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Abstract

The genesis of atherosclerosis has previously been shown to be affected by the
frictional load from the blood on the vessel wall, called the wall shear stress
(WSS). Assessment of WSS can therefore provide important information for di-
agnoses, intervention planning, and follow-up. Calculation of WSS requires high-
resolved velocity data from the vessel, which in turn can be obtained using com-
putational fluid dynamics (CFD). In this work large eddy simulation LES was
successfully used to simulate transitional flow in idealized as well as subject spe-
cific vessel models. It was shown that a scale resolving technique is to prefer
for this application, since much valuable information otherwise is lost. Besides,
Reynolds-Averaged Navier-Stokes (RANS) models have generally failed to pre-
dict this type of flow.

Non-pulsating flows of Reynolds numbers up to 2 000 in a circular constricted
pipe showed that turbulence is likely to occur in the post-stenotic region, which
resulted in a complex WSS pattern characterized by large spatial as well temporal
fluctuations in all directions along the wall. Time averaged streamwise WSS was
relatively high, while time averaged circumferential WSS was low, meaning that
endothelial cells in that region would be exposed to oscillations in a stretched state
in the streamwise direction and in a relaxed state in the circumferential direction.

Since every vessel is unique, so is also its WSS pattern. Hence the CFD simu-
lations must be done in subject specific vessel models. Such can be created from
anatomical information acquired with magnetic resonance imaging (MRI). MRI
can also be used to obtain velocity boundary conditions for the simulation. This
technique was used to investigate pulsating flow in a subject specific normal hu-
man aorta. It was shown that even the flow in healthy vessels can be very disturbed
and turbulence like, and even for this case large WSS variations were seen. It was
also shown that regions around branches from the aorta, known to be suscepti-
ble for atherosclerosis, were characterized by high time averaged WSS and high
oscillatory shear index.

Finally, the predictive capability of CFD was investigated. An idealized model
of a human aorta with a coarctation and post-stenotic dilatation was studied be-
fore and after a possible repair of the constriction. The results suggested that
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small remaining abnormalities in the geometry may deteriorate the chances for a
successful treatment. Also, high values of shear rate and Reynolds stresses were
found in the dilatation after the constriction, which previous works have shown
means increased risk for thrombus formation and hemolysis.
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Populärvetenskaplig beskrivning

Studier har visat på samband mellan vissa hjärt- kärlsjukdomar, t.ex. ateroskleros
(åderförkalkning), och rent strömningstekniska fenomen såsom friktionen från
blodet på kärlväggen, ofta kallad väggskjuvspänning, eller på engelska wall shear
stress (WSS). Detta öppnar för användning av numeriska strömningssimuleringar,
även kallat computational fluid dynamics (CFD), för analys av rådande förhållan-
den i ett sjukligt kärl, och prediktiv utvärdering av möjliga alternativa ingrepp för
att finna en optimal lösning för varje patient.

Patientspecifik information samlas in med magnetresonanstomografi (MRI),
anatomiska data används för att skapa en modell av kärlet och hastighetsmät-
ningar används som randvillkor för simuleringarna. Vid förträngningar i blod-
kärlen blir strömningen ofta turbulent, vilket gör att den karaktäriseras av snabba
förändringar i hastighet, tryck mm som kräver mycket hög spatiell och tempo-
ral upplösning vid simulering. I detta arbete används en simuleringsmetod kallad
large eddy simulation (LES), med vilken de större turbulenta rörelserna löses upp
(beräknas) medan de mindre modelleras. I sammanhanget är rörelser av storlek-
sordningen 0,1 ms och 0,1 mm att betrakta som större.

Strömning med Reynolds tal upp till 2 000 i ett cirkulärt rör med en förträn-
ing simulerades och jämfördes med experimentella data. Resultaten visade att
storleken på störningar i inloppet kan användas för att delvis kontrollera den tur-
bulenta strömningen som uppstår efter förträngningen. Det visade sig också att
väggskjuvspänningen påverkades kraftigt av turbulensen och uppvisade kraftiga
fluktuationer såväl spatiellt som temporalt.

Pulserande strömning i en individspecifik aorta visade att flödet även i friska
kärl kan vara kraftigt stört och turbulensliknande. Även här sågs påtagliga varia-
tioner i väggskjuvspänning och områden med både kraftigt oscillerande WSS och
WSS med högt tidsmedelvärde identifierades runt avledningar från aorta; områden
som ofta drabbas av ateroskleros. En idealiserad aortamodell med förträngning
och efterföljande dilatation studerades före och efter ett ingrepp där förträngin-
gen avlägsnades. Här visade resultaten att även tillsynes små återstående defekter
hos geometrin kan påverka det långsiktiga resultatet negativt. Vidare kan bl.a.
turbulensen leda till blodproppar och att blodets beståndsdelar skadas.
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Nomenclature

SI units are used for all dimensions.

Upper Case Latin
Bij Normalized two-point correlation
C Constant
Cµ Model constant
D Diameter of the unoccluded part of a pipe
D Diameter
E Spectral energy
E∗ Normalized spectral energy
Iin Turbulence intensity at the inlet
N Number of samples
NS Non-dimensional Strouhal number
R Pipe raidus
Re Reynolds number
U Average velocity
V Volume
T i) Time over which the equations are averaged (RANS)

ii) Cycle time for phase averages, i.e. a cardiac cycle (pulsating flow)
WSS Wall shear stress vector
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Lower Case Latin
dst Diameter at the stenosis throat
f Frequency
k Turbulent kinetic energy per unit mass
l Length scale
p Time average pressure
p̃ Filtered pressure
p Pressure
r Distance between the points of a two-point correlation
sij Strain rate tensor
sij Strain rate based on time averaged velocity
s̃ij Strain rate based on filtered velocity
t Time
tij Stress tensor
u Velocity
u Time average velocity
ũ Filtered velocity
ui Velocity components in spatial directions i=1,2,3
u′i Fluctuating velocity components (RANS)
u′′i Fluctuating velocity components (LES)
uτ Friction velocity
ust Average velocity at the stenosis throat
u+ Non-dimensional velocity
ui,rms RMS value of the i:th velocity component
u′iu
′
j Specific Reynolds stress tensor

ũ′iu
′
j Specific sub grid scale stress tensor

x, y, z Directions in a cartesian coordinate system
xi Directions in a cartesian coordinate system, i=1,2,3
x Point where a two-point correlation is calculated
y+ Non-dimensional wall distance

xiv



Greek
∆x Cell size in the x-direction
∆x+ Non-dimensional cell size in the x-direction
∆z Cell size in the z-direction
∆z+ Non-dimensional cell size in the z-direction
ε Dissipation rate
η Kolmogorov length scale
κ Wave number
µ Dynamic viscosity
ν Kinematic viscosity
νSGS Sub grid scale viscosity
νt Eddy viscosity
νtk−ε Eddy viscosity in the k − ε model
φ Arbitrary variable
ρ Density
ω Specific dissipation rate
τ Kolmogorov time scale
τij Sub grid stresses
υ Kolmogorov velocity scale
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Abbreviations

ax Axial
circ Circumferential
CFD Computational Fluid Dynamics
CFL Courant Friedrichs Levy
CoA Coarctation of the Aorta
CT Computer Tomography
DES Detached Eddy Simulation
DNS Direct Numerical Simulation
EC Endothelial Cell
HP Hagen-Poiseuille
LDL Low-Density Lipoprotein
LES Large Eddy Simulation
LDV Laser Doppler Velocimetry
MC Million Cells
MRI Magnetic Resonance Imaging
OSI Oscillatory Shear Index
PANS Partially Averaged Navier-Stokes
PAWSS Phase Averaged Wall Shear Stress
RANS Reynolds-Averaged Navier-Stokes
RNG Renormalization Group
RMS Root Mean Square
SAS Scale Adaptive Simulation
SGS Sub Grid Scale
SRS Scale Resolving Simulation
SST Shear Stress Transport
TKE Turbulent Kinetic Energy
TAWSS Time Averaged Wall Shear Stress
tSST Transitional Shear Stress Transport
URANS Unsteady Reynolds-Averaged Navier-Stokes
WSS Wall shear stress
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Chapter 1

Introduction

1.1 Background
Biofluid dynamics is, as the name says, when fluid dynamics is applied for bio-
logical problems. From a research perspective this is an opportunity to combine
state-of-the-art technology from two completely different disciplines to extend the
borders even further.

Techniques like magnetic resonance imaging (MRI) and computer tomogra-
phy (CT) today offer amazing possibilities to assess the actual state of a body.
Injuries and diseases deep inside the tissue can be detected easier than ever be-
fore. However, this kind of images show the present, not predictions of the future.

Within fluid dynamics, detailed and advanced simulations of fluids in motion
are now routine thanks to the development of computer technology that has en-
abled large and demanding calculations to an extent that was impossible even just
a decade ago. Now, with a patient specific vessel model based on anatomical
and physiological data from e.g. MRI, flow simulations can be conducted in a
relatively automatized way.

Next step is to modify the vessel model in order to evaluate optional treatments
in order to find an optimal patient specific solution. A remaining fluid dynamics
challenge is also to accurately, and to an affordable price, simulate turbulent flow,
and subsequently quantify its effects on the cardiovascular function.

1.2 Cardiovascular Flow and Diseases
All parts of the body require a continuous supply of nutrients and oxygen along
with removal of waste products for proper function and survival. This is provided
by the cardiovascular system, principally consisting of the heart, blood vessels,
and blood [1, 2]. The heart, or more precisely its left side, pumps blood into the
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CHAPTER 1. INTRODUCTION

aorta, the major artery of the body (with a diameter of 2-3 cm [2] (p. 692)), going
from the upper part of the chest down to the lower part of the abdomen, where
it ends with the bifurcation and iliac arteries. Arterial branches from the aorta
distribute the blood to various parts of the body, e.g. the subclavian arteries sup-
plying the arms, the carotid arteries supplying the head, renal arteries supplying
the kidneys etc, and yet smaller branches distribute the blood out to the capillary
net in the tissue, where the exchange of oxygen and waste products takes place.
Even the heart itself needs a continues supply of blood, which is obtained through
the coronary arteries.

Deoxygenated blood in the tissues goes back through the venous system into
larger and larger vessels until vena cavas end in the right heart for further distribu-
tion to the lungs, oxygenization, and subsequent return to the left heart and a new
journey out in the body. Under normal resting conditions the heart pumps about
5 liters of blood per minute through the body [2] (p. 636). From birth to death this
process continues - uninterruptedly. Under normal conditions blood flow is often
considered to be laminar, possibly with the existence of secondary flows [3], but
sometimes turbulence like disturbances are recognized even in the healthy arterial
flow [4] (Ch. 3).

Due to its crucial role, any disturbances of the cardiovascular function might
be fatal. Blockage of a blood vessel and interrupted blood supply may lead to
ischemia (insufficient supply of blood in relation to the need of the tissue) and
infarction (death of tissue due to interrupted blood supply). The most vulner-
able cites are the heart (myocardial infraction) and brain (cerebral infarction or
stroke) [2, 5]. Thus, one of the most serious threats for a life resides within the
body itself, and in the year 2008 cardiovascular disease was listed as the under-
lying cause of 33% of all deaths, and related to 55% of the deaths in the United
States [6].

Occlusion of a blood vessel may either occur instantaneously or can progress
gradually during several years, even decades [5]. The long-time scenario involves
changes in and growth of the vessel wall and is known as atherosclerosis. The
sudden blockage occurs when a particle, for some reason, enters the cardiovascu-
lar system and reaches a vessel smaller than itself directly or after traveling with
the blood. Such a particle can e.g. be a clot formed by the constituents of the
blood itself, a thrombus. Risk factors for both of these events are central within
this work and therefore the following sections give some information about why
and how these diseases occur.
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1.2. CARDIOVASCULAR FLOW AND DISEASES

1.2.1 Atherosclerosis
Arterial walls consist of three layers: the innermost intima, the outermost adven-
titia, and between these the media. Atherosclerosis is a growth of the intima and
possibly media layers leading to a gradual occlusion of lumen as a result of a se-
ries of events inside the vessel wall. The pathogenesis is described extensively in
e.g. [7–10], and can roughly be summarized as follows.

Low-density lipoprotein (LDL) and monocytes migrate from the blood through
the endothelium and accumulate within the intima where they meet smooth mus-
cle cells from the media. This results in so called fatty streaks which are the very
first changes in the vessel wall towards development of atherosclerotic plaques.
These are common even in children. Within some fatty streaks, the pathologic
process continues and next step in the disease progression is proliferation and dif-
ferentiation of monocytes into macrophages, and subsequent uptake of oxidated
LDL particles resulting in formation of foam cells, which when they die form
a mass of lipids that with time can develop into a fibrous atherosclerotic plaque
consisting of a necrotic core covered by a fibrous cap towards lumen.

Atherosclerotic plaques can be divided into, at least, two categories: vulnera-
ble plaques that are likely to rupture, and stable plaques that are unlikely to rup-
ture [11]. The former typically have a thinner fibrous cap [10]. As the disease
progresses, a larger and larger part of lumen becomes occluded. However, lesions
blocking an entire vessel are not the most probable threat; rather this is rupture of
the fibrous cap and accompanying formation of blood clots or thrombi [10] (see
Sec. 1.2.2) causing sudden blockage of the blood vessel.

It should again be emphasized that development of an atherosclerotic plaque
is a complex series of events and circumstances, and that the presented descrip-
tion merely illustrates a few major identifiable events and states of the disease
progression.

Endothelial Cells and Wall Shear Stress

As the bounding surface between the wall and the blood, the layer of endothelial
cells (EC) is believed to have a central role in the genesis of atherosclerosis. It is
directly exposed to the flowing blood and thereby affected by the frictional load
due to the motion, which is referred to as the wall shear stress (WSS), see Fig. 1.
Mathematically WSS is obtained as the viscosity (of blood), µ, multiplied by the
velocity gradient (shear rate) in the wall normal direction, as expressed by Eq. 1.

WSS = µ
∂u

∂y
(1)
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CHAPTER 1. INTRODUCTION

Figure 1: The velocity gradient (shear rate) in the normal direction away from the wall
causes a frictional load, the wall shear stress (WSS), on the arterial wall. WSS is computed
as blood viscosity times shear rate. It affects the layer of endothelial cells that covers the
wall and has a central function in the cardiovascular system.

Thus, accurate prediction of WSS generally requires accurate estimations of the
velocity gradients at the wall. However, in the theoretical case of steady, fully
developed laminar flow of an incompressible (constant density) fluid in a (long1)
straight circular pipe, Eq. 1 reduces to

WSSHP =
8µU

D
(2)

where µ is the dynamic viscosity, U the cross-sectional average velocity, and D
the pipe diameter. This type of flow is known as Hagen-Poiseuille flow [4, 13], and
might show an insidious resemblance to blood flow in arteries. The complexity of
which in general though makes this highly simplified approach insufficient [14].
E.g. as curvature, tapering, and branches prevent the flow from reaching the re-
quired fully developed state. Hence, the velocity gradient in Eq. 1 must be ob-
tained in some other way.

The role of hemodynamics in general and WSS in particular in development of
atherosclerosis has been studied extensively during the last 40 years [11, 15–22],
because independent of other known risk factors atherosclerotic plaques tend to
form on the inner part of curved arteries and near branches or bifurcations [5, 11].
Both experimental and numerical studies have been conducted, and have resulted
in identification of regions with low and/or oscillating WSS as particularly prone
to development of atherosclerosis [11, 23–29]. Still, though, it seems that the
precise role of EC in disease initiation and progression is not fully clarified. There
are, however, several ways in which EC sense stress and subsequently react [18].

1In laminar flow the entry length (to obtained fully developed flow) is 0.06ReD [12], (p. 240).
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1.3. TURBULENT FLOW

1.2.2 Thrombus Formation
As a response to injuries of the vessel wall a chain of reactions and events start
to repair the damage [2]. This includes a relatively quick formation of blood
clots to temporally seal the leakage. The fibrous cap of an atherosclerotic plaque
might as mentioned rupture, in which case substances initiating the healing of a
damaged vessel are exposed and activated. This can result in a quick formation of
a thrombus (blood clot), that effectively blocks the vessel (thromboembolism), or
possibly travels downstream with the blood and blocks a smaller vessel.

Influence of hemodynamics on thrombus formation has gained increased at-
tention, and studies have e.g. found that shear rates above certain threshold values
seem to promote thrombus formation [30, 31], and that various features of tur-
bulent flow also might influence [32]. Turbulent flow has also been suggested to
have additional degenerative effects on blood, which is commented more in the
appended papers. This topic is still relatively unexplored.

1.3 Turbulent Flow
Fluid flows are often classified or characterized in different ways e.g. viscous or
inviscid, compressible or incompressible, steady or unsteady, laminar or turbulent
etc. This tells us about physical phenomenon that significantly will affect the
motion of fluid, and thereby it also indicates a required level of model-complexity
if the flow is to be simulated.

There is a difference between the first two and the last two of the above men-
tioned classifications in that all flows strictly are viscous as well as compressible,
but these effects can be vanishingly small, and may then be neglected with signif-
icantly simplified calculations as the benefit. For blood flow the density variations
are very small (i.e. incompressibility is a very reasonable assumption), whereas
viscous effects (like WSS) are crucial. Steady and unsteady as well as laminar
and turbulent, on the other hand, are real and possible states, with completely dif-
ferent character. Blood flow is unsteady due to the pulsation, and the Reynolds
number2, Eq. 3, is within the transitional regime [4] (Table 3.1). For industrial ap-
plications most flows are turbulent and thereby also unsteady, as turbulent flows
are inherently unsteady.

Re =
ρUD

µ
(3)

2The Reynolds number is based on a characteristic length for the particular flow. For pipe flow
this is the diameter, D. For clarity the characteristic length can be indicated as an index, i.e. ReD,
however since only pipe flows are considered within this work Re will, unless otherwise noticed,
be assumed to be based on the pipe diameter.
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CHAPTER 1. INTRODUCTION

As an illustrative example, consider the flow through the constricted pipe in
Fig. 2 (which has been used for a large part of this work). It can be thought of as a
generalized model of a stenotic blood vessel. Steady, fully developed laminar flow
enters the pipe to the left at a Reynolds number of 2 000, based on unoccluded
diameter (D) and cross-sectional average velocity.

Figure 2: Stenosed pipe used for investigation and simulation of turbulent flow in the
arterial system. The axial position is indicated in unoccluded diameters (D) downstream
or upstream of the stenosis throat, where the coordinate system is located in this figure.

Instantaneous contour plots of normalized x-, y- and, z-components of the
velocity in the xy-plane at two instants of time are shown in Fig. 3 (a), (b), and
(c) respectively, and monitors of the same components at the centerline points in
Fig. 2 are shown in Fig. 4. Upstream of the stenosis (-2D) the velocity remains
(boringly) constant throughout time, as prescribed by the inlet boundary condi-
tion, whereas a jet breaks up and creates highly unsteady flow in the post-stenotic
region. This is associated with transition from laminar to turbulent flow. The
monitor plots show a clear development of the turbulence. From onset around
2D to very intense oscillations around 4D, with seemingly random fluctuations in
time, after which the oscillations decrease and the signals get smoother, indicating
relaminarization.

Key features to notice are the difference between laminar and turbulent flows,
and that turbulence can be more or less strong, even change and develop with the
flow. There is also an inherent three-dimensionality although there is no net flow
in the non-axial directions; instantaneously these velocity components are finite
and with a similar, randomized oscillatory behavior as the axial component.
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1.3. TURBULENT FLOW

(a)

(b)

(c)

Figure 3: Instantaneous contour plots of the velocity components in the xy-plane. (a)
x-component, (b) y-component, (c) z-component. The images were captured at two in-
stants of time separated by 0.1 s. The velocity is normalized with the cross sectional
average velocity, U , at the inlet. Steady, fully developed laminar flow enters the pipe in
the x-direction and a jet develops after the constriction. Its break down is associated with
transition to turbulent flow. The three-dimensionality appears clearly from random oscil-
lations of the y- and z-components despite no net flow in this direction. Over time the
flow is symmetric in the xy-and yz-planes.
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CHAPTER 1. INTRODUCTION

(a) (b)

Figure 4: Velocity monitored at the centerline points in Fig. 2. x-component (axial) (a)
and y-component (b). No oscillations, i.e. laminar flow, upstream of the stenosis, while
smaller or larger oscillations of different frequencies - typical manifestations of turbu-
lence - characterize the post-stenotic flow. Axially the oscillations are superimposed onto
a finite time averaged value due to the net flow in this direction, in contrast to the y-
component that oscillates around zero.

A formal definition of turbulence has not been established, but some charac-
teristic features are often mentioned, see e.g. [33] (Ch. 1), and can at least partly
be discerned in the figures.

• Turbulent flows are associated with relatively high Reynolds numbers3

• Turbulent flows are always and inherently three-dimensional. In the pipe
the main flow is in the axial direction, but the other components are instan-
taneously non-zero.

• The flow field is unsteady and the properties show seemingly randomized
and irregular oscillations in space and time.

• The energy is transfered through an energy cascade from large to small
turbulent structures.

• Through dissipation kinetic energy is continuously converted to internal
energy.

3When, in terms of Reynolds number, transition occurs depends on several factors, including
the shape of the object. For flow in pipes and flow a long flat plates laminar flow can be expected
if ReD < 2 000 and Rex < 1 000 000, respectively, [13] (p. 12 and 218). ReD and Rex are here the
Reynolds numbers based on pipe diameter, D, and distance x from the leading edge of the plate.
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1.3. TURBULENT FLOW

The second last item was commendably summarized by Lewis Fry Richardson
already in 1922 [34] (p. 66):

"big whirls have little whirls
that feed on their velocity,

and little whirls have lesser whirls
and so on to viscosity -
in a molecular sense"

1.3.1 Turbulent Structures and Spectral Energy Distribution
The oscillatory velocity signals reflect regions of different sizes with different
velocity passing the monitor point. Such a region is referred to as an eddy or
turbulent structure and is simply thought of as a spatial region in which the motion
is "at least moderately coherent" [35] (p. 183). The size of the region and its
representative velocity are, in turn, referred to as its length scale and velocity
scale, respectively. Fig. 5 shows larger turbulent structures in the stenotic pipe as
illustrated by the Q-criterion, which identifies regions of the flow where rotation
dominates strain [36, 37].

Figure 5: Turbulent structures - eddies - of various sizes and shapes illustrated by the
Q-criterion. Smaller and less anisotropic structures appear close to the stenosis whereas
larger prolonged structures develop in the less turbulent flow further downstream, in ac-
cordance with the monitors in Fig. 4.

Closer analysis reveals a range of scales (and thus structures) from those with
dimensions comparable to bulk flow and geometry, to very small ones where vis-
cous forces and inertial forces balance each other, and the Reynolds number based
on length and velocity scales of these eddies therefore is around unity. These very
smallest scales are known as Kolmogorov scales, and can be estimated according
to Eq. 4 (length scale), Eq. 5 (time scale), and Eq. 6 (velocity scale)

η =
(
ν3/ε

)1/4 (4)

τ = (ν/ε)1/2 (5)

v = (νε)1/4 (6)

9
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where ν is the kinematic viscosity and ε the turbulent dissipation [38]. The Kol-
mogorov scales decrease as the mean flow Reynolds number increases [35] (p.
182).

Eddies of all sizes possess a certain amount of turbulent kinetic energy (TKE),
and it appears that most of this resides in the larger eddies. These interact with
the mean flow, and thereby extract the energy from this. Larger eddies are then
deformed, stretched, and destructed into smaller eddies, which in turn undergo the
same procedure resulting in a transfer of energy from the mean flow through ed-
dies of decreasing sizes down to the Kolmogorov scales, where dissipation (due to
friction) finally converts the kinetic energy to thermal energy, which increases the
temperature (for blood flow this temperature increase is negligibly small though).
This process is known as the energy cascade [35] (p. 183).

Fig. 6 illustrates schematically the variation of energy content with wave num-
ber, κ, which is inversely proportional to the eddy size l according to κ = 2π

l
[35]

(p. 188). The abscissa could also have shown frequency associated with the ed-
dies, as this varies similarly to the wave number.

Figure 6: Schematic illustration of the turbulent energy E associated with different wave
numbers κ (or eddy sizes). Most energy resides in the larger eddies. In the intermediate
range of wave numbers, the inertial subrange, for which the -5/3 relation (Eq. 7) applies,
is found. Finally the smallest, dissipative scales (Kolmogorov scales), corresponding to
the highest wave numbers, only contain a minor fraction of the energy.
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The turbulent kinetic energy associated with the velocity fluctuations is de-
fined in Sec. 2.2.1. Fig. 7 shows this for the pipe flow along the centerline (ex-
tracted from LES). In accordance with previous plots, most energy is found shortly
after the stenosis in a rather narrow region, after which the turbulence decays
downstream.

Figure 7: Turbulent kinetic energy per unit mass, k, along the pipe in Fig. 2 for Re = 2 000
(extracted from LES, see Sec. 2.2). Transition to turbulence occurs after the stenosis (0D)
and consequently there is a sudden increase in k associated with this. As indicated by
Fig. 3 to 5 the turbulence decreases downstream, which is manifested by decreasing k.

As the larger eddies interact with the mean flow, these tend to be rather an-
isotropic, whereas the smaller eddies for sufficiently high Reynolds numbers tend
to approach a statistically isotropic state, which is independent of the larger scales
and seemingly universal for all turbulent flows. This is known as Kolmogorov’s
hypothesis of local isotropy and the range of scales where isotropy exists is known
as the universal equilibrium range.

Furthermore Kolmogorov argued that the statistics of the larger scales in the
equilibrium range is uniquely determined of the dissipation, ε (independent of
the viscosity). This is known as Kolmogorov’s second similarity hypothesis. Di-
mensional analysis then yields the well-known relation between energy content,
dissipation, and wave number in this range [35] (p. 189) or [39] (p. 42).

E(κ) = Cε2/3κ−5/3 (7)

where C is a constant and κ the wave number.
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Finally, concerning turbulence, pipe flow (e.g. blood flow) as discussed above
is just one example. For sufficiently high Reynolds numbers (different for differ-
ent flow situations), all types of flows will become turbulent.

1.4 Analysis of Cardiovascular Flow

As discussed in Sec. 1.1 MRI is invaluable for assessing the actual state of the
body, whereas simulations offer a unique predictive functionality. This section
provides a short introduction to each modality.

1.4.1 Magnetic Resonance Imaging

Magnetic resonance imaging (MRI) provides amazing possibilities for anatomical
investigations as well as flow assessment, the latter is routinely used for three-
dimensional time resolved velocity measurements in the heart itself and in the
blood vessels. Recently the technique has also been used to quantify turbulent
blood flow by measuring the turbulent kinetic energy [40, 41] and comparison
with CFD simulations shows good agreement [42]. Since turbulent disturbances
rarely occur in a healthy cardiovascular system [4] (Ch. 3), TKE might be an
informative parameter when diagnoses are being made. Due to the limited reso-
lution though, WSS estimated directly using MRI data has not been a successful
option [43].

1.4.2 Numerical Simulation: Computational Fluid Dynamics

By constructing a computer model of a vessel and applying a numerical tech-
nique referred to as computational fluid dynamics (CFD), flows, e.g. in a blood
vessel, can be simulated to yield the same quantities as obtained from measure-
ments. CFD is since decades used extensively for technical applications, e.g.
to simulate and evaluate the flow around different vehicles (aircraft, cars, trains
etc.) in order to find the configuration with optimal performance in some sense.
These cases are examples of external flow. Internally, CFD can be used to simu-
late flows in pipes, mixing chambers, heat exchangers, combustors, etc. for var-
ious reasons. Thus, the general technique for flow simulations is far from novel,
and several calculation methods have been developed. Also, a number of dif-
ferent softwares are available. These span from highly specialized and accurate
research codes, "special-purpose codes", used exclusively within the academia, to
"general-purpose codes", which are intended to work reasonably for a wide range
of applications. Both types have their advantages and disadvantages.
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In short, the procedure involves creation of a computer model of the geome-
try in which the flow is to be studied, specification of boundary conditions rep-
resenting the interaction between the flow in the computational domain and the
surroundings, solving some equations for velocity, pressure, density, and perhaps
temperature with high resolution inside the domain, and evaluation of the results.
Described like this, the procedure sounds seductively simple, but there are several
potential pitfalls. To get reliable results requires knowledge and experience for
each step: where to put the boundaries, which are the proper boundary conditions,
what about the numerical details, etc. The modeling is a crucial part of the pro-
cedure, and therefore the problem is usually not just to get some results, but the
question is can you trust the results you have?

1.5 Progress within Related Research Fields
For a detailed description of related previous works the reader is referred to the
appended papers, this section gives an overview of how this thesis generally is
related to different disciplines and the research progress within these.

As the topic of biofluid mechanics is highly interdisciplinary, relevant works
can be sorted into one or more of the categories: computational fluid dynam-
ics, experimental fluid dynamics, and medical investigations and comparisons.
Computational studies of increasing complexity are continuously being published
as the development of numerical modeling progresses and more computational
power becomes available.

Roughly speaking, when this work started simulations of turbulent blood flow
occasionally appeared among a majority of laminar models, but since then DNS
(described in Sec. 2.2) of steady as well as pulsating stenotic flows in idealized
as well as more realistic geometries has been conducted [44–46]. Also, some
DNS studies of channel flow have been valuable for comparison and quality as-
sessment during the present work [47, 48]. RANS models (see Sec. 2.2.1) have
been explored for turbulent and transitional biofluid problems, but so far with
moderate success [49–51]. Instead scale resolving simulation (SRS), particularly
LES [52, 53] (described in Sec. 2.2), has been applied with promising results.
Also worth to mention, although not included in this work, is the possibility to
model fluid-structure interaction [54].

Within the experimental field a series of Laser Doppler velocimetry (LDV)
measurements of transitional pipe flow were conducted during the late 1970’s and
early 1980’s [55–58], and has since then been used for comparison of numerical
models. Few similar related measurements have been reported. MRI has, thanks
to its wide use at hospitals, contributed to the progress of cardiovascular model-
ing in different ways: as a source of input parameters to simulation models, for
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better understanding of cardiovascular flow, and for comparison with simulation
results [59]. Particularly interesting is the growing interest to measure and quan-
tify turbulence parameters using MRI [40–42, 60].

Until quite recently focus was essentially on investigation of hemodynamics
and establishment of correlations between hemodynamics and cardiovascular dis-
ease. Quite naturally, with that foundation laid, next step seems to be the applica-
tion of acquired knowledge for predictive use, i.e. clinical implementation. Here,
CFD simulations offer a unique possibility to evaluate alternative treatments on a
patient specific level [61–64] in advance, which is also an underlying theme for
this thesis.

1.6 Aim
The aim of the work was to demonstrate the feasibility of CFD as a predictive
tool to use for intervention planning of cardiovascular diseases. This included
use of LES for accurate modeling of turbulent cardiovascular flow, and possibility
to evaluate several different treatments. Quantification of WSS, as well as other
informative hemodynamic parameters, was central, due to the importance of com-
parable measures for the predictive use.

1.7 Limitations
It was decided to confine this work to incompressible flow of a Newtonian fluid in
models with rigid walls.
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Chapter 2

Method

2.1 CFD - the Basics
Motion of fluids is described by three fundamental physical principles:

i Mass is conserved

ii Newton’s second law

iii Energy is conserved

Conserved in the above formulations should be interpreted as "neither created nor
destroyed". Expressed in mathematical terms these statements constitute the foun-
dation of CFD in terms of a set of governing equations known as the continuity
equation (from i), the momentum equations (from ii), and the energy equation
(from iii). As discussed previously, the level of complexity of the model can vary,
and with that the complexity of the formulation of the governing equations. As-
suming incompressible flow, which is reasonable for blood flow, and a Newtonian
fluid, which is reasonable at least for blood flow in greater vessels [3], yield the
following appearance of the continuity equation, Eq. 8, and the momentum equa-
tions, Eq. 9 [38] (p. 35) or [13] (Ch. 2.3 - 2.4) (in a Cartesian coordinate system,
and using tensor notation, which will also be utilized in the forthcoming).

∂ui
∂xi

= 0, (8)

ρ
∂ui
∂t

+ ρuj
∂ui
∂xj

= − ∂p

∂xi
+
∂tji
∂xj

(9)
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where

tij = 2µsij (10)

and

sij =
1

2

(
∂ui
∂xj

+
∂uj
∂xi

)
(11)

The variables in the equations are the density ρ, velocity components ui, pres-
sure p, viscosity µ (which is assumed to be constant), time t, and coordinate direc-
tions xi, with i = 1, 2, 3 in the Cartesian coordinate system. Einstein summation
convention is employed. Since three-dimensional flow is considered, Eq. 9 is ac-
tually three equations, one for each spatial direction. The energy equation is only
required if the temperature variation is large and heat transfer is of significance.
In this study this is not the case, and hence the energy equation is not considered
further.

CFD as a discipline has developed because no general analytical solution to
Eq. 8 and Eq. 9 has been found, and hence the solution has to be numerical. A flow
simulation requires a computational domain, that is a bounded region in space in
which the flow is to be simulated. The boundary of this domain represents the in-
teraction between the computational domain and the surrounding, and determines
thereby to a great extent the flow within the domain. Essentially, the solver soft-
ware is given information about the flow on the boundary and asked to compute
the flow within it. Consequently, if the boundary conditions are inadequate so will
the solution be.

The computational domain is divided into a (large or maybe even enormous)
number of small cells, which constitute the computational mesh or grid. Dis-
cretized versions of the governing equations, i.e. algebraic approximations of the
partial differential equations (Eq. 8 and Eq. 9), are then solved numerically in each
cell, yielding the flow field in terms of velocity and pressure (and when needed
density and temperature). If the flow is steady (time independent) there is clearly
just "one flow field", whereas if the flow is unsteady the flow field will change
from time to time, and hence the solution must be computed repeatedly in time to
yield the temporally varying flow field. Roughly speaking, the resolution of the
solution is determined by the size of the mesh and the size of the time step.

Some different numerical techniques are available, the most common today
would be the finite volume method, at least for commercial use, whereas solvers
for academic use and research are also based on finite difference methods, finite
element methods, spectral methods, or spectral element methods. In this work the
finite volume method has been applied, and is briefly described in next session.
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2.1.1 The Finite Volume Method
The idea with the finite volume method is to integrate the governing equations,
Eq. 8 and Eq. 9, over each mesh cell (in this case a control volume), and to approx-
imate the terms of the equations with algebraic expressions. For incompressible
flow in three dimensions, the number of unknowns (three velocity components
plus the pressure) equals the number of equations (continuity equation plus three
momentum equations). Applied to every internal cell of the mesh (cells on the
boundaries are managed by the boundary conditions), this yields a system of al-
gebraic equations that can be solved for the unknown variables in each cell. Since
the finite volume method implies integration over each cell the values of the vari-
ables will be spatial averages for each cell.

Concerning the discretization, there are several available options for both tem-
poral and spatial terms. A thorough discussion of all these is beyond the scope of
this book; the settings applied during this work are presented in Sec. 2.3.

2.2 Simulation of Turbulent Flow
Laminar flows, characterized by smooth variation of the flow field variables and
moderate gradients, are typically easily sufficiently resolved in both space and
time. However, the unsteadiness, the three-dimensionality, and the vast range of
scales, particularly the small ones, in a turbulent flow quickly make the meshes
unaffordably large as the Reynolds number increases. A simulation that does re-
solve all motion is called direct numerical simulation (DNS). This is extremely
demanding in terms of computational power and is therefore only an option for
moderate Reynolds numbers and simple geometries. Hence, there is an obvious
need for a method that takes care of the turbulence to a minimal increase of com-
putational cost. This section describes the most common available options for
simulation of turbulent flows today. Some of the terminology has been presented
in Sec. 1.3.

Fig. 8 provides a hierarchical overview of available options. The first choice
is whether the turbulence is to be resolved (DNS) or modeled, but in reality, as
discussed above, this decision rather concerns whether all or just a part of the tur-
bulence is to be modeled. Reynolds-Averaged Navier-Stokes (RANS) equations
are used to model all turbulent motion, whereas all other approaches include some
amount of resolved turbulent motion.
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Figure 8: Hierarchical overview of available options for numerical simulation of turbu-
lent flows. DNS resolves all spatial and temporal scales and is the most computational
expensive. In RANS the effect of all turbulence on the mean flow is modeled, i.e. a
steady solution is obtained, and RANS is therefore the computationally cheapest alterna-
tive. URANS is RANS with some unsteadiness allowed to develop. LES resolves larger
eddies, and usually models the effects of the smaller once. Somewhere inbetween there
is also a number mixed models, which operate in resolving mode or unresolving mode in
different parts of the computational domain. These models are supposed to go unsteady
when the unsteadiness of the flow is high, but remain steady in more quiescent regions,
which is accomplished with different sensors for unsteadiness.

2.2.1 RANS
Complete modeling of all turbulent motion is typically done by applying the
Reynolds-Averaged Navier-Stokes (RANS) equations. These are obtained by de-
composing an instantaneous variable φ into a time-averaged component φ and a
fluctuating component φ′ as

φ(t) = φ+ φ′(t) (12)

Instantaneous variables in the governing equations are then replaced by this de-
composition and the entire equations subsequently time averaged according to the
following operation

φ =
1

T

∫ T/2

−T/2
φ(t)dt (13)
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The time average of a time averaged variable is the same, i.e. φ = φ, and the time
average of a fluctuating component is zero, i.e. φ′ = 0. The Reynolds-averaged
continuity equation, Eq. 14, and the Reynolds-averaged momentum equations,
Eq. 15 are obtained by applying Eq. 12 and Eq. 13 to Eq. 8 and 9 yielding [38]

∂ui
∂xi

= 0, (14)

ρuj
∂ui
∂xj

= − ∂p

∂xi
+

∂

∂xj

(
2µsji − ρu′ju′i

)
(15)

where

sij =
1

2

(
∂ui
∂xj

+
∂uj
∂xi

)
(16)

Solving the RANS equations thus yields the time averaged properties directly,
and therefore the time derivatives have been removed. The fundamental issue
with RANS is the introduction of the averaged products of unknown fluctuating
components,

(
−ρu′iu′j

)
, stemming from the nonlinear terms, and called Reynolds

stresses as their contribution to the flow behavior is similar to that of viscous
stresses (represented by the first term in the parenthesis on the right hand side
of Eq. 15). The challenge of turbulence modeling is essentially to accurately
determine these fluctuating components, and there is still no generally applicable
way to do this. Various methods exist, some have shown good results and become
more or less frequently used, yet none is always superior the others, only suitable
for a moderate number of flow problems.

The general problem to find a way to determine the Reynolds stresses and
thereby close the RANS equations is known as the "closure problem". Many of
the most frequently used techniques are based on an assumption that the Reynolds
stresses, in analogy with the viscous stresses, are linearly related to the velocity
gradients of the mean flow. This is known as the Boussinesq hypothesis. The
constant of proportionality is called eddy or turbulent viscosity. For the specific
Reynolds stresses this relationship is expressed as [38] (p. 106)

−
(
u′iu
′
j

)
= 2νtsij −

2

3
kδij (17)

where νt is the eddy (or turbulent) viscosity, δij is the Kronecker delta, and k the
turbulent kinetic energy defined as

k =
1

2
(u′iu

′
i) (18)

δij = 1 if i = j otherwise δij = 0. Eddy viscosity is an invented property,
named and used in analogy with the molecular viscosity. The term containing k
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has been added to avoid the sum of the squared normal Reynolds stresses
(
u′iu
′
i

)
,

i.e. the turbulent kinetic energy, to be zero, which otherwise would be the case for
incompressible flow. Strictly, the last term of Eq. 17 implies isotropic turbulence,
i.e. u′1 = u′2 = u′3, and Reynolds shear stresses equal to zero, which is rarely
the case in a blood vessel.

Now, the problem is to determine the eddy viscosity, and even for this there
are models of different complexity. From simple algebraic expressions, via in-
troduction of one or more transport equations for turbulent properties, to a trans-
port equation for every Reynolds stress. The alternatives with additional transport
equations dominate, particularly two-equation models like the k − ε and k − ω or
variants of these. The name refers to the number of additional transport equations
that are solved. For the k − ε there is one transport equation for k and one for ε,
and the eddy viscosity is obtained as [65]

νtk−ε = Cµ
k2

ε

whereCµ is a model constant. Analogously for the k−ω-model k is obtained from
one transport equation and ω from another, and subsequently used to determine
the eddy viscosity.

Somewhat more advanced is the shear stress transport (SST) k − ω model
developed by Menter [66, 67], which essentially utilizes the k − ω model close
to walls and switches to k − ε further out. The transition SST (tSST) is yet an
advancement of the k − ω SST including two additional transport equations for
intermittency and for the transition onset criteria, respectively [67–69].

To summarize, in RANS models the influence of all turbulent motion on the
mean flow is modeled, and a steady, time-averaged flow field (which most likely
differs for different turbulence models) is computed. The steady flow field is
simply achieved by adding extra "turbulent" viscosity in the model and thereby
damping out all unsteadiness. The disadvantage is the limited applicability of
each model; for cardiovascular applications no model has yet shown satisfactory
results.

Sometimes the unsteadiness of the flow is just too massive to be appropriately
represented by a time averaged flow field. This has led to development of un-
steady RANS (URANS) models, where the time derivatives of the Navier-Stokes
equations are spared in order to resolve parts of the turbulent scales. The time
over which the solution variables is averaged is assumed to be much smaller than
the time scales of the resolved motion. Compared to (steady) RANS the turbulent
viscosity is somewhat smaller to allow the development of some unsteadiness in
the solution.
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2.2.2 LES
Large eddy simulation is an unsteady approach intending to resolve the larger, en-
ergy containing eddies, while the smaller scales are modeled (as in RANS). The
strength of LES over RANS is supposed to lie in the inclusion of some turbu-
lence in the calculations, and compared to URANS the difference is essentially
to include "more" turbulence and unsteadiness. LES has turned up as a compet-
itive approach for more general use during the last decade thanks to increased
available computer power. The border between resolved and unresolved motion
is determined by the size of the cells in the mesh. A scale smaller than the cells
of the mesh is modeled and referred to as a sub grid scale (SGS). A spatial fil-
ter according to Eq. 19 removes the SGSs from the calculations so that the flow
field is represented by the spatial average of the variables in each cell. Similar
to the Reynolds decomposition, LES utilizes a decomposition where a variable
is split in filtered (cell average) component, φ̃, and a component representing the
fluctuations around this average in the cell, φ′′.

φ̃ =
1

V

∫

V

φ(x)dx. (19)

Comparing this filter operation with the temporal averaging applied for RANS
one should note that:

i This is a pure spatial operation, i.e. φ̃ is still a function of time.

ii ˜̃φ 6= φ̃.

iii φ̃′′ 6= 0

Applying Eq. 19 to the governing equations and rearranging yields Eq. 20, the
filtered continuity equation, and Eq. 21, the filtered momentum equations.

∂ũi
∂xi

= 0, (20)

∂ūi
∂t

+
∂

∂xj
(ũiũj) = −1

ρ

∂p̃

∂xi
+

∂

∂xj

(
ν
∂ũi
∂xj

)
− ∂τij
∂xj

. (21)

Similar to RANS where the Reynolds stresses appeared from the non-linear terms,
a term of unknowns has also appeared in Eq. 21 (last term on the right hand
side). These are referred to as SGS stresses and defined according to Eq. 22.
The remaining problem is to determine these terms and thereby close the system
of equations.
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τij = ũiuj − ũiũj. (22)

Again, the Boussinesq hypothesis is utilized, and provides a model for the
deviatoric part of the SGS tensor according to Eq. 23, where s̃ij is the resolved
strain rate tensor, Eq. 24, and again the challenge is to determine the coefficient
of proportionality, νSGS , between the SGS stresses and velocity gradients. νSGS is
known as SGS eddy viscosity.

τij −
1

3
τkkδij = −2νSGS s̃ij, (23)

s̃ij =
1

2

(
∂ũi
∂xj

+
∂ũj
∂xi

)
(24)

Throughout the present work the dynamic Smagorinsky model was used [65]. It is
based on the original Smagorinsky model, in which the SGS viscosity is obtained
as

νt = (Cs∆)2|s̃|
where Cs is the Smagorinsky constant, ∆ the cubic root of the cell volume, and
|s̃| =

√
2s̃ij s̃ij . Values of Cs are typically 0.1 - 0.2 depending on the particular

problem, however therein is also the shortcoming of the model in that the value
of Cs tends to vary rather than being just constant. To overcome this Germano et
al. developed a dynamic procedure in which the model parameter Cs is computed
using information from the smallest resolved scales [70]. This information is ob-
tained by introducing a second filter, the test filter, typically twice the size of the
ordinary grid filter. Applying the test filter to the already grid-filtered equations
extracts the desired information (from the smallest resolved scales). Subsequently
Lilly improved the model [71]. In the CFD software Fluent (which was used for
most of the simulations in this work), Cs is limited from 0 to 0.23 to avoid numer-
ical instability [67].

2.2.3 Mixed Models

Between LES and RANS a number of different models that utilize RANS/URANS,
and LES in different regions have been suggested. Detached eddy simulation
(DES) employs LES in free shear flows away from walls, and RANS in the near
wall region [72], whereas other similar hybrid models utilize LES in a smaller
region surrounded by a RANS solution (embedded LES). Recently, scale adaptive
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simulation (SAS) and partially averaged Navier-Stokes (PANS) have appeared [73–
76]. These use some kind of sensor (a variable with a predictable behavior) for
unsteadiness in the flow. If this is high the solution is supposed to go unsteady,
otherwise it is in steady RANS mode. The potential of the mixed models for
biofluid-simulation is still to be investigated, which is beyond the scope of this
thesis.

2.2.4 Resolution and Quality Assessment of LES - General Con-
siderations

The finer mesh the better resolution, and for low Reynolds numbers it is possible
to reach the size of the very smallest flow structures. Sometimes, however, a
relatively fine resolution, although not completely down to Kolmogorov scales,
tempts investigators to refer to the solution as a course DNS, pseudo DNS, or some
other type of DNS. In the author’s opinion, though, a DNS is a DNS, resolving all
scales. With or without SGS modeling anything else (when turbulence is resolved)
is a more or less well resolved LES.

To evaluate the resolution for LES is a quite extensive task, and since LES for
more general use is a relatively novel technique, clear and undebatable measures
and parameters to state mesh independence are not yet established. A well, or at
least sufficiently, resolved LES requires that the SGS model appropriately handles
the unresolved scales, which inescapably implies that a sufficiently large part of
the turbulent scales must be resolved. The question is now how to know that this
is the case? To answer, two different regions must be considered: the near wall
region and bulk flow or wake region.

Near Wall Resolution

As long as the flow remains attached to the wall the procedure at walls is rather
straight forward, with guidelines regarding the non-dimensional plus units, Eq. 25 -
Eq. 27.

y+ =
uτy

ν
(25)

∆x+ =
uτ∆x

ν
(26)

∆z+ =
uτ∆z

ν
(27)

where
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uτ =

√
WSS
ρ

(28)

u+ =
u

uτ
(29)

and u is the velocity (component or magnitude) to normalize, here exemplified
by the component in the x direction. To resolve the boundary layer down to the
viscous sub layer requires that y+ ≤ 1, and to capture the dynamics in the other
directions ∆x+ and ∆z+ should at least be less than 100 and 30, respectively.
Following these guidelines usually ensures appropriate thickness of the first cell
layer, and sufficient streamwise and spanwise resolution of the turbulent struc-
tures. Together with at least 15-20 cells across the boundary layer one can proba-
bly feel comfortable with the near wall modeling unless there are obvious reasons
to suspect the opposite. For separated flows (e.g. likely after the constriction in
the model in Fig. 2) the plus values do not have the same physical interpreta-
tion. Nevertheless, keeping them low improves the reliability, although the over
all assessment and previous experience is of even greater value.

Bulk Flow Resolution

To state sufficient resolution of the bulk flow, and if present in wakes, is a more
delicate issue. Mesh independence, which should imply sufficient resolution, can
be ensured by conducting simulations with finer meshes for comparison. How-
ever, for large cases it might be unaffordable to create and run a finer mesh than
"what is believed to be sufficient", and in that case the investigator and the rest
of the simulation community must be convinced of the reliability of the results in
some other way. Typically the procedure relates to the turbulence theory discussed
in Sec. 1.3 in that the assessment focuses on how well expected phenomena are
captured by the solution.

According to the name, and as stated above, a LES is intended to simulate
(i.e. resolve) the larger eddies of the flow. Hence, to estimate by how many cells
in the mesh they are covered would clearly be a measure of the resolution. This
information can be obtained from two-point correlations which compare velocity
fluctuations at two points separated by a distance r (r = |r|) according to Eq. 30,
see e.g. [38]. In Eq. 30 the correlation is normalized with the root mean square
(RMS) values at r = 0. (In Eq. 30 Einstein summation is not employed.)

Bij(x, t; r) =
1

ui,rms(x, t)uj,rms(x, t)
u′i(x, t)u

′
j(x + r, t) (30)

The velocity signals at points x and x + r will be correlated as long as they are
located within the same large structure. Since Bij is normalized it will decrease
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from unity. A reliable Bij requires sufficiently many samples in the velocity sig-
nals, meaning that sufficiently many large structure have passed the points.

2.2.5 Resolution of LES in Constricted Pipe with Dilatation -
Present Work

Figure 9 shows two-point correlations of each velocity component in its respective
coordinate direction at 4D downstream of the stenosis, i.e. in the turbulent region,
for Re = 3 000 in the model in Fig. 18 (a). The abscissa shows the number of cells
between the points.

(a) (b)

(c)

Figure 9: Two-point correlations of the velocity fluctuations in the (a) x-direction, (b) y-
direction, and (c) z-direction for steady flow of Re = 3 000 and a mesh with 8.9 MC. The
abscissa shows the number of cells between the points. The correlations remain satisfac-
tory high a for separation of 14 cells in all directions except for the radial components in
the axial direction. Tests with finer meshes though revealed this to be of no significance
for the results. Hence, the the mesh was considered adequate for the present purpose.
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Exactly how many cells that are required to capture a structure is difficult to say,
and possibly it can differ for different flow problems. Intuitively two are too
few while 20 seem enough, hence there should be a limit somewhere inbetween.
Davidson [77] suggests that the recommended minimum number of cells cover-
ing the larger scales should be at least eight for a coarse LES. In Fig. 9 it is seen
that with two exceptions all correlations in all directions remain relatively high
within 14 cells indicating sufficient resolution. However, the resolution of the ra-
dial components in the axial direction seems to be unsatisfactory as decorrelation
(below 0.1) occurs after 4 or 5 cells. To investigate the significance of this short-
coming a simulation was run with a mesh with considerably higher resolution in
the axial direction. Three million additional cells, i.e. about 12 MC in total now
resolved the same scales with at least 12 cells. Concerning the flow field, the only
noticeable difference was a somewhat earlier jet-breakdown and turbulence onset
than for the coarse mesh. The same was also seen with an even more refined (in
all parts of the domain) mesh. For the present purpose this was not considered to
compromise the results and conclusions, and hence even the course mesh would
qualify to use for LES.

Apart from investigating correlations and eddy resolution, turbulent kinetic
energy is supposed to decrease proportionally to κ−5/3 in developed turbulence,
according to Kolmogorov’s theory. This is most easily investigated by studying
energy spectra of the velocity fluctuations, Fig. 10. All velocity spectra were non-
dimensionalized,E∗, and plotted against a non-dimensional Strouhal number,NS ,
as was done by [44] (who in turn followed previous experimental works).

E∗ =
E(f)ust

2πdst
(31)

Ns =
2πfdst
ust

(32)

E(f) was the energy associated with the frequency f , ust the cross-sectional av-
erage velocity at the stenosis throat, and dst the diameter at the stenosis throat.
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(a) (b)

Figure 10: Non-dimensional energy spectra (according to Eq. 31 and Eq. 32) of the axial
velocity fluctuation at (a) 1D and (b) 4D, for Re = 3 000 in the model in Fig. 18. Results
in analogy with similar DNS findings [44] were found, and the characteristic -5/3-slope
appears at 4D.

At 4D the -5/3 slope appears, which indicates that turbulence has developed as ex-
pected. The plots show strong similarity with corresponding plots for the straight
pipe with stenosis obtained from DNS [44], although the latter were for a lower
Reynolds number (1 000). The peaks at 1D can probably be derived to vor-
tex shedding from the shear layer after the constriction. At 4D these vortices
were dissolved. Concerning the resolution, however, Davidson [77] found that
the frequently used velocity spectrum might indicate sufficient resolution in that
expected behaviors, i.e. slopes of the spectrum are found, while two-point corre-
lations indicate that the larger scales are covered by a relatively small number of
cells. This suggests that spectra in accordance with expectations are a necessary
rather than sufficient indication of the resolution.

The temporal resolution is controlled by the CFL number. Keeping this below
unity in the domain ensures that the time step size matches the size of the cells.
Typically, a few regions will be limiters, while much of the solution will be over-
resolved in time.

2.3 Numerical Settings and Boundary Conditions
All simulations were conducted with Ansys Fluent (release 13.0 - 14.5) (AN-
SYS, Inc., Canonsburg, PA, USA), which employs a finite volume method, see
Sec. 2.1.1. Diffusive and convective fluxes were discretized using second-order
central differencing, and the pressure at a cell face was computed using a dis-
crete continuity balance for a staggered control volume. The pressure-velocity
coupling was handled by the fractional-step method [65]. A fully implicit second
order scheme was used for the temporal discretization.
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For the stenosed pipe in Fig. 2 Poiseuille flow1 was prescribed at the inlet
and perturbations generated using a variant of the vortex method [65] were su-
perimposed onto this. The vortex method produces a spatially correlated distur-
bance field depending on a specified intensity Iin, the mesh size, and the time step
size. Unphysical numerical oscillations commonly obtained for completely ran-
dom disturbances that may deteriorate the solution are thus avoided. No-slip was
applied at the wall. At the outlet (pressure-outlet) the pressure was fixed and all
other variables were extrapolated from the interior cells.

For the CoA-model in Fig. 18 uniform flow was prescribed on a circle in the
center covering half of the inlet area, and outside this the velocity was zero. The
purpose was to induce a disturbed flow similar to that after the aortic valve. No
additional perturbations were added. The walls and outlet were again treated as
no-slip and pressure-outlet, respectively.

2.4 WSS Post-Processing
In the appended papers, post-processing of WSS aims to identify parameters that
can be used for quantification of WSS, and that are relatively easily determined
to enable routine use in the clinics. All parameters are presented in the appended
papers and summarized in this section.

In paper II instantaneous axial and circumferential WSS, WSSax and WSScirc,
respectively, were split into a mean and a fluctuating component (analogously to
the Reynolds decomposition) as

WSSax = WSSax + wss′ax (33)

WSScirc = WSScirc + wss′circ (34)

Instantaneous magnitude, |WSS|, was obtained from the instantaneous axial and
circumferential components as

|WSS| =
√

WSS2
ax + WSS2

circ (35)

Both components were monitored every time step from the stenosis to the outlet,
and subsequently, the time averaged components and magnitude of N samples
were obtained as

WSSax =
1

N

N∑

i=1

WSSax,i (36)

1Steady, fully developed laminar flow of an incompressible Newtonian fluid in a circular pipe
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WSScirc =
1

N

N∑

i=1

WSScirc,i (37)

and

|WSS| = 1

N

N∑

i=1

|WSS|i (38)

The fluctuations were determined as RMS-values of the differences between in-
stantaneous and time averaged quantity, i.e.

wss′ax =

√√√√ 1

N

N∑

i=1

(WSSax,i −WSSax)2 (39)

wss′circ =

√√√√ 1

N

N∑

i=1

(WSScirc,i −WSScirc)2 (40)

and

|wss|′ =

√√√√ 1

N

N∑

i=1

(|WSS|i − |WSS|)2 (41)

When analyzing pulsating flows, it may be of interest to quantify the average
load at a certain instant of the cycle. This information is provided by the phase
average WSS, PAWSS, defined for any component as:

PAWSS =
1

N+ 1

N−1∑

n=0

WSS(t+ n · T ) (42)

where N is the number of cardiac cycles, and T the time of each cycle. Fre-
quently occurring in the literature is the time averaged WSS, TAWSS, which is
a temporal average during a pulse. Here, TAWSS was based on the PAWSS as a
representative pulse and computed as

TAWSS =
1

T

∫ T

0

|PAWSS| dt (43)

The WSS angle, used for e.g. rose-plots in Paper II and V, is simply ob-
tained from the axial and circumferential components. Another parameter related
to WSS oscillations is the oscillatory shear index (OSI) obtained as

OSI =
1

2


1−

∣∣∣
∫ T
0

WSSdt
∣∣∣

∫ T
0
|WSS| dt


 (44)
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Chapter 3

Results and Discussion

3.1 Biofluid Simulation

Throughout this work WSS, as a link between hemodynamics and cardiovascular
function, has been a key parameter. Initially a study was conducted to evaluate the
validity of WSS in blood vessels when obtained under the assumption of Hagen-
Poiseuille flow [14] (i.e. steady, fully developed, laminar flow of an incompress-
ible Newtonian fluid). Since the results of Paper I revealed a velocity profile far
from fully developed laminar flow, and therefore asymmetric WSS pattern, the
inability of the Hagen-Pouseuille estimations to reasonably predict WSS came as
no big surprise. From the beginning, it was thus clear that accurate calculation of
arterial WSS in general requires a sufficiently resolved three-dimensional velocity
field in the vessel.

The first of the appended papers, and moreover the start of this work, presents
the fundamental parts of blood-flow simulations. MRI images were used to create
subject specific vessel models, and flow measurements from the same apparatus
were used for inlet boundary conditions (and for comparison of simulation re-
sults). This constitute the input to subsequent simulations of the blood flow inside
the vessel, from which the output is an almost infinite amount of parameters. To-
day the procedure is routine, at least within the research field.

As the biofluid research progressed, new challenges appeared. Along with the
fluid mechanics field in general, turbulent flow got more and more attention, and
also became the underlying theme for this dissertation; more specifically, to find
and apply a method to accurately simulate turbulent flow in blood vessels and
subsequently extract and assess informative parameters. From Paper II the rest of
the work is about usage of LES, i.e. a scale resolving simulation technique, for
blood flow simulation and quantification of relevant hemodynamic parameters.
This chapter summarizes the results from the papers and some additional material
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and comments are added.

3.2 CFD Simulation of Transitional Arterial Flow
Paper II is an investigation of the capability of LES to simulate transitional and
turbulent flow in blood vessels. The need for this study was identified since RANS
models had failed to reproduce experimental observations [55–58] of the flow
through the pipe in Fig. 2. In addition, no DNS studies for Re > 1 000 were found.
An important part of the work was to investigate whether artificial perturbations of
the velocity profile at the inlet could be used to control the post-stenotic turbulence
characteristics, in order to mimic the conditions in various blood vessels.

3.2.1 Time Averaged and Fluctuating Velocity
Steady flow of Reynolds numbers 500, 1 000, and 2 000 in a pipe with a 75%
reduction of cross sectional area were considered, and results were compared to
experiments [55–58] and, for the two lower Reynolds numbers, to DNS predic-
tions [44]. Velocity profiles are shown in Fig. 4, 6, and 8 in Paper II. For the
lowest Reynolds number no turbulence developed, even with large disturbances at
the inlet.

Re = 1 000 was an interesting case in that the experiments showed a turbulent
post-stenotic flow, while DNS predicted the same flow as completely laminar.
No measurements of disturbances at the location of the LES-inlet were reported,
but at the stenosis throat the fluctuating axial component was about 2.8 % of the
cross-sectional average inlet velocity. The DNS was run without any imposed
perturbations.

The LES-results suggested that varying the inlet disturbances was an effective
strategy for managing the post-stenotic turbulence in terms of location and extent
of the transitional region, Fig. 11 (reproduced from Paper II). To match the ex-
perimental observations required very large inlet perturbations, corresponding to
about 10% to 12% turbulence intensity for both Re = 1 000 and Re = 2 000. DNS
predictions were perfectly replicated without inlet perturbations, although inter-
mittant unsteadiness (not reported for the DNS) appeared with some regularity
(see Paper II for a detailed discussion). This clearly demonstrates the sensitivity
and transitional nature of this flow around Re = 1 000.
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(a) (b)

Figure 11: Root mean square values of the axial velocity along the centerline from LES
with different inlet perturbations compared to LDV measurements [57]. The inlet distur-
bance affects the location and extent of the transitional region. These Fig. 7 and Fig. 11
in Paper II.

Admittedly, 10%-12% intensity is a large disturbance, however, as was also
discussed in Paper II, this decreased quickly, and was at the constriction only a
few percent. Thus the range of actual perturbations at the stenosis throat, causing
the different turbulence characteristics downstream was rather small. In addition
the level of disturbances at the throat also depended on the distance from the
inlet. This suggests that focus should be on the disturbances at the throat rather
than on the amount at the inlet. Based on this, and since the accuracy of the
measurements has been questioned previously, e.g. in that Varghese et al. [44] for
Re = 500 found better agreement between their DNS and the LDV measurements
if the DNS model had a 73 % area reduction instead of 75%, no additional efforts
were made to find the "perfect" disturbances for this case.

In Paper II it was concluded that a scale resolving approach is necessary and
LES is suitable for transitional flows in stenosed pipes, and that addition of inlet
perturbations is one suitable tool to control transition in terms of location and
extent.

3.2.2 Energy Spectra

To further analyze the impact of the inlet perturbations velocity spectra of the flow
in the post-stenotic region in the model in Fig. 2 were computed. In accordance
with [44] non-dimensional spectra, E∗, were plotted against a non-dimensional
Strouhal number, NS , see Eq. 31 and Eq. 32. The spectra for Re = 1 000 and
Re = 2 000 with 1% and 10% disturbance at the inlet are shown in Fig. 12. The
lines corresponding to the -5/3-slope (inertial subrange) and -7-slope (dissipative
range [47]) are also shown in the figures.
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(a) (b)

(c) (d)

Figure 12: Spectral energy distribution in the post-stenotic turbulent flow in the geometry
in Fig. 2. The diagrams are for different Reynolds numbers and inlet disturbances. Due
to later onset of turbulence for Re = 1 000, 1% (a), the spectra are shown at 3D, 4D, 5D,
and 6D, instead of at 1D, 2D, 3D, and 4D for the other cases. The -5/3 slope and the -7
slope indicate the viscous subrange and the dissipating range, respectively.

With large perturbations, for the two studied Reynolds numbers, the turbu-
lence quickly attained a smooth energy distribution for a range of frequencies,
with both the inertial subrange and dissipative range discernable. The inertial sub-
range was relatively small, which was also indicated by the DNS-spectra. Com-
pared to [44] no peaks for lower frequencies were found, suggesting that these
perturbations were strong enough to destroy much of the vortex shedding. For the
cases with small disturbances there were peaks at lower frequencies in accordance
with the DNS results (for Re = 1 000), which indicates that the slight eccentricity
affected the stability similarly as the small disturbances.

Note that the spectra for Re =1 000 with 1% perturbations are shown at 3D,
4D, 5D, and 6D (due to the relatively late onset of turbulence), while they for
the other cases were computed at 1D, 2D, 3D, and 4D. In all cases the energy
eventually decreased in the axial direction, indicating less energy fed into the
energy cascade, reduced turbulence, and beginning relaminarization.
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3.2.3 RANS Modeling
Several studies comparing RANS-predictions to LDV measurements of stenotic
pipe flow have been presented, but the RANS models have so far not successfully
predicted the experiments. For comparison some RANS simulations were also
conducted within this work.

For Re = 1 000 standard, realizable, and RNG k − ε all predicted too early
onset of turbulence compared to LDV measurements and LES predictions. The
differences between the models were marginal. They were relatively insensitive
for disturbances at the inlet.

Fig. 13 shows velocity profiles predicted by SST k − ω and tSST from the
stenosis throat and downstream for Reynolds numbers 1 000 and 2 000, respec-
tively, compared to LES (highly disturbed, i.e. 10%). Both the SST k−ω and tSST
were more sensitive to inlet disturbances than the k − ε models. For Re = 1 000
both predicted earlier jet break down and reatachment than LES and LDV mea-
surements, n.b. even with essentially no disturbances at the inlet.

For Re = 2 000 the tSST, when run with large perturbations, matched the
disturbed LES remarkably well, to the author’s knowledge better than any RANS
model has done previously. Even for this Reynolds number both SST k − ω and
tSST responded to changed inlet perturbations, although SST k − ω was always
somewhat delayed compared to tSST, LES, and LDV. Some tests were also run
with the SAS model, but it behaved completely as a steady RANS without any
instabilities, even with large perturbations at the inlet.

Eq. 4 and 5 were used to estimate the Kolmogorov length and time scales from
the SST k − ω. For Re = 2000 η = 33 µm and τ = 90 µs, respectively, and for
Re = 3000 the corresponding values were 25 µm and 54 µs, respectively. Which
is comparable to the size of the red blood cells (about 8 µm).

In addition to the conclusions of Paper II it should now be said that at least the
more sophisticated tSST RANS model, which is supposed to handle transitional
flow, seems to be capable to predict mean flow properties of the stenotic pipe flow
reasonably well.
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3.3 WSS in Turbulent Flow

3.3.1 Steady Flow in an Axisymmetric Constricted Pipe

Paper III focuses on estimation and quantification of WSS in steady turbulent
flow in the stenotic pipe in Fig. 2. Fig. 14 and Fig. 15 illustrate different ways to
present and assess WSS, exemplified for Re = 2 000. Fig. 14 shows time signals of
axial and circumferential WSS at 2, 4, and 6 diameters downstream of the stenosis
throat (see Fig. 2). Apart from the scales not resolved by the LES this would be the
time-resolved WSS-signal sensed by the endothelial cells on the luminal surface.
Clearly WSS was affected by the turbulence.

(a) (b)

Figure 14: Instantaneous axial WSS (a) and circumferential WSS (b) at three different
locations for Re = 2 000 in the pipe in Fig. 2 . The turbulence is seen to affect the WSS,
although the oscillations are not as intense as those of the centerline velocity, see Fig. 4.

Time Averaged and Fluctuating WSS

Although Fig. 14 contains some qualitative information, practically it is not very
useful as it merely shows a behavior, and lacks general quantification. In addition
WSS is only showed at three points on the entire surface. In Fig. 15 (a) the axial
and circumferential WSS have been decomposed into a time averaged component
WSS and a fluctuating component wss’ according to Eq. 33 and 34. The values
were calculated every diameter from the stenosis throat and downstream. Inter-
estingly, compared to Fig. 11, maximum WSS fluctuation occurred upstream of
the maximum oscillations along the centerline. Fig. 15 (b) shows the time average
of the WSS magnitude and its fluctuation together with WSS magnitude extracted
from a steady RANS (in this case a k − ω SST).
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(a) (b)

Figure 15: (a) Time average and fluctuating part of the axial and circumferential WSS for
Re = 2 000 in the pipe in Fig. 2. A recirculation region is revealed by negative axial WSS.
Note the large fluctuations in the post-stenotic region. (b) Time average WSS magnitude
and its fluctuation compared with WSS magnitude extracted from a steady RANS. De-
pending on how the magnitude is determined, the results might be very different. These
plots are from Fig. 2 and Fig. 3 in Paper III.

To summarize the discussion in Paper III, the sign of the axial component
revealed a recirculation zone after the stenosis, which surrounded a jet, whose
break-down was associated with transition to turbulence and large fluctuating
components. It should be noted that the fluctuations in the axial and circumfer-
ential direction were approximately equal in size. As expected, the time average
of the circumferential component was zero whereas the axial went from being
negative in the recirculation zone to positive after reattachment. Consequently,
endothelial cells would be exposed to considerable fluctuations in both directions,
axially in a stretched state and circumferentially in a relaxed state.

In Fig. 15 (b), somewhat contradictory, WSS magnitude as predicted by LES
indicated a maximum while the RANS results showed a minimum (in fact zero
WSS) - at almost the same location. The magnitude was relatively high at this
location, however, as revealed in Fig. 13 and Fig. 14 in Paper II, so was also the
angular variation in this region. Hence, the components will change sign fre-
quently resulting in time averages of these equal to zero. Care should thus be
taken when evaluating WSS to avoid misinterpretations of the results.

As described above fluctuations of WSS reached a maximum somewhat up-
stream to the position where the velocity fluctuations were as largest, suggesting
some difference in development between centerline turbulence and wall turbu-
lence. To investigate this and to further assess how turbulence affects WSS, en-
ergy spectra of the axial WSS were computed in the post-stenotic region, and are
shown in Fig. 16.
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(a) (b)

(c) (d)

Figure 16: Power spectral density of axial WSS in the post-stenotic region of the pipe in
Fig. 2 for Re = 1 000 (a, b) and Re = 2 000 (c, d) with 1% (a, c) and and 10% (b, d)
intensity at the inlets.

Similar to the velocity spectra in Fig 12 (b) and (d) the spectral energy distri-
bution of WSS developed relatively quickly, and consequently endothelial cells
would not be affected by oscillations of any particular frequency, but rather of a
continuous range. For Re = 2 000 with small disturbances, Fig.16 (c), there was a
clear development of the spectral energy distribution, and at 2D there was a peak
around Ns = 35, possibly corresponding to one or several of the peaks between
Ns = 30 and Ns = 80 seen in the spectra of axial centerline velocity in Fig. 12
(c). For Re = 1 000 with 1% perturbations some peaks developed at 1D, i.e. ime-
diately after the constriction. These attenuated only slowly further downstream.
Consequently, in a longer transitional region, seen for the lower Reynolds num-
ber with moderate disturbances, endotheilial cells would be affected by shearing
loads with one or a few distinct frequencies, whereas higher Reynolds numbers
and stronger disturbances promote shearing loads of a smooth range of frequen-
cies.

39



CHAPTER 3. RESULTS AND DISCUSSION

3.3.2 WSS in Pulsating Flow
Normal blood flow is often considered laminar [3]. However, in Paper IV LES
is applied for flow in a healthy subject specific human aorta, and according to
Fig. 5 and 6 in the paper the situation is not necessarily that simple. Diastolic flow
in the human aorta exhibits a very complex pattern including jets, flow-reversal,
recirculation, and generally disturbed motion. Probably not turbulent in a sense
of after a transition, but yet sufficiently disturbed to be disqualified as a laminar
flow.

The figures particularly identify suspicious flow patterns along the inner cur-
vature of the arch and at the branches. Then, Fig. 7 in the Paper IV, repeated in
Fig. 17 here, identifies precisely these regions to distinguish in that both OSI and
TAWSS were comparably high. The black regions in Fig. 17 (b) were found inside
the red box in Fig. 17 (a). These results are of particular importance in that they
constitute a bridge between the medical and technical side of the work.

(a) (b)

Figure 17: (a) OSI vs. TAWSS (both based on phase average values). The red rectangle
marks points at which OSI and TAWSS are relatively high. When mapped back onto the
arterial surface (b) these points were localized to the branches and to the recirculation
zone on the inner curvature of the arch.

Decomposition of WSS was again utilized in Paper IV, now the WSS signal
was split into an average pulsating part (due to the periodic pulsations) and a fluc-
tuating part quantifying the deviation from the periodic pulsations. As seen in Fig.
9-12 of Paper IV the spatial variation (between the points) as well as the tempo-
ral variation at each point were significant. In addition, the interphasial variation
at each time point, sometimes comparable to the size of the TAWSS, indicated a
uniqueness of each pulse, which was also emphasized by Mittal et al. [47]. It is
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also worth to highlight the uniqueness of each branch, which becomes obvious
when points P1 to P4 are compared.

3.4 Towards Intervention Planning

The predictive capability of CFD simulations was addressed in Paper V, by eval-
uating pulsating flow in an idealized model of an aorta with coarctation and post-
stenotic dilatation. The flow was studied before and after a possible CoA repair,
but when the dilatation was left untreated. WSS and other hemodynamic parame-
ters known to affect the cardiovascular function were investigated before and after
treatment. The geometries are shown in Fig. 18.

(a) (b)

Figure 18: (a) Generic model of a human aorta with a coarctation and a post-stenotic
dilatation. After CoA repair (b) the remaining reduction of cross sectional area was 21%.
In both models the coordinate system had its origin in the middle of the throat.

In Paper V it was shown that leaving the dilatation untreated, deteriorate the
chance of success with the intervention. Fig. 19 shows TKE based on fluctua-
tions around the phase average velocity obtained from 50 consecutive pulses. One
can note the different characteristics between the first three (1D-3D) and the last
three (4D-6D), in that the TKE in the first points reached a maximum relatively
late in systole, whereas the maximum level is reached sooner (close to peak sys-
tole) at 4D to 6D, suggesting that the turbulence in a sense propagates upstream.
Clearly, the TKE was reduced considerably after CoA correction, but was still not
completely eliminated. Further investigations on this topic should be conducted.
Recent works have demonstrated that TKE can be measured using MRI [41, 42],
and since this has not been possible with WSS the clinical value of TKE is poten-
tially high.

41



CHAPTER 3. RESULTS AND DISCUSSION

(a) (b)

Figure 19: Turbulent kinetic energy (TKE) computed from 50 consecutive pulses before
(a) and after (b) CoA repair.

Fig. 20 shows axial and circumferential PAWSS during the first half of the
pulse at z=-R, y=-R, and y=R computed from 50 consecutive pulses. The val-
ues at z=-R were excluded due to symmetry over time, as was diastolic PAWSS
(t > 0.4 s), which was comparably small. First thing to note was that all asymme-
try caused by the arch was essentially destroyed by the constriction, particularly
for the axial PAWSS. Consequently, the circumferential component was essen-
tially associated with the three-dimensionality caused by turbulence. It became
prominent in the convergent part of the dilatation, at about 0.05 s, i.e. at onset of
turbulence and spatially after jet break down.

The tendency was similar for the phase fluctuation, i.e. the RMS deviation
form the phase average, see Fig. 21. Similarly to the results in Paper III the axial
and circumferential fluctuations were roughly equal, while the average compo-
nents differed in size. CoA repair with a slight remaining reduction of cross-
sectional area made the asymmetry marginally more pronounced, Fig. 22. The
fluctuating nature of WSS remained, Fig. 23, suggesting that the conditions for
further recovery were not optimal. This was also supported by the plots of angu-
lar variation (Fig. 7 and 8) in Paper V (where the tendency after repair even was
towards WSS acting more in opposite directions rather than in a limited range
around one direction). The oscillatory shear index (OSI) in fact indicated some-
what more fluctuations within a smaller region after this repair.

Paper V thus demonstrated a possible use of flow simulation for intervention
planing, as well as suggested that care should be taken to restore the entire geom-
etry, including the dilatation, at CoA repair.
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3.4. TOWARDS INTERVENTION PLANNING

Figure 20: Axial (upper row) and circumferential (lower row) PAWSS before CoA repair
along three lines: z=-R, y=-R, and y=R (see Fig. 18) during systole.

Figure 21: Fluctuations around the axial (upper row) and circumferential (lower row)
PAWSS before CoA repair along three lines: z=-R, y=-R, and y=R (see Fig. 18) during
systole.
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CHAPTER 3. RESULTS AND DISCUSSION

Figure 22: Axial (upper row) and circumferential (lower row) PAWSS after CoA repair
along three lines: z=-R, y=-R, and y=R (see Fig. 18) during systole.

Figure 23: Fluctuations around the axial (upper row) and circumferential (lower row)
PAWSS after CoA repair along three lines: z=-R, y=-R, and y=R (see Fig. 18) during
systole.
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3.5. OUTLOOK

3.5 Outlook
At the start of this work, CFD simulation of flow in subject specific vessel models
based on MRI measurements was a novel technique, but within the academia it
has now become a matter of routine.

Even though there is a method to handle complex arterial flows, it can be im-
proved. The interaction between non-Newtonian effects and turbulence needs to
be investigated, fluid-structure interaction is a necessary extension, already uti-
lized in several studies, as is the inclusion of the solid constituents of the blood,
i.e. multi phase flow, etc.

Naturally, the next step should be to enable routine use in clinics. This requires
larger studies with normals and patients, both before and after treatment in order
to verify the findings, also during longer periods.
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Chapter 4

Review of Appended Papers

Paper I

Feasibility of Patient Specific Aortic Blood Flow CFD Simulations, Johan
Svensson, Roland Gårdhagen, Einar Heiberg, Tino Ebbers, Dan Loyd, Toste Länne,
Matts Karlsson, Proceedings of MICCAI (Medical Image Computing and Computer-
Assisted Intervention), Copenhagen Denmark, ISBN 3-540-44707-5, 2-4 October,
2006.

The paper presents a semi automatic and easily executable procedure for con-
ducting CFD simulations of blood flow in two subject specific vessel models ob-
tained from MRI, and with measured velocity as boundary condition at the inlet
located in the ascending aorta. Velocity obtained from the simulations was com-
pared with MRI measurements in a cross section in the descending aorta, and
showed satisfactory agreement.

Author Contributions: Svensson and Gårdhagen did the simulations and
post-processing of the results. Heiberg developed the segmentation algorithm, and
Ebbers was responsible for MRI measurements. Loyd and Karlsson contributed
with experience from previous biofluid work, and with comments during the writ-
ing. Länne contributed with physiological experience and comments during the
writing.

Paper II

Large Eddy Simulation of Stenotic Flow for Wall Shear Stress Estimation -
Validation and Application, Roland Gårdhagen, Jonas Lantz, Fredrik Carlsson,
Matts Karlsson, WSEAS Transactions on Biology and Biomedicine, 2011, Vol. 8,
86-101.
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CHAPTER 4. REVIEW OF APPENDED PAPERS

This paper contains a thorough study on LES for transitional, non-pulsating
and pulsating flow in a stenotic pipe at physiologic Reynolds numbers. The range
of Reynolds numbers for which scale resolving simulations of pipe flow were
conducted was extended. Validation was done against DNS (for Re = 1 000) and
LDV measurements, and special attention was directed on using inlet disturbances
to control the post-stenotic turbulence. The oscillatory behavior of WSS was ad-
dressed by studying the angular variation at different locations along the pipe.
WSS was strongly affected by the turbulence and varied considerably in magni-
tude and direction along the pipe. Terms in the WSS gradient that are normally
neglected were found to be very large.

Author Contributions: Gårdhagen did the simulations, some of the post-
processing, and most of the writing. Lantz did some post processing and writing.
Carlsson advised and assisted during the simulations and writing. Karlsson initi-
ated the work, and guided through the investigation and writing.

Paper III
Quantifying Turbulent Wall Shear Stress in a Stenosed Pipe Using Large
Eddy Simulation, Roland Gårdhagen, Jonas Lantz, Fredrik Carlsson, Matts Karls-
son, Journal of Biomechanical Engineering, 2010, Vol. 132.

Results from a scale resolving technique were used to quantify and assess
WSS in turbulent flow in a new way: by a time average and a fluctuating compo-
nent, analogous to the Reynolds decomposition. Three regions of different WSS
patterns were discovered: the recirculation zone, reattachment, and after reat-
tachment. The fluctuations were generally large, and reached maximum at the
reattachment where they were of the same size as the average. Before was a re-
circulation zone with backward WSS and after reattachment WSS was mainly
oriented in the main flow direction.

Author Contributions: Gårdhagen did the simulations, some of the post-
processing, and most of the writing. Lantz did some post processing and writing.
Carlsson advised and assisted during the simulations and writing. Karlsson initi-
ated the work, and guided through the investigation and writing.

Paper IV
Quantifying turbulent wall shear stress in a subject specific human aorta
using large eddy simulation, Jonas Lantz, Roland Gårdhagen, Matts Karlsson,
Medical Engineering and Physics,2011, Vol.34, 1139-1148.

This work extended the method from Paper III to a subject specific vessel
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model (based on MRI measurements), and showed the physiological relevance of
the work. Regions of high OSI as well as TAWSS were found at the branches
from the arch, i.e. common sites for atherosclerotic lesions. Furthermore, phase
averages and the RMS deviation from these during 50 pulses showed large spatial
and temporal variations in the aorta.

Author Contributions: Lantz did the simulations, post processing, and most
of the writing. Gårdhagen contributed to the analysis and assessment of the results
and to the writing. Karlsson guided throughout the work.

Paper V
Large Eddy Simulation of Pulsating Flow Before and After CoA Repair -
CFD for Intervention Planning, Roland Gårdhagen, Fredrik Carlsson, Matts
Karlsson, Submitted for publication.

The methods introduced in the previous papers were applied for assessment
of CoA repair from a fluid dynamical aspect. Known risk factors for cardiovas-
cular disease including WSS and turbulence related parameters were investigated
before and after removal of the constriction but with a post-stenotic dilatation left
untreated. The remaining dilatation was found to deteriorate the result, and sev-
eral of the risk factors prevailed suggesting that the anatomy should be completely
restored.

Author Contributions: Gårdhagen did the simulations, post-processing, and
writing. Carlsson advised and assisted during the simulations and writing. Karls-
son guided through the work.
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