulation need not be a priori defined as either laminar or turbulent. This very
important aspect of unsteady time varying pulsatile simulation could predict whether or
not blood flow as the blood flow might turn turbulent perhaps for small duration at the
peak forward flow.

The final goal of this thesis is to act as a precursor for a newly derived,
mathematically robust LES multi-scale fluid dynamics theory for prediction of the
bounded, pulsatile unsteady, rheologically pertinent flow of blood in geometrically
genuine normal and non-normal arteries. This LES theory is being organized to
computational form via a validated time-accurate, pressure-complete weak form
computational fluid dynamics (CFD) algorithm, discretely implemented in a time-implicit
finite element construction, and including a mathematically appropriate-order subgrid
scale (SGS) closure model for the sole remaining LES theory-generated (dissipative)
Reynolds stress tensor. This LES-CFD algorithm will then be implemented into the
existent CFDL-JICS-ICL jointly developed open-source, multi-parallel “PICMSS”

(Parallel Interoperable Computational Mechanics Simulation System) platform.
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Figure 4.2: Aneurysm case with section regions for data interpretation.
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Figure 4.4: Orientation of the descending aortic section
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Figure 4.5: Velocity profile for normal case laminar solution at a steady input velocity of 0.3m/sec.
Inset shows the profile near the aortic arch.
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Figure 4.6: Shown in clockwise direction are the cross sectional velocity profiles for the normal case
at section A, section B and section C. Laminar solution.
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Figure 4.7: Velocity profile for normal case low turbulent solution at a steady input velocity of
1m/sec. Inset shows the profile near the aortic arch.
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Figure 4.8: Shown in clockwise direction are the cross sectional velocity profiles for the normal case
at section A, section B and section C. Low turbulent solution
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Figure 4.9: Velocity profile for normal case high turbulent solution at a steady input velocity of
1m/sec. Inset shows the profile near the aortic arch.
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Figure 4.10: Shown in clockwise direction are the cross sectional velocity profiles for the normal case
at section A, section B and section C. High turbulent solution.
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Figure 4.11: Velocity profile for the aneurysm case laminar simulation at a steady input velocity of
0.3m/sec. Inset shows the profile near the aortic arch.
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Figure 4.12: Shown in clockwise direction are the cross sectional velocity profiles for the aneurysm
case at section A, section B and section C. Laminar solution.
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Figure 4.13: Velocity profile for the aneurysm case low turbulent solution at a steady input velocity
of 1m/sec. Inset shows the profile near the aortic arch.
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Figure 4.14: Shown in clockwise direction are the cross sectional velocity profiles for the section A,
section B and section C. Low turbulent solution.
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Figure 4.15: Velocity profile for the aneurysm case high turbulent solution at a steady input velocity
of 1m/sec. Inset shows the profile near the aortic arch.
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Figure 4.16: Shown in clockwise direction are the cross sectional velocity profiles for the section A,
section B and section C. High turbulent solution.
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Figure 4.17: Time varying input pulsatile wave form used for unsteady state simulations.
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Figure 4.18a: Cross section velocities at section A for normal case. Shown from left to right is, peak
acceleration (1.2 sec), peak forward flow (1.3), peak deceleration (1.6) and peak reverse flow (1.9 sec)

respectively. Laminar solution.
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Figure 4.18b: Cross section velocities at section B for normal case. Shown from left to right is peak
acceleration (1.2 sec), peak forward flow (1.3), peak deceleration (1.6) and peak reverse flow (1.9 sec)
respectively. Laminar solution.
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Figure 4.18c: Cross section velocities at section C for normal case. Shown from left to right is, peak
acceleration (1.2 sec), peak forward flow (1.3), peak deceleration (1.6), and peak reverse flow (1.9 sec)

repectively. Laminar solution.
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Figure 4.19a: Figures showing perpendicular velocity component (w) as a contour plot and the
horizontal components (u, v) as vector plots for section A in normal case. Shown from Top to bottom
is, peak acceleration (1.2 sec), peak forward flow (1.3), peak deceleration (1.6) and peak reverse flow
(1.9 sec) respectively. Laminar solution.
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Figure 4.19a: Continued.
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Figure 4.19a: Continued.
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Figure 4.19b: Figure showing perpendicular velocity component (w) as a contour plot and the
horizontal components (u, v) as vector plots for section B in normal case. Shown from Top to bottom
is, peak acceleration (1.2 sec), peak forward flow (1.3), peak deceleration (1.6) and peak reverse flow
(1.9 sec) respectively. Laminar solution.
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Figure 4.19b: Continued.
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Figure 4.19b: Continued.
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Figure 4.19c: Figure showing perpendicular velocity component (w) as a contour plot and the
horizontal components (u, v) as vector plots for section C in normal case. Shown from Top to bottom
is, peak acceleration (1.2 sec), peak forward flow (1.3), peak deceleration (1.6) and peak reverse flow
(1.9 sec) respectively. Laminar solution.
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Figure 4.19c: Continued.
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Figure 4.20a: Cross section velocities at section A for normal case. Shown from left to right is, peak
acceleration (1.2 sec), peak forward flow (1.3), peak deceleration (1.6) and peak reverse flow (1.9 sec)
respectively. Low turbulent solution.

96



WELOCITY MAGNITUDE

TIME = 1.20000
LOCAL M= 1.354
LOCAL MN= 01434

WELOCITY MAGNITUDE

TIME = 160002
LOCAL Mx= 0.7751
LOCAL MN= 052#2E-01

b i e e = =

WELOCITY MAGHITUDE

TIME = 1.30000
LOCAL M- 2,038
LOCAL MN= 02471

WELOCITY MAGHITUDE

TIME = 1.80003
LOCAL Mx=- 03380
LOCAL MN= 0 26B5E-071

200

Figure 4.20b: Cross section velocities at section B for normal case. Shown from left to right is, peak
acceleration (1.2 sec), peak forward flow (1.3), peak deceleration (1.6), peak reverse flow (1.9 sec)

respectively. Low turbulent solution.
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Figure 4.20c: Cross section velocities at section C in normal case. Shown from left to right is, peak
acceleration (1.2 sec), peak forward flow (1.3), peak deceleration (1.6) and peak reverse flow (1.9 sec)
respectively. Low turbulent solution.
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Figure 4.21a: Figure showing perpendicular velocity component (w) as a contour plot and the
horizontal components (u, v) as vector plots for section A in normal case. Shown from Top to bottom
is, peak acceleration (1.2 sec), peak forward flow (1.3), peak deceleration (1.6) and peak reverse flow
(1.9 sec) respectively. Low turbulent solution.
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Figure 4.21a: Continued.
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Figure 4.21a: Continued.
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Figure 4.21b: Figure showing perpendicular velocity component (w) as a contour plot and the
horizontal components (u, v) as vector plots for section B in normal case. Shown from Top to bottom
is, peak acceleration (1.2 sec), peak forward flow (1.3), peak deceleration (1.6) and peak reverse flow
(1.9 sec) respectively. Low turbulent solution.
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Figure 4.21b: Continued.
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Figure 4.21c: Figure showing perpendicular velocity component (w) as a contour plot and the
horizontal components (u, v) as vector plots for section C in normal case. Shown from Top to bottom
is, peak acceleration (1.2 sec), peak forward flow (1.3), peak deceleration (1.6) and peak reverse flow
(1.9 sec) respectively. Low turbulent solution.
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Figure 4.21c: Continued.
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Figure 4.21c: Continued.
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Figure 4.22a: Cross section velocities for section A for aneurysm case. Shown from left to right is,
peak acceleration (1.2 sec), peak forward flow (1.3), peak deceleration (1.6) and peak reverse flow
(1.9 sec) respectively. Laminar solution.
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Figure 4.22b: Cross section velocities for section B in the aneurysm case. Shown from left to right is,
peak acceleration (1.2 sec), peak forward flow (1.3), peak deceleration (1.6) and peak reverse flow
(1.9 sec) respectively. Laminar solution.
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Figure 4.22c: Cross section velocities for section C in the aneurysm case. Shown in from left to right
is, peak acceleration (1.2 sec), peak forward flow (1.3), peak deceleration (1.6) and peak reverse flow
(1.9 sec) respectively. Laminar solution.
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Figure 4.23a: Figure showing perpendicular velocity component (w) as a contour plot and the
horizontal components (u, v) as vector plots for section A in the aneurysm case. Shown from Top to
bottom is, peak acceleration (1.2 sec), peak forward flow (1.3), peak deceleration (1.6) and peak
reverse flow (1.9 sec) respectively. Laminar solution.
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Figure 4.23a: Continued.
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Figure 4.23a: Continued.
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Figure 4.23b: Figure showing perpendicular velocity component (w) as a contour plot and the
horizontal components (u, v) as vector plots for section B in the aneurysm case. Shown from Top to
bottom is, peak acceleration (1.2 sec), peak forward flow (1.3), peak deceleration (1.6) and peak
reverse flow (1.9 sec) respectively. Laminar solution.
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Figure 4.23b: Continued.
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Figure 4.23c: Figure showing perpendicular velocity component (w) as a contour plot and the
horizontal components (u, v) as vector plots for section C in the aneurysm case. Shown from Top to
bottom is, peak acceleration (1.2 sec), peak forward flow (1.3), peak deceleration (1.6) and peak
reverse flow (1.9 sec) respectively. Laminar solution.
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Figure 4.23c: Continued.
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Figure 4.23c: Continued.
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Figure 4.24a: Cross section velocities at section A for the aneurysm case. Shown from left to right is,
peak acceleration (1.2 sec), peak forward flow (1.3), peak deceleration (1.6) and peak reverse flow
(1.9 sec) respectively. Low turbulent solution.

120



VELOCITY MAGNITUDE VELOCITY MAGNITUDE
M5 M5
TIME = 1.20000 TIME = 1.30000
LOCAL Mie 05408 LOCAL Mie 1548
LOCAL MN= 0.1158E-01 LOCAL MN= 01022
1. 160
1%2 1.52
144 144
1.36 1.36
28 1.28
20 1.20
a2 112
04 104
96 096
58 068
a0 0.80
.72 0.7z
64 064
0.56 0.56
048 048
040 040
032 032
0.24 0.24
016 016
088 E-01 0gs E-0
nan  E- 090 E-02
VELOCITY MAGNITUDE VELOCITY MAGNITUDE
M5 M5
TIME = 1.60002 TIME = 1.80003
LOCAL e 05303 LOCAL e 03105
LOCAL MN= 01118 LOCAL MN= 09S12E-02
1.60
152
144
1.36
1.8
1.20
112
1.04
0.96
0.88
080
0.72
064
056
048
040
0.32
0.24
016
0ga e
090 E-02

Figure 4.24b: Cross section velocities for section B in the aneurysm case. Shown from left to right is,
peak acceleration (1.2 sec), peak forward flow (1.3), peak deceleration (1.6) and peak reverse flow
(1.9 sec) respectively. Low turbulent solution.
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Figure 4.24c: Cross section velocities at section C for the aneurysm case. Shown from left to right is,
peak acceleration (1.2 sec), peak forward flow (1.3), peak deceleration (1.6) and peak reverse flow
(1.9 sec) respectively. Low turbulent solution.
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Figure 4.25a: Figure showing perpendicular velocity component (w) as a contour plot and the
horizontal components (u, v) as vector plots in section A for aneurysm case. Shown in the Top to
bottom is, peak acceleration (1.2 sec), peak forward flow (1.3), peak deceleration (1.6) and peak
reverse flow (1.9 sec) respectively. Low turbulent solution.
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Figure 4.25a: Continued.
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Figure 4.25a: Continued.
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Figure 4.25b: Figure showing perpendicular velocity component (w) as a contour plot and the
horizontal components (u, v) as vector plots in section B aneurysm case. Shown from Top to bottom
is, peak acceleration (1.2 sec), peak forward flow (1.3), peak deceleration (1.6) and peak reverse flow
(1.9 sec) respectively. Low turbulent solution.
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Figure 4.25b: Continued.
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Figure 4.25c: Figure showing perpendicular velocity component (w) as a contour plot and the
horizontal components (u, v) as vector plots in section C for the aneurysm case. Shown from Top to
bottom is, peak acceleration (1.2 sec), peak forward flow (1.3), peak deceleration (1.6) and peak
reverse flow (1.9 sec) respectively. Low turbulent solution.
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Figure 4.25c: Continued.
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Figure 4.25c: Continued.
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Figure 4.26: Figure showing perpendicular velocity component (w) as a contour plot and the
horizontal components (u, v) as vector plots in section B for the normal case. Shown from left to right
is, peak acceleration (1.2 sec), peak forward flow (1.3), peak deceleration (1.6) and peak reverse flow
(1.9 sec) respectively. High turbulent solution.
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Figure 4.27: Figure showing perpendicular velocity component (w) as a contour plot and the
horizontal components (u, v) as vector plots in section B for the aneurysm case. Shown from left to

right is, peak acceleration (1.2 sec), peak forward flow (1.3), peak deceleration (1.6) and peak reverse
flow (1.9 sec) respectively. High turbulent solution.

133



Figure 4.28: Shown from top to bottom are pressure profiles for the normal case at peak forward
flow, peak acceleration, peak deceleration and peak reverse flow. Laminar solution.
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Figure 4.28: Continued.
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Figure 4.29: Shown from top to bottom are Pressure profiles for the aneurysm case at peak forward
flow, peak acceleration, peak deceleration and peak reverse flow. Laminar solution.
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Figure 4.29: Continued.
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Figure 4.29: Continued.

139



STATIC PRESSURE N STATIC PRESSURE
REL T PREF o8 giL TG PREF
TIME = 1.30000

LOCAL WA= 2628
LOCAL M= -2134,

STATIC PRESSURE v STATIC PRESSURE
REL T PREF - REL T PREF

Pé - Pé

TIME = 150002 r TIME = 180003
LOCAL hx= 1363 I LOCAL M= 523
LOCAL s-s?z.? y LOCAL Ml 2059

Figure 4.30: Cross section pressure contour plots at section B for the aneurysm case. Shown in clock
wise direction are pressures at peak acceleration, peak forward flow, peak deceleration and peak
reverse flow. Laminar solution.
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Figure 4.31: Shown from left right are shear forces contour plots for the normal case at peak
acceleration, peak forward flow, peak deceleration and peak reverse flow. Low turbulent solution.
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Figure 4.32: Shear forces at the aneurysm corresponding segment for the normal case. From top to
bottom shown are contour plots for peak acceleration, peak forward flow, peak deceleration and
peak reverse flow in side and frontal view. Low turbulent solution.
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Figure 4.33: Shear force at the aneurysm corresponding segment for the normal case. Shown are
contour plots for peak forward flow. Laminar solution.
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Figure 4.34: Shown from left to right are shear forces contour plots for the aneurysm case at peak
acceleration, peak forward flow, peak deceleration and peak reverse flow. Low turbulent solution.

143



3333333333333338 b 2 33820

, 3338888888

0
Orer

2EE . 2TIEBEEELELEEEELE

S D D 0 D o D T 0
= 0 D D

From top to bottom shown

Shear force at the aneurysm segment for the aneurysm case.

Figure 4.35

are contour plots for peak acceleration, peak forward flow, peak deceleration and peak reverse flow
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Figure 4.36: Shear force at the aneurysm segment for the aneurysm case. Shown are contour plots
for peak forward flow. Laminar solution
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