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Zusammenfassung
Die Verwendung moderner Supercomputer sowie numerischer Methoden hat es ermöglicht physiologische Strömungen zu simulieren. Hierdurch kann das Verständnis der Pathologie und Pathophysiologie
verschiedener Phänomene im menschlichen Körper verbessert werden.
Physiologische Strömungen können bereits bei geringen Reynoldszahlen (Re < 500) Turbulenz aufweisen.
Im Besondern das Umschlagen des Strömungsregimes im Blutfluss
intrakranieller Aneurysmen sowie der Zerebrospinalflüssigkeit (CSF)
im Spinalkanal wird in dieser Arbeit thematisiert. Die Untersuchungen wurden dabei mit Hilfe numerischer Simulationen unter Anwendung der Lattice-Boltzmann Methode (LBM) in patientenspezifischen
Fällen durchgeführt.
Im ersten Teil werden dazu die grundlegenden Eigenschaften des
Übergangs zur Turbulenz beschrieben sowie die angewandte LBM erläutert. Die Methodenvalidierung erfolgt anhand des Vergleichs von
Simulationen pulsierender Strömungen durch verengte Querschnitte
mit Literaturangaben. Darauf aufbauend wird dann das Verhalten
von oszillierenden Strömungen und insbesondere die Transition zwischen laminaren und turbulenten Zuständen näher untersucht.
Im zweiten Teil wird die Verbreitung und Pathophysiologie intrakranieller Aneurysmen dargelegt. Dazu werden Simulationen von
hämodynamischen Strömungsübergängen in Aneurysmen präsentiert.
Die geometrischen, morphologischen und fluiddynamischen Aspekte,
die in Aneurysmen zum Umschlag laminarer Strömungen in turbulente führen, werden diskutiert, um daraus Folgerungen aus physiologischer Sicht ziehen zu können.
Der dritte Teil der Arbeit widmet sich der Beschreibung der Pathologie und der damit verbundenen Pathophysiologie der Zerebrospinalflüssigkeit. Dieser Teil umfasst hydrodynamische Simulationen von
CSF im Subarachnoidalraum eines gesunden Subjekts und zweier
Patienten, die an der Chiari Malformation des Typs I leiden. Bei
einem Patienten weist die Zerebrospinalflüssigkeit umschlagsähnliche
Strömungscharakteristiken auf, während die Strömung des zweiten
vii

Patienten stark gestört ist. Beim gesunden Subjekt bleibt die Strömung hingegen laminar. Abschließend werden klinische Rückschlüsse
aus den Umschlagseigenschaften der Strömung im Zerebrospinalfluid
gezogen und umfassend diskutiert.
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Abstract
The advent of modern supercomputers and numerical methods has
made it possible to simulate physiological flows and improve our understanding of pathology and pathophysiology of various conditions
in the human body. Physiological flows, in spite of low Reynolds
number of < 500, can exhibit turbulent like activity due to the complexity of the underlying physiological mechanisms.
This thesis investigates the aspect of the onset of flow-transition
in blood flow in intracranial aneurysms and the cerebrospinal fluid
(CSF) flow in the spinal canal. The studies are carried out by conducting numerical simulations using the Lattice Boltzmann Method
(LBM) in subject specific cases.
The first part of the thesis describes the basics of transition to
turbulence, briefs the LBM and aspects related to High Performance
Computing. The methodology is validated by simulating transition
to turbulence in pulsatile stenotic flows and comparing the results
against literature. The work is then extended to explore transition in
oscillatory flow.
The second part elaborates the prevalence and pathophysiology of
intracranial aneurysms and reports simulations of transitional hemodynamics in aneurysms. The geometrical, morphological and fluid
dynamical aspects that lead to flow-transition in aneurysms are discussed and implications from a physiological point of view are drawn.
The third part of the thesis is devoted to a description of pathology
and pathophysiology of the CSF and presents simulations of CSF
hydrodynamics in the subarachnoid spaces of one healthy subject
and two patients suffering from Chiari malformation type I. The CSF
hydrodynamics exhibit transitional like characteristics in one of the
Chiari patients, the flow is highly disturbed in the other Chiari patient
while it stays laminar in the healthy subject. Clinical implications of
transitional CSF hydrodynamics are discussed in detail.

ix

Nomenclature
Symbols
δx

Spatial resolution

δt

Time step

u(x, t)

Ensemble averaged velocity

u′i (x, t)

Fluctuating component of the velocity

urms

Root mean squared velocity

s′ij

Fluctuating strain rate

η

Kolmogorov length scale

τη

Kolmogorov time scale

uη

Kolmogorov velocity scale

l

+

Ratio of grid resolution δx and η

t+

Ratio of temporal resolution δt and τη

I

Intensity of turbulence

fie

Equilibrium distribution function

νlattice

Lattice viscosity

σ

Standard deviation

∇u

Velocity gradient tensor

Q

Q, second invariant of velocity gradient tensor

Acronyms
Re

Reynolds number
xi

DNS

Direct numerical simulation

TKE,k

Turbulent kinetic energy

PSD

Power spectral density

LBM

Lattice Boltzmann method

BGK

Bhatnagar Gross Krook

MRT

Multi time relaxation

HPC

High performance computing

APES

Adaptable poly engineering simulator

FEM

Finite element method

FVM

Finite volume method

FSI

Fluid structure interaction

IA

Intracranial aneurysm

SAH

Subarachnoid hemorrhage

CoW

Circle of Willis

VA

Vertebral artery

BA

Basilar artery

ICA

Internal carotid artery

MCA

Middle cerebral artery

RBC

Red blood cell

MRI

Magnetic resonance imaging

PCMR

Phase contrast magnetic resonance

DSA

Digital subtraction angiogram

WSS

Wall shear stress

CSF

Cerebrospinal fluid

xii

SAS

Subarachnoid space

CNS

Central nervous system

CMI

Chiari malformation type I

CVJ

Cranio vertebral junction

FM

Foramen magnum

CP

Choroid Plexus

LES

Large eddy scale

xiii

Contents
Acknowledgements

iii

Zusammenfassung

vii

Abstract

ix

Nomenclature

xi

I Introduction, methodology and validation

1

0 Introduction
An introduction to the pursued research with background, motivation, goals and structure of the dissertation.
0.1 General context . . . . . . . . . . . . . . . . . . . . . .
0.2 Specific motivation and aspiration of the thesis . . . .
0.3 Structure of the thesis . . . . . . . . . . . . . . . . . .

3

1 Methodology
Basics of transitional flows and their statistical description are described and the Lattice Boltzmann
Method is briefed with an emphasis on its choice for
the studies of transitional physiological flows. The
need for high performance computing is discussed with
a description of the APES framework.
1.1 Transitional Flows . . . . . . . . . . . . . . . . . . . .
1.1.1 Statistical description of transitional flows . . .

11

xv

3
4
8

11
14

Contents

1.2

1.3

1.1.2 The scales of turbulent motion . . . . .
The Lattice Boltzmann Method . . . . . . . . .
1.2.1 The Lattice Boltzmann Equation . . . .
1.2.2 Initial transients in the LBM . . . . . .
1.2.3 Efficacy of the LBM in modeling of physiological flows . . . . . . . . . . . . . . .
High Performance Computing . . . . . . . . . .
1.3.1 APES Framework . . . . . . . . . . . .

.
.
.
.

.
.
.
.

.
.
.
.

.
.
.
.

16
22
23
29

. . . .
. . . .
. . . .

31
33
36

2 Validation of methodology – transition to
turbulence in a stenosed pipe
Pulsating flow through a cylindrical pipe with a smooth
sinusoidal obstruction is computed using LBM and
results are compared against literature. The work is
then extended to explore conditions for the transition
of flow in a purely oscillatory flow. Results agree well
with the literature and the Reynolds number for transition in an oscillatory flow is shown to increase by
∼ 3 times in the same geometry.
2.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . .
2.2 Problem Setup . . . . . . . . . . . . . . . . . . . . . .
2.3 Transition to turbulence in a pulsating flow through
stenosis . . . . . . . . . . . . . . . . . . . . . . . . . .
2.3.1 Pulsating flow through axisymmetric stenosis .
2.3.2 Pulsating flow through eccentric stenosis
- transition to turbulence . . . . . . . . . . . .
2.3.3 Turbulent Characteristics of the Flow . . . . .
2.3.4 Analysis of the flow and comparison to
previous work . . . . . . . . . . . . . . . . . . .
2.3.5 Employed resolutions and numerical method .
2.4 Transition to turbulence in an oscillatory flow
through stenosis . . . . . . . . . . . . . . . . . . . . .
2.4.1 Oscillating flow through axisymmetric stenosis
2.4.2 Oscillating flow through eccentric stenosis - transition to turbulence . . . . . . . . . .
xvi

39

40
42
47
47
48
53
60
62
64
65
66

Contents
2.4.3
2.4.4
2.4.5

Turbulent Characteristics of the Flow . . . . .
Analysis of the oscillatory flow, and comparison to pulsating flow . . . . . . . . . . . . .
On the mechanisms of perturbation in
flow that leads to transition . . . . . . . . . . .

70
76
80

II Hemodynamics in intracranial aneurysms
83
3 Pathophysiology, prevalence and hemodynamics of intracranial aneurysms
The pathophysiology, prevalence and morphology of
intracranial aneurysms with an emphasis on hemodynamics are discussed. Current trends in modeling
and simulation of hemodynamics and the challenges
in this direction are elaborated.
3.1 Intracranial aneurysms . . . . . . . . . . . . . . . .
3.1.1 Prevalence . . . . . . . . . . . . . . . . . . .
3.1.2 Types and morphology of aneurysms . . . .
3.1.3 Pathophysiology . . . . . . . . . . . . . . .
3.1.4 Diagnosis and treatment . . . . . . . . . . .
3.2 Hemodynamics . . . . . . . . . . . . . . . . . . . .
3.2.1 Transitional hemodynamics . . . . . . . . .
3.3 Related work in modeling of hemodynamic environment in intracranial aneurysms . . . . . . . .
3.3.1 The international aneurysm CFD challenge
3.3.2 Modeling transitional hemodynamics in
aneurysms . . . . . . . . . . . . . . . . . . .
4 Transitional hemodynamics in intracranial
aneurysms

85

.
.
.
.
.
.
.

.
.
.
.
.
.
.

85
87
87
89
90
92
93

. .
. .

94
96

. .

97

101
xvii

Contents
Spatial and temporal resolutions for the capture of
intricate transitional flow in two aneurysms are scrutinized. The critical Reynolds number for transition
is explored and compared for steady and pulsatile
flow conditions. Implications of transitional flow in
aneurysms are discussed from a physiological, fluid
mechanical and numerical point of view.
4.1 Introduction . . . . . . . . . . . . . . . . . . . .
4.2 Methodology . . . . . . . . . . . . . . . . . . .
4.3 Results . . . . . . . . . . . . . . . . . . . . . . .
4.3.1 Comparison for 12 aneurysms . . . . . .
4.3.2 Mesh dependent changes . . . . . . . . .
4.3.3 Critical Reynolds number . . . . . . . .
4.4 Discussion . . . . . . . . . . . . . . . . . . . . .

.
.
.
.
.
.
.

.
.
.
.
.
.
.

.
.
.
.
.
.
.

5 Comparative velocity investigations in aneurysms:
LBM based DNS, ANSYS Fluent and MRI
Velocity fields computed from LBM based fully resolved direct numerical simulations on two basilar
artery aneurysms – one with transitional flow and
the other with disturbed yet laminar flow are compared against those computed from normal resolution
ANSYS Fluent simulations and clinical data acquired
from MR imaging.
5.1 Introduction and related work . . . . . . . . . . . . .
5.2 Methodology . . . . . . . . . . . . . . . . . . . . . .
5.2.1 Magnetic resonance imaging . . . . . . . . . .
5.2.2 Computational Fluid Dynamics . . . . . . . .
5.2.3 Comparison . . . . . . . . . . . . . . . . . . .
5.3 Results . . . . . . . . . . . . . . . . . . . . . . . . . .
5.3.1 Comparison for aneurysm BA≡ with laminar flow . . . . . . . . . . . . . . . . . . . . .
5.3.2 Comparison for aneurysm BA≈ with transitional flow . . . . . . . . . . . . . . . . . . .
5.4 Discussion . . . . . . . . . . . . . . . . . . . . . . . .
xviii

.
.
.
.
.
.
.

101
102
109
109
111
114
118
125

.
.
.
.
.
.

125
127
127
129
130
130

. 131
. 134
. 137

Contents

III Hydrodynamics of the cerebrospinal
fluid
6 Physiology and pathophysiology of the cerebrospinal fluid
Physiological details of the CSF circulation and the
pathophysiology of associated conditions are elaborated. Emphasis is on the anatomical details that are
of relevance in the simulation of fluid dynamics in
Chiari I malformation.
6.1 Introduction . . . . . . . . . . . . . . . . . . . .
6.2 Anatomy and Physiology . . . . . . . . . . . .
6.3 Pathophysiology . . . . . . . . . . . . . . . . .
6.4 Modeling . . . . . . . . . . . . . . . . . . . . .

143
145

.
.
.
.

.
.
.
.

.
.
.
.

7 Transitional hydrodynamics of the cerebrospinal
fluid in Chiari I malformation
Results of direct numerical simulations conducted
on a control subject and two Chiari I patients are
presented and discussed. The flow remains laminar
in the control subject, there are rapid velocity fluctuations in one Chiari patient, and the flow shows
laminar instabilities in the second patient. Causes
that lead to CSF flow transition in Chiari patients
are analyzed and clinical significance is discussed.
7.1 Introduction . . . . . . . . . . . . . . . . . . . . . . .
7.2 Methodology . . . . . . . . . . . . . . . . . . . . . .
7.2.1 Boundary Conditions . . . . . . . . . . . . .
7.2.2 Computational details . . . . . . . . . . . . .
7.3 Results . . . . . . . . . . . . . . . . . . . . . . . . . .
7.3.1 CSF Velocities . . . . . . . . . . . . . . . . .
7.3.2 SAS Pressure Drop . . . . . . . . . . . . . . .
7.3.3 Turbulent characteristics of the flow . . . . .
7.3.4 Kolmogorov micro-scales . . . . . . . . . . . .
7.4 Discussion . . . . . . . . . . . . . . . . . . . . . . . .

.
.
.
.

145
146
152
156
159

.
.
.
.
.
.
.
.
.
.

160
161
163
165
167
167
172
173
176
177
xix

Contents
.1

Mesh sensitivity analysis . . . . . . . . . . . . . . . . . 187

IV Conclusions, summary and outlook
8 Conclusions and outlook for future research
The thesis is summarized with conclusions. Implications of the results and main limitations are discussed. An outlook for research that can be pursued
in the direction of this thesis is presented.
8.1 Summary and conclusions . . . . . . . . . . . . .
8.1.1 Physiological aspects . . . . . . . . . . . .
8.1.2 Fluid mechanical aspects . . . . . . . . .
8.2 Principal Limitations . . . . . . . . . . . . . . . .
8.3 Outlook for future research . . . . . . . . . . . .
8.3.1 Physiological . . . . . . . . . . . . . . . .
8.3.2 Fluid Mechanics & Numerical Modeling .
8.3.3 High Performance Computing . . . . . . .

189
191

.
.
.
.
.
.
.
.

.
.
.
.
.
.
.
.

.
.
.
.
.
.
.
.

191
192
194
195
196
197
199
200

List of figures

203

List of tables

209

References

211

xx

Part I

Introduction,
methodology and
validation

1

0

Introduction
0.1 GENERAL CONTEXT

Computers have been rapidly evolving, and it was already in the
early sixties that the need for parallelism was identified that led to
the development of several interconnected computers or one supercomputer. The largest supercomputer at the time of writing this
thesis consists of more than 3 million cores with a peak performance
of over 54 thousand teraflops per second. The specific use of these
supercomputers is execution of numerical simulations. As the name
suggests a numerical simulation is a representation or prediction of
a physical process using numerical methods. The processes that can
be numerically modeled opens up a wide area as this ranges from
various sub-disciplines of Engineering to Finance and Weather. The
process is described by a differential equation that abstracts it in a
concrete form to represent it in a mathematical language. The solution of such a differential equation is approximated by means of
numerical methods that are implemented in the form of computer
programs to simulate the underlying physical process. The physical process that is modeled in this thesis concerns fluid dynamics in
3
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general, and physiological flows in particular.
Simulation of fluid flows using computational fluid dynamics (CFD)
poses numerical and computational challenges. CFD seeks to compute fundamental physical variables like velocity and pressure to
name a few by numerically discretizing the equations that describe
the flow namely the Navier Stokes equations (NSE). The NSE themselves are based on the basic principles of conservation of mass, momentum and energy. The way numerical discretization of the NSE is
performed poses additional challenges as the scheme has to be consistent, stable and convergent. Moreover, the choice of a numerical
technique for a particular problem depends on the nature of the flow,
complexity of the conduit and the goal of the simulation – that what
specific physical question is expected to be answered from the simulation.
The flow in question, in the whole length of this thesis is of a biological nature that moves in complex anatomical geometries – that
most often in patient specific pathological cases. Application of mathematics to model a physiological process has existed even before the
advent of computers, see for example mathematical model of the cerebrospinal fluid described by Monro 143 . With the rapid increase in
computing power however it has not only become possible but necessary to model the physiological, pathological and biological processes
for an understanding of the complex processes.
0.2 SPECIFIC MOTIVATION AND ASPIRATION OF THE THESIS

The genesis of the ideas that this thesis pursues were a conglomeration
of various factors, most important of which were the growing interest in modeling hemodynamics, the expanding interest in the Lattice
Boltzmann Method (LBM) due to its computational efficiency and
scalability, and a rapid development in the large scale compute resources in Germany.
The specific interest of the CFD community in modeling hemodynamic environment inside intracranial aneurysms was ever-growing,
4
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and various new ideas and developments have come up over time in
this research area (described in section 3.3). A novel finding that surfaced in this direction in 2011 was a publication from Valen-Sendstad
et al. 218 in which the authors reported occurrence of high frequency
fluctuations in aneurysms by performing computational simulations
of reasonable resolutions and accuracy using finite element methods
(FEM), thereby challenging the common assumption of laminar flow
in aneurysms, due to the low parent artery Reynolds number (usually < 500). As mentioned in the preceding section, the choice of a
numerical technique, and its fine-tuning depends, to a certain extent,
on the flow regime in question. An a priori assumption that the flow
in aneurysms is laminar governs the choice of resolutions in a numerical technique that are tailored for laminar flow, and overlooks any
transitional phenomena that may be physically present in the flow in
question.
A combination of the need to perform highly resolved simulations
and the advances in LBM developed the specific motivation of this
thesis, as a curiosity to evaluate the simplest scheme of the LBM to reproduce the presence of transitional flow in the same aneurysms studied by 218,219 , and to explore the ideal setup of parameters and resolutions of the LB method to capture such a phenomena in aneurysms.
The first results of this thesis showed an excellent agreement with 219
i.e. the same aneurysms (5 out of 12) had transitional flow and the
same (7 out of 12) had laminar flow (section 4.3.1). The 12 aneurysms
in the initial simulations were discretized with an average of 15 million
cells and the simulations were conducted on 360 cores of the compute
cluster installed at the RWTH Aachen University, Germany. The
difference in results however was the detection of larger fluctuations
by the LB method due to the spatial and temporal resolutions that,
even though were still under-resolved for a complex transitional flow,
were considerably higher than 218,219 .
A novel finding of transitional flow in aneurysms has spurred an
interest among the scientific community that seek to find answers to
technical issues like resolutions required for an accurate assessment
of transitional flow, and explore the clinical significance of such an
5

0. Introduction
occurrence 225,161,221,96 – if present at all in vivo. It was imperative
for the accurate assessment of a transitional flow that simulations be
conducted at scales proximal to the smallest structures that can appear in a turbulent flow namely the Kolmogorov micro-scales. The
LB method turned out to be a natural choice for the direct numerical simulation (DNS) of physiological flows as it could scale up to an
arbitrary number of cores, and could represent complex anatomical
geometries with ease. The method on the other hand could also simulate aneurysmal hemodynamics for a brief insight on a personal work
station. These ideas then eventually evolved towards an in-depth
analysis of spatial and temporal resolutions up to which hemodynamic quantities computed by CFD may change in aneurysms, and
may depend on the flow regime – the number of fluid cells then exceeded one billion and the number of utilized cores reached 100000.
This initial work of the thesis, which can be termed as the first ever
fully resolved direct numerical simulation of transitional hemodynamics in aneurysms paved path to pursue further ideas in this direction,
and evaluate LBM for the simulation of such flows on one hand, and
to explore the onset of flow transition in varied physiological applications on the other – using LBM. This was followed up by the exploration of the critical Reynolds number at which the flow transitions
to turbulence in aneurysms, and the ideas furthered to investigate the
possibility of transitional hydrodynamics of the cerebrospinal fluid in
patients suffering from Chiari malformation type I.
The physiological applications namely hemodynamics in intracranial aneurysms and CSF hydrodynamics in the spinal canal form the
core of this thesis while a fundamental understanding of transition of
a flow to turbulence is sought through simulations on simple, yet complex stenosed pipe in chapter 2. The chapter 2 may thus be viewed
as a minor diversion in path as the work there compares results of
LBM simulations against previously published experiments and simulations, and explores the conditions for transition to turbulence for
a purely oscillatory flow with zero mean.
The complex applications like hemodynamics in aneurysms and
hydrodynamics of the cerebrospinal fluid are thus complemented with
6

0.2. Specific motivation and aspiration of the thesis
basic simulations of flow in simple pipes. The latter establishes the
validity of the methodology for the simulation of former while the
physical principles that are explored by simple simulations help in
understanding, and development of methods and ideas for varied applications.
A central idea, and the result of this thesis, within the limitations
of modeling is a gauge into the geometrical factors that lead to hydrodynamic instability and force the fluid to leave its laminar regime
and enter into a transitional one. The thesis will show high intensity fluctuations in flow at Reynolds number less than 250 and will
depict stable and laminar flow with no hydrodynamic fluctuations at
Reynolds number as large as 1800, with a generic conclusion that will
classify the complexity of the conduit as an initiator and enhancer of
transitional flow.

Figure 1 Vorticity magnitude across a bisecting plane during the peak of a
sinusoidally pulsating flow through a rigid cylindrical pipe. The plots that are
placed one diameter apart portray the axial centerline velocity over the 40th cycle.
The cycle averaged Reynolds number based on the diameter of the pipe is 8000.
The total length of the pipe is 80 diameters (80D) and only 12 diameters (±6D)
in the center are shown. The flow profile in the background as well as the velocity
plots depict a laminar flow.

Whereas such results and conclusions will follow in the subsequent
chapters, lets put this aspect into our intuition already by looking at
the flow dynamics inside a constant diameter rigid pipe with circular
cross section. Figure 1 depicts the axial centerline velocity in such
a pipe with sinusoidally pulsating flow at a cycle averaged Reynolds
number of 8000 while the vorticity magnitude over a bisecting axial
plane during peak of the last cycle is shown in the background. A
total of 40 sinusoidal cycles were computed using the LBM solver
Musubi with extremely high resolutions (corresponding to table 2.1
in chapter 2 that resulted in ∼ 1.5 billion cells), and the velocity
traces during the last cycle are shown in this figure. The total length
7
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of the pipe is 80D where D is the principal diameter of the pipe,
and the figure shows the flow over a length of 12 diameters in the
center (x = ±6D, with 0 as the center of the pipe). The absence of
any fluctuations whatsoever at such a high Reynolds number might
appear startling at a first glance. We shall delve into the detailed
reasons for such an absence later in this thesis – it may already be
mentioned that a flow in a numerical simulation may not transition to
turbulence in the absence of a finite perturbation, and the complexity
of the geometry thus not only acts as a source of perturbation but
governs the critical Reynolds number at which the flow transitions.
0.3 STRUCTURE OF THE THESIS

The thesis is organized into four parts. The first part is dedicated
to the present introduction, an explanation of the methods employed
in the studies, and a validation of the methodology for the simulation of transitional physiological flows. The second part is reserved
for the medical background and simulations of transitional hemodynamics in intracranial aneurysms. Part three of the thesis explains
the cerebrospinal fluid (CSF) and related anomalies, and discusses
the results of simulations. The final part concludes the thesis with
recommendations for future research.
The chapters that contain simulation results follow a generic structure wherein the problem in question is introduced followed by the
methodology and a presentation of the results. The results section of
such chapters only presents the results and quantifies the quantities
that are of interest. Interpretation of the results, and the implications
of those results from a physiological, numerical and fluid mechanical
point of view are discussed after the presentation of the results.
Chapter 1 explains the methodology that is employed in the thesis.
The Lattice Boltzmann Method is explained from a user’s perspective. The physics of transitional flows, and the statistical principles
that are used for the analysis of such flows are elaborated. The chapter ends with an introduction to high performance computing, and
8
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the APES simulation framework that was employed throughout for
the studies of the thesis.
Chapter 2 explores the parameters and resolutions at which the
LBM solver Musubi reproduces transition to turbulence in a physiologically realistic geometry that has been experimentally and numerically studied before. In the first part of the chapter, simulations of
pulsating flow on a stenosed cylindrical pipe are conducted, results
are compared against published literature, and Kolmogorov microscales are quantified while discussing the implications of high and
low resolutions for such simulations.
The work is then extended to explore the conditions for transition
to turbulence in oscillatory flow through the same stenosed pipe.
Chapter 3 starts with an explanation of the pathophysiology and
prevalence of intracranial aneurysms and continues to elaborate the
common anatomical details of the brain that are of relevance for an
understanding of aneurysms and follow the terminologies that are
used in the proceeding chapters. A review of the related work that
applies CFD to understand pathogenesis, growth, rupture and hemodynamics of aneurysms is presented and the conflicting theories are
highlighted. The chapter concludes with a discussion on challenges
that engineers face in computations, and the initiatives that scientific
communities have taken to overcome these challenges.
Chapter 4 presents the results of simulations on aneurysms with
laminar and transitional flow. The chapter, at first, explores the spatial and temporal limits up to which hemodynamics in aneurysms experience change, and Kolmogorov micro-scales are quantified at resolutions that are proximal to the size of a red blood cell. The outcomes
of the refinement study are taken as a basis to further the work and
explore the critical Reynolds number at which the flow leaves the laminar regime in aneurysms to step into a transitional one. Moreover,
whether or not the flow transitions to turbulence in the aneurysm
with laminar flow is explored by increasing the Reynolds number up
to a value that is still physiologically realistic. The last part of the
9
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chapter analyzes the clinical and technical implications of a transitional regime in aneurysms.
Chapter 5 compares velocity fields obtained from fully resolved LBM
based DNS, reasonably well resolved simulations from a commercially
available solver ANSYS Fluent against those acquired from in vivo
magnetic resonance imaging. Two aneurysms at the basilar artery
with laminar and transitional flow each are chosen for this study,
and the discrepancies between different techniques are qualitatively
identified.
Chapter 6 steps into a different physiological flow namely the cerebrospinal fluid (CSF). The focus of the chapter is on the physiology and pathophysiology of the CSF with emphasis on disorders like
Chiari malformation type I. The efforts of various research groups
that model CSF hydrodynamics are reviewed.
Chapter 7 presents the results of direct numerical simulations conducted on the cervical subarachnoid spaces of one healthy volunteer
and two patients suffering from Chiari malformation type I. The oscillatory CSF flow in the complex spinal canal is shown to exhibit
fluctuations resembling transitional flow in Chiari patients whereas
the flow remains laminar in the control subject. The analysis of the
results suggest implications of such an occurrence and provides rationale behind the limitations of the study – made for a simplification
of the complex biological phenomena.
Chapter 8 summarizes the main findings of the thesis, discusses
principal limitations and proposes an outlook for future research in
the direction of modeling physiological flows with an emphasis on the
relevance of transition like behavior exhibited by such flows.

10

1

Methodology

This chapter describes transitional flows, and terminologies associated
to such flows. The mathematical principles and tools that help in the
analysis of such flows are detailed. The Lattice Boltzmann Method
(LBM) is briefly introduced with its strengths and limitations for
the simulation of transitional physiological flows of this thesis. Main
concepts related to high performance computing (HPC) that is indispensable for the simulation of transitional physiological flows in
anatomically realistic geometries are discussed with a brief overview
of the APES simulation framework.
1.1 TRANSITIONAL FLOWS

The motion of fluids can typically take one of the two states, laminar
flow which is smooth and turbulent flow which is chaotic and manifests strong velocity fluctuations, high mixing rates and dissipation.
Flows tend to be laminar at low speeds whereas at high speeds they
tend to be turbulent. The intermediate speed at which flow leaves the
laminar regime, and steps into a chaotic one with minor fluctuations
is termed transitional. The transition between these two states is one
11
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of the central, yet most difficult problems scientists and engineers
have been facing in the area of fluid dynamics.
The onset of turbulence in an ordinary pipe has remained a question of curiosity among scientists, and dates back to the study of Osborne Reynolds in the late 19th century 167 . Reynolds’ experiments
led to a basic definition of fluid flow based on a dimensionless number
that is a ratio of inertial to viscous forces, the Reynolds number (Re).
Observations from Reynolds’ experiments then led to a revolutionary
finding in fluid mechanics: that the critical point at which the flow
transitions can be expressed in terms of the Reynolds number. The
value of Reynolds number at which flow transitions in a simple pipe
has been debated throughout history and the values reported in the
literature vary, typically ranging from 1700 to 2300 55,38,51 , and even
3000 50 .
Conditions for transition to turbulence have also been of interest to physiologists as to whether and when the flow transitions to
turbulence in the cardiovascular system 35,76 . Turbulence may influence pressure-flow relations, generation and propagation of disturbances, local mixing of blood, hemolysis, and thrombosis. Moreover,
turbulence in the spinal canal can impact the mechanisms behind
intrathecal drug delivery 75 . A laminar pipe flow is stable to infinitesimal perturbations 45 . A flow at sufficiently high speed requires
a disturbance of finite amplitude for the flow to transition towards
turbulence 167,38,50 . The mechanisms, and findings from engineering
studies are generally extrapolated to the physiological system without
regard to the underlying simplifications of the complex biological system. Cardiovascular flows however proliferate through very complex
and chaotic domains – a fact that is expected to act as a perturbation
in the flow, and transition it towards turbulence, perhaps at a much
lower Re than what the experiments for pipes have suggested (recall
figure 1 where we did not see any turbulence in a pipe with Re up to
8000).
Based on the above arguments, the whole foundation of this thesis rests on the fact that physiological flows, due to their temporal
complexity, and the complexity of the anatomical geometries, may
12
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leave the laminar regime, particularly in pathological conditions, and
exhibit turbulent or transition like phenomena.

Figure 1.1 Phenomenological description of a transitional flow corresponding
to velocity traces at x = 2D for an oscillating flow through eccentric stenosis of
figure 2.16a. The fluctuations occur in the form of bursts or puffs in parts of the
cycle. The acceleration of flow dismantles these fluctuations to re-laminarize the
flow whereas deceleration results in emergence of coherent vortices.

Transition to turbulence, a terminology used in the whole
length of this thesis, is viewed as the occurrence of fluctuations in velocity in parts of the cycle in form of bursts
or puffs. These puffs sustain in localized regions of the
domain in the form of slugs that merge, annihilate and
experience change in size and shape at rapid time scales.
The fluctuations may exhibit frequencies in the range of 102 to
10 Hz in the inertial range (discussed in subsection 1.1.2). This
view is consistent with definitions of transition to turbulence used in
literature, see for example Samuelsson et al. 181 , Varghese et al. 224 ,
Yellin 238 , Cassanova & Giddens 24 to mention a few. A phenomenological description of a flow that has left the laminar regime to exhibit rapid fluctuations is given in figure 1.1, which shows the velocity
traces corresponding to x = 2D of figure 2.16a during the last 5 cycles of the simulation. Corresponding to the view presented above,
the fluctuations commence during peak flow, are enhanced during
deceleration phase before a re-laminarization during the acceleration
phase of the cycle. This process repeats periodically upon each cycle,
although some visible variations can be seen in characteristics from
one cycle to another. A typical characteristic of a transitional flow
is that the acceleration phase of the cycle stabilizes or re-laminarizes
4
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the flow field while deceleration results in chaotic activity, as shall be
observed throughout the results in subsequent chapters.
The capture, assessment and quantification of such phenomena
is possible only be means of direct numerical simulation (DNS) employed in the whole length of this thesis. The principal idea of a DNS
is to resolve all the spatial and temporal scales that might appear in
a turbulent flow. Modeling of turbulence on the other hand models
the effect that the small scales have on the principal flow dynamics
(the scales of turbulent motion are discussed in subsection 1.1.2), and
is not suitable for a transitional flow.
1.1.1

Statistical description of transitional flows

In this thesis, spatial and temporal averaging has been employed to
describe and analyze the flow characteristics as statistics are the only
reproducible quantities in a chaotic flow 162,48 . The strategy that is
followed is to place many probes in regions of interest in a conduit that
cover almost all the locations in that region. The number of placed
probes has been as few as 10 and as large as 2000 depending on the
complexity of the geometry, and property of the fluid in question. The
physical quantities of the flow are gathered at these probes during
the length of the simulation, and are spatially and/or temporally
averaged. These details are mentioned for each simulation in the
subsequent chapters.
To wash away the transients due to initial conditions in LBM 168 ,
the initial ∼ 2 − 5 seconds (in case of steady inflow) or ∼ 2 − 5 cycles
(in case of time dependent inflow) are abridged from the analysis of
the flow – the number of cycles that should be abridged depends on
the nature, regime and Reynolds number of the flow.
Assuming n as the number of cycles needed for the analysis after
truncation of cycles containing initial transients, ensemble average
over n cycles is then defined as:
u(x, t) =

n−1
1∑
u(x, t + kT )
n
k=0
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where u(x, t) is the instantaneous point wise velocity field, x denotes
the spatial coordinates, t is the time and T is the period of cardiac
cycle.
The aperiodic nature of the transitional flow is a key ingredient
of studies in this thesis, as it results in cycle-to-cycle variations. For
transitional flows, each cardiac cycle is different from previous one
characterized by changing turbulent characteristics. These characteristics for a cycle might be slightly or largely different from the
previous one, and a highly chaotic flow regime might never converge
to a repeating pattern.
The analysis of the turbulent component is based on the fact that
it is present on the top of a mean flow, and the stochastic fluctuation needs to be extracted from this mean flow. This is accomplished by Reynold’s decomposition in which the instantaneous threedimensional velocity field is decomposed into a mean and a fluctuating
part i.e.
ui (x, t) = ūi (x) + u′i (x, t)

(1.2)

where ui (x, t) represents ith component of the velocity, x is the spatial
coordinate and t is the time instant.
Reynold’s decomposition however intrinsically assumes that turbulence is the only source of fluctuation in the flow 7,161 . Moreover,
in an oscillatory flow which does not experience a shift in phase, a
suitable method for extraction of turbulent component is triple decomposition introduced by Hussain & Reynolds 88 . The equation 1.2,
in triple decomposition changes to:
ui (x, t) = ūi (x) + u′i (x, t) + ũi (x, ϕ)

(1.3)

i.e. a periodic component denoted by ũi (x, ϕ) gets added to Reynolds’
decomposition. The phase is defined as ϕ = mod(t/T ) where T is the
total length of the cycle. The method of triple decomposition also
takes cycle-to-cycle variations into account† .
† This thesis aims to quantify cycle-to-cycle variations separately, which is why
triple decomposition is used only in the analysis of oscillating flow in stenosis in
section 2.4 for evaluation purpose.
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The strength of turbulence is defined in terms of root mean square
(rms) of the fluctuating components of the velocity in each direction:
v
u
N
u1 ∑
urms = t
(u′ )2
(1.4)
N i=1 i
where N represents the total number of discrete observations in time
at a spatial coordinate. The urms can be viewed as a standard deviation of a set of random velocity fluctuations u′i in each direction; a
higher urms would thus indicate a higher level of turbulence. Intensity of turbulence can then be defined as:
I=

urms
ū

(1.5)

The Turbulent Kinetic Energy (TKE) is derived from the fluctuating components of the velocity in 3 directions as:
)
1 ( ′2
′2
(1.6)
k=
ux + u′2
y + uz
2
where fluctuating components of the velocity can be obtained from
either equation 1.2 or 1.3.
1.1.2

The scales of turbulent motion

Turbulence can be considered to be composed of eddies of different
sizes, of say size l. Richardson’s notion on the size of these eddies
is that the large eddies are unstable and they break up, transferring
their energy to somewhat smaller eddies 162 . This process continues
and these smaller eddies transfer energy to even smaller eddies, and
this process is termed as the energy cascade. This process comes
to a halt when the local Reynolds number is sufficiently small that
the motion of eddies is stable, and molecular viscosity is effective in
dissipating the kinetic energy.
A turbulent flow is thus fundamentally characterized according
to the way the TKE is distributed over the multiplicity of scales.
16

1.1. Transitional Flows
The Kolmogorov’s hypothesis was an attempt to answer several of
the unanswered questions for example what might be the size of the
smallest eddies that are responsible for the dissipation of energy?
Whereas details of Kolmogorov’s theory can be referred to in standard text books by Pope 162 and Durbin & Reif 48 , the first similarity
hypothesis by Kolmogorov said:
In every turbulent flow at sufficiently high Reynolds number, the statistics of the small-scale motions have a universal form that is uniquely determined by kinematic viscosity
ν and dissipation ϵ, and this size range is referred to as
the universal equilibrium range.
On the basis of Kolmogorov’s theory i.e. based on two parameters ν
and ϵ, there are unique length (η), velocity (uη ) and time scales (τη )
that can be formed, and they are the celebrated Kolmogorov scales:‡
1

η ≡ (ν 3 /ϵ) 4 ,
1

τη ≡ (ν/ϵ) 2 and
1

uη ≡ (νϵ) 4

(1.7)
(1.8)
(1.9)

At the Kolmogorov scales, the viscosity dominates and the TKE
is dissipated into heat. We may relate the previous discussion on
DNS now to the Kolmogorov scales. We noted that the classical
definition of DNS is to not incorporate any turbulence model for
closure. Thus any simulation with non-closure is principally a direct
numerical simulation. In general, the Kolmogorov length scale η is
quoted as the smallest scale that needs to be resolved for an accurate
DNS of turbulent flows. A review by Moin & Mahesh 142 has however
suggested that the smallest resolved length scale for a DNS can be
O(η). In studies of transitional flows of this thesis, we shall follow the
aforesaid argumentation for the assessment of the quality of DNS.
‡ Some literature refers to Kolmogorov scales as Kolmogorov micro-scales. We
shall follow the latter term because the simulations within this thesis are of the
order of µm and micro-scales thus relates better to it.
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DNS quality assessment with Kolmogorov micro-scales
The quality of the spatial and the temporal resolutions employed in
a simulation of turbulent or transitional flow can be estimated by
taking Kolmogorov scales as a reference. For simplicity, we redefine
√
the Kolmogorov scales in terms of local friction velocity u∗ = ν||s||
where sij is the fluctuating component of strain rate defined as:
(
)
∂u′j
1 ∂u′i
′
(1.10)
sij =
+
2 ∂xj
∂xi
and ν is the kinematic viscosity.
The Kolmogorov length, time and velocity scales are then respectively computed as:
η ≡ ν/u∗

(1.11)

τη ≡ ν/u2∗

(1.12)

uη ≡ u∗

(1.13)

In dimensionless units, the Kolmogorov micro-scales are directly
computed from the Reynolds number, Re where the scales are nondimensionalized with respect to the velocity and length scales:
(
η=

1
1
′
2
Re 2sij s′ij
(

τη =
(
uη =
18

1
2s′ij s′ij
2s′ij s′ij
Re2

)1/4
(1.14)

)1/2
(1.15)
)1/4
(1.16)
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Kolmogorov micro-scales in dimensionless units are of major interest
in the validation studies of chapter 2.
Based on these scales, the quality of the spatial and temporal
resolution of a simulation is estimated by computing the ratio of δx
and δt against corresponding Kolmogorov micro-scales i.e.§
l+ =

u∗ δx
.
ν

(1.17)

t+ =

u2∗ δt
.
ν

(1.18)

Thus, l+ and t+ of 1.0 would imply that the spatial and temporal
resolutions of the simulation are equal to Kolmogorov micro-scales,
and the ideal values of l+ and t+ follows the arguments presented in
subsection 1.1.2.
The energy spectrum
From the ensuing analysis, one may infer that transitional and turbulent flows would contain a spectrum of scales with a wide distribution
of eddy sizes. The nature of flow instabilities may thus be characterized in terms of frequency or spectral distribution of energy 162 .
The energy spectrum of the TKE is a measure of the frequency distribution of the energy contained within the turbulent fluctuations.
Following these arguments, the spectral density of the TKE can be
computed using the Welch’s periodogram which is based on the discrete Fourier transform 229 .
The resulting Fourier transform plots, termed power spectral density (PSD) or energy spectrum show the energy containing range,
inertial subrange and dissipation range i.e. the evolution of the energy over a range of frequencies. Figure 1.2 shows a typical plot of
§ We note that the Kolmogorov’s theory applies to the physics of fluids primarily
for fully developed turbulence. The assessment of DNS of a transitional flow in
reference to Kolmogorov micro-scales is indicative as has been done in previous
studies 218,75,96
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Figure 1.2 A representation of energy containing range, inertial subrange and
viscous dissipation range in a turbulent flow, and the Kolmogorov −5
energy
3
decay.

energy ranges. Based on Kolmogorov’s theory, in the energy range,
the larger eddies supply energy to the smaller eddies and there is no
viscous dissipation. In the inertial subrange, the net energy coming
from the energy-containing eddies is in equilibrium with the net energy cascading to smaller eddies where it is dissipated. The slope of
the energy spectrum in this range thus remains constant. Kolmogorov
162
showed that this slope is −5
. The
3 based on dimensional arguments
dissipation range marks the point where the effects of viscosity completely dominate, and there is dissipation of kinetic energy at scales
of the order of Kolmogorov length η. The slope falls sharply beyond
this point, with a re-laminarization towards the end.
In the studies of transition to turbulence in this thesis, a visual
comparison of the obtained PSD plots against a line with slope −5
3
will thus demonstrate the nature of turbulence in that flow for a
qualitative analysis as a large range of frequencies in the inertial subrange would indicate a fairly well developed turbulence. Analysis of
the flow in such a way has been done in numerous studies of transi20
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tional flows, see for example Mittal et al. 141 , Cassanova & Giddens 24
and Varghese et al. 224 .
Visualization of vortices using Q-criterion
In this thesis, the Q-criterion has been employed for the analysis
and visualization of coherent structures in physiological applications.
It was chosen as it shares properties with both the vorticity and
pressure criterion 87 and clearly isolates the contribution of near-wall
vortical structures to velocity and vorticity fluctuations 46 . The Q is
the second invariant of the velocity gradient tensor ∇u, and reads:
1
(Ωij Ωij − Sij Sij )
2

(1.19)

(
)
1 ∂ui
∂uj
−
2 ∂xj
∂xi

(1.20)

(
)
1 ∂ui
∂uj
Sij =
+
2 ∂xj
∂xi

(1.21)

Q=
where

Ωij =
and

are respectively the anti-symmetric and symmetric components of
∇u.
The Q can be physically viewed as the balance between the rotation rate Ω2 = Ωij Ωij and the strain rate S 2 = Sij Sij . The Qcriterion dictates that the region where Q is positive are the ones
where the strength of rotation overcomes the strain - making those
surfaces eligible as vortex envelopes. Several interpretations of Qcriterion have been proposed, see for example 175 which recasts Q in
a form which relates to the vorticity modulus ω:
Q=

1 2
(ω − 2Sij Sij ).
4

(1.22)
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This implies that the Q is expected to remain positive in the core
of the vortex as vorticity increases as the center of the vortex is approached.
It must be remarked that λ2 , which is another objective definition
of vortex cores was not evaluated in the scope of this thesis. In most
cases the Q and λ2 definitions would result in similar vortex cores
except for an axisymmetric axial vortex with a vortex ring and a
conically symmetric vortex with axial velocity 99 .
1.2 THE LATTICE BOLTZMANN METHOD

The Lattice Boltzmann Method (LBM) is employed as the numerical
technique for the simulation of physiological flows in the studies that
are presented in the thesis. The following text describes the basic
mathematical and physical ingredients of the method. The emphasis
is put on the tuning of parameters for executing a simulation using
LBM, or in other words, the LB method is described from a user’s
perspective. The strengths and limitations of the method, particularly for the modeling of transitional flows in complex geometries are
discussed.
The LBM is often viewed as an alternative technique for the simulation of flows as instead of directly discretizing the Navier-Stokes
equations (NSE), the method recovers the NSE under the continuum
limits of low Mach and Knudsen numbers 210 . To achieve this, the
method describes the fluid at a molecular level and proposes models
for the collision between molecules – the collision models themselves
are substantially simplified for numerical treatment which gives a relative simplicity and efficiency to the method.
The use of LB method to model fluid dynamics, attributed to its
bottom-up approach to recover the NSE, has created a gap between
CFD and LB community. A particular contrast between the two
communities is the mesoscopic nature of LBM as it simulates the socalled particle distribution functions, derived from the kinetic theory
of gases. This thesis shall not delve into such details unless the need
is felt but it may already be mentioned that the efficacy, efficiency
22
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and suitability of the LB approach to model complex fluid flows will
be reflected in the simulations that are presented in chapters 2, 4 and
7. Deeper insights into the concepts of LBM may be referred to in
the doctoral dissertations of Latt 119 , Rheinländer 168 .
Historically, the LB equation (LBE) evolved from the Lattice Gas
Automata (LGA) which is a simple automaton obeying nothing but
conservation laws at microscopic level and is able to reproduce the
complexity of real fluid flows. A detailed description of LGA can be
found in Frisch et al. 61 . The LBE then was an attempt to overcome
several limitations of the LGA. In the first LBE proposed by McNamara & Zanetti 138 , the basic concept was to replace the boolean occupation numbers of LGA by corresponding ensemble averaged populations, say fi . The development of the LBM then continued by the
introduction of quasilinear LBE 77 which had the linearized collision
operator. The most widely used scheme of the LBE was developed
by replacing the collision parameter by a collision matrix.
1.2.1

The Lattice Boltzmann Equation

The basic algorithm of the method can be intuitively viewed as a
mesoscopic representation of fictional particles that move on a fixed
grid and in specified velocity directions, to simulate incompressible
(weakly compressible) flows. The particles collide and stream on a
fixed grid and in fixed directions, each of which have discrete velocities, to relax towards a thermodynamic equilibrium. Evolution
of these particles over time is described by the Lattice Boltzmann
equation:
fi (r + ci ∆t, t + ∆t) = fi (r, t) + Ω (fie (r, t) − fi (r, t))

(1.23)

Here Ω is the collision parameter¶ , fi denotes the probability of finding a particle with discrete velocity ci at a position r at time t. The
indices which run from i = 1. . .Q denote the links per element i.e. the
¶ Details on the various collision models used in this thesis are discussed in
subsection 1.2.1.1
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discrete directions, depending on the chosen stencil. The so called
stencil has to obey rotational symmetry and the common stencils
used for 3D computations are D3Q19 and D3Q27 where 3 followed by
D denotes the dimensions and the number followed by Q denotes the
discrete velocity links 210,119,71 . The D3Q27 stencil gives additional
degrees of freedom to the simulation, and is generally preferred for
high Re flows 163 . In the studies of this thesis, D3Q19 has been employed for all the simulations because of the low Re in physiological
flows. Moreover, it has been suggested previously 145 that the gain in
accuracy for moderate Re flows is not phenomenal with larger stencils
like D3Q27 even though the memory requirement increases considerably. The collision term in equation 1.23 implies the relaxation of
particle distributions fi towards the equilibrium fie :
)
(
u2
1 (ci · u)2
ci · u
e
fi = wi ρ 1 + 2 − 2 +
(1.24)
cs
2cs
2
c4s
where wi are the weights for each discrete link, cs is the speed of
sound in vacuum and u is the fluid velocity.
A typical D3Q19 stencil is sketched in figure 1.3, where ci denote
the discrete velocity links. The corresponding weights wi for each
link are given by:

1

i = 1...6
 18 ,
1
wi = 36 ,
(1.25)
i = 7 . . . 18

1
i = 19
3,
The stencils of the LBM have to be designed in such a way that they
obey Galilean invariance and are geometrically symmetric. As a quick
test, adding all the weights wi amounts to 1.
The analysis of the LBM, in particular its connection to the NSE
has followed two approaches for the coupling of time step with the
grid size. Classically, the Chapman–Enskog (CE) expansion is employed to analyze the consistency of LBE, starting point for which is
the so called convective scaling. The δx and δt are subsequently combined with a two-time scale expansion to derive the hydrodynamic
24
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Figure 1.3 The D3Q19 stencil. The discrete velocity links are listed as ci .

equations. The resulting macroscopic equations describe compressible flows in the faster time scale and the diffusive effects in the slower
one. Eventually the equations are related to compressible NSE from
which the incompressible NSE are obtained in another limiting process 117,29,30 . The analysis finally leads to a relation in which δt ∼ δx.
Another approach largely followed for the analysis of the LBE
is diffusive scaling originally developed by Sone 193 . The principal
on which diffusive scaling rests for the analysis of the LBE is that
the compressibility effects are considered numerical artifacts, which
in the Chapman-Enskog expansion on the other hand are viewed as
convective scale. This approach then negates the need for two time
scales and it suffices to consider only the diffusive scale in the expansion which also leads to a direct relation with the incompressible
NSE. The time step in LBM is coupled with the grid size by δt ∼ δx2
due to diffusive scaling 103 . The complete derivation of incompressible NSE from LBE is described by Junk et al. 103 and here we shall
restrict ourselves to the main concepts, necessary to understand the
setup of a simulation.
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From a user’s perspective again, there is no principal difference
between the two scalings on a uniform mesh 71 . The difference lies in
setting up the parameters in the lattice units as in diffusive scaling,
the relaxation parameter Ω is fixed to a value within stability limits
whereas in convective scaling the lattice Mach number is fixed and
Ω is obtained from it. The detailed procedure for diffusive scaling is
discussed in the following.
Tuning of physical quantities under diffusive scaling
The choice of units in LBE is clarified as the method itself works
in the dimensionless system, and the quantities are translated to a
physical meaning under certain definitions. A detailed account of
these conversions is very eloquently described in doctoral dissertation
of Latt 119 . Here the text is restricted to a basic overview relevant to
the simulations presented in the remainder of the thesis.
Assuming the velocity umean , density ρ, and the kinematic viscosity ν of the fluid in question, the Reynolds number is calculated
as:
Re =

L × umean
ν

(1.26)

where L is the characteristic length (usually the diameter of the parent
artery in the case of aneurysms and the hydraulic diameter of the
aqueduct in the case of subarachnoid spaces).
In diffusive scaling, first of all the relaxation parameter Ω is fixed
to have a value between 1.0 and 2.0 for stability reasons. The lattice
viscosity, νlattice is then calculated using the relation:
νlattice =

(1/Ω − 0.5)
3

(1.27)

The physical time step is then calculated as:
δt =
26

νlattice × δx2
ν

(1.28)
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Finally, the lattice velocity is obtained as:
umean_lattice = umean × δt/δx

(1.29)

It is required that the umean_lattice is always less than 0.05 to enforce
the Mach number limit of the LBM. The Ω can be adjusted in order
to fine tune the lattice velocity and beyond its limit, the only way
sometimes is to refine the grid (reduce the δx), which is also the
principal limitation of the Lattice Boltzmann Method. Thus, δt is
controlled by the δx, Ω and is constrained by the Mach number.
As a final check to ensure the correctness of chosen lattice quantities, the characteristic length in equation 1.26 is replaced by the
number of fluid cells along that length and umean_lattice and νlattice
are plugged in, the obtained Re must be the same as in equation 1.26,
which ensures the correctness of the chosen lattice parameters. This
validates the choice of lattice parameters and ensures that there are
no anomalies in unit conversions.
Furthermore, it should be mentioned here that the speed of sound
is a lattice constant. This means that it takes a constant value when
it is expressed in lattice units. The following relationship between
the Mach number and the discretization parameters can be deduced:
Ma ∼

δt
δx

(1.30)

For incompressible flows, the Mach number is physically irrelevant
and is indeed related to lattice parameters through the above expression and thus varies with the time step.
1.2.1.1

Collision Models

The LBE collision models used in this thesis are discussed here. The
relaxation parameter Ω fine tunes the viscosity as discussed before
and the limit Ω → 2 leads to zero viscosity, where the algorithm
becomes unstable while Ω → 0 leads to infinite viscosity.
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BGK Collision Model
The LBM-BGK collision operator is the simplest form of LBE that
relaxes the fi towards equilibrium distribution, steered by the relaxation parameter Ω. The bulk viscosity in the BGK model is fixed
to σ = 23 ν, as obtained from the asymptotic expansion 103,119 . All
the modes relax with the same rate to equilibrium, and some nonhydrodynamic modes do exist that do not appear directly in the
continuum equations, but may contribute to instabilities in the algorithm, particularly for high values of Ω. Thus, the BGK model is
prone to instabilities in the regime of low viscosities. This is seen in
chapter 7, where simulations of the cerebrospinal fluid with a water
like viscosity were conducted using the MRT collision model.
MRT Collision Model
The multiple relaxation time (MRT) model 42,115 is a generalization
of the BGK model as it fixes the afore-mentioned issue of equal relaxation rate of all modes thereby suppressing the hydrodynamic instabilities at low viscosity. The particle distributions fi are converted to
a moment space spanned by the moments mi in which the relaxation
is performed with distinct relaxation parameters λi for each moment.
The conversion from distribution to moment space and vice versa
is then achieved with the transformation matrix M and its inverse
M −1 .

m = M f,

f = M −1 m

(1.31)

The scalar relaxation parameter Ω of the BGK-model is replaced
by a diagonal matrix Λ = diag(λ) whose entries correspond to the
relaxation parameter for each moment mi .
As can be assumed by now, the employment of MRT collision
operator involves more floating point operations due to the matrixvector multiplications but the general structure of the LBM remains
unmodified.
28

1.2. The Lattice Boltzmann Method

Remarks on Ω
As has been discussed the δx and δt are coupled in LBM due to
diffusive scaling, and are in turn controlled by the Ω. The Ω has
to be chosen within the limits of stability of the LB algorithm. In
addition, when a study of space-time refinement is performed the Ω
must thus be fixed on the coarsest grid. Following diffusive scaling,
this results in a one-fourth deduction in time step when δx is halved.

1.2.2

Initial transients in the LBM

The LBM, due to its evolutionary algorithm in which the distribution functions relax towards the equilibrium is inherently a transient
scheme, and its advantages might not manifest for the simulation of
steady Stokes flow 62 . The initial conditions are usually prescribed by
setting the velocity and pressure to 0 or to the equilibrium distribution, while allowing them to develop according to the flow field. These
unphysical initial conditions lead to numerical artifacts that may sustain in the simulation for a long time depending on the Reynolds
number and viscosity of the fluid in question 168 , and consequently it
becomes imperative to wash them away before analyzing the fluid dynamical characteristics – particularly in a complex transitional flow.

Figure 1.4 A description of initial layer in LBM simulation of pulsating flow in
a pipe. The oscillations in the initial conditions remain up to nearly half of the
cycle before the flow attains a periodic state.
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Methods to overcome this issue have been proposed which prescribe higher order terms in the expansion of the distribution function fi , particularly the non-equilibrium part. Mei et al. 139 proposed
an iterative procedure to generate consistent initial conditions for incompressible flows which replaces the original LBM scheme with one
that only conserves the density ρ but lets the flow momentum relax
towards a desired momentum. The process is repeated until a steady
state is reached. This method has a principal advantage that the
pressure and shear stress do not need to be known before hand (as is
usually the case in practical applications) but are recovered from the
iterative process.
Figure 1.4 represents such an initial layer for the simulation of a
sinusoidally pulsating flow through a rigid circular pipe (see chapter 2
for details of sinusoidally pulsating flows), in which initial conditions
were zero density and pressure. The plot depicts a temporal evolution
of spatially averaged axial centerline velocity. The pipe has 312 cells
along the diameter and the peak Reynolds number of the sinusoidal
profile is 1000. The BGK collision model with Ω = 1.8 is employed
that results in a lattice Mach number of 0.06. Within these stability
limits, it is observed that these oscillations sustain up to nearly half
of the cycle before the flow attains a periodic state.
Rheinländer 168 has provided a detailed mathematical analysis of
the initial layers in LBM. The importance of this analysis in the context of this thesis, and that from the perspective of the one who
employs LBM for a scientific application is that the time up to which
they remain in the simulation must be taken out from the analysis of
the flow. If not, then these oscillations might manifest into erroneous
characteristics of the flow. For example, in the phenomenological description, these oscillations would look like occurrence of turbulent
puffs during acceleration phase of the cycle, which is physically impossible in a transitional flow 89,238,182,224 . Chapters 2, 4 and 7 will
thus analyze the flow characteristics starting from the cycle that does
not contain the initial transients. In some complex cases, the initial
transients may sustain in the simulation even up to 2 cycles – which
must be dis-regarded from the analysis.
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Remarks on the use of LBM
Before delving into the details of the issues that LBM user’s generally face, and discussing its efficacy in the simulations of this
thesis, we remark the common (mis) perceptions that non-LBM
users have.
First of all, the method in general is viewed as as easy as push
button so long exceptional computer resources are available. This
view point without an extensive comparison of methods is invalid,
as a poor tuning of Ω, for example, can cause instabilities in the
simulation without leading the simulation to crash thereby producing
wrong results, as has been discussed in the details of the collision
models.
Secondly, the issues of the LB method, for example the initial
transients, are sometimes overlooked whereas extensive ongoing
research aims to address these issues.

1.2.3 Efficacy of the LBM in modeling of physiological
flows
Before modeling transitional flows with LBM, the suitability and the
potential limitations of the LBM are gauged into here. The novelty and the indirect nature of the LBM demands that the method’s
pros and cons are thoroughly reviewed before simulating a complex
physiological flow.
We refer to the detailed benchmark comparison of the LB method,
finite element method (FEM) and the finite volume method (FVM)
by Geller et al. 62 in which the authors confirmed the competitiveness of LBM for incompressible transient problems. They moreover
remarked that the computational efficiency of LBM in terms of CPU
time was better than FEM and FVM due to the simplicity of the algorithm. They however also concluded that for a steady-state Stokes
flow, the advantages of LBM did not manifest where multigrid solvers
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incorporated in FEM and FVM solvers have a principal advantage.
Similar conclusions were drawn by Axner et al. 6 in a comparison of
simulation of physiological flows with LBM and FEM, while Marié
et al. 131 demonstrated that LBM was less dissipative than high order schemes and less dispersive than second order schemes. Numerical
dissipation of the method was shown to be relatively low even at the
scales of grid spacing, which gives the method a principal advantage
for transitional flows 116,117 .
Now, from the afore-mentioned studies, it is already fair to have
in intuition that simulation of physiological flows is that of an incompressible and inherently transient flow (due to the cardiac cycle).
This suggests that LBM, if anything, will be computationally efficient in simulation of such flows. Further advantages of LBM include
easy representation of complex geometries, and excellent scalability
on modern supercomputers which advocates its use in the simulation
of such flows.
For the simulation of transitional flows in the incompressible regime,
pseudo spectral methods are the most well established methods. A
comparison of LBM with spectral methods 211 demonstrated that the
computational efficiency of LBM for the simulation of a typical turbulent flow was 2.5× that of the spectral method. Moreover, the excellent scalability of the LB method advocates its suitability for fully resolved direct numerical simulation of transitional flows. Nonetheless,
the capability of spectral methods in increasing effective resolution
supersedes LBM as the only way of increasing resolution in LBM is to
increase the mesh points. This thesis re-conducts simulations using
LBM that were previously conducted from a spectral code, NEK5000
by Varghese et al. 224 in section 2.3 to demonstrate excellent efficiency
and comparison of the Musubi LBM solver. Moreover, in extremely
complex geometries like aneurysms and subarachnoid spaces, the use
of spectral methods is infeasible.
The motivation for the use LBM in this thesis emanates from the
advantages that are mentioned above. Whereas LBM is not the de
facto standard for transitional or physiological flows, some eminent
research groups across the world have adopted it in such applica32
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tions, which is evident from the development of a number of LBM
based software frameworks. See for example the efforts that steer
in the development of the HemeLB framework 135 – a code specifically designed for blood flow simulations in anatomically realistic geometries. Palabos 120 is another general purpose LB solver that has
been extensively used for physiological applications. The ESPResSo
framework 176 couples molecular dynamics with LB to simulate deformation of red blood cells, as does the MUPHY framework 12 . The
WaLBerla 56 implementation is another example of an excellent performance LB framework which has been used in physiological applications.
This list by no means is exhaustive and many other LB implementations have been used for the modeling of physiological flows, albeit
it might not be their primary application. The use of LBM for transitional flows in general 211,204 , and in transitional physiological flows
in particular has been very limited. The reasons for the latter are
obvious because the occurrence of such phenomena in physiological
flows itself is a very rare occurrence, pursued by a handful of research
groups across the globe.
1.3 HIGH PERFORMANCE COMPUTING

In the premises of the Spring Joint Computer Conference, as far back
in 1967, Gene Amdahl noted:
For over a decade prophets have voiced the contention that
the organization of a single computer has reached its limits
and that truly significant advances can be made only by
interconnection of a multiplicity of computers in such a
manner as to permit cooperative solution.
As the technology shaped up in the last almost 5 decades, this comment, in a way applies to over 3 million such interconnected computers that form the largest supercomputer in the world. High Performance Computing (HPC), the most important tool used in the
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studies of this thesis is primarily accomplished by connection of several such computers. Parallel computing is a technique used to spread
computation across a number of processors that run in parallel, and
communicate with each other. The overall goal is to reduce the runtime of an application and to maximize the use of available hardware.
The extent of this reduced runtime is evaluated by the speedup:
S=

Ts
Tp

(1.32)

where Ts is the time of execution on a serial core whereas Tp is the execution time on a larger number of parallel cores. As can be imagined,
if N processors are used for computation, then the speedup ideally
should be N, which from a different point of view means that ideally
N processors should be able to perform a given task N times faster
than a single processor.
Due to a number of reasons however, there might be losses in the
speedup and the achieved speedup is usually less than N. A related
quantity that then emerges is the notion of parallel efficiency, Ep ,
which defines how close the parallel scheme comes to the ideal. It can
be calculated by Ns and is often denoted as a percent. For example,
if 100 processors are used and a speedup of 85 is achieved, one would
say the implementation has a parallel efficiency of 85%.
In the context of transitional/turbulent flows, it has been discussed in section 1.1, the turbulent flows occur at small spatial and
temporal scales usually estimated by Kolmogorov micro-scales. This
triggers to the intuition that a numerical modeling of such flows then
requires very high spatial and temporal resolutions which can be accomplished only through means of HPC. Moreover, complex anatomical geometries in patient specific scenarios require high spatial resolutions, as will be seen in chapters 2,4 and 7 which makes the use of
HPC resources indispensable for the simulation of such flows.
One of the main feature of this thesis is that the simulation of
transitional physiological flows has been carried out for the first time
in this research, at spatial and temporal resolutions that resolve all
the phenomena of interest. The area of transitional flow simulation
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in physiological cases is narrower than the broad spectrum that turbulent flow themselves poses.
The simulations reported in this thesis are conducted at large
scales utilizing up to 96000 cores of various national supercomputers
installed in the Federal Republic of Germany. Various international
organizations like Intel, IBM, Cray, Bull, AMD to name a few are
involved in the development and installation of such supercomputers
across the globe. With emerging technologies, the architectures, CPU
speed and the interconnects of these big machines evolve towards
improvement, and a list of top supercomputers is updated two times
every year‖ . The list below gives details of the main supercomputers
on which simulations of this thesis were executed.
The SuperMUC petascale system
SuperMUC is installed at the Leibniz-Rechenzentrum (Leibniz Supercomputing Center) in Garching near Munich, Germany. The SuperMUC is made of 18 Thin node islands of Intel Sandy Bridge-EP processor technology, 6 thin node islands based on Intel Haswell-EP processor technology and one fat node island based on Intel WestmereEX processor technology. Each so called island contains 8192 cores.
All compute nodes within an individual Island are connected via a
fully non-blocking Infiniband network.
The simulations within this thesis, particularly those reported in
chapter 4 were conducted on the thin nodes of the SuperMUC and
utilized up to 16384 cores (2 islands).
The Hazel Hen
The Hazel Hen is installed at the High Performance Computing Center in Stuttgart, Germany. It is a Cray XC-40 system, and is currently the fastest supercomputer in the European Union. It is based
on the Intel Haswell Processor and the Cray Aries network. There are
a total of 7712 nodes with 2 sockets each (each socket has 12 cores)
‖ http://top500.org
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resulting in a total of 185088 cores. The Hazel Hen is a follow up of
its predecessors HORNET and Hermit.
Simulations presented in chapters 2 and 7 are primarily conducted
on the Hazel Hen utilizing up to 96000 cores.
The JUQUEEN
JUQUEEN is an IBM BlueGene/Q system installed at the Forschungszentrum (research center), Jülich, Germany. It contains the largest
number of cores among all the supercomputers of Germany. The
system is organized in form of 28 racks amounting to 28672 nodes
and 458752 cores. The JUQUEEN was used for the scaling tests of
the framework while several parameter studies were conducted on its
predecessor JUROPA, which are not reported in this thesis.
1.3.1

APES Framework

With the advent of HPC, one can execute a simulation today on
millions of cores and resolve highly detailed phenomena of interest.
The challenge however lies in the development of such softwares that
are able to scale on modern supercomputers. Contrary to the popular
belief, the software methodologies, techniques, and architecture of a
scalable code are considerably different from a code that runs on a
serial machine. Moreover, the nature of numerical technique itself
governs whether the corresponding implementation will be scalable
or not.
The afore mentioned realism led to the development of a massively parallel framework – the adaptable poly engineering simulator
(APES) as described in Roller et al. 178 . During the start of the
work of this thesis, parts of APES were already developed, validated,
and scalable on the afore-mentioned supercomputers. The framework started to develop in the research group of Prof. Sabine Roller
at the German Research School for Simulation Sciences, Aachen, and
the same research team later steered the development efforts in the
direction of advanced features and performance optimization at the
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University of Siegen.
A schematic of the APES framework is portrayed in figure 1.5** .
The figure demonstrates the end-to-end nature of the framework as it
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Figure 1.5 A schematic representation of the APES framework with main software suites within the framework

contains a mesh generator Seeder 70 , post-processing tool Harvester,
Discontinuous Galerkin method based solver Ateles, a space-time
Discontinuous Galerkin solver Muriqui and the Lattice Boltzmann
Method solver Musubi 72 .
The framework is configurable using Lua scripting language i.e.
the users can describe layout of the geometry and physics of the fluid
** Various members of the APES framework are available as an open source
software for download under: https://bitbucket.org/apesteam/
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in question in form of Lua scripts that are parsed by the Aotus.
The geometries, whether simple or complex anatomical ones are
generally available in the form of STL (stereolithography) files that
are converted to a mesh represented by an octree data structure using Seeder. As can be observed, all the members of the solver rely on
a centralized library called TreElM which encapsulates all the data
structures based on an octree representation, and distributes various
elements of the mesh on different processors for parallel computation 178,108 . The mesh is written to the disk once, and in the current
implementation the Seeder is not coupled with any of the solvers.
This is a natural choice because in problems of engineering interest,
one mesh is used for several parameter analyses, which demands for
the need of a one-time mesh generation. This aspect will be observed
in the simulations of this thesis in chapters 2, 4 and 7.
The mesh that is generated by the Seeder is used by the solvers for
computation. Musubi being the LBM solver was used in the studies
of this thesis. Musubi implements the various collision models (see
section 1.2.1.1) of LBE and a number of boundary conditions. It
includes advanced features like LES modeling of turbulent flows, local mesh refinement 71 , immersed boundary method, Non-Netwonian
models of blood rheology, as well as a multi-species liquid mixture
model 246,102 .
Musubi has scaled on all the cores of each of the supercomputers that were discussed above namely SuperMUC, Hazel Hen and
JUQUEEN†† . The on-going efforts include improvements in the sustained performance of the framework including implementation of
advanced features, for example coupling of Ateles and Musubi.

†† In the work of this thesis, Musubi was enabled to scale on almost a million running threads of the JUQUEEN system, which subsequently highlighted
the software in the High-Q club of the Research Center Jülich - http://www.fzjuelich.de/ias/jsc/EN/Expertise/High-Q-Club/Musubi/_node.html
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Validation of methodology –
transition to turbulence in a
stenosed pipe

The Lattice Boltzmann Method, as discussed in the previous chapter,
even though has become popular for the simulation of physiological
flows in complex anatomical geometries, its application to transitional
flows in general and to transitional physiological flows in particular
has been very limited, which demands for an extensive validation of
the methodology through comparison before simulating such flows in
clinically relevant cases. This chapter simulates transition to turbulence in a pulsating flow through a stenosed pipe using Musubi and
compares the results against those previously published in literature
from experiments and simulations. The appropriate mesh requirements are explored and discussed. The work is then extended to explore the conditions for transition to turbulence in the same stenosis
for purely oscillatory flow.
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2.1 INTRODUCTION

CFD is a mathematical model of the underlying physical problem,
which is implemented by means of computer programming, to simulate a problem on a computer or a supercomputer. The goal of a
validation effort is to demonstrate the accuracy of CFD codes so that
they may be used with confidence for simulation of flow in general
and a particular application in particular, and that the results can
be relied on for decision making 173 . Verification efforts ensure that
the CFD code accurately represents the conceptual description and
produces the expected solution. Validation efforts on the other hand
seek the degree to which a simulation result represents the real physical world. Verification includes assessment of grid convergence or
comparison to other established and more accurate CFD solutions
whereas validation is generally performed by comparison of CFD results against those from experiments.
In a complex flow in an anatomical geometry, that is not laminar
but exhibits transitional like phenomena, an extensive validation of
the numerical technique becomes crucial as does the exploration of
spatial and temporal resolutions, adequate to resolve the phenomena
of interest. In a physiological setting, a question always emerges while
thinking about the validation of a CFD code that what to validate
against? This is a natural question because experiments that address a physiological application have to be conducted under a highly
controlled environment mostly approximating the physiological details by artificial devices and fluid. The experiments thus have their
own limitations and comparing CFD results against experiments gives
only a surrogate estimate on the validity of CFD.
Chapter 4 will make validation attempts by comparing LBM simulated velocity fields with those from ANSYS Fluent and clinical data
acquisition from magnetic resonance imaging (MRI) in the context of
aneurysmal hemodynamics. In the present chapter, a thorough validation attempt is made through comparison of results computed from
Musubi against already available data from experiments and simulations. As noted in chapter 1, Musubi has been extensively validated
40

2.1. Introduction
for a range of flow regimes in previous works 102,71 , and the present
chapter is a specific effort to compare the conditions for transition of
a physiological flow to turbulence against previously published literature.
This effort simulates pulsating flow in a cylindrical pipe with a
sinusoidal constriction termed stenosis. Historically, the said stenosis
has been of clinical interest to study the hemodynamic environment
in stenosed arteries resulted by atherosclerosis 1,2 . Atherosclerosis is
a disease of larger arteries and is a primary cause of heart disease and
stroke. Atherosclerosis is a progressive disease which is triggered by
localized fatty streak lesions within the arteries. Over the time these
streaks may develop into plaques that significantly block the blood
flow in the circulatory system 130 . This local restriction of the artery
is known as an arterial stenosis.
Whereas atherosclerosis is not the focus of this thesis, the stenosis resulted by atherosclerosis will be used as a benchmark in order
to validate the methodology and explore conditions of transition to
turbulence in pulsatile and oscillatory flow. Stenoses are commonly
characterized as a percentage reduction in diameter of the host vessel
(usually cylindrical). They are clinically relevant 240 when the area
reduction is 75% or more† . The stenosis that is studied in this thesis is
designed to reproduce the experimental flow studies of Ahmed & Giddens 1 ,2 . In their experimental studies, Ahmed & Giddens 1 ,2 found
flow disturbances at Reynolds number of about 500 for steady flow
and transition was restricted to models with a stenosis degree higher
than 75% by area. With a pulsatile flow at a physiologically relevant cycle-averaged Re of 600, coherent vortices in the post-stenotic
regions were observed to build up, which evolved into turbulence during the deceleration phase of the cycle.
Those experimental studies have been used to validate CFD by
† Stenosis of 75% or more is relevant mainly in atherosclerosis but this reduction
has very high fluid mechanical and physiological significance as it may result in
interesting phenomena like flow separation and elevated velocity jets. Such area
reductions are often seen in aneurysms, and will be a point of discussion even in
the simulations of CSF in subarachnoid spaces of chapter 7
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many researchers, most noteworthy of which are simulations by Varghese et al. 223 ,224 using the solver NEK5000 that is based on the spectral element method, and described in Fischer et al. 58 . The same
stenosis geometry has spurred interest of various researchers trying
to explore the critical Reynolds number for transition with varying
degrees of stenosis as well as varying offsets of the stenosis from the
axis 181,188 thereby providing improved insights to the fluid dynamics
community.
The first part of this chapter is dedicated to a detailed comparison
of transitional flow computed by Musubi in a stenosis model against
the simulation results of Varghese et al. 224 for pulsatile flow. The
differences in results, wherever present are analyzed and discussed
while appropriate spatial and temporal resolutions at which LBM
based DNS must be conducted are explored, while discussing implications on the choice of resolutions. The work is extended by the
quantification of Kolmogorov micro-scales and analysis of the vortex
structures. The second part of the chapter takes the same stenosis to
simulate a purely oscillatory flow with zero mean, and explores the
conditions when the flow transitions to turbulence.

2.2 PROBLEM SETUP

The flow conduit
The simplified stenosis geometry was adopted from Varghese et al. 223
and is shown in figure 2.1. It may be noted that figure 2.1 shows only
that part of the cylindrical pipe where the stenosis is located while
the original pipe is extended in both directions depending on the
flow in question. Those details are discussed later for pulsatile and
oscillatory flow.
The stenosis was divided into two subcategories namely axisymmetric and eccentric. A cosine function dependent on the axial coordinate, x, was used to generate the geometry. The cross-stream
coordinates, y and z, were computed by using a function S(x), spec42
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Figure 2.1 Front and side views of the stenosis where the solid line denotes
the axisymmetric model and the dashed line denotes the eccentric case. x is the
streamwise direction and y and z are cross-stream directions.

ifying the shape of the stenosis as:

1
D[1 − s0 (1 + cos(2π(x − x0 )/L))],
2

y = S(x) cosθ, z = S(x) sinθ
S(x) =

(2.1)

where D is the diameter of the non-stenosed pipe, s0 = 0.25 and
L is the length (= 2D) of the stenosis, and x0 is the location of
the center of the stenosis. The origin of the coordinate system is
at the centerline of the throat. The smallest diameter at the throat
of the constriction is 0.5D resulting in a ratio of 0.25 between the
minimum and maximum cross-sectional areas. The blockage ratio of
75% represents a threshold that is of clinical significance 226 .
In the eccentric case, the axis of the stenosis was offset from the
main vessel axis by 0.05D as represented in figure 2.1. The offset,
E(x), and subsequently the modified y and z coordinates were then:

1
s0 (1 + cos(2π(x − x0 )/L)),
10

y = S(x) cosθ, z = E(x) + S(x) sinθ
E(x) =

(2.2)

The offset, as seen from equation 2.2 was introduced only in the x − z
plane corresponding to y = 0.
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The flow profile
The Womersley solution for laminar, pulsatile flow through rigid
tubes 232 was used as inlet boundary condition for the first part of
the study, which is specified as:
[
]

ux
J0 (i3/2 α2r/D)

2

= [1 − r ] + A 1 −
sin(ωt),


uc
J0 (i3/2 α)


uy
(2.3)
= 0,


uc



uz


=0
uc
where uc is the cycle-averaged centerline inlet velocity, A is the amplitude of pulsation, J0 is the Bessel function of type 0, ω is the
angular frequency of pulsation,
and α is the non-dimensional Wom√
ersley parameter (= 21 D ω/ν, where ν is the kinematic viscosity).
The Womersley parameter defines the extent to which the laminar
profile departs from quasi-steadiness, an effect that becomes significant when α = 3.
The parameters and normalizations mentioned above are chosen
to replicate the flow conditions of experiments conducted by Ahmed
& Giddens 2 , and simulations of Varghese et al. 224 . The Reynolds
number based on the main vessel diameter, D, and the mean inlet
centerline velocity, uc was 600 with minima and maxima of 200 and
1000. The value of A was 0.667 in equation 2.3. The Womersley
number α was 7.5 which corresponds to the frequency of pulsation in
abdominal aorta.
The velocity waveform at the inlet was sinusoidal corresponding
to ω = 2π in equation 2.3, and recordings were made in intervals of
T /6 where T is the period of pulsation. Figure 2.2 depicts the inlet
centerline velocity for pulsating and oscillatory flow.
For the zero-mean oscillatory flow, the Womersley profile of equation 2.3 was reflected to give it a negative half as depicted in figure 2.2
(the term [1 − r2 ] vanishes from 2.3). The negative component of the
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Figure 2.2 Axial centerline velocity at the vessel inlet. The measurements were
made at 6 time points in the sinusoidal cycle that are indicated in the plots.

velocity accounts for reversal of flow in this case‡ . Further information on the adjustment of Womersley parameters for pulsating and
oscillatory flows can be referred in works of Iguchi & Ohmi 89 . The
Reynolds number in the case of oscillatory flow was calculated as
mean over half of the cycle.
Simulation setup
The vessel walls were assumed to be rigid and a no-slip condition,
described by a bounce-back rule in LBM was prescribed (see reference Hasert 71 for details of LBM BCs). Meshes were generated using
Seeder with dimensionless spatial resolutions listed in table 2.1. The
simulations are divided into two sets namely highly resolved (HR) and
low resolved (LR) in order to observe the mesh dependent changes
in the flow dynamics§ . A spatial resolution of δx = 32 × 10−4 here
implies 312 lattice cells along the diameter of the main pipe with
‡ The same flow waveform is used as the goal is to compare the transitional
characteristics between pulsatile and oscillatory flow
§ In the particular section, results of simulations from two distinct resolutions
are discussed directly to lay down the ground work for simulations of chapter 4
and 7 where mesh sensitivity analysis will mainly be discussed as appendix
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LR
HR

δx
64 × 10−4
32 × 10−4

δt
30 × 10−6
7.5 × 10−6

#Cells diameter
156
312

#Cells throat
40
80

Table 2.1 The spatial and temporal discretization of the stenosed pipe. The space
and time have been non-dimensionalized, and of relevance here is the number of
cells along the diameter and stenotic throat.

diameter, D, viewed as 1 unit. Similarly, a temporal resolution of
δt = 7.5 × 10−6 means 1.33 × 105 time steps per cycle. In a nondimensionalized system, of interest are the number of lattice cells
along the diameter of the main pipe, and those along the diameter of
the stenosis for an intuition on the extent of resolution.
For the sake of simplicity, the BGK relaxation scheme (see section 1.2.1.1) of the LBM was employed for both pulsatile and oscillatory flow¶ . The BGK relaxation parameter Ω was set to 1.84 throughout the study to ensure a dependable comparison. Initial conditions
were set to zero velocity and pressure, and the flow was allowed to
develop for two initial cycles i.e. the velocity was ramped up from 0
to the minimum of the cycle in a duration that is equal to 2 cycles. In
case of oscillatory flow, since the mean velocity is zero, 2 cycles were
allowed to run to wash away initial transients. At the outlets, a zeropressure gradient was maintained, which for oscillatory flows results
in a time dependent behavior corresponding to blowing and suction
stages, and is described by an extrapolation of incoming populations
of particle distribution functions to the boundary nodes 104 .
The remainder of this chapter presents and discusses the results,
and is divided into two sets of studies – one for pulsating flow and
the other for oscillatory flow. Differences in methodology wherever
applicable are mentioned. The results are analyzed over bisecting
planes through the stenosis by plotting axial velocity profiles each
one diameter apart. In case of axisymmetric stenosis bisecting planes
¶ In the CSF simulations of chapter 7 it will be observed that due to the low
viscosity of the fluid, BGK scheme was unstable which advocated the choice of
the MRT collision model

46

2.3. Transition to turbulence in a pulsating flow through stenosis
(x-z and x-y) are the same whereas for the eccentric stenosis they
result in different flow deflection (see figure 2.1 where the eccentricity
is introduced in the z direction). In addition the axial centerline
velocity is plotted at points that are placed one diameter apart along
the centerline of the pipe.
2.3 TRANSITION TO TURBULENCE IN A PULSATING FLOW
THROUGH STENOSIS

The pre and post-stenotic regions of the vessel were respectively extended by 4 and 20 vessel diameters as measured from the throat of
the stenosis, to allow the flow to develop and negate the effects of
boundary conditions. The HR and LR discretizations (table 2.1) of
the resulting vessel resulted in ∼ 680 and 83 million compute cells.
HR and LR simulations were executed using 9600 and 1000 cores
respectively of the HazelHen supercomputer (see section 1.3). Computation of each cycle required ∼ 120 minutes for HR simulations
and ∼ 36 minutes for the LR simulations‖ .
2.3.1

Pulsating flow through axisymmetric stenosis

Figure 2.3 shows the axial flow profiles at a bisecting plane for pulsating flow through the axisymmetric stenosis, shown during observation
points P1-P4. The profiles upstream of the stenosis correspond to the
Womersley solution. The flow upstream at point P2 almost resembles the parabolic profile seen in fully developed steady pipe flow.
The flow rapidly accelerates through the stenosis to educe a plug
shaped profile at the throat with peak velocities reaching ∼ 3.5uc .
The impact of the jet through the stenosis remains upto x = 3D at
time point P1, x = 9D at P2, x = 13D at P3 whereas at P4, the flow
velocity reduces considerably.
‖ The computation time for LR setup mentioned here would seem ∼ 20× faster
than the simulations of Varghese et al. 224 at a first glance. It should therefore be
mentioned that since those simulations were conducted on a computer architecture
of 2007, these computing times may not be directly compared and cited
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Figure 2.3 Sequence of axial velocity profiles, ⟨u⟩ /uc during observation timepoints P1-P4 (top down) of axisymmetric stenosis for Re = 600. The axial profiles
are each one diameter apart.

A small flow-reversal region also starts to form during P2 and P3
in regions downstream of the stenosis between x=2D and x=3D due
to adverse pressure gradients in these areas. The location of such
re-circulation regions is perfectly symmetric due to the shape of the
geometry and the flow remains laminar in all axial locations.
2.3.2 Pulsating flow through eccentric stenosis transition to turbulence
Figures 2.4a and 2.5a depict the axial centerline velocities over the
last n = 5 cycles obtained from LR and HR simulations respectively
and the ensemble averaged counterparts for n = 20 cycles are shown
on the right side of each figure (2.4b and 2.5b). Whereas the main
flow captured by LR and HR simulations is similar, high resolutions
seem to capture larger fluctuations particularly in post-stenotic regions (x = 3 − 5D), and the differences between LR and HR are
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Figure 2.4 LR: Temporal evolution of the normalized centerline axial velocity,
u/uc over the last 5 cycles out of total 20 that were simulated, as a function
of axial distance through stenosis (left side). Ensemble averaged velocity over
n = 20 cycles (right side).

mostly visible in time periods when the flow starts to decelerate (time
instants P2 to P4). This observation would characterize the LR setup
as sufficient for the capture of transitional flow in this particular case.
It would however be observed in the turbulent characteristics that
some intricate features that are of interest in this thesis might be
suppressed by the low resolutions.
The ensemble averaged quantities look largely similar for LR and
HR simulations as the minute dynamics that were captured by HR
are smeared out upon averaging. Subtle differences remain in the
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Figure 2.5 HR: Temporal evolution of the normalized centerline axial velocity,
u/uc over the last 5 cycles out of total 20 that were simulated, as a function
of axial distance through stenosis (left side). Ensemble averaged velocity over
n = 20 cycles (right side).

post-stenotic regions due to higher gradients in these regions.
Figures 2.6 and 2.7 respectively show the upstream velocity field
in xz and xy axial bisecting planes at the 6 observation points. The
velocity is ensemble averaged for the last n = 20 cycles. Corresponding plots from Varghese et al. 224 are also shown below each plot
computed from Musubi for a direct visual comparison. An overall
agreement is portrayed by this figure and the noticeable differences
are highlighted under orange circles, and analyzed later in subsection 2.3.4.
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Figure 2.6 Sequence of ensemble-averaged axial velocity profiles, ⟨u⟩ /uc at observation points P1-P6 (top down) in the x-z plane. The top row of each point
depicts computations from Musubi followed by the corresponding image from the
benchmark computations from NEK5000 224 .

51

2. Transition to turbulence in a stenosis

P1

P2

P3

P4

P5

-2

-1

0

1

2

3

4

5

6

7

8

9

10 11 12 13 14 15

P6
Figure 2.7 Sequence of ensemble-averaged axial velocity profiles, ⟨u⟩ /uc at observation points P1-P6 (top down) in the x-y plane. The top row of each point
depicts computations from Musubi followed by the corresponding image from the
benchmark computations from NEK5000 224 .
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Figure 2.8 Energy spectra of the turbulent kinetic energy computed at the
centerline from LR simulations. The locations represent the distance in diameters
energy
from the stenosis. The gray line in each plot indicates the Kolmogorov −5
3
decay.

2.3.3

Turbulent Characteristics of the Flow

Energy spectra
Figure 2.8 and 2.9 show the power spectral density (PSD) of the turbulent kinetic energy computed from the centerline axial velocity at
varying distance from the stenosis throat for the LR and HR setups.
The PSD plots depict the locations of high and low fluctuations similar to figure 2.4a, and highlight the turbulent component at various
locations in relation to Kolmogorov’s −5
3 energy decay. Frequencies
between 6 × 102 and 5 × 103 Hz lie in the inertial sub-range as evident
from the reference line with −5
3 slope. The viscous effects start to
dominate beyond ∼ 104 Hz as depicted by the straightened tail of
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Figure 2.9 Energy spectra of the turbulent kinetic energy computed at the
centerline from HR simulations. The locations represent the distance in diameters
energy
from the stenosis. The gray line in each plot indicates the Kolmogorov −5
3
decay.

the PSD plots. The spectrum begins to fall off rapidly beyond location x = 9D and the flow almost completely re-laminarizes beyond
x = 10D as evident from the shrunk PSD plot of figure 2.8d.
Corresponding plots from the HR simulations depict a similar
behavior wherein similar frequencies lie in the inertial sub-range. The
main difference is the presence of frequencies beyond 105 Hz in the
x-axis, which is a consequence of small δt in the HR setup. Moreover
the PSD at which viscous dissipation occurs is ∼ 103 higher in the
HR setup in all the axial locations.
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Figure 2.10 Instantaneous vorticity magnitude during the last cycle, normalized
by uc /D at the x-z plane.

Vortex structures
Figure 2.10 and 2.11 show the instantaneous vorticity magnitude
across the x-z and x-y planes respectively from LR simulations. The
main patterns look similar to Varghese et al. 224 , though LBM has
detected some miniature vortices due to higher spatial and temporal
resolutions. The presence of higher vortices during P2 and P3 marks
the onset of flow-transition which eventually start to vanish during
P4 and a complete re-laminarization of the flow takes place during
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Figure 2.11 Instantaneous vorticity magnitude during the last cycle, normalized
by uc /D at the x-y plane.

P5 and P6. A careful observation of these plots against the published
simulations 224 and experiments 2 reveals an excellent match in the locations of initiation, propagation and annihilation of vortices. When
ensemble average for a larger number of cycles is taken, the miniature
vortices are expected to reduce and mimic Varghese et al. 224 more
closely, as due to cycle-to-cycle variations, the location of vortices
rapidly changes from one cycle to another, resulting in a cancellation
of miniature structures due to ensemble averaging. The eduction of
instantaneous miniature vortices is in fact an important feature of
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fully resolved DNS and is representative of the excellent control of
numerical viscosity in LBM algorithm 96,210 , and would be a main
feature of discussion in chapter 4.
Figure 2.12 shows the velocity colored Q-isosurfaces (Q=0.4)at 4
observation points during the last cycle of LR simulations (see definition of Q-criterion in subsection 1.1.2). The Q-criterion did not
show any vortices during P5 and P6 due to a re-laminarization of
the flow as was already observed in the vorticity plots of figure 2.10
and 2.11. It is particularly interesting to observe that the majority of
vortices lie in the locations beyond x > 4D where the flow transits to
main-stream turbulence, and was also reminiscent in the PSD plots.
Some detached vortices surround the walls of the stenosis throat as a
result of higher strain rate in this region.
It was discussed in section 1.1.1 that as a result of transition
to turbulence, the characteristics of the flow vary from one cycle to
another, and one cycle is not super-imposable on another as would be
expected, for example in a laminar flow. This aspect is highlighted in
figure 2.13 which shows the axial centerline velocity at x = 3D over 10
cycles overlaid on the top of each other as thin lines in the background.
The black-line depicts the ensemble average over the 10 cycles and the
dotted black lines represent the standard deviation (±σ). The lines
overlap with each other during the acceleration phase of the cycle due
to re-laminarization of the flow whereas large deviations exist during
the deceleration phase** .
Kolmogorov micro-scales
Table 2.2 lists the l+ and t+ for LR and HR simulations (computed
from equations 1.17 and 1.18). These ratio are computed at the
observation point P2 along x=4D during the last cycle as the fluctuations in strain rate (eq. 1.10) were maximal at this location during
P2, which implies maximum dissipation during the whole simulation.
** The aspect that all the lines overlap during acceleration is indicative of transitional flow and stable simulation. In a fully developed turbulence, the acceleration
might appear unstable.
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Figure 2.12 Velocity colored Q-isosurfaces (Q=0.4) at the observation points
P1-P4 during the last cycle for LR resolution. The velocity is normalized by uc .

58

2.3. Transition to turbulence in a pulsating flow through stenosis
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Figure 2.13 The axial centerline velocity at x = 3D for 10 different cycles
overlapped over each other as thin lines. The black line represents the ensemble
average over these 10 cycles whereas the standard deviation (±σ) is depicted by
dotted lines.

LR
HR

δx
64 × 10−4
32 × 10−4

δt
30 × 10−6
7.5 × 10−6

l+
2.67
1.10

t+
0.84
0.53

Table 2.2 The ratio of spatio-temporal scales (l+ , t+ ) in the simulation and the
Kolmogorov micro-scales for different resolutions.

The employed resolutions are ample to resolve the rapidly varying
structures expected in a turbulent flow 142 . Whereas the δx of LR
is ∼ 3 times of the Kolmogorov length scale, in a minor transitional
flow in relatively less complex geometry like the presented stenosis, it
should be enough for simulations as is also evident from the results.
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2.3.4 Analysis of the flow and comparison to previous
work
The introduction of a geometric perturbation namely the eccentricity in the stenosis was the cause of the breakdown of symmetry in
the flow, and the onset of turbulence that occurred in post stenotic
regions, more than 3 diameters away from the stenosis throat. The
early and mid-acceleration phases were not only relatively more stable, but they assisted in re-laminarization of the turbulent activity in
the post-stenotic region that happened during deceleration. As the
fluid accelerated through the stenosis due to reduced pressure, the
eccentricity of the stenosis deflected the flow beam upwards, initiating a chaotic activity in the flow. As the flow accelerated further,
the previously formed vortices re-shaped into elongated streamwise
structures (see the vorticity plots of figures 2.10 and 2.11). The start
of acceleration in the following cycle saw a recurrence of the entire
process of a starting structure undergoing turbulent breakdown and
a subsequent re-laminarization of the post stenotic flow field, albeit
there were instantaneous cycle to cycle variations that resulted in a
shift of the location of miniature vortices from one cycle to another,
as can be seen from the instantaneous axial centerline velocity plots.
Main things to observe (and to compare against Varghese et al. 224 )
from the flow patterns of figure 2.6 and 2.7 were the flow direction,
peaks and nadirs in the axial profiles as well as the zones of flow
reversal or re-circulation. The flow field in the x-z plane exhibited
satisfactory agreement with Varghese et al. 224 . The velocity was elevated at the throat of the stenosis, remained high in post-stenotic
regions before becoming nearly constant near the end regions of the
channel (x > 11D). The magnitudes of the velocities as well as the
shape of the planar field looked exactly the same as the corresponding
plots from Varghese et al. 224 .
Similar agreement was seen for the x-y plane – though there were
a few locations of disparity. For example, the post stenotic field at P2
(x = 4D) looked very different from Varghese et al. 224 (highlighted
in orange circles). At P4, even the direction of the flow disagreed at
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locations x = 3D and x = 4D, which is very surprising especially
after an excellent agreement that was seen for x-z plane, which actually is the plane where the axis of the stenosis was offset. The exact
reason for this mismatch cannot be stated and can be attributed only
to the different solution algorithms. It should also be kept in mind
that this comparison is one of statistics and due to the unavailability
of data for comparison, we had to rely on visual inspection of flow
fields. Moreover, the perturbation that might be introduced by the
boundary layer may stay in the flow up to an arbitrary number of
cycles before being washed out completely. The boundary layer resolved by LBM and Spectral methods can be immensely different due
to the distinct algorithms, and accuracy of one over the other can not
be distinctly stated. The regions that are up-stream of the stenosis,
and in its vicinity have very high velocity gradients that result in the
onset of transition, and the wall boundary conditions are expected
to influence the results dramatically. In spite of these locations of
disparity, it is contenting to observe that the flow field re-attained
similarity beyond x = 5D at all the time points, as did the flow field
right at the stenosis throat.
Also, the flow fields from Musubi matched well to those from
NEK5000 at P6 in the x-y plane, which indicates that the discrepancies seen during P4 and P5 might have been a result of the loss of coherence patterns caused by large decelerative forces, which were then
overcame by the stabilization resulted by acceleration of flow. Another point that is worth highlighting here is that Varghese et al. 224
used the results from axisymmetric simulations as initial conditions
for the eccentric case whereas we set the pressure and velocity to zero,
and allowed the flow to develop thereafter. Evaluating this option in
detail by initializing LBM simulations like Varghese et al. 224 was not
considered important as there was convincing agreement in other locations and time points, and the local disparities also washed away
in later parts of the cycle.
Particularly interesting was the similarity in the flow patterns
during P2 where the velocity of inflow is maximum, and P6 where the
flow is in mid-acceleration phase after the deceleration. The presence
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of higher vortices during P3 than P2 as educed by the Q-Criterion
(figure 2.12) looked surprising as from figure 2.2 one would expect
highest vortices during P2 since it is the point with peak velocity.
As has been discussed before, this again is a consequence of large
decelerative forces that result in chaotic flow between P2 and P3,
and creates distinct and large vortex cores at P3†† . Similar behavior
was also observed in vorticity plots of figure 2.10 and figure 2.11.
2.3.5

Employed resolutions and numerical method

As was seen from figures 2.4a and 2.5a, the employment of high resolutions, directly proximal to the Kolmogorov length and time scales
(table 2.2) did not provide much improvement to the simulated flow
field except for the capture of some minute temporal characteristics.
The consumption of memory on the other hand increased by ∼ 8
times with a higher resolution and compute requirement inflated by 32
times (8 times more cells and 4 times more time steps). An unequivocal remark whether LR indeed is enough for simulating transitional
flows in general, and transitional physiological flows in particular can
not be made at this point because anatomical geometries are generally extremely complex. It will be seen in the studies of transitional
aneurysmal flow of chapter 4 that resolutions play an important role
when the geometry is not a simple conduit but a complex geometry.
In a complex geometry with variations in diameters, the flow proliferates through a domain that is chaotic which serves as a decisive
factor in sustainment of turbulence in the flow. Choice of resolutions
in fact has been a subject of discussion with other numerical techniques as well, see for example research on this aspect about blood
flow in aneurysms 221,225,218,96 as well as simulation of cerebrospinal
fluid in the spinal canal 75 .
In addition to that, the stenosis geometry studied here has one
outflow which is perpendicular to the incoming flow. Presence of more
†† In chapter 4 it will be seen that due to the action of decelerative forces,
the critical Reynolds number for transition in intracranial aneurysms deflates by
∼ 1.4× in pulsating flow as compared with a steady flow.
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outlets as well as the angle at which the downstream flow attacks these
outlets is likely to upsurge the resolution requirements. Moreover,
the stenosis may be viewed as a controlled distortion in a straight
cylindrical pipe which is located at only one location in the pipe. In
anatomically realistic geometries, arbitrary distortions can be present
at multiple locations. The irregularity of such distortions can educe
phenomena like flow separation and hydraulic jumps in addition to
adverse pressure gradients, which would require employment of higher
resolutions.
This study did not intend to establish the suitability of one numerical method over other as such a pursuit would require execution
of different numerical codes on the same machine, and would require
that the computer science methodologies like optimization techniques,
compilation options etc. followed in the implementation of the said
codes are in agreement. One aspect that enforces superiority of spectral methods is its ability to increase effective resolution 210 by increasing the polynomial order, although LBM has principal advantages in
representation of extremely complex patient specific anatomical geometries. Also Varghese et al. 224 employed a higher mesh density
near the walls and the stenosis throat unlike the uniform mesh that
was employed in this study. Local grid refinement 72,71 is implemented
and validated in Musubi framework and an accurate gauge on resolution/memory requirements can be accomplished only by exploring
those techniques. What seems obvious at this point is that very low
resolutions would suffice for an accurate simulation of hydrodynamics
in the post stenotic regions beyond x > 10D, where the flow relaminarized and did not exhibit much spatial and temporal variations.
This study advocates that the Musubi LBM solver can reproduce
the onset of transition to turbulence with sufficient accuracy, and its
use in the studies of transition to turbulence in hemodynamics in
intracranial aneurysms and cerebrospinal fluid hydrodynamics in the
spinal canal is suitable.
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2.4 TRANSITION TO TURBULENCE IN AN OSCILLATORY FLOW
THROUGH STENOSIS

When the flow oscillates or exhibits a bi-directional nature, the underlying factors that trigger turbulence are expected to differ from
those of a uni-directional pulsating flow, as the mean flow in such
a case is zero, and the flow reverses its direction in part of the cycle instead of going out through an outflow. Experimental studies
that address the aspect of laminar, transitional and turbulent flow in
such conditions have been performed 182,238,89 , mostly in simple pipes
without any distortion.
The stenosis geometry discussed previously in this chapter was
used for the study. Unlike the pulsating flow study presented in section 2.3, the pre and post stenotic regions of the vessel were equally
extended by 12 vessel diameters to account for the reversing nature
of the flow. Due to the flow reversal, the fluid travels equally on both
sides of the stenosis throat, and the location of the stenosis in the
pipe is thus expected to influence the onset of transition as well as
propagation of formed turbulent bursts. Thus, the pre-stenotic region acts as post-stenotic during flow reversal and vice versa, which
demands for equal flow propagation length on each side of the stenosis. Moreover, the distance from the stenosis throat, where the flow
transitions, remains in a chaotic state, and thereafter re-laminarizes
was of special interest in this study.
The Reynolds number based on the main vessel diameter, D, and
the half cycle averaged centerline velocity, uc was varied from 600 to
1800 in steps of δRe = 100 to explore the critical Reynolds number
for transition in oscillatory flow* .
The spatial and temporal resolutions corresponding to HR from
table 2.1 were chosen as they were proximal to the Kolmogorov micro* Note that in the study of pulsatile flow of section 2.3, we did not explore
the critical Re as it was known from literature and the goal of that section was
validation of our methodology and reproduce previous results. Oscillatory flow
through the same stenosis has never been studied and thus this particular section
is more illustrative.
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scales. The resulting number of cells for HR case was ∼ 700×106 , due
to the same overall length of the pipe as for pulsating flow. Simulations were executed on 28 800 cores of the Hazel Hen supercomputer
installed at the High Performance Computing Center in Stuttgart,
Germany (section 1.3). A total of n = 22 cycles were computed for
each case and computation of each cycle required ∼ 38 minutes of
execution time.
The remainder of this section is divided into results for axisymmetric and eccentric stenosis cases.

2.4.1

Oscillating flow through axisymmetric stenosis

The flow remained laminar in the axisymmetric stenosis up to Re =
1800, which was the highest Reynolds number studied. Minor periodic fluctuations arose in some parts of the cycle which eventually
vanished upon ensemble averaging of instantaneous velocity fields
over just 4 cycles characterizing the flow as laminar. The axial velocity profiles are shown in figure 2.14. The profiles upstream of the
stenosis correspond to the Womersley solution and appear essentially
laminar. Upon flow reversal, i.e. in time points P4-P6, similar profiles shape up on the left side of the stenosis. This behavior verifies
the zero-mean nature of the flow as what happens on the right side
of the stenosis is similar to a negative reflection of what happens on
the left side, as one would expect from a statistical point of view 89 .
Subtle differences remain in profiles on the left and the right side of
the stenosis, that are indicative of axial bias in the simulations as
a result of numerical residual. This behavior moreover reflects the
laminar nature of the flow, as in presence of fluctuations, the profiles
on the left and the right side of the stenosis corresponding to blowing
and suction stages are expected to look different as observed in the
following section.
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Figure 2.14 Sequence of axial velocity profiles, ⟨u⟩ /uc during observation points
P1-P6 (top down) of axisymmetric stenosis for Re = 1800.

2.4.2

Oscillating flow through eccentric stenosis transition to turbulence

A sequence of normalized centerline axial velocity, u/uc during the
last 5 cycles for oscillating flow is shown at Re=1500 (black line) and
Re=1700 (blue line) in figure 2.15. The ensemble averages over n = 20
cycles are shown on the right column. The flow does not remain
strictly laminar at Re=1500, evident from the minor fluctuations at
x=3D. Minor sporadic fluctuations start to appear at Re=1700 which
portrays the flow as non-laminar albeit the small fluctuations do not
qualify the flow as transitional.
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Figure 2.15 The normalized centerline axial velocity, u/uc over the last 5 cycles
out of a total 22 that were simulated, as a function of axial distance through
the stenosis, shown for the eccentric stenosis for Reynolds number of 1500 (black
line) and 1700 (blue line). Ensemble averaged counterparts over n = 20 cycles
are shown on the right side of instantaneous velocity traces.

Figure 2.16 shows the corresponding plots at Re=1800 where intense fluctuations, depictive of flow-transition are observed. The results for Re=1800 are thus only discussed in the remainder of this
chapter for brevity.
It may already be seen that the critical Re for transition
with oscillating flow has increased by ∼ 3× (∼ 1700−1800)
compared to pulsating flow through the same geometry
(600) – the physical factors responsible for this incident
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Figure 2.16 The normalized centerline axial velocity, u/uc over the last 5 cycles
out of a total 22 that were simulated, as a function of axial distance through
the stenosis, shown for the eccentric stenosis for Reynolds number of 1800. Ensemble averaged counterparts over n = 20 cycles are shown on the right side of
instantaneous velocity traces.

are discussed in section 2.4.4.
The flow fluctuations during the blowing and the suction stages commence when the flow is maximum, and are enhanced upon deceleration of the flow, before a re-laminarization during the acceleration
of the next cycle, and this process continues for subsequent cycles.
Figures 2.17 and 2.18 depict the sequence of ensemble averaged axial
velocity profiles across x-z and x-y bisecting planes respectively during six observation points. Locations beyond x = ±8D are not shown
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Figure 2.17 Sequence of ensemble-averaged axial velocity profiles, ⟨u⟩ /uc at
observation points P1-P6 (top down) in the x-z plane of the eccentric stenosis for
Re = 1800.

as the patterns were repetitive beyond these locations.
The regime of the flow, whether laminar or transitional cannot
be observed from axial velocity profiles but the deflected jet that
accelerates through the stenosis throat is clearly visible in the flow
profile at x-z plane. The axial profile between x = 1D and x = 3D at
point P2 is anti-symmetric, and so are the re-circulation zones. The
events of deceleration and flow reversal take place between P3 and
P4, and nearly what was seen on the right side of the stenosis throat
during P2 and P3 replicates on the left side of the stenosis during P5
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Figure 2.18 Sequence of ensemble-averaged axial velocity profiles, ⟨u⟩ /uc at
observation points P1-P6 (top down) in the x-y plane of the eccentric stenosis for
Re = 1800.

and P6 respectively in both x-z and x-y bisecting planes. A common
occurrence during all the six time points is the re-laminarization of
the flow beyond x = ±6D.
2.4.3 Turbulent Characteristics of the Flow
Energy spectra
Figure 2.19 sketches the energy specta computed from the centerline
velocity fields, as a function of distance from the stenosis between
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Figure 2.19 Energy spectra of the turbulent kinetic energy computed at the
centerline for oscillatory flow through eccentric stenosis. The locations represent
distance in diameters from the stenosis. The gray line in each plot indicates the
Kolmogorov −5
energy decay.
3

locations x = 2−5D† . It may be noted that unlike pulsating flow, the
TKE here is computed using triple decomposition from equation 1.3
because the mean flow for an oscillating flow here is zero i.e. ū =
0. Frequencies up to 103 Hz lie in the inertial sub-range as can be
observed by comparing against the corresponding Kolmogorov −5
3
energy decay. The spectrum falls down beyond this range at all the
locations, and viscous effects dominate at frequencies ∼ 6 × 103 Hz
at locations x = 2, 3, 4D. The energy range at location x = 5D (and
beyond) shows a downward trend due to the re-laminarization of the
flow as was also observed in the instantaneous flow characteristics of
figure 2.16.
Vortex structures
The instantaneous vorticity magnitudes across the x-z and x-y bisecting planes, normalized by uc /D at six observation points during
the last cycle of the simulation are shown in figures 2.20 and 2.21
† Spectra during the suction stage (on the left side of the stenosis) are not shown
as it was demonstrated before that the flow characteristics reproduce themselves
on the left side because of the zero mean flow.
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Figure 2.20 Instantaneous vorticity magnitudes at observation points P1-P6
during the last cycle, normalized by uc /D at the x-z plane of eccentric stenosis.

respectively. The flow jet accelerates through the stenosis, and gets
deflected towards the eccentricity to educe turbulent activity and
quasi-periodic flow separation downstream of the stenosis. Further
acceleration of the flow elongates the already formed vortices to result in an eventual turbulent breakdown and creation of new structures. The deceleration of the flow from P2 to P3 further dismantles
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Figure 2.21 Instantaneous vorticity magnitudes at observation points P1-P6
during the last cycle, normalized by uc /D at the x-y plane of eccentric stenosis.

the vortices resulting in a chaotic activity downstream of the stenosis
throat. The extent of this turbulent activity is maximum at x = 3D,
and remains high up to x = 5D before a re-laminarization of the
flow starts to take place beyond x > 6D. This process comes to a
sudden halt in parts of cycle beyond P3, when the flow comes to rest,
just before changing its direction. At this point, there is a balance
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Figure 2.22 Velocity colored instantaneous Q-isosurfaces (Q = 0.4) at three
observation points for the eccentric case at Re = 1800. The velocity is normalized
by the axial centerline velocity uc /D.
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ensemble average

+σ

−σ

Figure 2.23 The axial centerline velocity at x = 3D for last 10 cycles overlapped
over each other as thin lines to depict the extent of cycle to cycle variations.
The black line represents the ensemble average over these 10 cycles whereas the
standard deviation (±σ) is depicted by dotted lines.

between lift and drag forces 238 , and the flow then starts to accelerate
towards the left side of the stenosis corresponding to suction stage.
Subtle differences exist in the flow structures on the left side of the
stenosis, and unlike the axisymmetric case they are not a negative
replica of the process that was seen on the right side of the stenosis,
attributed to the transitional nature of the flow and the axial bias in
simulations that was mentioned before.
The structure of the vortices in 3D is illustrated by the velocity colored Q-isosurfaces shown in figure 2.22 at the six observation
points. Similar observations as those from the vorticity plots can
be drawn, and the most startling is the presence of a large vortex
ring, deflected towards the eccentricity that starts from the stenosis
throat, and continues downstream up to x = 3D during P2 of the
blowing stage. At this location, the flow breaks down to educe coherent vortices along the circumference of the pipe, and these structures
travel between x = 3D and x = 5D as a result of acceleration of flow
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through stenosis. The vortices are maximum during P3 due to the
action of decelerating flow.
Figure 2.23 represents the cycle-to-cycle variations at x = 3D
during last 10 cycles of the simulation. Behavior similar to that for
pulsating flow can be seen, except for the fact that the variations
are maximum during the deceleration phase of half of the cycle, and
acceleration of the other half stabilizes the flow as evident from an
overlap of the lines that represent mean and standard deviation.
2.4.4

Analysis of the oscillatory flow, and comparison
to pulsating flow

The most important outcome of this study is that the Reynolds number at which an oscillatory flow leaves the laminar regime and steps
into a transitional one increases by ∼ 3 times in the same geometry compared to pulsating flow of section 2.3 and similar literature 224,181,92 . The onset of flow-transition was observed at Re = 600
for pulsatile flow whereas it was Re = 1800 for oscillatory flow. The
comparison is based on the occurrence of turbulent puffs of similar
intensity for both types of the flow, that occurred in same parts of the
cardiac cycle. The fluctuations in the flow, that emerged as a result
of the onset of transition occurred in the form of puffs in parts of the
cycle, and in localized regions in the form of slugs, locations of which
were governed by the configuration of the stenosis. The presence
of the stenosis caused proliferation of the flow through a narrowed
junction, offset of which in the eccentric case broke the symmetry of
the flow and enhanced the fluctuations, which describes the stenosis as a source of disturbance or perturbation as was the case for
uni-directional pulsating flow. The turbulent slugs did not propagate
beyond the distance they could travel in one cycle from the source of
disturbance.
The flow transitioned mainly due to inertial effects, when the momentum gained by the fluid in regions downstream of the stenosis,
during both forward and backward flow became sufficiently large to
cause turbulent breakdown of the flow. Moreover, the shattered sym76
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metry brought about by the eccentricity resulted in the occurrence of
slugs immediately after the stenosis throat as the flow jet deflected
towards the eccentricity. The turbulent activity thus occurred in regions proximal to the stenosis, roughly two diameters away from the
throat (x = 2D), as could be observed from a large vortex ring that
connects stenotic throat and the turbulent spot in the Q-isosurfaces
of figure 2.22. The deceleration of the flow enhanced the chaos up to
nearly 4 diameters downstream of the stenosis.
The turbulent fluctuations rapidly decayed beyond the regions
of extreme turbulent activity mainly because the inlet flow lost its
momentum, and this was the time when flow had to reverse its direction before arriving at a stage of rest. This is in contrast to the
studies of pulsatile flow where the disturbances were carried over to
x = 10D from the stenosis throat (see figure 2.11) in spite of the low
Reynolds number. A general observation from the studies of transition to turbulence has been that the acceleration of flow stabilizes the
flow field 89,238,78,52 , which was also observed in the study of pulsating
flow. The oscillatory flow is more stable compared to pulsatile, and
this can be attributed mainly to the stabilization that is resulted by
the flow reversal – when the flow momentarily comes to a rest. The
event of flow reversal dampens the perturbations in the flow that are
introduced during the deceleration phase of the cycle. Acceleration
phase of the cycle assists in the stabilization as evident from the flow
profiles between P1 and P2. These observations corroborates findings
of similar previous studies 231,238 , that such a flow is conditionally
turbulent. Previous studies have however been conducted in straight
circular pipes while drawing deductions similar to the present study
that the critical Re for transition will reduce in a complex geometry.
A fact that might seem surprising in the present study is (minor) differences in instantaneous flow profiles in the right and left
side of the stenosis corresponding to the blowing and suction stages.
From intuition one would expect exactly same flow profile in both
sides of the stenosis due to the zero-mean nature of the flow as was
also observed for the laminar flow through axisymmetric stenosis. It
may however be observed that the ensemble averaged quantities (fig77
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ure 2.16b) indeed looked same on both sides of the stenosis. The
explanation for this phenomena follows our previous arguments of
cycle-to-cycle variations i.e. each half of the cycle starts with initial
conditions that are fed to it by the previous cycle. Now due to turbulent activity, each cycle has some differences particularly during the
deceleration phase (see figure 2.23) which explains differences in instantaneous characteristics on each side of the stenosis. It may also be
observed that unlike uni-directional pulsating flow, the stenosis plays
its role twice in the cycle i.e. during blowing and suction stages. The
turbulent slugs that were formed downstream of the stenosis (on the
right side), and the vortices that were shed in the re-circulation zones
remained trapped in the first half of the cycle as evident from the
vorticity plots during P4. Reversal of flow transferred these vortices
to the left side of the stenosis resulting in large differences in instantaneous velocity, which upon ensemble averaging smeared out due
to the divergence free nature of velocity in incompressible flows. In
addition, it may be mentioned that the effects of numerical residuals
cannot be ruled out for such a flow because in a transient simulation,
even though the flow comes to rest – the numerics does not return to
0, and there is numerical residual which would cause cycle-to-cycle
variations and minor deviations on each side of the stenosis as has
been seen in this study.
In a constant area tube, adverse pressure gradients do not exist 183 and consequently there is a constant pressure drop between
the two ends of the tube at a given time instant. The formation of
a turbulent slug in such a system elevates the pressure drop while
reducing the flow and decreasing the Reynolds number, thereby enhancing the stability of the flow. The presence of the stenosis resulted
in the formation of instantaneous local adverse pressure gradient and
quasi-periodic unsteady separation zone around the throat causing
variations on each side of the stenosis from one cycle to another.
This particular aspect partially explains the elevation of critical Re,
as the stabilization mechanism for oscillatory flow is different. In addition, the restriction of turbulent activity up to only x = 5D may
be explained by these factors.
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It is important to remark that the occurrence of inflection in the
velocity profile is a cause of instability in the boundary layer 183 , which
in pulsatile flows has been shown to be a criterion for instabilities in
the bulk arterial blood flow 136 . As the flow enters a conduit, a shear
flow develops as the viscous effects diffuse inward from the wall to
form a boundary layer whose thickness increases with distance from
the entrance 183 . Whatever disturbances are introduced at the wall,
are dissipated by the viscous effects of the boundary layer below a
critical Re while they manifest as disturbances in the bulk flow above
that critical Re. Observations of Yellin 238 have however shown that
for an oscillatory flow, such inflection arises from the inertial effects in
the axial region rather than from the boundary layer – an occurrence
that partially explains higher Re for transition in an oscillatory flow.
Analysis of instability mechanisms in purely oscillatory flows in
un-constricted tubes was provided by Yang & Yih 237 who examined
the linear stability of axisymmetric disturbances. This work was extended by Nebauer & Blackburn 146 who examined non-axisymmetric
disturbances. Study by Sherwin & Blackburn 188 remains the most
extensive till day that examined the three-dimensional instabilities
and transition to turbulence in steady, oscillatory as well as pulsatile
flow through a similar stenosis as used in this study.
An aspect different in this study from those of pulsating flow 224,92
was the equal length of pipes on both sides of the stenosis. The role of
this length has been discussed in detail by Chin et al. 32 , and is best
interpreted by the concept of Reynolds entrance length. There were
no signs of fluctuations beyond x = ±7D which suggests extension by
12D in each direction of stenosis as appropriate. A hypothesis that
emerges however is the influence of the stenosis location stenosis in the
parent pipe on the onset of transitional flow. Since the instantaneous
flow characteristics were visibly different on each side of the stenosis,
particularly for the eccentric case, the propagation of turbulent slugs
in each direction will be remarkably influenced by the location of the
stenosis, and may be investigated in future.
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2.4.5

On the mechanisms of perturbation in flow that
leads to transition

In this chapter we have emphasized, and will continue to discuss in
subsequent chapters, the mechanisms or the source that perturbs the
flow to leave the laminar regime and brings it into a chaotic one.
In the present chapter, whether it was pulsating flow, or oscillatory
flow, the break in symmetry of the stenosis was clearly the source of
disturbance in the flow that transitioned the flow to turbulence. We
did not find any transition in the axisymmetric case, at least up to
the Reynolds number that were studied.
The studies of critical Reynolds number for steady flows through
the same stenosis have however reported conflicting Reynolds number for transition 181,226,64 while the circumstances that may perturb
the flow in a numerical simulation in the first place have not been
discussed in length. See for example Varghese et al. 223 reported the
flow as laminar in axisymmetric stenosis in the simulation of steady
flow at Re=500 and 1000. Samuelsson et al. 181 however reported a
critical Re of 713 for transition in the axisymmetric stenosis under
steady inflow conditions, and conjectured that the reason for Varghese
et al. 223 not finding any onset of turbulence might have been insufficient simulation time i.e. their simulation might have not surpassed
the unstable solution before analysis was performed. While the exact
reason for discrepancies in these two studies remains an enigma, we
remark from the studies of this chapter that minor asymmetries are
unavoidable in experiments but not in simulations. Moreover, these
asymmetries which have the potential to perturb the flow and cause
the onset of turbulence are quantifiable and controllable in a numerical
simulation.
For example, turbulence may already originate from the entrance
due to the effect of boundary conditions 238 . The analysis presented
however would vitiate such arguments because an entrance or wall
generated disturbance would not reach a point beyond the distance
it can travel in one cycle while the flow was laminar up to ∼ 8 pipe
diameters from entrance, and characterization of stenosis as a source
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of disturbance would thus uphold. In the present study, we have admittedly not addressed these aspects in detail and have deferred this
investigation for future studies. The source of turbulence, as found in
the presented studies, is clearly the introduction of eccentricity, and
whatever discussion one may provide for the onset of turbulence in
a symmetric stenosis will be based on one assumption or the other.
Future studies should however address the sources of perturbation
in perfectly symmetric meshes, and investigations with different pulsation frequencies and amplitudes should be performed. Moreover,
studies with non-Newtonian flow models may be conducted in order
to explore the conditions for transition to turbulence in the context
of physiological flows.
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Hemodynamics in
intracranial aneurysms
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3

Pathophysiology, prevalence and
hemodynamics of intracranial
aneurysms
This chapter describes the prevalence and pathophysiology of intracranial aneurysms. Common treatment options are discussed and
the emphasis is put on the hemodynamics and aneurysm morphology.
Related work in the direction of modeling hemodynamics is reviewed
with a focus on transitional flow.
3.1 INTRACRANIAL ANEURYSMS

The definition of intracranial in dictionary is: within the skull and
that of aneurysm is: an excessive localized swelling of the wall of an
artery. An intracranial aneurysm thus refers to localized swelling or
dilatation in the wall of a cerebral artery which results in a balloon like
appearance. Cerebral or intracranial are used as prefix to aneurysm
to denote the same disease – ballooning of a brain artery.
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Figure 3.1 A schematic representation of intracranial aneurysm
Image source: Brain aneurysm foundation, http://www.bafound.org/brainaneurysm-basics

A typical aneurysm is schematically represented in figure 3.1 which
highlights the balloon like appearance under a rectangle. The vascular
system experiences stress during the cardiac cycle, and an aneurysm
may eventually grow, experience thinning in its wall, and consequently rupture allowing the blood to escape in the space around
the brain. This region between the brain and the skull is called subarachnoid space (SAS), which is filled with the cerebrospinal fluid,
discussed in detail in chapter 6. The leaking of blood into the SAS,
as a result of aneurysm rupture is termed subarachnoid hemorrhage
(SAH). As the blood leaves the confines of the vasculature, and deposits within the SAS, the red blood cells breakdown and degrade
over time, triggering inflammatory cascades that may damage neurons. An event of SAH increases pressure on the brain and damages
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the brain cells. At the same time, the affected artery that is now
deprived of blood causes reduced oxygen supply to the surrounding
area of the brain, resulting in a hemorrhagic stroke* . A ruptured
brain aneurysm commonly requires advanced surgical treatment.
3.1.1

Prevalence

Hemorrhagic stroke caused by the rupture of an aneurysm remains a
major cause of morbidity and mortality in the modern world 186 . The
estimates on the prevalence and the risk of rupture of intracranial
saccular aneurysms vary widely between studies. Statistics from the
Brain aneurysm foundation† estimate about 6 million people in the
United States alone suffering from un-ruptured IA, which translates
to 1 in 50 people. In the European Union, 3.5 − 5 % of the total
population or nearly 18.5 million people harbor un-ruptured IA, and
management of these patients amounts to 25% of all stroke related
costs, which is nearly 5.5 Billion Euro per year 43 .
The rupture rate is ∼ 0.01% while 40% of the ruptured aneurysms
are fatal. Out of those who survive an aneurysm rupture, nearly 66%
suffer from permanent neurological deficit. A systematic review on
prevalence and risk of rupture of IAs can be found in Rinkel et al. 170 ,
Weir 228 .
3.1.2

Types and morphology of aneurysms

Before delving into details of the types and morphology of aneurysms,
it is imperative to have knowledge about the physiological details of
the brain, relevant to hemodynamic environment within aneurysms
and understand the common anatomical terms that will be used
throughout this thesis. Blood is carried to the brain by two paired
arteries, the internal carotid artery (ICA) and the vertebral artery
(VA) (represented in Figure 3.2a). As can be seen, the common
* It

is of interest to note that whereas hemorrhagic stroke occurs due to bleeding,
another type of stroke termed ischemic occurs due to lack of blood flow
† http://www.bafound.org
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carotid artery divides into internal and external carotid arteries. The
anterior circulation in the brain is fed by the ICA and the posterior
circulation is fed by the vertebral arteries (VA). The green circle represents the Circle of Willis (CoW) where the two systems connect.

(a) Blood supply to the brain

(b) Circle of Willis

Figure 3.2 Schematics of blood supply to the brain. The frontal view shows
arteries that feed blood to the brain whereas the top view represents the Circle
of Willis and branching of arteries.
Image source: http://www.mayfiedclinic.com/PE-AnatBrain.htm

Top view of CoW is represented in figure 3.2b. The internal
carotid and vertebral-basilar systems are joined by the anterior communicating and posterior communicating arteries. The vertebral arteries supply blood to the cerebellum, brainstem, and the underside
of the cerebrum. After passing through the skull, the right and the
left vertebral arteries join together to form the basilar artery (BA)‡ .
The BA and the ICA communicate with each other at the CoW. The
communication between the ICA and vertebral-basilar systems is an
‡ The studies of chapters 4 and 5 are based on a database of aneurysms in the
middle cerebral artery and the basilar artery
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important safety feature of the brain§ .

Figure 3.3 Saccular and Fusiform types of aneurysms
Image source: https://openi.nlm.nih.gov

Based on the shape, aneurysms are usually classified into two
types namely saccular and fusiform as shown in figure 3.3. Saccular aneurysms are the most common type and account for 80% to
90% of the aneurysms. These projection-like aneurysms occur at arterial bifurcations and the CoW. The fusiform aneurysm are a form
of outpouching of an arterial wall on both sides of the artery or like a
blood vessel that is expanded in all directions. Prevalence of fusiform
aneurysms is rare and they are thus not studied in this thesis.
It may further be classified that the saccular aneurysms can occur
at a bifurcation (Y-segment of arteries) or on the side of an artery.
They are respectively termed bifurcation and sidewall aneurysms, and
would be commonly used in this thesis.
3.1.3 Pathophysiology
The pathogenesis of intracranial aneurysms is related inherently to
structural aberrations of the cerebrovasculature – the etiology of these
aberrations may however be diverse. The elastic defects result in a
compromise of the integrity of internal elastic lamina which eventually
results in dilatation and development of aneurysms.
The development of IAs remains a controversial topic and a number of factors such as environmental, hereditary, and congenital are
§ http://www.mayfieldclinic.com/PE-AnatBrain.htm
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often viewed as a cause of IAs. Observations from Crawford 36 far
back in 1957 have described blood pressure and atherosclerosis as one
of the major factors that could result in initiation of an aneurysm.
In recent studies of the etiology of aneurysms, however, it has been
fairly well established that the hemodynamic environment within the
cerebral arteries plays a key role in the initiation and growth of IAs
in combination with biochemical and physical interactions 69,195 .
Review by Stehbens 196 indicates that the studies that characterize IAs as congenital or inherited are based on unsubstantiated
allegations. It is suggested that the most plausible explanation for
the genesis of aneurysms is that they are acquired degenerative lesions
due to the effect of hemodynamic stress 196 .

3.1.4

Diagnosis and treatment

Many aneurysms are incidentally detected in magnetic resonance
imaging (MRI) of the head. Some patients that harbor aneurysms
do not show any symptoms and are termed asymptomatic. Most of
the un-ruptured aneurysms are asymptomatic¶ . Large or ruptured
aneurysms may include symptoms such as localized headache, blurred
vision or difficulty in speaking.
The occurrence of asymptomatic un-ruptured aneurysms poses
additional challenges to Neurosurgeons as it is hard to identify the risk
whether an aneurysm will rupture or not. Whereas patient preference
and the judgement of the neurosurgeon are the decisive factors for
intervention in such cases, factors like size, location, age, health and
family history of the patient are other important factors in a decision
for intervention.
The common treatment options include endovascular coiling, surgical clipping and deployment of a flow diverter as illustrated in figure 3.4. The various treatment options are discussed below:
¶ The fact that many aneurysms are asymptomatic already suggests that the
prevalence of aneurysms might be much larger than the reported statistics.
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Figure 3.4 Endovascular coiling and clipping (left), stent assisted coiling (middle) and deployment of flow diverter (right)
Image source: http://www.mayoclinic.org

Endovascular coiling
Coiling is the most common and popular endovascular treatment that
was introduced by Guglielmi 66 . In the method of endovascular coiling, bio-compatible metal wires are pushed into the aneurysm to occlude it. In wide-necked IAs, there is a risk that the wires might
migrate back into the parent artery. A high-porosity stent is thus
placed in the parent artery, through which the coils are pushed into
the aneurysm. This technique is known as stent-assisted coiling.

Surgical Clipping
Surgical clipping, an exovascular procedure is the most traditional
treatment for IAs. It has been used worldwide for more than 50
years 227 . It consists of the placement of a tiny metal clip across the
aneurysm neck, which is the zone that divides the aneurysm from
the parent artery. A minimally invasive technique for the clipping of
paraclinoid IAs was developed recently by Germanwala & Zanation 63
which has been successfully applied in clinical practice.
91

3. Pathophysiology, prevalence and hemodynamics of intracranial
aneurysms
Flow diverter
A flow diverter or a pipeline embolization device is a kind of stent
that is deployed in the parent artery of the aneurysm. The goal of
these devices is to redirect the blood circulation and induce flow cessation inside the aneurysm. The cessation and stasis of flow reduces
the velocity and wall shear stress inside the aneurysm to result in the
formation of thrombus (blood clot), and eventual obliteration of the
aneurysm 111 . Flow diverters are usually applied for the treatment of
fusiform or wide-neck aneurysms 159,233 where coiling is impractical.
The novelty of this therapy, and the lack of application has made this
technique rather controversial 217 . Very large number of publications
have surfaced in the past decade from clinical, experimental, and
computational groups trying to classify the reduced risk of rupture
upon deployment of a flow diverter by increased process of thrombosis‖ . Simulation studies have shown qualitative increase in the process
of thrombosis in patient specific aneurysms 245,97,244 , although such
studies lack validation and evidential support, demanding for further
research in this direction.
3.2 HEMODYNAMICS

As may be inferred from the discussions above, hemodynamics remain one of the most important factors responsible for the initiation,
growth and rupture of intracranial aneurysms. The work of this thesis, within the limitations of modeling, explores only hemodynamics
in IAs while discussing the implications. The flow of blood in human
body is controlled by the heart rate while the cerebral blood flow
is adequately maintained and stabilized by a process called cerebral
auto-regulation 156 .
‖ The

international intracranial stent meeting (interdisciplinary cerebrovascular
symposium), an initiative of Prof. Daniel Rüfenacht, Prof. Pedro Lylyk and Prof.
Makoto Ohta brings together a blend of MDs and PhDs across the globe every
year to discuss progress and road blocks in the use of CFD in aneurysm treatments where flow diverters remain a major topic of discussion: http://www.icsmeeting.net
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Blood is an inhomogeneous fluid that contains a mixture of suspended particles namely cells like erythrocytes, leukocytes and thrombocytes. About 55% of blood contains plasma, a stray-yellow colored
substance that is blood’s main liquid medium consisting of 92% water and 8% blood plasma proteins. The blood plasma volume totals
∼ 2.7 − 3.0 liter in an average human. Red blood cells (RBC) are
the smallest, flexible, discoid shaped particles in the blood whose
diameter ranges from ∼ 6 − 8µm.
From a technical point of view, the inhomogeneous nature of the
blood exhibits a shear thinning or Non-Newtonian behavior. In the
simulation studies presented in chapter 4, the blood is yet modeled
as a homogeneous fluid while rationale behind this limitation and
implications on the results are drawn. In the context of IAs, the appropriateness of the choice of blood as Newtonian or Non-Newtonian
fluid remains a topic of discussion as would be observed in chapter 4.
3.2.1

Transitional hemodynamics

The flow of blood in the human brain exhibits a transient behavior that is dependent on the cardiac cycle and the average speed of
this flow is small corresponding to a low Reynolds number (usually
< 600). The low Reynolds number advocates the presumption of
laminar flow in aneurysms. Clinical and experimental evidence does
exist that suggests the presence of velocity fluctuations in aneurysms
in vivo 172,57,197 . Ferguson 57 reported turbulence in IAs in a clinical
study by observing bruits, indicative of turbulence using a phonocatheter during surgery. In studies on idealized glass models of
aneurysms Roach et al. 172 reported turbulence at Re = 500 while Stehbens 194 reported critical Reynolds number between 600 and 900 for
transition to turbulence in idealized glass models of bifurcations and
the carotid siphon.
The implications of transitional hemodynamics in human IAs will
be discussed in length in chapter 4. The intention to describe the
occurrence of this phenomenon in experimental and clinical studies
follows the motivation on which the core of this thesis rests. More93
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over, it justifies the advanced methods for the assessment of transitional flows that were discussed in chapter 1, and will be employed
throughout.
3.3 RELATED WORK IN MODELING OF HEMODYNAMIC ENVIRONMENT IN INTRACRANIAL ANEURYSMS

Computational fluid dynamics has been used for many years to identify the mechanical risk factors associated with aneurysmal evolution
and rupture as well as to understand the flow characteristics before
and after surgical treatments in order to help the clinical decision
making. A recent article by Chung & Cebral 34 provides a comprehensive review on the progress that CFD has made in this area and
the challenges that it faces.
The employment of the term modeling here is a superset of CFD
as the latter particularly models the flow dynamics in aneurysms.
Hemodynamics is one of the most important factors (as explained
above) in the initiation, growth and rupture of aneurysms, and it thus
remains an important ingredient in modeling. For example, when
thinking of a model for the initiation of aneurysms, one has to model
the forces exerted on the arterial wall by blood flow, and structural
mechanics alone would not suffice to model such a phenomena. Same
applies for the modeling of growth, rupture and post rupture vessel
wall re-modeling.
The use of CFD in this context is better interpreted by observing this area as Image based CFD. The reasons are that CFD has
to rely on size, shape and morphology of aneurysms or vessels that
is obtained from clinical imaging. Steinman et al. 202 employed a
patient specific aneurysm model obtained from high resolution clinical 3D angiographic data for their CFD study. The study aimed to
identify hemodynamic factors that could be used to predict rupture
risk of aneurysms, and subsequently help the clinicians for the most
appropriate intervention option for a particular patient.
Research then steered in this direction to identify the hemodynamical and morphological variables for the assessment of the rupture risk
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of aneurysms. These variables include maximum and mean wall shear
stress (WSS), oscillatory shear index (OSI), pressure, flow structure
as well as the size and the diameter of the aneurysm. Detailed definitions and related work on hemodynamic and morphological variables
is described respectively in Mut et al. 144 and Dhar et al. 41 .
Among these hemodynamic variables wall shear stress (WSS) has
been suggested as the most critical factor related to the evolution
and rupture of aneurysms – the reason being the influence of WSS on
endothelial cells. This factor has however been controversial as both
low and high WSS have been proposed as important indicators for the
prediction of aneurysm rupture. See for example, the study by Shojima et al. 189 who identified low average WSS as a predictor for the
rupture of IAs in of a cohort of 20 MCA aneurysms. Later study
on 119 aneurysms by Xiang et al. 234 claimed that ruptured IAs had
lower WSS and mean-WSS than their parent vessels whereas comparable WSS and mean-WSS were found in un-ruptured IAs. Similar
findings have been reported in recent literature as well 128,150,121 .
Nearly equal number of publications, however, report conflicting
results as they suggest high WSS in ruptured aneurysms. For example Chien et al. 31 compared the hemodynamic characteristics of
ruptured and un-ruptured small IAs and found that WSS was relatively higher in ruptured ones while Cebral et al. 26 reported similar
results in a relatively larger cohort of 211 aneurysms. These studies
have been supported by reports from recent publications 80,179 .
These efforts by the community of scientists and engineers report conflicting results making the extrapolation of these findings in
vivo nearly impossible, not to mention the distress this causes among
clinicians. See for example the recent editorial by Kallmes 105 who
suggested the CFD researchers to work more to close these gaps and
address conflicting information, to which Xiang et al. 235 conjectured
that both low and high WSS may be associated with the IA rupture
process due to the complexity of the disease. Whereas it is obvious
that IAs are extremely complex disease and the risk factors are multiple, it is suggested that these factors might be interconnected with
each other 28 . Strother & Jiang 208 have proposed that aneurysms
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may not be a single disease but a spectrum of diseases or multiple
diseases.
Clearly there is a multitude of factors that may govern the rupture risk of aneurysms. A factor that is most often ignored is the
inaccuracies in image acquisition itself and the fact that the wall
of an aneurysm does interact with the blood flow. A recent report
by Schneiders et al. 184 depicted differences in the neck sizes of 20
IAs between images from 3DRA (rotational angiogram) and 2D DSA
(digital subtraction angiogram). Moreover, complex bio-mechanical
processes involved in growth, stabilization and rupture of aneurysms
can ostensibly be explored only by the combination of fluid and solid
mechanics analyses 174 .
The only path that scientific community working in CFD now
foresees is the evaluation and comprehensive validation of CFD. In
the previous chapter 2, we made such an effort for validating of the
methodology employed for the study of transitional flows in this thesis. Such efforts, in the context of aneurysms include comparisons
of CFD results against in vitro experiments, or in vivo MR imaging.
In chapter 5, an evaluation of LBM against ANSYS Fluent and MR
acquisition is performed by comparing the respective velocity fields.
The related work in this direction is thus reviewed in chapter 5 for
concision.
While evaluating related work in the direction of modeling hemodynamics in aneurysms, we further emphasize that this thesis touches
base with a novel and seemingly potent hemodynamic variable namely
presence of transitional flow in aneurysms. The simulations are performed within the assumptions of rigid arterial walls, Newtonian nature of blood – with resolutions that resolve the finest scales that
appear in a transitional flow.
3.3.1

The international aneurysm CFD challenge

An international effort that aimed to address the controversies that
were discussed above and close these gaps between CFD communities
was the launch of international aneurysm CFD challenge. In 2007,
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the Virtual Intracranial Stenting Challenge (VISC) aimed to establish
a benchmark to evaluate the performance of three commercial stents
by different research teams 165 . Different grid generation methods and
CFD technologies were employed by industrial and academic teams
and the results were consistent among them.
In the following CFD challenge, presented at the ASME (American society of mechanical engineers) 2012 Summer Bioengineering
Conference, diverse research groups consistently predicted the pressure drop in a giant IA with a proximal stenosis 201 . The results of
this event in 2012 however concluded that whereas pressure drop predictions were consistent, the same could not be said about the specific
flow patterns or derived quantities.
In 2013 98 two MCA aneurysms were selected by the organizers of
the CFD challenge – one was ruptured and the other was unruptured.
The participants had to predict the rupture status and rupture site of
the aneurysms. Whereas 81% predicted the ruptured aneurysm correctly, most groups could not identify the rupture site of aneurysm.
The Phase II 9 of the challenge identified that the quantities computed by all the 26 participating teams were similar, although it was
concluded that time-dependent measurements should be conducted
in the future.
The challenge in 2015 intensified and DICOM data of 5 aneurysms
was given to the participants, and the tasks, in addition to CFD
simulations, included reconstruction of the 3D lumen vessels from
the images** . The goal was obvious – to address the variability in
segmentation from different research groups. The results are being
analyzed by the organizers at the time of writing of this thesis.
3.3.2

Modeling transitional hemodynamics in aneurysms

A common thread in the studies of nearly all the authors that have
been mentioned above has been complexity of the flow or hemodynamic environment inside IAs. The way in which this complexity is
** Digital Imaging and Communications in Medicine (DICOM) is a standard for
handling, storing, printing, and transmitting information in medical imaging.
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defined is however different as noted above. Sforza et al. 187 found
that an aneurysm that was imaged just hours before its rupture, had
a concentrated inflow stream, small impingement region, complex
intra-aneurysmal flow structure, asymmetric flow split from the parent vessel to the aneurysm and daughter branches. Study of Xiang
et al. 234 also confirmed the presence of complex flow patterns with
multiple vortices in ruptured aneurysms compared to un-ruptured
ones.
The said complexity, yet, in all the afore-mentioned works was
based on the presumption of laminar flow regime in aneurysms. This
was challenged only recently in adequately resolved FEM simulations
by Valen-Sendstad et al. 218 ,219 where the authors found predominantly higher frequency of velocity fluctuations in the range of 1−500
Hz in bifurcation, but not sidewall aneurysms. In this work, the authors 219 remarked on the choice of spatial and temporal resolutions,
inadequacy of which may potentially result in overlook of such phenomena. Valen-Sendstad & Steinman 221 furthered this work and
suggested implications on the choice of CFD solution strategy in prediction of IA rupture status indicators.
This work perturbed the scientific community applying CFD for
computing hemodynamics in aneurysms as the common premise of
laminar flow was challenged. We have seen in chapters 1 and 2 that
the assessment of a transitional flow requires considerably high resolutions in comparison to a simulation of laminar flow. Commentary
by Ventikos 225 aimed to address such issues including the role of
resolutions. Poelma et al. 161 reported that accurate determination
of time-averaged hemodynamic indices (for example WSS) may require simulation of larger number of cycles in a transitional flow as
in some cases, transitional flow can lead to significantly different flow
characteristics from one cardiac cycle to another.
The essence of arguments in this direction rests on the fact that
a CFD simulation would need considerably higher resolution to capture such phenomena, and a priori assumption of laminar flow in
aneurysms advocates the choice of low spatial and temporal resolutions, and simulation of only one cardiac cycle. Whereas these
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are technical details, what remains an open question, particularly to
the clinicians is the physiological implication of such phenomena, if
present in vivo.
Evju & Mardal 53 have provided predictive insights on the role of
transitional flow in aneurysms. We shall discuss such implications
in detail in chapter 4. Parts of the content presented in chapter 4
would re-evaluate the same aneurysms that were studied by ValenSendstad et al. 219 . This will be followed by an extensive space and
time refinement study on two aneurysms with laminar and transitional flow regime, and the critical Reynolds number at which the
flow in aneurysms transitions would be explored under steady and
pulsatile flow conditions. The chapter 5 will compare the highly resolved DNS against clinically feasible simulations from a commercially available software from ANSYS and MR acquisition to explore
the discrepancies in the different techniques.
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Transitional hemodynamics in
intracranial aneurysms

This chapter presents the results of direct numerical simulations of
hemodynamics in intracranial aneurysms in the middle cerebral artery.
Simulations at an extreme limit of spatial and temporal resolutions
are conducted to quantify and observe the extent up to which CFD
computed velocities experience change in aneurysms. The critical
Reynolds number (ReCr ) at which the flow in aneurysms leaves the
laminar regime and steps into a chaotic one is explored for both steady
and pulsatile inflow. The implications that such a flow regime might
have in the initiation and rupture of intracranial aneurysms are discussed in detail* .

* Parts of the research presented in this chapter have appeared in Jain et al. 96 ,
Jain & Mardal 94 .
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4.1 INTRODUCTION

In the previous chapter, the prevalence and physiological details of
aneurysms were discussed and the research in the direction of computing hemodynamic quantities in aneurysms using CFD by various research groups was evaluated. The novel computational finding
namely the presence of transitional flow in aneurysms was emphasized, as an evaluation of that aspect is the primary ambition of this
thesis.
In the present chapter, 12 aneurysms that were previously studied by Valen-Sendstad et al. 219 are first evaluated by using the same
in/outflow conditions as employed by 219 in their FEM simulations.
The simulations on 12 aneurysms are conducted at reasonable spatial
and temporal resolutions, after which two aneurysms, one with laminar flow and the other with transitional flow are chosen to perform
an in depth space and time refinement study. The goal of the refinement study is to explore the spatial and temporal resolutions needed
to resolve the Kolmogorov micro-scales and observe the changes in
velocity fields upon subsequently increasing the spatial and temporal
resolutions, up to a point when these changes are < 1%.
In the second part of the study, the Reynolds number in the parent
artery at which the flow in aneurysms becomes transitional is explored
under both steady and pulsatile inflow conditions. For the aneurysm
with laminar flow, Reynolds number is increased in steps up to a
value that is still physiologically realistic, in order to find out if the
laminar regime in that aneurysm may become transitional within a
physiologically acceptable range of Re.
The implications of the results from a fluid mechanical, numerical
and physiological point of view are discussed in section 4.4.
4.2 METHODOLOGY

Valen-Sendstad et al. 219 studied a cohort of 12 aneurysms in the
middle cerebral artery (MCA) that were available from the University Hospital of North Norway, Tromsø. The same aneurysms were
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taken for the research presented in this chapter. In all the simulations
reported in this chapter, the inlets and the outlets of the aneurysm
models were extended by 10 diameters. The extension of the inlets
is based on the concept of Reynolds entrance length for turbulent
flows 162,48 given by L = 1.359D(Re)1/4 , and is generally approximated as L ∼ 10D where D is the diameter of the pipe on which
the Reynolds number (Re) is based and L is the entrance length
required for the flow to develop. The outlets are extended by 10 diameters to dampen the effect of boundary conditions 219 . The blood
rheology was represented with constant density and viscosity using a
Newtonian description, i.e. density ρ = 1056 Kg/m3 and kinematic
viscosity ν = 3.27 × 10−6 m2 /s. Zero pressure was maintained at the
outlet corresponding to LBM boundary condition described in 104 . All
the vascular walls were assumed to be rigid and the arbitrary curved
surfaces were represented by a 2nd order no-slip boundary condition, which aligns the LBM velocity directions to the curved surfaces
thereby compensating for the staircase approximation of boundaries
in a LBM cartesian mesh 19 . Initial conditions were set to zero velocity
and pressure and the analysis was performed after 2 seconds, when the
initial transients washed away and the flow attained a periodic nature.
The BGK relaxation scheme of the LBM (see section 1.2.1.1) was employed throughout the study with relaxation parameter, Ω = 1.93† .
Flow characteristics were probed at ∼ 400 points evenly spread
out in the dome of each aneurysm, which is different from ValenSendstad et al. 219 who placed one probe in the center of the aneurysm
dome for the assessment of flow characteristics.
Comparison for 12 aneurysms
Valen-Sendstad et al. 219 labeled the 12 aneurysms according to serial
numbers of patients followed by m, and the same notation is adopted
† A sensitivity study was performed by varying the Ω from 1.81 to 1.95 in steps
of 0.02 for aneurysm m11 at all the resolutions shown in table 4.2. No qualitative
or quantitative change was observed in computed hemodynamics in the aneurysm
and that study is thus not discussed in this thesis.

103

4. Transitional hemodynamics in intracranial aneurysms
here to enable a consistent comparison to the previous work 219 . Following 219 , a steady velocity with umean = 0.5 m/s was prescribed as
inflow boundary condition. This velocity magnitude corresponds to
Case
m1
m2
m3
m5
m8
m9
m11
m12/A≈
m15/A≡
m16
m18
m20

Age
57
63
57
51
54
35
65
82
72
74
52
57

Sex
M
F
F
F
F
M
M
F
F
F
F
M

Status
U
U
R
U
U
R
R
R
R
R
R
U

D(mm)
3.43
2.51
2.49
2.12
1.96
2.55
3.53
2.40
2.24
2.68
1.55
1.74

Re
501
367
364
310
286
373
516
351
328
392
227
254

Table 4.1 Demographic details, rupture status and Reynolds number of 12
aneurysms. U refers to unruptured whereas R refers to ruptured. D is the parent
artery diameter in mm.

the peak systolic conditions of the MCA M1 segment 110 . We base
the definition of the Reynolds number on the diameter of the parent
artery and the mean inflow velocity, which in case of pulsatile flow
is the peak systolic velocity. Table 4.1 lists the demographic characteristics, rupture status, parent artery diameter and the Reynolds
number of 12 aneurysms. The 12 MCA aneurysms are shown in figure 4.1. The spatial and temporal resolutions corresponding to h4
in table 4.2 were chosen for the comparison of hemodynamics in 12
aneurysms against those reported in 219 . Resolution h4 resulted in an
average of 10 million cells with a minimum of 4 million and maximum of 15 million cells due to respective differences in the volumes
of aneurysms. The simulations were conducted on 360 cores of the
compute cluster of the RWTH Aachen University, Germany. A to104
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m1

m8

m15(A≡ )

m2

m3

m5

m9

m11

m12(A≈ )

m16

m18

m20

Figure 4.1 Models of 12 MCA aneurysms. The two representative aneurysms
with laminar and transitional flow are marked as A≡ and A≈ respectively. The
arrows depict the direction of in/outflow
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tal of 8 seconds were computed for each aneurysm, and computation
time for each second ranged from 40 minutes to 2.5 hours.
Space and time refinement study
The LBM simulations conducted on 12 aneurysms revealed an excellent qualitative match to results of Valen-Sendstad et al. 219 i.e.
the same aneurysms (5 out of 12) had transitional flow and the same
aneurysms (7 out of 12) had laminar flow (results are discussed later
in subsection 4.3.1). Based on these outcomes, two aneurysms, one
with laminar flow and the other with transitional flow were picked for
the subsequent space-time refinement study. Aneurysms with laminar and transitional flow are respectively referred to as A≡ and A≈ in
the following, and are shown in figure 4.1‡ .
The space and time refinement study was performed with steady
inflow as depicted above resulting in parent artery Reynolds number
of 328 and 351 for A≡ and A≈ respectively (table 4.1). Moreover, the
Kolmogorov micro-scales as computed from this study established
the resolutions that were ample to further the study and explore the
critical Reynolds number 94 .
Assessment of mesh dependent changes
Both aneurysms, A≡ and A≈ were discretized with six different spatial and temporal resolutions, referred to as h1-h6 in the following.
The resulting number of cells for each aneurysm are listed in table 4.2§ . It may be noted that an extensive space and time refinement
study is performed only for steady inflow, and the outputs from this
study are used for the exploration of ReCr in A≈ with both steady
and pulsatile flow. Kolmogorov micro-scales for each simulation of
pulsatile flow were however separately computed and quantified in
‡ These two aneurysms are mainly discussed in this chapter and the previous
notations used by Valen-Sendstad et al. 219 have been dropped after a comparison.
§ Observe that δt is quartered when δx is halved following the diffusive scaling
discussed in subsection 1.2.1
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section 4.3. All the simulations were performed on the SuperMUC
Ref
h1
h2
h3
h4
h5
h6

δx(µm)
128
64
48
32
16
8

δt(µs)
29.0044
7.2511
4.0787
1.8128
0.4532
0.1133

#Cells A≡
81 516
714 128
1 730 890
5 967 144
48 787 963
394 432 233

#Cells A≈
208 130
1 751 495
4 206 178
14 366 575
116 370 643
929 916 251

Table 4.2 Spatial and temporal discretizations of aneurysms A≡ and A≈ and the
corresponding number of cells. The resolution corresponding to h4 is highlighted
as it resolves the Kolmogorov micro-scales and is used for most of the analysis
presented in this chapter.

petascale system. Simulation of the largest mesh size utilized 32768
cores (4 islands) while for each subsequent smaller mesh, the number of utilized cores was adjusted according to the scaling studies of
Musubi reported by Klimach et al. 108 – to ensure an efficient utilization of the compute resources.
For A≡ , due to its laminar nature, the simulation was discontinued immediately after the flow reached a steady state i.e. when there
was no change in velocity and pressure any more. Average velocities
over ∼ 400 probes inside the aneurysm dome computed at resolution
h6 were taken as a reference solution and relative percentage errors
were then computed for solutions at each coarser resolution with respect to the reference solution as:
δ=

Uref − Uh
Uref

× 100

(4.1)

where Uref denotes the reference solution and Uh denotes the solution
at coarser resolutions.
Due to the presence of transitional flow in A≈ , the flow field
was simulated up to a total of 10 seconds in order to obtain reasonable statistics for the quantification of turbulent characteristics of the
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flow. The mesh dependent changes were quantified on the basis of the
power spectral density (PSD) of the turbulent kinetic energy (TKE)
over last 8 seconds (see section 1.1.2). Moreover, the Kolmogorov
micro-scales were computed using the equations described in subsection 1.1.2, and a relation between l+ , t+ and the corresponding
Kolmogorov energy decay provided information on the role of spatial
and temporal resolutions in transitional/turbulent characteristics of
the flow.
Exploration of the critical Reynolds number
The critical Reynolds number (ReCr ) was explored under both steady
and pulsatile inflow conditions. The steady inflow conditions were
the same as discussed above for comparison of 12 aneurysms and the
space-time refinement study. A pulsatile waveform idealized from the
MCA segment of a female patient undergoing cardiovascular treatment was taken 110 . The inlet velocity (represented by bounce back
rule in LBM) was thus a linear interpolation of a parabolic profile
radially in space, as was also done in 54 . The flow waveform is represented in figure 4.2.

Velocity(mm/s)

500
450
400
350
300
250
200
0.0

0.1

0.2

0.3

0.4

0.5

0.6

Cardiac cycle (s)

0.7

0.8

Figure 4.2 The pulsatile waveform corresponding to the MCA segment. Heart
rate is 75 beats per minute.
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The Reynolds number at the parent artery was varied in steps of
δRe = ±10 by varying the mean inflow velocity. In case of pulsatile
flow, a variation in mean inflow velocity translates to a multiplication
of the flow waveform by the corresponding factor. For A≈ , Re was
thus decreased (from 351) in steps of 10 until a laminar flow regime
was obtained. For A≡ on the other hand, Re was increased (from
328) in steps of 10 until Re = 600 to observe if the flow transitions
in that aneurysm until a value of Reynolds number that is still physiologically realistic. The simulations that explored the ReCr were
conducted at spatial and temporal resolutions that were found to
be proximal to Kolmogorov micro-scales from the outcomes of the
refinement study 96,94 .
4.3 RESULTS

4.3.1

Comparison for 12 aneurysms

Figure 4.3a shows the velocity traces during the 8th simulated second
for the 5 aneurysms that were reported transitional 219 . The shown
traces are average velocity over 30 probes in the aneurysm dome that
showed distinctive and representative flow patterns. Aneurysms m9
and m12/A≈ clearly depict high frequency fluctuations while the flow
in m3, m11 and m16 looks disturbed with minor periodic oscillations.
The PSD plots in figure 4.3b depict the presence of frequencies
between 104 and ∼ 6 × 104 Hz in m9 and m12/A≈ in the inertial
sub-range¶ . The shape of the PSD plot for m3 and m16 depicts a
transitional nature whereby frequencies up to ∼ 4 × 104 exist in the
inertial sub-range. The flow in m11 is on the verge of attaining a
transitional nature and the shape of PSD makes it difficult to demarcate between disturbed-laminar and transitional flow. Nonetheless,
¶ It should be noted that the PSD plots in this chapter do not contain the
fluctuations themselves unlike chapter 2. The Welch’s periodogram method here
uses less overlapping segments in order to filter the frequencies and allow for an
effective comparison of the shape of the PSD plots against corresponding slope
lines.
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(b) energy spectra

Figure 4.3 Velocity traces between 7th and 8th second in 5 aneurysms with
transitional flow. The energy spectra are shown in the right column. The gray
line in the PSD plot represents the Kolmogorov −5
decay.
3

the fact that the densities in the inertial range are close to those in
m3 and m16 classifies the flow as weakly transitional.
Figure 4.4 shows the volume rendering of turbulent kinetic energy
in the 12 aneurysms obtained using equation 1.2. The TKE scale and
the view of the aneurysms have been adjusted according to 219 for a
direct comparison. Same aneurysms have turbulent components as
were reported by 219 , while the same seven aneurysms have laminar
flow depicted by no turbulent component in the plots of figure 4.4.
We specifically note that the flow regime in m11, which was unclear
in figure 4.3 is clarified in this plot where TKE exists in the form of
a whirlpool inside the dome. In the absence of original data from 219 ,
a quantitative comparison is not possible and this comparison is essentially qualitative. The characteristics of a transitional flow vary
at different spatial locations in the aneurysm. Figure 4.4 reveals locations of distinctive patterns in the aneurysm dome where regions
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m1
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m11
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m16
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Figure 4.4 Volume rendering of the turbulent kinetic energy in 12 aneurysms.
The aneurysm models and in/outflow are shown in figure 4.1

of high and low fluctuating energy exist.
4.3.2

Mesh dependent changes

The simulations reported above were conducted at resolution h4,
and for the refinement study the spatial and temporal resolutions
of A≡ and A≈ were subsequently coarsened and refined to observe
mesh dependent changes (see table 4.2). The coarsest resolution h1
could not detect any fluctuations in A≈ while the computed flow for
A≡ was erroneous. Figure 4.5 shows the relative velocity errors in
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Figure 4.5 Relative errors in velocity (shown on log-log scale) in A≡ at various
resolutions computed against the solution at finest resolution as reference using
equation 4.1.

A≡ computed using equation 4.1, plotted on a logarithmic scale. Errors up to ∼ 18% exist at coarsest resolution of h1, and the error drops
down to less than 5% and 2.5% at h2 and h3 respectively. The drop
in error upon further refinements is minimal with errors remaining
within 1 − 1.5% at h4 and h5. The order of convergence is oscillating
from 2 to 1 with a mean convergence rate of almost 1.5.
The energy spectra obtained for A≈ at refinements h2-h6 are shown
in figure 4.6 where the gray line depicts the Kolmogorov −5
3 energy
decay. Line with slope −7 depicts the viscous dissipation range as
suggested by Mittal et al. 141 . Studies have also found evidence of a
−10
129
who found that the in vivo
3 range, see for example Lu et al.
−5
−10
velocity spectra fell from 3 to 3 slope at frequency associated
with arterial murmurs. It is again emphasized that the fluctuations
themselves have been filtered from these plots to facilitate a clear
comparison of the shape of PSD plots at various resolutions against
the reference slope lines, which is the overall intention of this study.
The energy spectra at h2 and h3 represents an unstable flow that
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Figure 4.6 Energy spectrum of the TKE in A≈ computed at various resolutions.
Spectrum does not appear at h1 as this resolution was not able to capture any
fluctuations. Lines with slope −5
, −10
and −7 are also plotted for a view of
3
3
inertial and viscous dissipation ranges.

is not in the transitional regime. If the flow computed at resolutions
h2 and h3 was transitional, viscous dissipation would have been characterized by a sharp fall in slope of PSD at a certain frequency, which
is not the case. Spectra at h4, h5 and h6 almost overlap each other
in the inertial subrange containing frequencies in the range of ∼ 103
−10
to 5 × 104 Hz. Spectrum at these resolutions fell off from −5
3 to 3
almost at the same frequency. The difference in spectra obtained at
these resolutions is the viscous dissipation range which skews beyond
6 × 104 Hz for all the resolutions.
Kolmogorov micro-scales
The Kolmogorov micro-scales computed at resolutions h2-h6 are listed
in table 4.3. Scales for h1 are not shown because that resolution portrays the flow as laminar, and is thus unable to compute friction
velocity. The quantities in table 4.3 are computed as temporal average between 7 & 8 seconds in the simulation. t+ is much lower than
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Ref
h2
h3
h4
h5
h6

l+
2.75
1.54
0.89
0.41
0.27

t+
0.0048
0.0035
0.0018
0.0010
0.0004

η(µm)
23.30
31.18
36.20
38.90
28.80

τη (µs)
1510.0
1160.0
1010.0
430.0
230.17

uη (mm/s)
39.58
41.04
89.86
96.62
121.52

Table 4.3 The Kolmogorov micro-scales and the corresponding ratio of employed
resolutions (l+ , t+ ) for different discretizations of aneurysm A≈ with steady inflow

1 at all the resolutions, due to the intrinsically small δt in LBM simulations. The l+ is ∼ 1 at 32 µm and remains below 1 for spatial
resolutions finer than 32 µm. It should be noted that l+ , t+ and uη
are local quantities and are expected to vary at each computational
cell. Therefore table 4.3 depicts these quantities at the probe where
friction velocity was found to be maximum, implying that l+ and t+
would be lower in all other locations in the aneurysm.
Spatial resolution h4 is thus proximal to the corresponding Kolmogorov micro-scales and following arguments presented in subsection 1.1.2, this resolution is ample to resolve the eddies that may
appear in A≈ .
4.3.3

Critical Reynolds number

The ReCr was explored by conducting simulations at resolution h4 as
this resolved the Kolmogorov micro-scales (table 4.3). In aneurysm
A≡ , no fluctuations were detected up to Re = 600 for both steady
and pulsatile flow, up to 10 seconds and 10 cardiac cycles respectively.
The results in the following are thus discussed only for A≈ . In what
follows, the onset of transitional flow is based on the definition presented in section 1.1. We shall analyze the energy spectra obtained
from different Reynolds number, and the presence of sufficient range
of frequencies in the inertial range (parallel to a line with −5
3 slope)
would characterize the flow as laminar, disturbed or transitional.
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Figure 4.7 Velocity traces (between 7th and 8th second) and the energy spectra
obtained at 4 different Reynolds number in A≈ with steady inflow.

Figure 4.7a shows the velocity traces between 7th and 8th second
from the simulations of steady flow in A≈ at four different Re. The
velocity is averaged at 100 equidistant probes inside the aneurysm
dome. Minor fluctuations, suggesting disturbed yet laminar flow
emerge at Re = 300 in regions proximal to the upper lumen wall.
Figure 4.7b shows the corresponding energy spectra. The energy
spectrum portrays the flow as laminar up to a Reynolds number of
300. Further hike in the Reynolds number increased the disturbance
in the flow, and the flow transitioned to a weakly turbulent regime
only at Re=351, as noticeable from the large number of frequencies
between 103 and 104 Hz in the inertial sub-range, as was also seen in
figure 4.6.
Pulsatile flow
Figure 4.8 shows the velocity traces in A≈ during the 10th cardiac
cycle averaged at the same 100 probes as for steady flow. The corresponding energy spectra are shown on the right column. The flow
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Figure 4.8 Velocity traces and energy spectra obtained at 4 different Reynolds
number in A≈ with pulsatile inflow.

transitions to a weakly turbulent regime already at Re=300 as evident from the large fluctuations during the maximum flow, and their
continuation up to the deceleration phase of the cycle. The energy
spectrum at Re=300 has few frequencies in the inertial sub-range and
the spectrum attains a typical transitional flow shape at Re=351. Unlike steady flow, the flow is highly disturbed at Re=300 and there are
considerable frequencies in part of the aneurysm dome which would
characterize Re=300 as the threshold for transition.
These occurrences are made further clear in figure 4.9 that shows
the velocity colored Q-isosurfaces (top row) and the volume rendering
of the vorticity magnitude inside aneurysm A≈ during peak systole of
the 10th cardiac cycle at varying Reynolds numbers. The velocity and
vorticity are normalized by the Reynolds number for an intuitive comparison of the changing flow dynamics with Re. The intensity of the
flow impact on the upper lumen wall amounts to high vorticity and
eduction of vortices of varying sizes in the aneurysm dome at Re=300
marking the onset of transition to turbulence, which at Re=351 takes
a chaotic shape, and the vortices spread out in the whole aneurysm
dome (this phenomenon is similar to what was observed for 5 cases
in figure 4.4). The flow remains laminar in the parent artery of the
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Figure 4.9 Top row shows the velocity colored Q-isosurfaces (Q=0.6) during peak
systole at 4 different Reynolds numbers. Bottom row shows the corresponding
vorticity magnitudes. Velocity and vorticity are both normalized by Reynolds
number.

aneurysm although distinct, symmetric and uniform velocity vortex
rings escape through the two outlets. This process continues upon
each cycle with similar behavior albeit with cycle-to-cycle variations,
as has been discussed in chapter 2.
Re
300
351

l+
0.88
0.96

t+
0.0019
0.0019

η(µm)
36.25
33.1

τη (µs)
983
968

uη (mm/s)
136.23
154.20

Table 4.4 The Kolmogorov micro-scales and the corresponding ratio of employed
resolutions (l+ , t+ ) for pulsating flow in aneurysm A≈ with different peak systolic
Re. The resolution corresponds to h4 in table 4.2.

Table 4.4 lists the Kolmogorov micro-scales and the corresponding ratio of employed resolutions (h4 in table 4.2) for simulations of
pulsating flow in A≈ at two different peak systolic Re‖ . A compari‖ Two

things should be noted: One that Kolmogorov micro-scales for Re=300
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son of these scales against corresponding scales for resolution h4 of
steady flow simulation in table 4.3 reveals that the Kolmogorov length
scale for pulsatile flow at Re=300 is nearly equal to that for steady
flow at Re=351, reminiscent of the observations that have been presented above. Also interesting to observe is the relative elevation in
Kolmogorov velocity scales in pulsatile flow(uη ) compared to steady
flow.
4.4 DISCUSSION

The results presented in this chapter verify the presence of transitional flow in intracranial aneurysms, under the modeling limitations.
The novelty of this work lies in the assessment of flow characteristics
down to the smallest structures that can appear in a turbulent flow
namely the Kolmogorov micro-scales, and the exploration of critical
Reynolds number at which the flow transitions in aneurysms with
steady and pulsatile flow respectively. An important finding of this
work is that a coarse resolution of ∼ 64 µm will capture minor fluctuations in aneurysms but a detailed assessment is possible with considerably higher resolutions of ∼ 32 µm. A question that emanates
however is whether simulations at such resolutions are indeed needed
from a physiological point of view, and in the absence of an evidential support for the presence of transitional flow in vivo in these
aneurysms – does it make sense to fine tune the CFD for the capture
of transitional effects. Answers to the aforesaid questions are mostly
speculative, and one thing that is clear is that low resolutions compute
hemodynamic forces in the aneurysms incorrectly. The physiological
implications of transitional flow in aneurysms and the intricate features that are extracted by highly resolved simulations are analyzed
below. The rationale behind limitations of the study is provided and
the outcomes when these limitations are overcome are predicted.
and 351 are only listed as the flow was laminar at a lower Re, and thus the
computed friction velocity was negligible. Second, such a table was not shown
for steady flow because Kolmogorov micro-scales at h4 for Re=351 (ReCr for
transition under steady inflow) are already quantified in table 4.3
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Analysis of the flow
The flow inside A≈ (m12) and four other aneurysms (m3, m9, m11
and m16) out of a cohort of 12 transitioned to weakly turbulent flow
only inside the aneurysm dome whereas the flow in arteries that surrounded the aneurysm was laminar (see figure 4.9). Due to the presence of the aneurysm at the bifurcation and its large size, the inflow
jet experienced abrupt expansion, and resulted in a chaotic flow at
sufficiently high Reynolds number; for A≈ this was the ReCr of 351.
The inflow jet, after expansion near the aneurysm ostium at bifurcation, collided with the upper aneurysmal wall due to its momentum,
and subsequently gave rise to chaotic activity in the whole aneurysm
dome.
The occurrence of transitional flow in these aneurysms is clearly a
consequence of the morphology of the aneurysms at bifurcation while
the intensity of fluctuations depends on two major factors namely the
size of the aneurysm and the diameter of the parent artery. The m11
had even a daughter sac, and from figure 4.4, it appears that the TKE
was not high inside the small daughter sac, perhaps due to the still
low Reynolds number that was studied. It can be presumed that due
to varying heart rates, there might have been instances of very high
impact in the region of this outpouching that resulted in enlargement
of the daughter sac – a conclusive statement on this aspect can after
all not be made and further analysis would be required to ensure
this. The flow patterns in m3 were most distinctive with a small
burst of energy inside the dome whereas in m16, the inflow traveled
in the direction of jet, and assumed the shape of the aneurysm near
the wall to cause turbulent activity inside the aneurysm, particularly
along the walls of the aneurysm dome.
It should be observed that the flow did not transition to turbulence in some of the bifurcation aneurysms. In m20 for example, the
relatively thin parent artery restricted the impact of inflow. In m18
on the other hand, the location of the aneurysm is slightly deviated
from the bifurcation i.e. it does not experience the influence of the
inflow jet directly. The morphology of A≡ was in the form of a pear
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that was connected to the parent artery, and had almost the same
ostium diameter as that of the parent artery. This restricted the
impact of the inflow jet to just over the aneurysmal sac, and there
was no room for the flow to expand and step into a turbulent regime,
even after inflation in Reynolds number by up to 600. The morphologies of m2, m5 and m8 are similar in the sense that the size of these
aneurysms is relatively equal to the parent arteries, and the laminar
nature of the flow in these aneurysms may be intuitively predicted.
We reported ReCr for only A≈ and explored if transition would
occur in A≡ at a higher Re. The factors discussed above intimate
that the afore-mentioned events manifested only when the Reynolds
number in the parent artery reached a critical value, and the onset
of transition occurred much sooner (at about Re=300) for pulsating
flow as compared to steady flow (Re=351) as can be observed in figures 4.7b and 4.8b. A uniform velocity at the inlet leads to negligence
of secondary flow patterns produced by the upstream vessel curvature
and the internal carotid artery bifurcation. These patterns might affect the aneurysmal flow and its stability, and can potentially trigger
turbulence in a pulsating flow. This result – that the Reynolds number significantly reduces in pulsatile conditions is not unusual as this
has been shown in previous studies as well 157,231 . Previous studies
correlated the Womersley number and the frequency of pulsation in
the flow to critical Reynolds number. The fluctuations commence
during peak flow, and continue up to the deceleration of the flow, before a subsequent re-laminarization during acceleration – such aspects
have been discussed in detail in studies of transition to turbulence in
stenotic flows in chapter 2 as well as in previous works 147 .
A prediction that immediately emerges from this observation is
the role of varying heart rates in the onset, sustainment and propagation of turbulence in aneurysms. Jiang & Strother 101 for example,
observed formation of high energy vortices at a heart rate of 150 bpm,
and suggested that simulations on adequate mesh resolutions might
educe turbulent like characteristics at this heart rate. This from a numerical point of view translates to varying flow rates and frequencies
in a simulation, and may be evaluated in future.
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Implications
In chapter 3 it was presented that the low Reynolds number in arteries harboring aneurysms has propelled the assumption of laminar
flow, and this assumption advocates the choice of resolutions in a
simulation. From the present chapter, and the literature that was reviewed, it is clear that capture, assessment and quantification of such
phenomena in aneurysms requires considerably higher resolutions in
the setup of CFD. All the analysis however abridges to two simple
questions: First, how to ensure if these fluctuations exist in vivo at
all. Second, if these fluctuations, capture of which requires clinically
infeasible access to large computing resources, exist at all – what
potential role they might have in retrospective understanding of the
disease, or what prospective insight such simulations might provide
into treatment options.
A study of hemodynamic factors in the rupture of IAs, Tominaga 215 demonstrated that turbulence is capable of accelerating degenerative changes in the vascular tissue. Roach 171 showed that turbulence induced vibration of the vessel wall resulted in structural
fatigue in the wall that ultimately caused dilatation of the wall.
Their definition of turbulence was the presence of bruits which in
our study translates to the formation of slugs in parts of the cardiac cycles. These factors suggest that turbulence might accelerate,
or even initiate the process of aneurysm rupture. Figure 4.9 showed
dynamic, miniature vortices near the aneurysmal wall that were enveloped by high velocity magnitudes. The eduction of such vortices
has a potential role in the understanding of turbulence induced walldegradation, complex process like mechanotransduction 39 , and consequently aneurysm rupture. Valen-Sendstad & Steinman 221 have
shown considerable gaps between hemodynamic indices computed by
high and normal resolution simulations, and have argued that the
root of conflict whether high or low WSS is responsible for aneurysm
rupture (see the discussion on WSS in section 3.3) might lie at the
mis-characterization of the WSS dynamics by low resolutions.
In addition, Stein & Sabbah 199 generated turbulent flow in canine
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models, and found a proportional relationship between the weight of
formed thrombus and turbulence intensity. Whereas the biological
factors that enhance the process of thrombosis are still unknown,
it is clear that turbulence, due to damage to the endothelial cells
should enhance the process of thrombosis. A prediction that then
emerges is the combined role of flow diverter stents and turbulence
in thrombotic occlusion of an IA. Flow diverters are known to decrease WSS and increase the stasis of blood inside aneurysms 245,91
leading to enhanced process of thrombosis and eventual obliteration
of the aneurysms. The pores of the stent would certainly elevate the
local Reynolds number as the flow escapes through them, and may
enhance, or even trigger turbulence.
Another question that needs further research is the role of turbulence in pathogenesis of an aneurysm. Ferguson 57 predicted far
back in 1970 that turbulence is very unlikely to be present in healthy
arteries and play any role in the initiation of aneurysms. In a recent
study Valen-Sendstad et al. 220 demonstrated the presence of instabilities that resembled transitional flow in the carotid siphon while
drawing implications of such an event on aneurysm initiation and
rupture. The limitation of the study was that they digitally removed
aneurysms from the carotid siphon, which means that the siphon itself
was diseased, and whether the flow transitions in the healthy siphon
is something that has not been explored until now. The sharp bends
and tortuosity in the siphon can aid in stabilization or destabilization of the flow. Nonetheless, their prediction suggests that a gradual
dilatation in cerebral arteries might have a causal relationship with
intensity of turbulence in the parent artery.
Rationale behind potential limitations
The biggest strength of this work i.e. spatial resolutions down to the
Kolmogorov micro-scales is also its primary limitation, and a source
of critique as well. The spatial resolution of 8 µm is proximal to the
size of the smallest particles in blood namely red blood cells (RBC)
(see section 3.2). Antiga & Steinman 4 hypothesized that the size and
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concentration of RBCs would obviate the formation of eddies in the
blood down to the Kolmogorov micro-scales. Their arguments were
based on the assumption that the average spacing between RBCs, due
to their high concentration in blood (nearly 50%), must be smaller
than the dimension of the RBC themselves. This would imply a local
Reynolds number of less than unity between two adjacent RBCs. As
discussed in section 1.1, larger eddies in a turbulent flow transfer
energy to smaller ones – a process that for blood, due to the aforementioned behavior and concentration of RBCs will make them the
final recipients of this energy, making the formation of eddies below
these scales impossible.
A validation of this theory has not been possible until now, and
this aspect may be coupled to the assumption of the blood as a Newtonian fluid. In the present study when we made this assumption
predominantly – the analysis of effects of RBCs became inconceivable, and the extreme resolutions must be viewed from a numerical
point of view. Future studies may thus evaluate this aspect by, for
example, modeling the blood as a suspension as was done in a study
using LBM by Sun & Munn 212 . The non-Newtonian behavior of the
blood is expected to delay the process of transition as shown by Evju
& Mardal 53 and Biswas et al. 16 .
The present research also ignored the motion of the arterial walls.
Computational models have shown very little effect of the wall deformation on the main flow patterns 243 . In arteriovenous grafts for
example, turbulence induced wall vibration has been found in vivo
but is not observed in Newtonian flow simulations within rigid vessels 190 . The near-wall vortices, which were a major finding of this
study are however expected to change with the deformation of the
wall.
Another aspect that may be considered a limitation of this study
is the truncation of the surrounding vasculature. The middle cerebral
artery is connected to the internal carotid artery (figure 3.2b), and
it has sharp bends and variations in the diameter along the length
of the artery. These variations can have discernible impact on hemodynamics in aneurysms. Study by Castro et al. 25 suggested that the
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inflow stream from the parent artery can significantly influence the
results. They however also found that in MCA aneurysms these effects were minimal. Nonetheless, the occurrence of transition, which
is very sensitive to inflow conditions is expected to be influenced by
parent artery hemodynamics and will have impact on the ReCr .
A final remark that can be made is the role of boundary conditions
in the analysis of transitional flow in aneurysms. The prescription of
a time dependent flow as a plug profile or as a profile defined by
Womersley solution can affect the intra aneurysmal hemodynamics.
Pereira et al. 158 investigated this aspect in detail and found that the
extension of the inlet artery negates these effects completely. We
extended the inlets of all the aneurysms by 10 diameters for the flow
to develop on one hand and to remove the possibility of any such
anomaly on the other.
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5

Comparative velocity investigations
in aneurysms: LBM based DNS,
ANSYS Fluent and MRI

This chapter presents the results of a verification in which velocity
fields computed from high resolution LBM based simulations, normal
resolution ANSYS Fluent simulations and magnetic resonance imaging (MRI) are compared. Two aneurysms in the basilar artery – one
with transitional flow and the other with disturbed yet laminar flow
were chosen for the analysis* .
5.1 INTRODUCTION AND RELATED WORK

A transitional flow like occurrence in intracranial aneurysms, as studied in chapter 4, remains contentious, and the failure of the recog* This chapter is based on a publication that is under review 93 . The ANSYS
simulations were conducted by Prof. Jingfeng Jiang, Michigan Technological University, USA. The MR data from the patients was acquired in the group of Prof.
Jiang.
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nition of this phenomenon in previous computational studies has
spurred interest in evaluating:
1. what CFD methods have accounted for to overcome this shortcoming,
2. how future studies must be tailored so that there is adequate
resolution for their detection and analysis, and
3. how best to compute hemodynamic quantities, that, in a transitional flow regime, is challenging due to large and unpredictable
temporal variations in the flow characteristics.
The afore-mentioned questions usually boil down to the limited
resolution of clinical data acquisition, which can not capture such
phenomena, if at all present in aneurysms. In spite of the recent
developments in volumetric phase contrast magnetic resonance imaging (PC-MR), which allow instantaneous 3D velocity encoding, these
techniques are still suboptimal to capture the transitional flow phenomenon 132,65 . Furthermore in MR, even minor fluctuations in the
flow can lead to intra-voxel de-phasing where proton spins within the
resolution cell become randomly oriented such that the accuracy of
velocity measurements is significantly affected 49 .
A variety of methods have been used in studies aimed at validation
of CFD simulations e.g. particle image velocimetry 59,82 and laserDoppler velocimetry 18 measurements in phantom models of a patientspecific and an idealized aneurysm. Some notable research efforts that
compare CFD with MR include 10,83,100,27,90,242 . Most of these studies
have found overall good agreement with respect to CFD in general
but have also reported considerable deviations. No study however
has attempted to compare CFD with MR when the flow computed
by CFD in aneurysms is of transitional nature.
Motivated by the afore-mentioned observations, the novelty of
the research presented in this chapter lies in an evaluation of simulations and direct measurements by means of a comparison against
each other. This is accomplished by comparing the velocity fields
126

5.2. Methodology
computed by highly resolved (HR) LBM based DNS, adequately (normally) resolved (NR) simulations from a commercially available solver
ANSYS Fluent and in vivo velocity measurements using PC-MR. The
discrepancies are analyzed qualitatively and quantitatively, and their
potential causes are identified. The LBM simulations are then conducted at resolutions almost similar to that of ANSYS and MR to
observe if resolutions indeed are the cause of discrepancy.
From the cohort of available aneurysms, two aneurysms in the
basilar artery were chosen for the analysis of this chapter (see figure 3.2b for location of basilar artery within the circle of Willis). The
flow in one was found to be transitional while it was disturbed yet
laminar in the other. The choice of aneurysms allowed to evaluate
differences in two CFD techniques against MR when the flow regime
is both laminar and transitional. The comparisons were performed
both qualitatively and quantitatively by means of visual inspection of
flow fields, statistical analyses of the transitional flow field in one of
the aneurysms and mathematical comparison for the aneurysm with
laminar flow.
5.2 METHODOLOGY

5.2.1

Magnetic resonance imaging

The in vivo measurements were performed on two patients with basilar artery aneurysms using a 1.5T (GE Signa, GE Healthcare, Milwaukee, WI, USA) MRI system with 32 channel head coils. The
aneurysm with laminar and transitional flow are respectively referred
to as BA≡ and BA≈ in the remainder of this chapter. The data
for aneurysm BA≈ was acquired using a hybrid radial-cartesian kspace acceleration method 106 , while the PC-VIPR (phase contrast
isotropic-voxel radial projection imaging) as described in 65 was employed for the BA≡ . Fields of view were 22 × 22 × 6 cm and 22 ×
22 × 22 cm for BA≈ and BA≡ respectively. In BA≈ data set, the
(isotropic) voxel size (0.34 mm) was better than that for BA≡ (0.69
mm; isotropic). The velocity encoding was 1 m/s and the data ac127
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(a) BA≡

(b) BA≈

Figure 5.1 Models of two basilar artery aneurysms (BA≡ and BA≈ ). Velocity
field was analyzed at a transverse plane (plane2) and a longitudinal plane (plane1)
as depicted in the figure.

quisition time was approximately 10 minutes. In both data acquisitions, three flow velocity components were all encoded. Difference
images were formed by combining information from all the flow directions. Since the flow changes rapidly in aneurysms 198 , the enhanced
isotropic resolution was expected to improve the ability to resolve
more detailed flow features 100 . More details about phase contrast
MR data acquisition methods can be found elsewhere 106 . Volume
flow rates were measured at inlets through a plane and were used
as boundary conditions in the CFD simulations to solve the NavierStokes equations.
Digital subtraction angiograms (DSA) of BA≈ and BA≡ were segmented using Mimics Innovation Suite (Materialise Inc., Belgium) for
the reconstruction of the 3D models used in the CFD simulations.
The diameters of the parent arteries of BA≈ and BA≡ were 3.9 mm
and 3.4 mm and the peak systolic Reynolds numbers were 284 and
221 respectively. Figure 5.1 shows the models of BA≈ and BA≡ and
the location of transverse and longitudinal planes where the flow field
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was analyzed for comparison.
5.2.2

Computational Fluid Dynamics

Like the previous chapter, blood was modeled as a Newtonian fluid
with a density of ρ = 1056kg/m3 and a kinematic viscosity of ν =
3.27×10−6 m2 /s. All the vascular walls were assumed to be rigid and
a no-slip boundary condition was prescribed at the walls. The inlets
and outlets of both the aneurysms were extruded by 10 diameters
to allow the flow to develop, and to negate the effects of boundary
conditions, as was done in chapter 4. Time dependent flow rates
extracted from the MRI measurements were used as inflow boundary
conditions whereas a zero pressure was prescribed at the outlets. The
LBM and ANSYS specific details of the simulation setup are listed
below.
5.2.2.1

LBM simulations

The spatial resolution was chosen according to discretization h5 in table 4.2 of chapter 4. The spatial resolution was thus δx = 16µm while
the temporal resolution was δt = 2µs, corresponding to Ω = 1.75.
The resulting number of cells was ∼ 250 & 300 million for BA≈ and
BA≡ respectively. A total of n = 30 cardiac cycles were simulated
using Musubi utilizing 9600 cores of the Hazel Hen supercomputer in
Stuttgart, Germany (see section 1.3 for details about supercomputers).
5.2.2.2

ANSYS Fluent simulations

ANSYS Fluent discretizes the Navier-Stokes equations using the finite volume method (FVM). Computational domains were discretized
with unstructured volume meshes of tetrahedral cells using the commercial software ANSYS ICEM-CFD 14.0 (Ansys Inc., Canonsburg,
PA). The size of tetrahedral cells ranged from 300 to 70µm. Three
prism layers were created at the boundaries to ensure a fine resolution and resolve the high velocity gradients near the endothelial
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layer. The resulting number of cells were ∼ 2.5 and 3.0 million for
BA≈ and BA≡ respectively. The temporal resolution was 1250µ s
resulting in 720 time steps per cardiac cycle. The SIMPLEC (semiimplicit method for pressure linked equations-consistent) algorithm
was employed to couple velocity and pressure. Momentum and pressure were discretized using second order schemes, and the implicit
transient discretization was of second order as well.
5.2.3

Comparison

Qualitative and quantitative comparisons were peformed by visual
inspection of planar velocity fields (figure 5.1), and plotting the velocities at various locations. Due to the different spatial and temporal
resolutions employed in distinct techniques, a precise analysis is challenging. Moreover, in a transitional flow, the flow field is expected to
fluctuate rapidly in space and time making the comparison uncertain.
To facilitate a dependable comparison, the peak systolic and diastolic fields computed from HR-LBM for BA≈ were ensemble averaged
using equation 1.1, over the last n = 25 cardiac cycles out of a total
of n = 30 that were simulated. For the laminar case BA≡ , ensemble
averages were gathered for only n = 5 cardiac cycles as no changes
were seen in the characteristics after that. Since the MR data was
comparatively low resolution, an additional set of simulations were
conducted with spatial resolution equal to the voxel size of MR resolutions i.e. δx = 320µm. These low resolution LBM simulations are
referred to as LR-LBM in the following.
The flow fields in plane1 from HR-LBM, LR-LBM, ANSYS and
MR, that consists of a two-dimensional cloud of points was reduced
to one-dimension by averaging, and the resulting fields were plotted
for quantitative analysis.
5.3 RESULTS

Figure 5.2 shows the velocity field inside the dome of aneurysms
BA≡ and BA≈ computed from ANSYS, HR-LBM, LR-LBM and MR
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Figure 5.2 Velocity field computed as an average over 25 probes from ANSYS,
HR-LBM, LR-LBM and MR in BA≡ and BA≈ . The velocity is computed during
the 15th cardiac cycle in simulations while from MR, it is an ensemble average.

over one cardiac cycle. The flow field over 25 probes is averaged
and shown during the 15th cardiac cycle of the simulations whereas
for MR, the data is automatically temporally averaged over ∼ 600
cardiac cycles during the acquisition itself. HR-LBM depicts high
frequency fluctuations in velocity in BA≈ that commence during the
peak systole, and continue up to the whole deceleration phase. Minor
fluctuations exist in BA≡ only during the start of the deceleration
whereas flow remains stable in all other parts of the cardiac cycle,
which classifies the flow as disturbed but still laminar. Although no
numerical stabilization scheme was activated, the ANSYS-Fluent simulations did not detect high frequency fluctuations because we chose
the spatial and temporal resolutions in a way that the simulation
could be performed on a computer workstation available in a clinical
setting.
5.3.1

Comparison for aneurysm BA≡ with laminar flow

Figure 5.3 shows the peak systolic and diastolic flow field at the two
representative planes during systole and diastole. By visual inspec131
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(a) Peak systolic flow field across the first plane

(b) Peak diastolic flow field across the first plane

(c) Peak systolic flow field across the second plane

(d) Peak diastolic flow field across the second plane

Figure 5.3 The velocity field across two representative planes during peak systole
and diastole in BA≡ . 1st column - ANSYS Fluent; 2nd column - Ensemble
averaged HR LBM; 3rd Column - ensemble averaged LR LBM; 4th Column MR. The velocity field is ensemble averaged for n = 5 cardiac cycles with HRLBM whereas for ANSYS, it is shown during 5th cardiac cycle. The 2D plane
represents the location where quantification in figure 5.3a was performed.

tion, a very good agreement exists between all the methods. Some
minutest vortex-envelopes are captured by HR-LBM (see e.g. figure 5.3c) which are not seen with any other method. The distribution
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of the flow and regions of high velocity magnitudes are qualitatively
similar in this case which is a facet of the laminar flow.
Peak systolic flow field at planes across arteries that surround
the aneurysm computed by ANSYS, HR-LBM and MR are shown
in figure 5.4. A reasonably good agreement exists between the three
methods – important to observe are the similarities in the flow that
enters and leaves the aneurysm as well as the regions of high velocity
inside the aneurysm dome. Figure 5.5 plots the planar field during

Figure 5.4 Instantaneous peak systolic flow field at planes in the aneurysm dome,
in- and out-flow with ANSYS, HR-LBM and MR in BA≡

systole and diastole obtained with four different methods. The three
simulation results are quantitatively close to each other during systole, and deviate slightly from the corresponding MR measurements.
The differences are more pronounced near the boundaries i.e. the
extreme ends of the lines, where a slight phase shift can be observed
during peak systole between HR-LBM and ANSYS. During diastole
(figure 5.5b), plots for both HR-LBM and LR-LBM lie below the corresponding plot from MR while the plot from ANSYS lies above MR
plot. There is a distinctive peak towards the boundary in the plot
from ANSYS which is not seen with other methods.
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(a) Quantitative comparison during(b) Quantitative comparison during
peak systole
diastole
Figure 5.5 Velocity magnitudes during systole and diastole in BA≡ with different
methods. The flow is averaged over plane1 by reducing the 2D field to 1D.

5.3.2

Comparison for aneurysm BA≈ with transitional
flow

Figure 5.6 represents the flow field in BA≈ at the two representative
planes with different methods during systole and diastole. A visible difference in the peak systolic field is seen between ANSYS and
HR-LBM in the center of the planes as HR-LBM seems to depict
miniature ring-like structures, which may be attributed to high resolutions. Such structures as well as the distinguishing high velocity
zones are smeared out upon coarsening of spatial and temporal resolutions in LR-LBM thereby resulting in a better qualitative agreement
with MR and ANSYS†
Peak systolic flow field across the parent artery and the outlets
is highlighted for ANSYS, HR-LBM and MR in figure 5.7. The flow
† A comparison of instantaneous peak systolic and diastolic velocity fields obtained from each of the 25 cycles of HR-LBM was performed against those from
the 15th cycle of ANSYS Fluent to explore if rapidly varying characteristics of
the transitional flow computed from HR-LBM compares better with NR-ANSYS
Fluent. HR-LBM educed transient vortices during each cycle and none of the
snapshots compared with ANSYS Fluent. Those results are not discussed herein
to maintain clarity.
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(a) Peak systolic flow field across the first plane

(b) Peak diastolic flow field across the first plane

(c) Peak systolic flow field across the second plane

(d) Peak diastolic flow field across the second plane

Figure 5.6 The velocity field across two representative planes during peak systole
and diastole in BA≈ . 1st column - ANSYS Fluent; 2nd column - ensemble
averaged HR LBM; 3rd Column - ensemble averaged LR LBM; 4th Column MR. The velocity field is ensemble averaged for n = 25 cardiac cycles with HRLBM whereas for ANSYS, it is shown during 5th cardiac cycle. The 2D plane
represents the location where quantification in figure 5.6a was performed.

looks similar in the arteries adjacent to the aneurysm for ANSYS and
HR-LBM, and the difference originates near the aneurysm sac where
the flow expands near the ostium (highlighted by the circle) to educe
coherent patterns and consequently the onset of flow-transition. We
note that this behavior is similar to previous chapter 4 where we
analyzed the morphology of the aneurysm at bifurcation as a trigger
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Figure 5.7 Instantaneous peak systolic flow field at planes in the aneurysm dome,
in- and out-flow with ANSYS, HR-LBM and MR in BA≈

(a) Quantitative comparison during(b) Quantitative comparison during
peak systole
diastole
Figure 5.8 Velocity magnitudes during systole and diastole in BA≈ with different
methods. The flow is averaged over plane1 by reducing 2D field to 1D.

to flow-transition. The MR flow field is slightly different from ANSYS
and HR-LBM. In simulations, the velocity reduces considerably in the
artery near the aneurysm sac, which is higher in MR, although the
flow field inside the aneurysm looks qualitatively similar.
Peak systolic and diastolic velocity at the representative plane1
(over the plane represented by black lines in 5.6a) is quantified in
figure 5.8. The HR-LBM clearly exhibits high velocity magnitudes
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and spatial variations in BA≈ in spite of ensemble averaging up to
n = 25 cardiac cycles. The differences are mostly confined near the
boundaries (represented by vertical black lines). These fluctuations
are eclipsed on a simulation performed on a coarser grid and the
velocity magnitude looks similar to that from ANSYS and MR as
was also noticed in figure 5.6.
5.4 DISCUSSION

The results presented in this chapter, within the modeling limitations
and assumptions, verify the two CFD techniques while suggesting
implications on the choice of resolutions in CFD, particularly for the
transitional case. The quantitative differences that were found are
not negligible, and as discussed in the following analysis – they are
still limited further by the numerous assumptions and post-processing
limitations.
Observations from comparison of LBM, ANSYS and MR
The regions of low and high blood flow, locations of velocity jets, and
impingement zones was in good agreement with all the methods – a
finding that is consistent with other reports 10,166 . The study was designed to compare transitional aneurysmal hemodynamics from HR
CFD against clinically feasible NR CFD and MR measurements. At
a first glance, Figure 5.6 portrayed an un-assuring agreement for the
HR-LBM simulations, which upon ensemble averaging and computation on a coarser grid delivered results that were similar to corresponding results from other methods‡ . The instantaneous flow
field across the parent artery and in the adjacent arteries on the
other hand agreed well for ANSYS and HR-LBM for BA≈ (fig. 5.7),
‡ It

is remarked that in addition to the LR-LBM simulation, another comparison
was performed whereby, instead of simulating the flow on a coarse LBM grid, the
HR-LBM computed flow field was interpolated on the coarse LR-LBM grid 93 .
The difference in results from LR-LBM simulation and HR-LBM interpolated on
LR-LBM was negligible and did not influence the conclusions of this chapter,
which allows omission of those results from this chapter.
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and the differences emerged in regions of bifurcation where the flow
also transitioned to a chaotic regime. This agreement was better for
BA≡ (fig. 5.4). These observations suggest that the manifestation of
aneurysm itself acts as a trigger to fluctuations in the flow field, and
elements the differences between CFD and MR.
Due to extremely high LBM resolutions, the location of the planes
of analysis was extremely precise, which might account for a minor
spatial shift in the location of planes used to compare results from
ANSYS, and particularly MR. This could also account for some discrepancies in comparison. This is strikingly visible in the planes from
MR measurements as, because of its thickness, the visual shape of
the plane looks slightly different from the others. Nonetheless, the
intra-aneurysmal hemodynamics still were qualitatively comparable.
Cycle-to-cycle variations as a result of transitional flow have been
noticed throughout this thesis, and seemingly are a cause of differences in HR-LBM and MR. It however cannot be said unequivocally
if the comparison would look better when ensemble averages from
simulations are gathered for more number of cycles with the same
inflow. The MR data was temporally averaged during an acquisition
of about 600 cardiac cycles – a time when the heart rate of the subject may have varied considerably. If such variations are taken into
account in simulations, they could augment the flow fluctuations. See
for example, Jiang & Strother 101 observed formation of high energy
vortices at a heart rate of 150 bpm (beats per minute), and suggested
that when simulations are performed with adequate mesh size, then
turbulent like phenomena could indeed be observed. Even for laminar flow Jiang & Strother 101 depicted an elevation in wall shear
stresses by a factor of 2 to 3 when heart rate increased from 60 to
150 bpm. The importance of heart rates on the hemodynamic forces
experienced by an aneurysm wall thus cannot be ignored even for
laminar flow 101,241 , and transitional nature of the flow in particular
is expected to educe interesting phenomena which should be explored
in future studies.
Both CFD techniques agree well against each other and are suitable for the assessment of hemodynamic environment within intracra138
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nial aneurysms. The role of CFD parameter tuning and resolution
requirements in assessment of transitional flow has previously been
investigated in detail 221,96,225 , and has been extensively discussed
in chapters 2 and chapter 4. Employment of high resolutions however, without proper validation, does not assure a better portrayal
of physiology by CFD. Results of this chapter suggest that NR CFD
is not only clinically feasible but computes the hemodynamics with
acceptable accuracy while HR CFD can provide intricate information
for the retrospective analysis of physiological flow and an improved
understanding of the mechanisms involved in initiation, growth and
rupture of aneurysm.
A hierarchy of captured vortices in general seems to exist between
LBM, ANSYS and MR, which can be attributed to the resolutions.
A question that materializes is the physiological significance of such
vortices, if they are present at all in vivo, as has been discussed in
chapter 4. A concrete answer to this question will require larger validation efforts both in vivo and in vitro. A convincing agreement for
BA≡ administers the validity of HR CFD, and improves confidence
on the presence of transitional like flow in aneurysms.
Rationale behind potential limitations
The disparities among the results from different methods of assessing flow were a consequence of a number of factors. A notable such
factor was the inaccuracies within the reconstruction process of 3D
vessel geometries. Geometry has a major impact on the numerically
generated velocity fields, and minor differences can result in significant deviations. Recommendations on improving geometry induced
inaccuracies have been provided by Berg et al. 10 .
This limitation is further augmented by the approximation of rigid
arterial walls. The consideration of flexible walls is important in simulations due to expansion and subsequent contraction during systole
and diastole. Incorporation of the fluid-structure interaction in simulations will only be physiologically realistic when wall property measurements are possible. Moreover, this study ignored parts of the
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vasculature that surround the aneurysm and basilar artery, thereby
ignoring the full cerebral flow circulation.
The assumption of blood as a Newtonian fluid, in this chapter,
and in all the studies of this thesis might portray the comparison
as capricious because MR measurements are certainly influenced by
the rheology of blood that contains plasma and blood cells. Even so
the results agreed well especially for the laminar case BA≡ . Previous comparisons of hemodynamics computed with Newtonian and
Non-Newtonian approximation of blood have found good agreement
in velocity fields and overall patterns of flow 53,100 . For example Evju
& Mardal 53 reported variation of less than 4% in maximum and
average wall shear stress and Jiang et al. 100 found very strong correlation between Newtonian and Non-Newtonian models(> 0.95%)
in wall shear stresses in two aneurysms. All these studies however
performed computations under the assumption of laminar flow. It
would not be possible to conclusively substantiate those observations
from the present study especially for the transitional case BA≈ as the
situation in a transitional flow is much more complicated. The shearthinning behavior of the blood is expected to delay transition 16,53,190
as has been discussed in the previous chapter 4. This can ostensibly account for the larger discrepancies seen between HR-LBM and
MR in BA≈ . Further research is however required on that aspect
before a decisive statement could be made. From the results and the
discussion presented above, factors like heart rate variability would
outweigh the shear-thinning behavior of the blood. Incorporation of
methods that model the RBC motion itself would be important for
an accurate gauge of the role of rheology on scales of turbulence in
blood 212 as has been discussed in chapter 4.
The MR acquisition used for comparison in this study was not
state-of-art in terms of resolutions. Studies have however demonstrated that spatial resolution of < 1 mm and temporal resolution of
30 − 40ms is adequate for velocity measurements 90,17 . It cannot be
conclusively said if a highly resolved MR acquisition would depict a
better or worst comparison, especially in cases where the flow is in a
transitional regime.
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It should be mentioned that the verification efforts presented in
this chapter are severely limited by the post-processing techniques.
As noted before, due to different resolutions as well as the mesh representation, the confidence in pin-pointing a spatial location is limited, and a complex transitional flow that is varying in space and
time is expected to undergo changing velocities within minimal radial distances. Adoption of different post-processing techniques like
the angular similarity index used by Berg et al. 10 might provide more
information but would still be restricted by the afore-mentioned limitations. A comparison on a larger cohort of aneurysms at distinct
locations and morphology will increase the rigor of an evaluation presented in this chapter. Even though, the study limited to basilar
artery aneurysms, it is hoped that the principles and understanding
gained from this work can be applied to the cases of aneurysms with
different morphology.
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Hydrodynamics of the
cerebrospinal fluid
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6

Physiology and pathophysiology of
the cerebrospinal fluid

This chapter briefs the physiology and associated pathophysiology
of the cerebrospinal fluid (CSF) – laying down the ground work for
the aspects related to the modeling of CSF, which is indispensable to
understand the CSF physiology, plan interventions and simulate drug
delivery. Whereas the name of the chapter refers CSF, the anatomical
details of the CNS relevant to the studies of CSF are also discussed.
6.1 INTRODUCTION

The cerebrospinal fluid (CSF) is a colorless and odorless bodily fluid
that surrounds the brain and the spinal cord and is contained within
the cerebral ventricles. The CSF performs a number of functions that
are vital to the central nervous system (CNS). Pathological disorders
can disturb the CSF hydrodynamics, and conversely disturbed CSF
hydrodynamics can give rise to a pathological condition. A full understanding of the CSF physiology and pathophysiology remains unclear
to physicians and researchers – making it an active field of research.
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The first known mention of the CSF is found in the Edwin Smith
surgical papyrus, written around 2600 BC and credited to Imhotep,
an Egyptian architect, physician and priest 191 .
The anatomical and physiological details relevant to the CSF circulation, conflicting theories in this direction, and aspects related to
modeling and simulation of CSF are detailed in the following.
6.2 ANATOMY AND PHYSIOLOGY

Figure 6.1 represents a schematic of the circulation of the CSF and
lists the anatomical details relevant for its understanding. The CSF is
contained in the subarachnoid space (SAS)* and the brain ventricles.
The cerebral ventricles are in the form of four chambers that are interconnected to each other, and rest in the center of the brain. Each
of the two lateral (right and left) ventricles are confined to one of
the two cerebral hemispheres and are connected to the third ventricle
via the foramina of Monro. The lateral ventricles are the largest in
the cerebrum. The third ventricle rests between the two lateral ventricles and communicates with both lateral ventricles and the fourth
ventricle. It is located at a mid-sagittal plane inferior to the lateral
ventricles (figure 6.1). The fourth ventricle is a form of extension to
the aqueduct of Sylvius, and has a characteristic diamond like shape
in brain cross-sections. It lies in the upper part of the medulla oblongata and continues downwards as central canal of the spinal cord.
Medulla oblongata controls a number of autonomic functions such as
regulation of heart rate, breathing and blood pressure.
The dimensions of the ventricles vary among people with different age, sex, physiological conditions etc. Consequently, a significant
inter-subject variation is seen in the volumes of ventricles as the average value is in the range of 30 to 40 ml. Approximately 90% of
this volume is contributed by the lateral ventricles. A detailed measurement of the dimensions of the cerebral ventricles is found in Last
* Recall that SAS was already introduced in section 3.1 when we noted that the
rupture of an intracranial aneurysm releases blood into SAS causing subarachnoid
hemorrhage.
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Figure 6.1 A schematic representation of the CSF circulation across a sagittal
plane in the brain. The anatomical terms that are referred often in this thesis are
highlighted under a blue rectangle.
Image source: http://bacterial-meningitis.weebly.com/physiology.html

147

6. Physiology and pathophysiology of the cerebrospinal fluid
& Tompsett 118 in both anteroposterior and lateral view. The width
from the left most part of the left ventricle to the right most part
of the right ventricle, termed maximum spread is roughly 7.4 cm 118 ,
while the average minimum gap between the left and the right ventricle is 0.15 cm. The average height and average maximum width of
the third ventricle are 2.2 cm and 0.55 cm respectively. The length
and minimum width of the aqueduct are ∼ 1.75 cm and 0.15 cm
respectively. The height of the fourth ventricle is 2.9 cm while its
average maximum width is 1.7 cm.
The brain and the spinal cord are enveloped by three membranes
namely the arachnoid mater, the pia mater and the dura mater.
These membranes are collectively termed meninges. The dura mater
is a thick and tough fibrous like membrane which is the outermost
layer of the meninges. Arachnoid mater is the middle layer of the
meninges which acts like a protective membrane covering the brain
and the spinal cord. Pia mater is the innermost layer of the meninges,
which is very thin and tightly adhered to the surface of the spinal cord
and the brain. The SAS is the gap between the pia mater and the
arachnoid mater.
Dura and arachnoid mater are in close contact with each other.
The distance between arachnoid and pia mater varies, and the places
where this distance is large are referred to as cisterns. The CSF escapes to the SAS from the aqueduct through the fourth ventricle.
The fourth ventricle is connected to the SAS via its lateral and median apertures. The median aperture drains the CSF from the fourth
ventricle to the cerebellomedullary cistern while the two lateral apertures (each on left and right) lets the CSF escape to the pontine
cistern. The pontine cistern and the cerebellomedullary cistern are
of particular interest in this thesis, as the crowding of tissue as a
result of Chiari malformation blocks the cerebellomedullary cistern
(see section 6.3). A detailed account on the cisterns of the posterior
fossa is eloquently elaborated by Rhoton Jr 169 .
The CSF, according to the classical view is produced in the ventricles by the choroid plexus (CP) which consists of modified ependymal
cells. Each ventricle has a CP amounting to four choroid plexuses in
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Figure 6.2 The anatomy of the cisterns where CSF is contained. The cerebellomedullary cistern, the aqueduct and the pontomedullary cisterns are highlighted
under blue rectangle as they are referred extensively in the thesis.
Image source: http://ranzcrpart1.wikia.com/wiki

total. The CP consists of many capillaries that are separated from the
ventricles by choroid epithelial cells. Fluid filters through these cells
from the blood to eventually become the cerebrospinal fluid. The CP
also acts as a blood-CSF barrier preventing a majority of substances
from blood crossing the cell layer into the CSF 40 . Other functions of
CP include removal of metabolic waste, foreign substances and excess
neurotransmitters from the CSF.
149

6. Physiology and pathophysiology of the cerebrospinal fluid
The craniovertebral junction
An anatomical term namely the craniovertebral (or craniocervical)
junction (CVJ) will be commonly referred to in chapter 7. The CVJ
is a collective term that refers to the occiput (posterior skull base),
atlas, axis and supporting ligaments. It is a transition zone between
a mobile cranium and the spinal column. It encloses the soft tissue
structures of the cervicomedullary junction. Such details are mostly
absent in many standard text books because CVJ lies between the
skull or cervical spine. Detailed discussions about the CVJ may be
referred to in Smoker 192 .
The CVJ is marked in figure 7.1 of chapter 7 for a patient specific
case. An explanation of the CVJ is perhaps even more important
because in the context of fluid dynamics, a junction usually refers to
a point where the flow meets or departs.
Physiology
Production, reabsorption and circulation
CSF is derived from the blood plasma through a filtration process performed by the cells within the CP. It contains a small amount of protein, sugar, potassium, chloride, sodium, and glucose. Under normal
physiological conditions, the CSF behaves as a Newtonian fluid with
physical properties of water at 37◦ C 113 i.e. ν = 0.7−1.0×10−6 m2 /s
and ρ = 1000 Kg/m3 . Approximately 600−700 ml of CSF is produced
every day, which is constantly reabsorbed amounting to 90 − 150 ml
of available CSF at a given time 20 . The rate of CSF formation is
0.3 − 0.4 ml/min in humans. The traditional understanding of the
CSF physiology rests on the premise that majority (∼ 80%) of the
CSF is produced by the CP and ∼ 20% by the ependyma and the
brain parenchyma. The CSF is absorbed into the circulating blood
across the arachnoid villi, driven by the pressure difference between
CSF in a SAS and the blood in the dural sinus. The most widely
accepted theory about CSF circulation was introduced by Cushing 37
and is known as third circulation. This theory assumes a directed CSF
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circulation through the ventricles and the SAS towards the arachnoid
villi. We refer to a comprehensive review of the theories on CSF circulation by Brinker et al. 21 where limitations of the traditional viewpoints describing CSF physiology and novel findings in this direction
are pointed out. Most noticeably it has been mentioned that the
progress in neuroanatomy, molecular and cellular biology, and neuroimaging has led to novel insights into CSF production and absorption, thereby questioning the classical model of CSF production at
the choroid plexus and absorption across the arachnoid villi 21 . These
novel theories include Orešković & Klarica 151 that suggest that the
CSF production and absorption occurs at the level of capillary walls
into and surrounding the brain tissue.
In a research spanning over 30 years Orešković & Klarica 152 have
suggested that there are systolic-diastolic to and fro cranio-spinal
movements of the CSF, and that they are dependent on the cardiac
cycle. The authors moreover propose that circulation is a misleading
term describing CSF dynamics and movement should be used instead
in this context.
Pulsation
The net flow of the CSF, due to a continuous production and absorption is nearly zero. The expansion and contraction of cerebral
arteries during the cardiac cycle drive the CSF in a pulsatile manner.
The CSF pulsations are also influenced, in part, by the respiratory
system 60,185 due to corresponding changes in venous pressure. The
CSF pulsations thus are commonly attributed to the coupling of the
cardiac system and the CSF, which in turn is based on two theories. The first theory is known as Monro-Kellie doctrine 143,107 that
assumes that due to the incompressible nature of the brain tissue,
blood and CSF, as well as the rigidity of the skull – the CSF has to
be displaced from the cranial space in order to make room for systolic blood that enters the brain. The volume of blood in the brain
decreases during diastole allowing the CSF to return to its cranial
spaces. The second theory 11 suggests that the choroid plexus itself
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pulsates according to the cardiac cycle resulting in a flow-out and
flow-back of the CSF from the ventricles during systole and diastole
respectively.
Function
Four main functions are generally attributed to the CSF:
1. The CSF protects the brain and the spinal cord against mechanical impact. In cases of intense impact, the CSF cannot
protect the brain which results in hemorrhage or brain damage.
2. The actual mass of the human adult brain is ∼ 1.4 Kg which
would fully rest on the spinal cord, if it was not for the buoyancy
of the CSF, which reduces the force exerted by the brain on the
spinal cord (or the effective mass) to less than 50 g 84 .
3. The CSF flushes metabolic waste from the brain, which is further increased during sleep as shown by Xie et al. 236 .
4. The hydrodynamics of the CSF allows access to all points in
the brain surface. Research has indicated that the CSF is used
by the neuroendocrine system as a transport medium for hormones 20 .
In addition, the CSF serves the very important function of diagnosis of a number of neurological diseases including infections like
meningitis (discussed in section 6.3). The CSF is obtained using a
procedure called lumbar puncture, in which a needle is inserted into
the SAS. The CSF is then extracted and tested for such diagnoses.
6.3 PATHOPHYSIOLOGY

Pathophysiology of four pathological conditions associated to CSF
are described here – Meningitis, Hydrocephalus, Chiari malformation
type I (CMI) and Syringomyelia, with particular emphasis on Chiari
malformation type I, which is the main focus of this thesis.
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Meningitis
Meningitis is an inflammation in one or more of the meninges (arachnoid mater, pia mater and dura mater). The inflammation may be
caused by bacterial, viral, parasitic or fungal infection.
Meningitis is associated with high mortality rate if left untreated.
Vaccinations for the prevention of meningitis are available, although
they are expensive. Meningitis is generally treated by the administration of antibiotics like penicillin or cephalosporins. Due to pathogen’s
resistance to these antibiotics, vancomycin has become an important
alternative.
Hydrocephalus
Hydrocephalus is a condition in which the CSF abnormally accumulates in the brain. It is caused by an imbalance between CSF production and absorption, which most often is due to reduced absorption.
This causes increased intracranial pressure inside the skull. Hydrocephalus is classified as communicating and non-communicating. In
communicating hydrocephalus the CSF flows freely from the ventricular system to the SAS but is not absorbed at the same rate as it
is being produced. In non-communicating hydrocephalus, the CSF
passage from the ventricles is obstructed. In normal pressure hydrocephalus (NPH), the ventricles dilate due to a production/absorption
imbalance of CSF albeit the CSF pressure is close to normal. Hydrocephalus can be congenital or can be acquired in later stages of
life.
The most common forms of treatment for hydrocephalus are the
placement of a CSF shunt and third ventriculostomy. Tremendous
research activities aim for optimization of shunts 200 .
Chiari I malformation
Chiari malformations are attributed to the Austrian pathologist Hans
Chiari in the 19th century and described as anomalies of the cerebellum which were graded from 1 to 4 after their severity. Chiari I is
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Figure 6.3 A representation of Chiari I malformation. The left part of the image
shows cerebellum of a healthy person where the blue fluid shows free movement
of the CSF. This passage of the CSF is blocked by the herniation of cerebellar
tonsils due to Chiari I malformation in the right part of the image. The Chiari
case also has a fluid filled cavity in the spinal cord termed syringomyelia.
Source: Chiari Institute

the most common type, characterized by the herniation of cerebellar tonsils through the foramen magnum. Chiari I malformations are
commonly diagnosed upon a tonsillar herniation of at least 3 mm to
5 mm 140 . The data used for the studies of this thesis was obtained
from the Oslo University Hospital, where a minimum of 5 mm herniation is taken as a threshold for the diagnosis of CMI. CMI was first
interpreted as a deformation of the cerebellar tonsils in hydrocephalus
patients – a myth that was later elucidated by MRI measurements
that most CMI patients do not have hydrocephalus, and that it is
the skull that is abnormal and not the cerebellum itself. Figure 6.3
is a schematic representation of the CMI. The abnormal geometry
of the cerebellum as seen in this figure can elevate resistance to the
CSF flow between the intracranial and the spinal subarachnoid space
(SAS). CMI is mostly congenital but in a few cases it can manifest
in later stages of life 216 . Once an uncommon finding, the CMI cases
are now more frequently diagnosed with the advent of sophisticated
imaging techniques 216,140 , yet the impact of conditions like CMI on
CSF hydrodynamics is poorly understood. A general view is that 1
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in every 1000 persons has a CMI – that, due to the afore-mentioned
factors however cannot be said conclusively.
Most of the Chiari cases are incidentally discovered as many of
them are asymptomatic. Chiari patients may experience wide range
of symptoms such as headache, visual disturbance, balance problems
and numbness 140 . Moreover, there is no direct correlation between
symptoms in Chiari patients and the extent of tonsillar herniation.
Whereas pain medication in many cases provides relief to the patients, invasive surgery is the most effective treatment for CMI. The
procedure is known as posterior fossa decompression, where part of
the posterior fossa and the lamina of C1 is removed by the surgeon,
in order to give more space to the cerebellum and restore the CSF
hydrodynamics.
Syringomyelia
Syringomyelia is a neurological condition that is characterized by fluid
filled cavities (syrinxes) within the spinal cord tissue. Figure 6.3 illustrates a case of syringomyelia secondary to CMI. The pathophysiology of syringomyelia has been closely related to CMI 74,149 , although
there have been cases when a syrinx develops after a trauma, hemorrhage or arachnoiditis 122,74 . In some cases of syringomyelia, the cause
is unknown and they are characterized as idiopathic. The symptoms
include progressive muscle weakness, chronic severe pain, loss of bladder control and inability to feel hot and cold – most of the symptoms
depend on the location of the syrinx in the spinal cord.
Cranio-cervical decompression in Chiari patients most often resolves the associated syringomyelia in due course of time 230 . In some
distinct cases a decompression of the vertebrae may be performed to
give more space around the spinal cord. The treatment stops further
deterioration in some cases whereas some patients do not experience
improvement.
The exact relation between CMI and Syringomyelia has spurred
interest among many research groups, in the hope of elucidating the
pathophysiology of secondary syringomyelia. A detailed discussion
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on these aspects is not provided here as it will be discussed in detail
in chapter 7 along with the results of investigations from simulations.
A mechanistic relation between Chiari and Syringomyelia has been
elaborately investigated in the doctoral dissertation of Støverud 207 .
6.4 MODELING

Mathematical modeling of any physical system in general, and of a
physiological system in particular remains indispensable for its understanding. A mathematical model of the CSF was first described
by Monro 143 in which he used a single compartment lumped parameter model. With the advent of advanced numerical methods and
computing technologies in the present world, progressive modeling
and simulation of the CSF has become possible. The simulations
typically compute the CSF pressure and velocities to a reasonable
accuracy and help in an improved understanding of the CSF physiology.
The modeling of the CSF dynamics can be subdivided into intracranial dynamics, spinal flow models and models of the CSF flow
for the entire CNS. Only the related work on CSF hydrodynamics is
discussed here to maintain conciseness within the scope of this thesis. A comprehensive review on these aspects can be found in a recent
article by Linninger et al. 126 while the review by Kurtcuoglu 112 evaluates current progress and the challenges that the CFD community
faces for the modeling of CSF flow. Computational studies of CSF
flow in idealized geometries by Loth et al. 127 in early 2000 computed CSF motion in 1-cm long sections of the spinal SAS. Several
research groups have, since then, continued work in this direction, see
for example computation on patient specific models by 67,68,124,177,180 .
Roldan et al. 177 found high-velocity jets in Chiari subjects compared
to healthy volunteers and Helgeland et al. 75 reported signs of fluctuations near the cranio-vertebral junction in Chiari I malformation.
The spinal SAS contains fine structures of nerve roots, denticulate ligaments, and arachnoid trabeculae. These structures act as an
obstruction to the flow, and are expected to increase resistance to
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the CSF, yet their actual impact on the flow resistance has not been
quantified. The length scale of these anatomical aspects is incomprehensible by the medical imaging techniques, and computational
models thus are useful for assessment of their role. Computational
studies by Yiallourou et al. 239 , Pahlavian et al. 154 studied the impact
of nerve roots and denticulate ligaments by adding artificial nerve
pairs and indicated an elevation in peak velocities. Stockman 205 ,206
suggested that regularly spaced trabeculae had a limited impact on
global flow patterns while Gupta et al. 67 concluded that the subresolution microstructure density and radius can triple the pressure
drop in CSF flow. In a recent CNS wide simulation, Tangen et al. 213
suggested that arachnoid trabeculae may increase the pressure drop
in CNS by 2 − 2.5 times.
The efforts in modeling have been extended for the analysis of
complex issues like the wave propagation in the spinal cord 13 as well
as a very recent publication that associates tapering of the spinal cord
in Chiari I patients with and without syringomyelia 214 . Some models
simulate the CSF hydrodynamics only whereas some try to couple it
with the SAS using fluid structure interaction (FSI) methods. The
power of modeling can be employed for the investigation of a number
of CSF associated practices like intrathecal drug delivery 86 , development of medical devices, and pre-intervention planning to name a
few.
Due to the extreme complexity of the physiological system and
limitations of imaging techniques, all the computational simulations
are limited by one or another deficiency yet providing directions and
recommendations for future research. The CSF dynamics symposium† brings together researchers from across the globe who discuss
new ideas and research and modeling remains an important ingredient
among all these researchers. The focus of this thesis is on pure hydrodynamics, and it would follow from chapter 7 that many anatomical
details as well as physiological factors have been ignored from the
simulations while resolving the hydrodynamics to the largest possi† http://csfdynamics.org
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ble extent. The discussion will even though suggest implications of
results from physiological and fluid mechanical point of view.
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Transitional hydrodynamics of the
cerebrospinal fluid in Chiari I
malformation

The results of direct numerical simulations conducted on the cervical
subarachnoid space of one control subject and two Chiari I patients
are presented and discussed. The flow remains laminar in the control
subject in all locations of the SAS under consideration. Rapid fluctuations in velocity field are observed in one of the Chiari patients
whereas the flow shows laminar instabilities and localized puffs of
minor fluctuations in the second Chiari patient. These fluctuations
originate, and confine near the cranio-vertebral junction and are commensurate with the extremeness of the pathology of the subarachnoid
space and the extent of tonsillar herniation* .

* The research presented in this chapter is based on a publication that is under
review 95 .
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7.1 INTRODUCTION

From chapter 6 it can be recalled that the Reynolds number of the
CSF flow based on peak or spatially averaged velocities and the hydraulic diameter of the spinal canal ranges from 150 to 450 127 , which
is markedly lesser than the common Reynolds number of ∼ 2000 for
transition in a pipe 203 and that for transition in an oscillating flow 89 .
Most of the CFD studies of CSF flow thus rest on the premise of
laminar CSF flow, and that presumption advocates the choice of resolutions in CFD techniques 127,164,67,154,124 . As was demonstrated in
section 2.4, the oscillatory nature of the flow has a stabilizing effect
on the flow field and the critical Reynolds number (ReCr ) for transition inflates by ∼ 3× in the same geometry when compared with a
pulsating uni-directional flow.
Moreover, research on transition to turbulence in oscillatory flows
has demonstrated that the complexity of the conduit in which the
fluid flows has a much more pronounced effect on the onset of transition than the Reynolds number at which it flows 238,89 . This has
also been shown in this thesis in the studies of transition in a stenosis
(section 2.4). The flow of CSF is extremely complex due to its bidirectional nature and complex anatomy of the cervical SAS, which
has motivated the studies of this thesis, to question, and investigate if
such a complex flow would transition, or at least be disturbed in complex SAS. A recent comparison demonstrates significant differences in
flow measured with PC-MR to that computed with CFD – a finding
that can be attributed to resolutions in space and time 239 . Only one
study thus far has interrogated the assumption of laminar CSF flow
by conducting numerical simulations on an idealized model 75 that revealed localized regions where the CSF flow exhibited high frequency
fluctuations.
Motivated by the afore mentioned realism, the goal of this work
was to investigate the possibility of transitional CSF hydrodynamics
in detail, which is accomplished by performing fully resolved DNS
on subject specific models of one control subject (CS) and two CMI
patients (P1 and P2). Like previous chapters, the simulations have
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been conducted at spatial and temporal resolutions that are of the
order of Kolmogorov micro-scales, implying assessment of detailed
characteristics of the CSF flow and capture of the smallest eddies
that appear in turbulent flows.
The CSF flow dynamics with an emphasis on the role of the craniovertebral junction (CVJ) have been studied previously by 124 whereas
this work explores its role in promoting or triggering fluctuations in
the CSF hydrodynamics. The motivation for this comes from the fact
that due to Chiari malformation, the CVJ gets stenosed relative to
the surrounding SAS, and as has been observed for arteries 240 , higher
degrees of stenosis can lead to the onset of flow-transition. The focus of the study is thus CVJ with the ambition of elucidating the
common presumption of laminar CSF flow and quantify the characteristics of CSF hydrodynamics at the largest possible scales, thereby
benchmarking these results for retrospect in future, in order to compare, and hopefully arrive at numerical models that could possibly
reflect such details even at coarser spatial and temporal scales.
7.2 METHODOLOGY

Heavily fluid-weighted 3 Tesla MR images (3D constructive interference in steady state, CISS) of one control subject (CS) and two Chiari
patients (P1 and P2) who were females of 40, 26 and 63 years of age
respectively were examined at the Oslo University Hospital. Models
of the SAS were reconstructed by Støverud 207 through level set methods, using the vascular modeling tool kit (VMTK) 3 , and were verified
by clinical experts for accuracies in shape and dimension. The left row
of figure 7.1 shows the MR images with the initial level sets whereas
the 3D reconstructed models used for CFD are shown in the right
row† . The red planes represent the axial slices where pressure and
pressure drop were computed. The anatomical details namely aque† Both P1 and P2 seem to develop a syrinx in the spinal cord that is much
larger in P1 compared to P2 even while the extent of herniation due to Chiari
malformation is higher in P2. Due to unavailability of detailed information about
these patients, further details on this aspect are not discussed in this thesis.
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Figure 7.1 MR images (left column) and 3D reconstructed models (right column)
of CS, P1 and P2. Pressure was computed across the planes shown in red. The
aqueduct, the pontine cistern and the cervical SAS are indicated, with additional
cerebellomedullary cistern for the CS which is absent in P1 and P2 due to tonsillar
herniation. The red arrows in MR image of P1 indicate the CVJ.
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duct, pontine cistern, cervical SAS and cerebellomedullary cistern are
marked in the models as these terms are employed throughout in this
chapter.
It is remarked that the choice of these patients is based on the
extent of compression near the CVJ. The P1 and P2 have an area
reduction of ∼ 60% and ∼ 80% near the CVJ, which from a technical
point of view is expected to result in adverse pressure gradients and
complex flow dynamics 188 . From a physiological point of view, these
degrees of herniation are moderate and severe respectively and are a
common occurrence in CMI patients in the experience of our clinical
team.
7.2.1

Boundary Conditions

As was discussed in section 6.2, the CSF possesses the properties
of water, and thus for the simulations in the scope of this thesis,
the following properties were chosen: ν = 0.7 × 10−6 m2 /s and ρ =
1000 Kg/m3 . These properties were used to model the CSF throughout the spinal canal. Volume flux at the cranial SAS and the aqueduct
were available from PC-MR imaging but information about the fluxes
at pontine and cerebellomedullary cisterns was not available‡ . The
fluxes at the pontine and cerebellomedullary were calculated using
the principle of mass conservation by scaling the differences according to the surface areas of cisterns, resulting in a net mass flux of
zero in each model. It should be noted that the fluxes obtained by
PCMR imaging take effects of gravity into account automatically in
flux calculation.
The flow travels in caudal (bottom) to cranial (top) direction in
part of the cycle before reversing its direction from cranial to caudal in
the latter half of the cycle. These parts may be referred to as blowing
and suction from a fluid mechanical view point as was discussed in 2.4.
Figure 7.2 shows the volume fluxes at in/outflow of three models
where the peak systole is indicated by the red line. Peak systole is
‡ Note that the cerebellomedullary cistern is absent in P1 & P2 due to the
crowding of tissue
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Figure 7.2 Volume fluxes at the cranial SAS, aqueduct and cisterns in CS, P1
& P2 (L-R). The red line indicates the peak systole at which most of the flow
analysis is performed.

Figure 7.3 Velocity waveforms reconstructed from the fluxes at the cranial SAS,
aqueduct and cisterns of CS, P1 & P2 (L-R), and used as boundary conditions
for simulations.

defined as the moment in time when cranio-caudal flow is maximal.
The heart rates were 71, 86 and 77 bpm (beats per minutes) for CS,
P1 and P2 respectively. The peak systolic Reynolds numbers were
based on the diameter of the aqueduct as it is the narrowest channel
in all the models. The Re for CS, P1 and P2 were ∼ 85, 40 and 200
respectively.
Volume fluxes were distributed at each in/outflow as boundary
conditions. The fluxes were divided by the area of each boundary
to construct the velocity profile, prescribed as plug inflow§ . The obtained velocity waveforms are shown in figure 7.3. Note that whereas
§ Another way of distributing velocities at a boundary is by employment of a
weighting function, which is zero at wall and increases with distance from the
wall. Such a method was employed by Støverud 207 and it is expected to shorten
the distance for development of correct boundary layer.
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the red planes in figure 7.1 depict the area where pressure was computed, the velocity boundary condition was prescribed at extreme
ends of the models. Several ways of representing boundary conditions
are implemented in the Musubi 72 framework – the velocity bounce
back condition was chosen for these computations for its stability
and minimal compressibility errors¶ . A no-slip boundary condition
was imposed at the impermeable walls of the SAS using a higher order function that negates the effect of staircase approximation due
to cartesian mesh 19 . A detailed account of the boundary conditions
implemented in the Musubi framework can be found in the doctoral
dissertation of Hasert 71 .
Initial conditions were set to zero velocity and pressure everywhere
in the domain. The flow waveforms described above were prescribed
at the start of the simulation, but allowed to develop for 2 initial
cardiac cycles before the analysis of the flow was initiated. The flow
attained a periodic nature after 3 further cycles and the analysis of
the results that follows discards these initial cycles. Discussion on the
aspects related to initial layer in LBM is provided in section 1.2.2,
and we shall not delve into those details in this chapter‖ .
7.2.2

Computational details

The models were discretized with cubical cells of δx = 32 µm side
using the mesh generator Seeder 70 . The resulting number of cells for
each model were:
• CS: 863 531 743
¶ It is worthwhile to mention that investigation of various boundary conditions
was performed by a student Julia Moos to ensure stability of other boundary
conditions for such an oscillatory flow. All the boundary conditions were stable and no observable differences were found in results from different boundary
conditions. Those details are considered out of the scope of this thesis.
‖ The effect of initial transients manifested in the form of fluctuations along
the acceleration phase of cardiac cycle, which is physically not possible in a transitional flow. The complexity of the geometry resulted in an enhanced period of
sustainment of these initial transients.
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• P1: 709 482 055
• P2: 772 152 392
The LBM relaxation parameter Ω of 1.85 and a time step of δt = 22 µs
was chosen for this study while employing the multi time relaxation
(MRT) scheme of the LBM algorithm. Recall that in section 2.4,
the BGK relaxation scheme worked fine for the stenosis case but
due to the complexity of SAS models and the low viscosity of water, the BGK simulations were unstable. Due to the irregularity
of the SAS and presence of sharp changes in diameters of the conduit, the local lattice Mach number crossed the stability limit of the
BGK scheme resulting in these instabilities that were overcame by
the higher degree of freedoms that are provided by the MRT scheme
(see section 1.2.1.1).
Simulations were mainly conducted on the SuperMUC while some
additional parameter studies were conducted on the Hazel Hen as
well (see section 1.3 for details of supercomputers). Simulations on
SuperMUC using 16384 cores (2 islands) took ∼ 10 hours for the
computation of 30 cardiac cycles in each case. The choice of resolutions has been an important ingredient of this thesis thus far and
section 2.4 explored the appropriate spatial and temporal resolutions
for the capture and assessment of transitional hydrodynamics in an
oscillating flow. Nonetheless, it has been observed that each complex
anatomical case requires a mesh independence study of its own for
the confirmation of mesh related errors, and for assessment of grid
quality in relation to the Kolmogorov micro-scales that are of major
interest in this thesis. A mesh-independence study (see appendix .1)
at this and a coarser resolution was performed for the computation
of Kolmogorov micro-scales and quantify mesh dependent changes.
Pressure was computed over three cross-sectional planes as a function of time in the cervical spine (CSp), the aqueduct (Aq) and the
pontine cistern (PC) as indicated in figure 7.1. The pressure difference between PC and CSp was defined as:
∆p1 = pP C − pCSp
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and the pressure difference between Aq and PC as
∆p2 = pAq − pP C

(7.2)

7.3 RESULTS

7.3.1

CSF Velocities

Figure 7.4 Locations of probes in the SAS of CS (left), P1 (middle) and P2
(right) represented as black dots. Red spheres represent the probes used for
ensuing analysis and the arrow indicates the probe used for analysis of turbulent
characteristics.

Figure 7.5 Stream-wise velocity uy at probes highlighted in figure 7.4. For the
CS velocity field during the 8th cardiac cycle is shown whereas for P1 and P2 it
is shown during 50th cardiac cycle

The black dots in Figure 7.4 represent some of the 2000 probes
in the SAS of CS, P1 and P2. The probes that were used for the
analysis are highlighted in red as these are the probes with most distinctive flow patterns. Turbulent kinetic energy (TKE) (eq. 1.6) and
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cycle-to-cycle variations were analyzed at one representative point
which is highlighted under a rectangle and pointed by an arrow for
each case. Following the methodology for statistical description of
transitional flows in section 1.1.1, a total of n = 50 cardiac cycles
were computed for P1 and P2 to gather reasonable statistics of fluctuating flow, whereas simulation for CS was discontinued after the
8th cardiac cycle due to the laminar nature of the flow, as seen in
the following. As discussed in the methods, initial 5 cycles were discarded from the flow analysis for P1 and P2, as the flow became fully
periodic only after 5 cycles.
Figure 7.5 shows the velocity traces in axial (uy ) direction at the
probes depicted by the red spheres in figure 7.4 over the last cardiac
cycle** . The plots portray the laminar nature of the flow in CS, minor
fluctuations in P1 and intense fluctuations in P2. The regions of high
velocity in CS and fluctuations in P1 and P2 remain in the vicinity
of the CVJ, and fluctuations were not observed in other locations.
Maximum peak systolic CSF velocities in CS, P1 and P2 were ∼ 11,
15 and 38 cm/s respectively.
Figure 7.6 shows the three velocity components ux , uy , uz at the
probe highlighted by an arrow in the SAS of each model in figure 7.4.
The velocities are plotted over the last 6 cardiac cycles to sketch the
variations from one cycle to another, that are minor in P1 and intense
in P2 due to the transitional nature of the flow. The fluctuations in
anterior (ux ) and posterior (uz ) velocity components are comparable
with the axial component uy albeit the velocity magnitude of these
components is considerably smaller. The fluctuations in all 3 directions represent a fully developed 3-dimensional velocity field. The
right hand column of figure 7.6 depicts ensemble averaged velocities
over the last n=45 cardiac cycles of P1 and P2 and n=6 cardiac cycles
of CS obtained using equation 1.1.
Figure 7.7 shows the instantaneous velocity field across axial planes
** Note that whereas for P1 and P2 u at the 50th cardiac cycle is shown, for
y
CS it is shown only during the 8th cardiac cycle as there were no cycle-to-cycle
variations after that and the results were statistically converged. Simulation was
thus discontinued after 8 cardiac cycles for CS to save compute time.
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Figure 7.6 ux , uy , uz at probe with maximum velocity in SAS of CS, P1 and P2
over the last n = 6 cardiac cycles (top-bottom left row). The right row shows the
ensemble averaged counterparts for 6 cycles in CS and 45 cycles in P1 & P2.
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Figure 7.7 Peak systolic velocity field across axial planes in the SAS of CS, P1
and P2 (left-right); The planar velocity field is warped in space according to the
underlying velocity vectors to depict the spatial variation of the flow. The black
arrows indicate the planes on which velocity field in figure 7.8 is analyzed

along the SAS of CS, P1 and P2 during the peak systole of the last
cardiac cycle. The planar velocity field is warped in space to illustrate
the spatial variations in the flow, and to represent the flow direction.
Minor instabilities, and localized elevated velocity zones are seen in
P1 whereas an occurrence of acute fluctuations in the form of localized turbulent bursts is seen for P2. The flow is laminar in all parts
of the CS while in P1 and P2, the flow in regions distal from the CVJ
is laminar. The impingement zones are localized along (axial) levels
near the CVJ in P2 whereas the flow is evenly distributed at other
levels.
These planes near the CVJ, pointed by arrows in figure 7.7 are further highlighted in figure 7.8 which shows the peak diastolic velocity
field during the 50th cardiac cycle†† . The flow is evenly distributed
in the SAS of the CS with few regions of elevated velocity due to
the complexity of the anatomy whereas in P1, the flow instabilities
†† Note
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7.3. Results

(a) CS

(b) P1

(c) P2

Figure 7.8 Velocity magnitude during peak diastole of 50th cardiac cycle across
three planes (highlighted by arrows from top to bottom in figure 7.7) in the SAS
of CS, P1 and P2. The distribution of the flow in the planes is highlighted to
depict the zones of flow impingement in P1 and P2, and flow fluctuations in P2.

manifest as uneven distribution of the flow, where few regions have
sharp fluctuations. The flow in P2 depicts regions of heightened fluctuations where the flow proliferates in localized regions, marking the
onset of chaotic flow regime, with velocity in the impingement zones
nearly 5× of the surrounding region.
The presence of coherent vortices in the flow is featured by figure 7.9 which shows instantaneous velocity colored Q-isosurfaces (Q =
0.4) during peak diastole of the last cardiac cycle for CS, P1 and P2
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Figure 7.9 Velocity colored instantaneous Q-isosurfaces (Q = 0.4) during peak
diastole of the last cardiac cycle in the SAS of CS, P1 and P2 (L-R).

(refer to subsection 1.1.2 for details on Q-criterion). The figure illustrates negligible vortices towards the fourth ventricle in CS, which is
a result of local elevation in strain caused by rapid changes in diameter along the length of SAS. Miniature vortices educe in the vicinity
of Chiari malformation in P1 which are highly upsurged in P2. The
vortices originate near the CVJ due to sharp velocity gradients in this
area, and they travel in the cranial direction due to the momentum
of flow. It may be observed that the vortices enveloped by larger velocity magnitudes are confined in the compressed junction and there
is a continuous downward trend in the velocity that surrounds these
vortices as the distance from the CVJ increases.
7.3.2

SAS Pressure Drop

Pressure drop ∆p1 and ∆p2 as a function of cardiac phase are shown
in figure 7.10. The pressure is computed as an ensemble average over
n=45 cardiac cycles in P1 and P2 while it is shown for the last cycle
for CS. The pressure field does not exhibit fluctuations because it is
computed in the extreme ends of the SAS where the flow is laminar
for all the cases. The minor fluctuations that arise in P2 due to
extremeness of pathology are smoothed out by phase averaging. For
P2, ∆p1 reaches up to ∼ 70 Pa (0.5 mmHg) whereas for CS and P1,
it remains close to ∼ 20 Pa (0.15 mmHg). Due to the presence of
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Figure 7.10 Pressure drop ∆p1 between the pontine cistern and the cervical SAS
(top) and ∆p2 between aqueduct & pontine cistern (bottom). The ∆p is ensemble
averaged for n = 45 cardiac cycles in P1 and P2 while it is shown during the last
(8th) cycle in CS.

the cerebellomedullary cistern in CS, ∆p2 varies largely from ∼ 15 to
∼ −10 Pa (0.11 to −0.075 mmHg).
7.3.3

Turbulent characteristics of the flow

Table 7.1 lists the turbulent intensities (I, eq. 1.5) in CS, P1 and P2
for each velocity component, where superscript denotes the number
of cycles taken into account. The turbulent intensities are considerably higher up to 2.27 in P2. Whereas the main flow is in (axial)
Y-direction, the contribution of ux towards turbulence fluctuations is
remarkably higher in all the cases. The I shown in table 7.1 are representative of cycle-to-cycle variations as urms intrinsically accounts
for the contribution of such variations (see eq. 1.4). The right three
columns in table 7.1 depict Iy for n=35, n=25 and n=15 cardiac cycles, which portrays the additive effect of cycle-to-cycle variations on
turbulent intensities in P1 and P2 up to n=25 cardiac cycles (corresponding I for CS are not shown due to laminar nature of flow).
Amplification in Iy is visible in P2 from one cycle to another while
its minimal for P1. Ix and Iz are not shown because no detectable
changes were seen in them from one cycle to another. The role of
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Case
CS
P1
P2

Ix
0.11
0.23
2.27

Iy
0.03
0.07
0.76

Iz
0.02
0.05
0.71

Iyn=35

Iyn=25

Iyn=15

0.07
0.76

0.069
0.73

0.064
0.64

Table 7.1 The turbulent intensities Ix , Iy and Iz for CS, P1 and P2 calculated
over the last n=45 cardiac cycles for P1 and P2 and for last 6 cycles for CS. The
three columns on the right show the intensities Iy over n=35, n=25 and n=15
cardiac cycles respectively for P1 and P2.

cycle-to-cycle variations start to diminish after ∼ 25 total cardiac
cycles because the augmentation in Iy is less than ∼ 0.5% between
n=25 and n=35 cycles, and ∼ 0 beyond n=35 cycles. This observation would represent the characteristics of the CSF flow as statistically
converged.
The cycle-to-cycle variations are illuminated in figure 7.11. The
thin lines represent the axial flow velocity (uy ) over the last n = 25
cardiac cycles plotted on top of each other exhibiting a spaghetti like
appearance. The black line in the middle represents the ensemble
averaged velocity whereas the dotted lines indicate standard deviation
(±σ), representative of the extent of these variations. The mean and
maximum standard deviation σ in P1 are 10% and 25.6% whereas
in P2, they are 29% and 90% respectively, and they deviate most in
parts of the cardiac cycle where fluctuations are maximum. In the
control subject, these variations were < 0.5%, and are thus not shown
for brevity.
Figure 7.12 shows the energy spectra of TKE in CS, P1 and P2
computed for the last n=45 cardiac cycles for P1 and P2 and last
n=6 cycles for CS. The TKE computed at the probes represented by
red spheres in figure 7.4 was averaged for computation of the energy
spectrum. The Kolmogorov −5
3 energy decay is represented as a gray
line in each plot for visual comparison. The spectrum for CS depicts
a laminar behavior as there are negligible fluctuations and the PSD
falls rapidly beyond ∼ 500 Hz. In P1, frequencies between 103 and
5 × 103 Hz lie in the inertial subrange where energy cascades from
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Figure 7.11 Variation of flow characteristics from one cycle to another plotted
for 25 cardiac cycles for P1 and P2 (L-R). The black line represents the ensemble
averaged flow field whereas the dotted lines indicate standard deviation ±σ.
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Figure 7.12 Power spectrum of the TKE in CS, P1 & P2 (L-R). The gray line
in each plot corresponds to the Kolmogorov −5
energy decay.
3

the large eddies to smaller ones with minimal dissipation. The viscous dissipation range is marked beyond this as the spectrum starts
to fall of rapidly and the flow re-laminarizes beyond 104 Hz. In P2,
a larger range of frequencies between 103 and 104 Hz lie in the inertial subrange as clear from the region parallel to the −5
3 slope line.
Re-laminarization due to viscous effects takes place beyond 104 Hz.
None of the computed flow in P2 or P1 is fully developed turbulence
and a qualitative comparison of 3 plots suggest weakly turbulent or
transitional flow in P2, disturbed flow in P1, and laminar flow in CS.
7.3.4
Case
CS
P1
P2

l+
2.98
2.63
4.90

Kolmogorov micro-scales
t+
0.12
0.10
0.328

η(µm)
10.73
12.16
6.53

τη (µs)
183.30
220.0
67.07

uη (mm/s)
65.30
57.53
107.23

Table 7.2 The Kolmogorov micro-scales η, τη & uη and the ration (l+ , t+ ).
Spatio-temporal discretization of simulations is δx = 32 µm and δt = 22 µs.

Table 7.2 lists the Kolmogorov micro-scales (described in subsection 1.1.2) computed at the probe with highest strain rate during
peak systole. The l+ and t+ are comparable in CS and P1 because
of similar (and minimal) dissipation despite minor fluctuations that
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were observed in P1. The dissipation in P2 is relatively higher as
sketched by uη that demands for higher spatial and temporal resolutions. The t+ is always lesser than 1.0 due to the intrinsically low δt
in LBM framework. Kolmogorov length scale η is usually quoted as
the smallest scale that needs to be resolved for an accurate DNS of
turbulent flows. However, a review by Moin & Mahesh 142 has suggested that the smallest resolved length scale is required to be O(η).
It is however surprising that the l+ is ∼ 4× higher in a slow moving
fluid like CSF compared to flow of blood in aneurysms 96 for the same
spatial resolution. This aspect is due to low viscosity of the CSF and
the fact that the sharp stenosis in cranio-vertebral junction increases
the fluctuations in strain rate manifold.
7.4 DISCUSSION

The DNS presented in this chapter indicates that the CSF flow in the
spinal canal is very complex and the manifestation of CMI is likely to
upsurge the CSF flow velocities, and is likely to exhibit fluctuations
in CSF hydrodynamics when the extent of herniation is severe, as
was the case for P2. These fluctuations resemble a flow regime that
is not laminar but is transitional or conditionally turbulent. Whereas
the transitional hydrodynamics of the CSF is the central idea on
which this chapter rests, we present a comparison of CSF velocities
and spinal canal pressure drop computed in our present study with
previous works for a broader perspective. This is followed by an
analysis of the implications of transitional CSF hydrodynamics from
a fluid mechanical and physiological point of view and a rationale
behind the potential limitations is discussed.
Comparison to other studies
The peak systolic velocity computed for P2 was 38 cm/s which is
higher than what has been reported in studies using 2D PCMR, which
report a peak systolic velocity of 10−12 cm/s in CMI patients 14,164,5 .
Our result however agree well with 4D PCMR study of Bunck et al. 22
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which reported similar peak CSF velocity.
We computed the pressure drop (figure 7.10) over a length of
∼ 13.4 cm as Linge et al. 124 reported a constant pressure over 19
axial sections that they placed one cm apart each. The peak ∆p1 for
CS and P1 (0.06 mmHg per cm) agrees well with studies of Martin
et al. 133 while for P2 (0.2 mmHg per cm), it is higher than 133 due to
the narrow CVJ. The pressure drop plots show a minor phase shift
from the original location of the peak systole, consistent with previous
observations under obstruction 15 . The pressure field did not exhibit
rapid fluctuations because we calculated it on the extreme ends of the
SAS where the flow was laminar for CS, P1 and P2. This suggests
that the onset of turbulence actually occurred near the CVJ, and
turbulent slugs traveled only up to the spinal segments surrounding
this region.
Only one previous study by Helgeland et al. 75 has explored the
possibility of transitional CSF flow with a similar conclusion as our
present study that the flow is most unstable in the vicinity of Chiari
malformation. It is however surprising to observe that even at a much
coarser resolution, Helgeland et al. 75 reported a l+ ≤ 2.4 whereas in
our case it was 4.90. Clearly in the present study, the fluctuations
in the strain rate were higher implying a flow regime that is weakly
turbulent.
Fluid mechanical aspects
The occurrence of transition in a slow moving fluid like CSF, which
translates to a low Reynolds number, appears surprising at a first
glance from an Engineering perspective, and might seem at odds
with studies of transition in straight circular pipes even for oscillatory
flow 238 . In this thesis itself, it has been shown in section 2.4 that the
oscillation of the fluid increases the threshold for transition by ∼ 3×
in an artificially complex geometry compared to uni-directional pulsating flow through the same geometry (section 2.3). The findings
of this chapter thus seem contradictory to findings (and predictions)
from validation chapter 2 and simulations of blood flow in intracranial
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aneurysms presented in chapter 4 because the flow of CSF qualifies for
two main findings that should stabilize the flow – oscillating nature
and low Reynolds number.
A careful read of Iguchi & Ohmi 89 , Yellin 238 suggests that the
ReCr for transition would curtail when the flow waveform is not sinusoidal and the flow conduit is not a pipe but a complex geometry
– both of these factors were extremely intense in the cases studied in
this chapter, particularly in P2. A combination of complex factors
such as geometry and the nature of the flow thus dismays the common belief of laminar CSF flow and presses on the need for a detailed
analysis of such flow. Moreover, it should be noted that the CSF has
considerably less viscosity than that of blood and low viscosity fluids
are known to transition to turbulence sooner 183 .
The flow field was fully three-dimensional with the emergence of
opposing flow structures in all the 3 cases as was educed by the Qcriterion of figure 7.9. This is a manifestation of the fact that due to
complexity of the geometry, the flow reversed its direction at different
instances unlike the stenosed pipe where the principle flow direction
was axisymmetric. There were manifold fluctuations in one of the
Chiari patients whereas the other patient had flow instabilities. The
fluctuations in the Chiari patients were promoted by the crowding of
tissue in the cerebellomedullary cistern, which added to the complexity of the geometry, and resulted in an enhanced flow separation. In
the control subject, there was abundant room for the CSF to escape
through the cerebellomedullary cistern, which not only prevented the
CSF velocities from elevation unlike Chiari patients but inhibited the
onset of any fluctuations.
This fact may be further illustrated by looking back into the eccentric stenosis of section 2.4 where it was discussed that a break
of symmetry of the stenosis triggered the fluctuations. Now imagine
that the pipe containing the stenosis is randomly pressed in three
other locations, and the already present stenosis is further narrowed
down from its current 75% constriction. This would result in random pressure fluctuations, and the vortices that already reside in
the re-circulation zones will collide with each other during the flow
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reversal resulting in production and annihilation of new and old vortices respectively, whereas in the case of the stenosis, the flow on
the right side of the stenosis looked largely the same on the left side,
and nearly the same patterns were produced repeatedly with each
cardiac cycle. The elevation of velocities in the Chiari patients is
also pertinent from a fluid mechanical point of view as the absence of
the cerebellomedullary cistern reduces the area of the SAS while the
same volume of CSF passes through that area, and this observation is
consistent with MR imaging 127,73 and other CFD studies 180,207,177 .
The net volumetric flow rate in the spinal canal is nearly zero due
to the cyclic nature of the flow 127 . The absence of net flow downscales
the TKE when the flow reverses its direction as the bulk flow comes
to rest during this event. These factors have been shown to suppress
the onset of fully developed turbulence in oscillatory pipe flows 231,148 .
The fluctuations, though still minor in P2 may classify the extremeness of pathology in CMI as a potential trigger to transitional flow.
The flow field in axial planes near the cranio-vertebral/cervical junction (fig. 7.7 and fig. 7.8) in P2 was was pre-eminently invaded by the
jet that emerged from the stenosed junction, roughly 80% stenosed
in comparison to the surrounding SAS thereby raising the velocities
manifold‡‡ . The focal points of fluctuations were thus intense in the
locations along the jet and the disturbances in the flow navigated to
locations distal to the CVJ due to complexity of the flow. The formation of turbulent slugs increases the pressure drop while decreasing
the Re, a physical process that inhibits the formation of new turbulent slugs and their propagation 238 . The rapid diameter variations
along the SAS, and the extreme narrowing near the CVJ augmented
the formation of turbulent slugs, due to random pressure variations
and local elevations in the Reynolds number. Such an aspect that
would not be observed in a simple pipe or a geometry with controlled
distortions like the stenosis. The fluctuations were markedly less in
‡‡ Observe that the 80% stenosis is larger than the threshold of 75% that was
discussed in section 2.4. Moreover, the presence of the stenosis itself, and the
parent vessel are highly irregular which is expected to elevate complexity of the
flow
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P1 due to less severity of obstruction and follows the arguments presented above.
Stabilization of a flow during acceleration and chaotic activity
during deceleration has been a main ingredient of discussions in this
thesis, and has been extensively studied in literature 147,231,89,52,78 . It
is difficult to demarcate the acceleration or deceleration of the flow in
a bi-directional flow in a complex conduit due to occurrence of phenomena like flow separation. Re-laminarization of CSF was observed
during the flow reversal as there was an increase in velocity in most
of the locations during that event. The fluctuations commenced, and
were most intense during the change of flow direction, an event when
the mean flow is zero (corresponding to peak diastole in most locations, see for example figure 7.9). This startling observation can be
interpreted as a consequence of the amplification of small flow asymmetries by the large decelerative forces, that potentially can result in
loss of coherence in the flow.
A question that always emerges in such cases is the appropriateness of the employment of term transitional to describe such flow
regime. If this flow regime were a fully developed turbulence, then
the fluctuations would have spread out in the whole cardiac cycle
rather than in parts of it 231,238 . The flow is assuredly not laminar as
in a laminar flow, production of TKE and un-dying fluctuations will
not be present which was apparently the case in the present study.
The presence of frequencies up to 103 Hz in the inertial subrange, as
has been discussed in section 1.1.1 clearly suggests that the flow is
not laminar and the occurrence of localized turbulent slugs in parts
of the cardiac cycle in P2 upholds that the flow is at the onset of turbulence and is thus transitional, while in P1 the flow is on the verge
of transition. This means that during conditions of increased flow
rate (due to heart beat or respiration), the flow in P1 might exhibit
higher fluctuations – an aspect that may be evaluated in future when
varying flow rates from PC-MR imaging are available.
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Physiological aspects
Differences in CSF flow patterns between healthy subjects and Chiari
I patients, commonly termed abnormality of CSF hydrodynamics,
have been extensively reported in literature 5,14,81,124 . This abnormality is usually elevated velocities in Chiari patients which is largely
attributed to the compressed cranio-vertebral junction. A rationale
that would materialize from the presented results is transitional CSF
flow being a definitive type of abnormality in the CSF hydrodynamics. This abnormality, seemingly commensurate with the extremeness
of the pathology of the SAS and the level of obstruction may serve as
a hydrodynamic factor governing symptoms of Chiari I malformation
and its association with syringomyelia.
The most common symptom that has been associated with CMI is
suboccipital headache 140 while CMI itself is characterized as an underdevelopment of the posterior cranial fossa. Disturbances in CSF
hydrodynamics have been shown to be related to clinical manifestation of CMI 140 and symptoms like headache. A study that pursued
association of CSF dynamics and headache in CMI 137 concluded that
the occipital headaches were strongly associated with hindbrain CSF
flow abnormalities where abnormal CSF flow was described as obstructed flow with elevated velocities and formation of jets. Although
hydrodynamics cannot be the only factor leading to symptoms as
there are major mechanical players like pressure exerted by brain
stem on the spinal cord. It however can be one of the factors 81 and
transition in CSF flow might be classified as a subset of it.
Abnormalities in the CSF flow present in CMI are known to underline the pathogenesis and progression of Syringomyelia associated to
CMI 123,74,149 . The peak CSF velocity has been an index for grading
the degree of pathophysiology in symptomatic patients with Chiari
malformations 73 . Development of a small syrinx in P2 and a larger
one in P1 was noted before (see figure 7.1). This observation is in
fact contradictory to the elevated velocities and turbulent intensities,
which were higher in P2. It would be too early to unequivocally comment on the role of transition behind progression of syringomyelia.
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What seems important to investigate are the spatial and temporal
changes in CSF dynamics, especially near the CVJ that have not been
clearly characterized, and were a dominating factor in this study. Accounting for spatial and temporal effects of CSF dynamics in general
and the possibility of transitional CSF flow in particular thus would
be useful for an accurate identification of pathophysiologic mechanisms behind syringomyelia 123 . A very recent publication for example has shown that CMI patients with syringomyelia have a different tapering in the spinal canal than those with CMI without syringomyelia 214 . The study extended over a database of CMI patients
in 3 institutions in the US covering a total of 150 patients. A hypothesis that immediately materializes from such a study is that tapering
of the spinal cord would, up to at least a certain extent, influence
the hydrodynamic characteristics of the CSF, and can contribute to
occurrence of phenomena like flow separation and hydraulic jumps.
These factors will certainly not stabilize the flow, and whether they
would contribute at all to the formation of turbulent slugs remains a
question of curiosity.
Another crucial aspect that this study surmises is the role of fluctuating CSF hydrodynamics in mechanisms behind intrathecal drug
delivery 155,86 . Intrathecal drug delivery is a method to administer
therapeutic molecules to the central nervous system (CNS). Different
CSF pulsatility leads to high inter-patient variability in drug distribution 79 – an issue that has been investigated in 86 . Even though
intrathecal drug delivery is uncommon in CMI patients, the presence
of fluctuations (if any even in the healthy subjects), may influence
the intrathecal drug delivery as transitional/turbulent flows can effectively mix entrained fluids to a molecular scale and the speed of
this mixing is larger for highly fluctuating flows 44 . The modeling of
drug delivery 86 in that case would require for the CFD scheme to be
appropriately tailored in terms of resolutions to capture transitional
nature of the flow. These prognoses however, due to the potential
limitations of the study, cannot be downrightly extrapolated in vivo,
but are observations and predictions. Further research is required to
explore these aspects.
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The above discussion naturally demands for an analysis of the role
of cycle-to-cycle variations which were shown in figure 7.11. As has
been discussed before, each cardiac cycle (say n) starts with initial
conditions that are fed to it by previous cycle (n-1). Now, since the
waveform of the flow in the simulations was never changed, the presence of these variations from one cycle to another was a consequence
of turbulent nature of the flow, and conversely the chaotic behavior of
the flow led to these variations from one cycle to another in the first
place. In a physiological system however, it remains an open question
whether the turbulent slugs, if formed at all would sustain or abstain
the transient turbulence in physiological flows. Mechanisms like for
example auto-regulation and heart-rate variability will have both stabilizing and de-stabilizing effect on the formed turbulent slugs.
Potential Limitations and rationale behind them
The studies of this thesis were based on the assumption of rigid impermeable walls of the SAS in simulations and ignored the neural
tissue motion, which would have impact on the CSF hydrodynamics.
Patients with Chiari malformations have, in addition to CSF flow abnormalities, greater motion of the medulla and brain stem compared
to healthy subjects, which can produce larger spatial variations in
flow. A recent study suggested that minor displacement of tissue can
have discernible impact on CSF dynamics 153 . Tissue displacement
can result in pressure wave propagation 13,134 which can lead to syringomyelia development. The role of tissue motion as well as wall
deformation on transitional flow can not be distinctly stated as compliant walls may delay or promote flow fluctuations 8,109 . Moreover,
attempts on modeling of such phenomena have to rely on certain assumptions as due to the limitations in imaging techniques, it is not
feasible to measure the motion of tissue and permeability of walls.
We had information only about the flow rates across the boundaries from MRI which was prescribed as boundary conditions. The
prescription of this boundary condition and its limitations have been
evaluated by Kurtcuoglu 112 , and it has been found that assumption
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of open boundaries in a CSF flow simulation may introduce uncertainties because the complete central nervous system is a closed system 213,126 . The goal of the present work however was to investigate
if the abnormalities in the CSF hydrodynamics as a consequence of
CMI would exhibit transition-like phenomena, within this limitation,
and compare to other studies that prescribe open boundaries 164,177,67 .
Not much research efforts have been put on the closed models of the
CSF flow as the CSF displacement in such models requires proper
force coupling both with the vasculature and the surrounding tissue.
An exemplary work in this direction is a full CNS wide simulation
reported by Tangen et al. 213 . Several approaches have been developed that deal with the issue of open boundaries. Howden et al. 85
reported computational analysis of the full CNS with deformable ventricles while Kuttler et al. 114 simulated the whole length of the spinal
cord to study intrathecal drug delivery. These aspects have been reviewed in detail by Linninger et al. 126 , Kurtcuoglu 112 .
Fine structures of nerve roots, denticulate ligaments and arachnoid trabeculae were not included in the models as the focus was
on the role of the CVJ in the onset of turbulent like hydrodynamics
in the CSF. These fine structures are poorly visualized with medical imaging techniques and an attempt to take them into account in
simulations would require additional assumptions. Nonetheless, such
structures obstruct the flow and create velocity gradients that are
susceptible to destabilize the flow fields. Elevation of velocities in the
spinal canal due to nerve roots and denticulate ligaments has been
previously reported in idealized models 154 , which suggests that they
would have an amplifying effect on flow instabilities. Furthermore, as
shown by Piot & Tavoularis 160 , the presence of narrow gap in annular
channels leads to hydrodynamic instability in the flow and the critical
Reynolds number reduces when the irregularity is increased, which
suggests that the highly irregular micro structures in the subarachnoid space would have destabilizing effect on the flow field. Gupta
et al. 67 , Tangen et al. 213 have shown that the arachnoid trabeculae
can increase the pressure drop by 2 − 3 times in the central nervous
system. The presence of turbulence in a flow causes adverse pressure
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gradients, and is in turn caused by adverse pressure gradients. The
role of arachnoid trabeculae is thus expected to induce irregularities
in the occurrence of turbulent puffs in the flow. This aspect would
however depend on the concentration of trabeculae in the spinal canal
as a very large obstruction to the flow reduces the flow speed and can
suppress the onset of transitional flow.
The present study included a small part of the spinal cord, which
in reality is an elongated geometry, and the CSF hydrodynamics vary
along the length of the canal. Fluctuations in the CSF flow may have
their origin and/or repercussion in sites that are remote from the
regions of altered flow as a consequence of wave propagation. Future
examinations would thus require the inclusion of larger anatomical
details.
The flow in Chiari patients that exhibited transitional flow like hydrodynamics is likely to be influenced by a modest change in inflow
rate. The boundary conditions were obtained from PCMR imaging
during rest, whereas higher heart rates and respiration may increase
these flow rates 125 resulting in larger fluctuations. Moreover, in a
complex flow problem with zero mean flow due to reversal, the occurrence of transition can be disputed as an outcome of minor fluctuations due to the initial conditions that could be trapped in the flow
and may not wash away up to arbitrary number of cardiac cycles
after 50 that were simulated. In our simulations, the cycle-to-cycle
variations were prevalent up to 25 cardiac cycles – a downward tendency though was never seen in fluctuations albeit the characteristics
of mean flow converged after 25 cycles.
It should be remarked that if turbulence is generated in the unstable entrance region, the turbulent slug may not propagate further
from its origin than the distance it will travel during one cycle 238 . The
origin of turbulence or the source of disturbance, as discussed above,
was the craniovertebral junction itself and the disturbances traveled
only in neighboring locations proximal to their source of origin, before being stabilized. Such observations, even though still debatable
in the absence of a comprehensive validation, give content in accepting these fluctuations as physical within the modeling assumptions
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Figure 13 Flow field at an axial plane in P2 for resolutions of 32µm (L), 48µm
(M). The plot shows ux , uy & uz at the black line in axial planes for 32µm (thick
lines) and 48µm (dotted lines)

and thus transition in CSF hydrodynamics of CMI is reinforced.
From the previous analysis and discussion, it would appear that
the simulations were highly resolved in one aspect i.e. intricate flow
dynamics while ignoring a number of other factors that are ostensibly
a key player in governing CSF hydrodynamics. Since its inception,
the study intended to quantify the sophisticated CSF hydrodynamics
down to the Kolmogorov micro-scales, and from the presented analysis, it is considered a step forward in research focusing in this direction. The outcomes have prospects for future flow simulations and
has implications from fluid mechanical, modeling and clinical point of
view. Analysis on a larger cohort of healthy subjects and Chiari patients will increase tenacity on the presence of transitional/turbulent
CSF flow as the present findings can not be determinedly enforced to
the in vivo situation before comprehensive validations against experiments or clinical data are performed. Moreover, patients with varying
degrees of herniation and obstruction of the CVJ would required to
be investigated in more detail in future studies.
.1

MESH SENSITIVITY ANALYSIS

This appendix presents a comparison of the results of the highly resolved simulations against those at a coarser resolution of δx = 48µm
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resulting in ∼ 250 × 106 cells and a time step of δt = 44µs due to
space-time coupling in LBM algorithm (see subsection 1.2.1). Comparison for case P2 is only presented for brevity as this is the case
with most complex geometry and flow dynamics. Figure 13 shows the
flow field during the peak systole across an axial plane for fine (left)
and coarse (middle) resolutions. The chosen axial plane is located
near the CVJ where the fluctuations were significant (see fig. 7.7).
The black solid line indicates the location where velocity presented in
the plot at right is analyzed. The coarse resolution captures qualitatively the same flow features as the fine but the fine resolution clearly
seems to exhibit rapid fluctuations and capture intricate vortices (see
for example the fluctuations in the red zones in axial velocity profile).
This is also evocative in the plot where coarse resolution depicts similar flow field as the fine one but omits the fluctuations. In the velocity
field plotted across the line for both resolutions, the coarse resolution
exhibits distinguished high velocity at z ∼ 97mm which is due to the
shift in the high velocity zone at a coarser resolution.
The Kolmogorov micro-scales at the coarse resolution were η =
2.71 µm, τη = 87.62 µs and uη = 81.44 mm/s that resulted in l+ =
17.71 and t+ = 0.502. This resolution thus, even though was ample
for the simulation of CSF hydrodynamics in all cases, it was not
abundant to resolve the intricate structures that was the principal
intention of this study.
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Conclusions and outlook for future
research
This thesis presented and discussed results of the flow simulations in
two physiological applications namely hemodynamics in intracranial
aneurysms and hydrodynamics of the cerebrospinal fluid in the spinal
canal. The physical and numerical aspects that concern the basics of
flow-transition were inspected in detail on simple stenosed pipes for
an understanding of transition to turbulence on a fundamental basis.
This chapter summarizes the important results, discusses implications from fluid mechanical and physiological point of view, deliberates principal limitations of the studies, and proposes an outlook
for research that may be pursued in the direction of this thesis.
8.1 SUMMARY AND CONCLUSIONS

The research presented in this thesis pursued the assessment of a
regime in physiological flows that is not laminar or fully developed
turbulence but is transitional. This was accomplished by performing
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fully resolved direct numerical simulations on case specific anatomical models as well as standard benchmark cases. The thesis has
shown that physiological flows namely hemodynamics in intracranial
aneurysms and cerebrospinal fluid hydrodynamics in the spinal canal
may transition to weakly turbulent flow. Such an occurrence has
implications from a physiological point of view as it can help in the
understanding of the pathophysiology of the disease, can aid in the
development of medical devices, and can potentially provide prospective insight into the outcomes of the disease. From a fluid mechanical
and numerical modeling point of view, assessment of such an occurrence requires considerably high spatial and temporal resolutions in
a simulation.
The conclusions of this thesis can thus be summarized under two
sub-categories namely Physiological and Fluid mechanical.
8.1.1

Physiological aspects

The studies of transition to turbulence in stenotic flow of chapter 2 indicated that the extent of the stenosis and its configuration, whether
axisymmetric or eccentric, are the major factors that govern the onset of flow-transition. The configuration of the stenosis that had 75%
reduction in area increased the velocity of flow that passed through
it while a small eccentricity broke the symmetry in the flow causing
the onset of flow-transition. The arteries in the human cardiovascular
system are often stenosed in pathological conditions like atherosclerosis – the extent of this stenosis is usually irregular (corresponding to
the eccentricity) and quite often area reduction of > 75% have been
observed 240 which suggests the presence of turbulence in such flows.
Studies of transition to turbulence in hemodynamics of intracranial aneurysms in chapter 4 have indicated that the morphology of the
aneurysms at bifurcation is one of the decisive factors in the occurrence of transition. The flow jet from the parent artery experiences
an expansion and consequent breakdown due to the presence of the
aneurysm at bifurcation. The highly resolved simulations depicted
high frequency velocity fluctuations inside the aneurysm dome and
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educed minuscule vortices near the aneurysm wall. We discussed the
significance of such vortices in understanding the mechanisms that
lead to aneurysm initiation and rupture.
The results of the succeeding chapter 5 verified the applicability of two distinct CFD techniques for the simulation of aneurysmal
hemodynamics by comparisons against in vivo MR measurements.
In spite of the assumptions like ignorance of shear thinning nature
of the blood and arterial wall movement in CFD, the results agreed
reasonably well with MR, and the occurrence of transitional flow in
aneurysms was attributed to spatial and temporal resolutions – that
should be high enough to capture such flow. The in vivo presence of
transitional flow in aneurysms still remains elusive and a combination of better resolved MR with measurements from phono-catheter
complemented by laboratory experiments will increase the tenacity
of such an occurrence in vivo.
Following the theories for aneurysm rupture presented in chapter 3
that are based on various hemodynamic and morphological factors,
the results of this thesis suggest the presence of transitional flow as
a potential hemodynamic factor that can play a role in biological
mechanisms behind aneurysm initiation or rupture.
Whereas hemodynamics have been extensively studied using CFD
as was evident from the review of the literature, only a handful of research groups across the globe have used CFD for the analysis of the
hydrodynamics of the cerebrospinal fluid (CSF) in the spinal canal.
In chapter 7 we extrapolated the knowledge from literature on fluid
mechanics that explores conditions for transition to turbulence to
the hydrodynamics of the CSF. In other words, literature on fluid
mechanics that shows the presence of turbulence in pipe flows with
> 75% area constriction hints for such an occurrence in the hydrodynamics of the CSF as the subarachnoid space, in many cases of Chiari
malformation type I, is constricted by more than 75% near the craniovertebral junction. The simulations depicted highly localized and
intense fluctuations near the levels of cranio vertebral junction in one
of the patients with high degree of tonsillar herniation whereas in the
other patient the flow was highly disturbed, though not transitional.
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The flow in the control subject remained laminar in the absence of
Chiari malformation.
Abnormal CSF hydrodynamics have been often associated to Chiari
malformations. The results of this thesis propose a novel finding of
transitional CSF flow as a definitive type of abnormality in CSF flow,
caused by Chiari I malformation. This abnormality, after further
research, can be associated to conditions like Syringomyelia.
8.1.2

Fluid mechanical aspects

The fluid mechanical aspects of this thesis condense to one simple
conclusion that the complexity of the geometry acts as a perturbation in the flow and has potential in governing the critical Reynolds
number (ReCr ) at which the flow leaves a laminar state and steps
into a transitional regime. Chapter 2 explored the physics of fluid flow
in simple cylindrical pipes with constriction. The chapter advocated
the suitability of the LB method in simulating complex transitional
flows and demonstrated its computational efficiency in such simulations. It was established that the Reynolds number for transition
increases by ∼ 3 times when the pulsating flow in the same geometry
is replaced by an oscillatory flow – one that reverses its direction in
part of the cycle. The flow however remained laminar in the symmetric stenosis in the absence of any finite perturbation, at least up
to Reynolds numbers that were studied. The fundamental principles
of fluid dynamics that were explored in that chapter complemented
the simulation of complex physiological flows in anatomically realistic
geometries that were presented in subsequent chapters.
The results of chapter 7 might actually seem contradictory to
those of section 2.4 because the onset of turbulence in Chiari patients occurred at Reynolds number that was much lower than that
for blood flow in intracranial aneurysms (see chapter 4). Reasons
for such an event were a combination of various factors namely extremely complex conduit, local elevation in the Reynolds number due
to compressed cranio vertebral junction as well as the presence of
synchronous bi-directional flow.
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A generic conclusion that this thesis draws from a fluid mechanical point of view is that the proliferation of a flow through a chaotic,
irregular spatial domain triggers the flow to exhibit turbulence like
fluctuations, and it is this irregularity in the flow conduit that is
responsible for the propagation and subsequent sustainment of turbulent slugs that appear in the flow.
The dynamics of a flow that either pulsates or oscillates are noticeably different compared to a steady time independent flow. The onset
of turbulence, the amount of the turbulent component, and the temporal evolution of turbulent bursts differs primarily as a consequence
of the action of large decelerative forces, which are obviously absent
in a time-independent flow. Due to these reasons, the ReCr curtailed
in aneurysms for pulsatile flow and elevated in the stenosis for oscillatory flow.
8.2 PRINCIPAL LIMITATIONS

The limitations of the studies and rationale behind those limitations
has been discussed in detail in each chapter that presented simulation results. In summary, a prime limitation of this thesis may be
considered a manifestation of the principal question that still remains
partially unanswered – whether or not the flow would transition in
vivo? A final answer to this question will require several intense
validation studies through joint efforts of experimental, clinical and
modeling research groups.
In the simulations of blood flow in intracranial aneurysms, we ignored the Non-Newtonian nature of the blood which certainly delays
the process of transition 16,53,190 . This suggests that the ReCr , which,
in the studies of this thesis was proximal to the peak systolic conditions of the MCA segment must elevate due to the non-Newtonian
nature of the blood. The influence of arterial wall movement has
not been studied in the context of transitional flow in aneurysms before. Zimny 244 identified discernible impact of wall motion on wall
shear stress in aneurysms and proposed consequences of this aspect
on thrombus formation. It can be safely presumed that the fluid
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structure interaction between hemodynamics and aneurysm wall will
have impact on transitional hemodynamics – and may in turn be
influenced by the intensity of these fluctuations.
The principal limitation of the simulations of cerebrospinal fluid
hydrodynamics is the decoupling of the CSF system from the vasculature. The coupling of the blood and the CSF, and the aspect of respiration can influence the hydrodynamics of the CSF. The prescription
of boundary conditions in the CSF simulations suffered a limitation as
measurements from PCMR were used as flow rates across pontine cistern, cervical subarachnoid space and the aqueduct. Kurtcuoglu 112
has suggested that this assumption of open boundaries in a CSF flow
simulation may introduce uncertainties because the complete central
nervous system is a closed system.
A generic limitation that has been noted before, and is highlighted
again is the limited cohort of patients – both in the studies of hemodynamics in aneurysms and the studies of CSF in the spinal canal.
Whereas the afore-mentioned limitations, and those that were noted
in chapters 4,5 and 7 are important to overcome in simulation studies
– it is believed that a study on a large cohort will improve the tenacity
on the presence of transitional flow in physiological applications as
the varied morphological and the geometrical factors that were shown
to be a major cause of flow-transition in this thesis can be covered by
a larger cohort of patients.

8.3 OUTLOOK FOR FUTURE RESEARCH

The outlook for future research may, to a certain extent, be drawn
from the limitations of this thesis. We sub-divide the prospects for
future research in three components namely Physiological, Fluid Mechanical and Numerical Modeling, and High Performance Computing
for a concise view.
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8.3.1 Physiological
We take a generic outlook for transition to turbulence in blood and
propose that the limitations of this thesis that have been identified
and discussed throughout are very important to be investigated in
future to close the gaps between computational modeling results and
the clinical reality. A very recent work by Biswas et al. 16 has demonstrated with experiments on straight pipes that the ReCr increases
due to the shear thinning nature of the blood, and this aspect may
be evaluated in future in complex geometries like the stenosis and in
aneurysms. In section 4.4 we discussed the potential role of RBCs in
obviating the formation of eddies in blood down to the Kolmogorov
micro-scales, and proposed that advanced computational models and
experiments would be required to confirm the validity of such an occurrence. This aspect relates very closely to works of Dupin et al. 47 ,
Sun & Munn 212 where the authors have modeled the motion of particles in the blood. Such models, though seemingly complex, have the
potential to aid the derivation of empirical rules that can be applied
to macroscopic and continuum models.
The presence of transitional flow in aneurysms has been mostly
associated to aneurysm rupture in this thesis as well as in the related work 219,221,96 . It was however noted that turbulence is known
to increase the process of thrombosis 199 and may thus result in eventual obliteration of the aneurysm. Literature has depicted cases of
spontaneous thrombosis in aneurysms and treatment with flow diverter stents has been shown to increase the process of thrombosis
in aneurysms. Turbulence can be triggered, enhanced as well as suppressed by the action of a flow diverter as the flow escapes through
the fine pores of the stent. This aspect is considered important for
future research in combination with the influence of red blood cells
in hemodynamic-flow-transition.
In addition, a very recent work of Varble et al. 222 has associated flow instabilities with un-ruptured bifurcation aneurysms, and it
seems that the aspect of transitional flow will reach a wall shear stress
like contradiction whereby different research groups propose both low
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and high WSS as a marker for aneurysm rupture. We note, however, that various research groups have now detected flow-transition
in aneurysms, which itself was a debatable occurrence in the past. We
recall from chapter 3 that Valen-Sendstad & Steinman 221 were the
first to question the impact of CFD solution strategies in predicting
aneurysm rupture risk where transitional flow was a key ingredient
– overlooked by several research groups, and studied in detail in this
thesis. It has also been emphasized that in a study of a limited
cohort of aneurysms with the afore-mentioned limitations one cannot unequivocally associate such a flow with ruptured or un-ruptured
aneurysms.
A basic ingredient that seems most important in future CFD simulations for prediction of IA rupture risk is the material properties of
the aneurysm wall. Progress in the imaging techniques to assess material properties, when complemented by proper modeling strategies
would make the simulations more realistic, and the role of transitional
flow in rupture of aneurysm would be better predicted.
The onset of flow-transition in the CSF was evaluated in its intricacies in this thesis. The abnormalities in the CSF, as a result
of Chiari malformation have been extensively reported, and these
abnormalities are associated with the development of associated Syringomyelia (see the literature review in chapter 6). Future efforts
may first of all evaluate the presence of transitional CSF flow in a
bigger dataset of patients with the goal of associating transitional
CSF hydrodynamics to Syringomyelia. We refer to a recent work
by Thompson et al. 214 where the authors found different tapering of
the spinal canal in Chiari I patients with and without syringomyelia.
The tapering of the spinal canal will likely affect the flow dynamics
and may educe phenomena like flow separation and hydraulic jumps.
It is expected that the afore-mentioned phenomena can considerably
affect the onset of CSF-flow-transition thereby providing deeper insight into association of Chiari with Syringomyelia. Moreover, the
same research group has recently demonstrated in Struck et al. 209
that patients with idiopathic syringomyelia have abnormally narrow
upper and mid cervical spinal canal diameters. This clearly suggests
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that the CSF hydrodynamics, when evaluated for such a dataset of
patients might lead to a generic behavior and may help in classifying
the patients.
8.3.2

Fluid Mechanics & Numerical Modeling

The outcomes of this thesis have the potential to be expanded in
various areas within Fluid mechanics and numerical models thereof,
insights into which are noted below.
• The flow through stenosis should be extended with models of
Non-Newtonian flow for steady, pulsatile as well as oscillatory
flow, in order to mimic the physiological reality more closely.
• The pulsatile flow in general and the oscillatory flow in particular should be studied with varying pulsation frequencies as the
mechanisms that stabilize or de-stabilize the flow are expected
to differ with different pulsations.
• Turbulent flows are known to enhance the speed of mixing of
entrained fluids 44 . The role of the onset of flow-transition in a
mixture of fluids can be potentially investigated as the fundamental findings from such a study can be applied to physiological and engineering problems.
• The DNS of this thesis was resolved to the Kolmogorov microscales as the goal was to assess the intricate dynamics of the
transitional flow. Researchers have however evaluated and applied large eddy scale (LES) models to simulate flow-transition
in physiological flows, see for example Chnafa et al. 33 who
demonstrated transitional flow in the left ventricle of a healthy
heart using LES turbulence modeling. The suitability of the
LES models in the context of aneurysmal and CSF flow may
be evaluated in future. It is hoped that the findings from the
DNS of this thesis might aid in the development and validation
of coarse-grained models.
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• Comparison of different numerical methods is challenging due
to different spatial and temporal resolutions, making it hard to
choose one method over other for the simulation of a particular
kind of flow. LBM was employed throughout in the studies of
this thesis, and a comparison of LBM with spectral methods is
considered important for future studies, which should be performed by executing codes on the same machine and ensuring
similar compiler optimizations. The NEK5000 58 and the Nektar++ 23 are openly available HPC compatible tools that are
well suited for transitional flows, and can be compared with
Musubi or any other such LBM solver.
• A perturbation that drives the flow to leave the laminar regime
and step into a transitional one is considered most essential
for future investigations, particularly for a fundamental understanding of the physics of fluid flow. Whereas the studies of this
thesis suggest geometrical aberrations as one of the major factors that play role in the onset of flow-transition, factors such as
disturbances from the inlet, boundary layer, initial conditions
and roughness of the surface are necessary to be investigated in
future.
8.3.3

High Performance Computing

One may view with surprise that in the length of this chapter we did
not discuss aspects related to high performance computing (HPC)
and did not point out any limitations in that aspect, in spite that
HPC indeed is the most important tool deployed in the studies of
this thesis. A deep view however would illuminate that whatever
conclusions that have been drawn, and the implications that were
suggested, were possible by means of this tool, and there is seemingly
no limitation in this direction because fluid dynamics of transitional
flows – the main ingredient of this thesis – was resolved to the finest
possible extent based on the Kolmogorov micro-scales.
Moreover, the trends in HPC have only been upward in the past
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and the compute power is expected to continually grow in the future.
It must however be mentioned that the codes that are developed in
future should keep massive parallelism in mind on one hand, and
equal attention should be given to complex models and particularly
to fluid structure interaction. For example, the interaction of blood
flow with arterial walls in the context of aneurysms and the movement of the spinal cord in the context of cerebrospinal fluid demands
that advanced fluid structure interaction models are available and the
corresponding codes that implement them are scalable.
Addition of features to an already existing HPC code often requires the modification of data structures to pertain to the needs of
the feature, and to ensure the scalability of the new implementation.
As an example, the influence of red blood cells in the formation of turbulent vortice in blood, which was discussed in chapter 4, can only
be elucidated by their modeling as a suspension on the underlying
fluid. Consideration of such aspects in modeling first points to the
numerical methods themselves and then boils down to the development/enhancement of the HPC codes.
Another point of view towards the research presented in this thesis
however is that the simulations required clinically infeasible access
to supercomputers and consumed considerable compute time. See
for example, the largest simulation of aneurysm discretized with 1
billion cells (chapter 4) consumed almost 400 000 compute hours. It
may also be recalled from section 4.2 that simulations on aneurysms
with reasonable resolutions resulting in up to 14 million cells were
conducted by utilizing just a small part of a University cluster in less
than 24 hours.
Prof. Charles M. Strother, in a recent news digest of the American Journal of Neuroradiology has identified the usefulness and limitations of the use of CFD in clinic and has identified potential scope
for improvement. He notes in the article* :
Today, computational studies have limited availability, as
well as proven usefulness in the clinic. As the ability
* http://ajnrdigest.org/computational-fluid-dynamics
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to perform simulations becomes available on commercial
platforms in timeframes that have clinical relevance, availability will increase.
It would be early to predict whether the highly resolved simulations
that were presented in thesis can be performed on local work stations
in future in a clinical setting. We emphasize at this point a statement
by Moin & Mahesh 142 – that fully resolved DNS is not a brute-force
solution to NSE but a useful research tool. We further add that a
combination of efforts in modeling and improvements in computer
technologies might make DNS a tool of clinical utility in future – at
least to the extent of detecting transitional flows, if not resolving the
flow characteristics down to Kolmogorov micro-scales. The research
performed in this thesis demonstrates the presence of transition in
blood flow in intracranial aneurysms and cerebrospinal fluid flow in
the spinal canal. The work gives a better and detailed understanding
of the transitional flow dynamics in physiological applications and has
the potential for retrospect in future for comparison of coarse-grained
models and simulations on one hand, and expansion on the other
for the better understanding of physiological and pathophysiological
mechanisms behind initiation, progression and treatment options of
a pathological condition.

202

List of figures
1

Laminar flow in a cylindrical pipe at Re=8000

1.1
1.2

Phenomenological description of a transitional flow
A representation of energy containing range, inertial subrange and viscous dissipation range in
a turbulent flow, and the Kolmogorov −5
3 energy decay. . . . . . . . . . . . . . . . . . . . . . .
Schematic of D3Q19 stencil . . . . . . . . . . . . .
Description of initial transients in LBM . . . . . .
A schematic representation of the APES framework with main software suites within the framework . . . . . . . . . . . . . . . . . . . . . . . . . .

1.3
1.4
1.5

2.1
2.2
2.3
2.4

2.5

2.6

. . . .
. .

13

. .
. .
. .

20
24
29

. .

37

Frontal and side view of axisymmetric and eccentric stenosis . . . . . . . . . . . . . . . . . . . . .
Axial centerline velocity for pulsating and oscillating stenotic flow . . . . . . . . . . . . . . . . . . .
Axial velocity profiles at a bisecting plane through
axisymmetric stenosis with pulsating flow at Re=600
Instantaneous and ensemble averaged centerline
axial velocity for pulsating flow through eccentric stenosis at Re=600 from LR simulations . . . . .
Instantaneous and ensemble averaged centerline
axial velocity for pulsating flow through eccentric stenosis at Re=600 from HR simulations . . . .
Ensemble averaged axial velocity profiles through
the x-z bisecting plane of the eccentric stenosis
with pulsating flow at Re=600 . . . . . . . . . . . .
203

7

.

43

.

45

.

48

.

49

.

50

.

51

List of figures
2.7

2.8
2.9
2.10

2.11

2.12
2.13
2.14
2.15

2.16

2.17

2.18

2.19

204

Ensemble averaged axial velocity profiles through
x-y plane of the eccentric stenosis with pulsating flow at Re=600 . . . . . . . . . . . . . . . . . . . .
Energy spectra for eccentric stenosis with pulsating flow at Re=600 from LR simulations . . . . . .
Energy spectra for eccentric stenosis with pulsating flow at Re=600 from HR simulations . . . . . .
Instantaneous vorticity magnitudes through the
x-z bisecting plane of eccentric stenosis with
pulsating flow at Re=600 . . . . . . . . . . . . . . . .
Instantaneous vorticity magnitudes through the
x-y bisecting plane of eccentric stenosis with
pulsating flow at Re=600 . . . . . . . . . . . . . . . .
Q-isosurfaces in the eccentric stenosis with pulsating flow at Re=600 . . . . . . . . . . . . . . . . . .
Cycle to cycle variations in the eccentric stenosis with pulsating flow at Re=600 . . . . . . . . . . . .
Axial velocity profiles at a bisecting plane through
axisymmetric stenosis with oscillating flow at Re=1800
Instantaneous and ensemble averaged centerline
axial velocity for oscillatory flow through eccentric stenosis at Re=1500 and Re=1700 . . . . . . . . .
Instantaneous and ensemble averaged centerline
axial velocity for oscillatory flow through eccentric stenosis at Re=1800 . . . . . . . . . . . . . . . . .
Ensemble averaged axial velocity profiles through
the x-z bisecting plane of the eccentric stenosis
with oscillatory flow at Re=1800 . . . . . . . . . . . .
Ensemble averaged axial velocity profiles through
the x-y bisecting plane of the eccentric stenosis
with oscillatory flow at Re=1800 . . . . . . . . . . . .
Energy spectra for eccentric stenosis with oscillatory flow at Re=1800 . . . . . . . . . . . . . . . . . .

52
53
54

55

56
58
59
66

67

68

69

70
71

List of figures
2.20 Instantaneous vorticity magnitudes across the
x-z bisecting plane of eccentric stenosis with oscillatory flow at Re=1800 . . . . . . . . . . . .
2.21 Instantaneous vorticity magnitudes across the
x-y bisecting plane of eccentric stenosis with oscillatory flow at Re=1800 . . . . . . . . . . . .
2.22 Q-isosurfaces in the eccentric stenosis with oscillatory flow at Re=1800 . . . . . . . . . . . .
2.23 Cycle to cycle variations in the eccentric stenosis with oscillatory flow at Re=1800 . . . . . .
3.1
3.2
3.3
3.4

4.1
4.2

4.3
4.4

4.5

4.6

. . . .

72

. . . .

73

. . . .

74

. . . .

75

Schematic representation of intracranial aneurysm
Arteries feeding blood to the brain . . . . . . . . .
Saccular and fusiform types of aneurysms . . . . .
Aneurysm treatment options – endovascular coiling, clipping, stent assisted coiling and deployment of flow diverter stent . . . . . . . . . . . . . .
Models of 12 MCA aneurysms . . . . . . . . . . .
The pulsatile waveform corresponding to the
MCA segment. Heart rate is 75 beats per minute.
. . . . . . . . . . . . . . . . . . . . . . . . . . . .
Velocity traces under steady inflow conditions
in 5 aneurysms with transitional flow . . . . . . .
Volume rendering of the turbulent kinetic energy in 12 aneurysms. The aneurysm models
and in/outflow are shown in figure 4.1 . . . . . .
Relative errors in velocity (shown on log-log scale)
in A≡ at various resolutions computed against
the solution at finest resolution as reference using equation 4.1. . . . . . . . . . . . . . . . . . .
Energy spectra in aneurysm with transitional
flow (A≈ ) at various resolutions . . . . . . . . .

. .
. .
. .

86
88
89

. .

91

. . . 105

. . . 108
. . . 110

. . . 111

. . . 112
. . . 113
205

List of figures
4.7

4.8

4.9
5.1
5.2

5.3
5.4

5.5
5.6
5.7

5.8

6.1
6.2
6.3

206

Velocity traces (between 7th and 8th second)
and the energy spectra obtained at 4 different
Reynolds number in A≈ with steady inflow. . . . . . . 115
Velocity traces and energy spectra obtained at 4
different Reynolds number in A≈ with pulsatile
inflow. . . . . . . . . . . . . . . . . . . . . . . . . . . 116
Q-isosurfaces and volume rendering of vorticity
during peak systole in A≈ at 4 Reynolds number . . . 117
Models of the two basilar artery aneurysms with
laminar (BA≡ ) and transitional flow (BA≈ ) . . .
Temporal evolution of flow over a cardiac cycle
in BA≈ and BA≡ with ANSYS, HR-LBM, LRLBM and MR . . . . . . . . . . . . . . . . . . . . .
Planar velocity field in BA≡ computed using
ANSYS, HR-LBM, LR-LBM and MRI . . . . . . .
Instantaneous peak systolic flow field at planes
in the aneurysm dome, in- and out-flow with
ANSYS, HR-LBM and MR in BA≡ . . . . . . . .
Quantitative plots showing planar velocity in
BA≡ using ANSYS, HR-LBM, LR-LBM and MRI
Planar velocity field in BA≈ computed using
ANSYS, HR-LBM, LR-LBM and MRI . . . . . . .
Instantaneous peak systolic flow field at planes
in the aneurysm dome, in- and out-flow with
ANSYS, HR-LBM and MR in BA≈ . . . . . . . .
Velocity magnitudes during systole and diastole
in BA≈ with different methods. The flow is averaged over plane1 by reducing 2D field to 1D.
. . . . . . . . . . . . . . . . . . . . . . . . . . . . .

. . 128

. . 131
. . 132

. . 133
. . 133
. . 135

. . 136

. . 136

Schematic representation of CSF circulation . . . . . . 147
Anatomy of the CSF cisterns . . . . . . . . . . . . . . 149
Schematic representation of Chiari malformation Type I . . . . . . . . . . . . . . . . . . . . . . . . 154

List of figures
7.1

MR images and corresponding 3D models of the
subarachnoid spaces of one control subject and
two Chiari I patients . . . . . . . . . . . . . . .
7.2 Volume fluxes at the cranial SAS, aqueduct and
cisterns in CS, P1 & P2 (L-R). The red line
indicates the peak systole at which most of the
flow analysis is performed. . . . . . . . . . . . .
7.3 Velocity waveforms reconstructed from the fluxes
at the cranial SAS, aqueduct and cisterns of CS,
P1 & P2 (L-R), and used as boundary conditions for simulations. . . . . . . . . . . . . . .
7.4 Location of probes in the subarachnoid spaces
of a control subject and two Chiari I patients .
7.5 Laminar, disturbed and transitional nature of
the CSF hydrodynamics probed for a control
subject and two Chiari I patients . . . . . . . .
7.6 ux , uy , uz at probe with maximum velocity in
SAS of CS, P1 and P2 over the last n = 6 cardiac cycles (top-bottom left row). The right row
shows the ensemble averaged counterparts for 6
cycles in CS and 45 cycles in P1 & P2. . . . . .
7.7 Peak systolic CSF velocity fields across axial
sections in three SAS models . . . . . . . . . .
7.8 Flow impingement in axial sections near cranio
vertebral junction of two Chiari patients and
evenly distributed flow for the control subject .
7.9 Q-isosurfaces near the cranio-vertebral junction
in three cases . . . . . . . . . . . . . . . . . . .
7.10 Pressure drops as a function of cardiac phase in
SAS of three cases . . . . . . . . . . . . . . . .
7.11 Cycle to cycle variations in the CSF hydrodynamics of two Chiari patients . . . . . . . . . .
7.12 Energy spectra of CSF fluctuations in one control subject and two Chiari patients . . . . . .

. . . . 162

. . . . 164

. . . . 164
. . . . 167

. . . . 167

. . . . 169
. . . . 170

. . . . 171
. . . . 172
. . . . 173
. . . . 175
. . . . 176
207

List of figures
13

208

Flow field at an axial plane in P2 for resolutions
of 32µm (L), 48µm (M). The plot shows ux , uy
& uz at the black line in axial planes for 32µm
(thick lines) and 48µm (dotted lines) . . . . . . . . . 187

List of tables
2.1
2.2

Spatial and temporal discretization of the stenosis . . 45
l+ and t+ in simulation of pulsatile flow through stenosis 59

4.1

Demographic details, rupture status and Reynolds
number of 12 aneurysms. U refers to unruptured whereas R refers to ruptured. D is the
parent artery diameter in mm. . . . . . . . . . . .
Spatial and temporal discretizations of aneurysms
A≡ and A≈ and the corresponding number of cells
The Kolmogorov micro-scales and the corresponding ratio of employed resolutions (l+ , t+ ) for
different discretizations of aneurysm A≈ with
steady inflow . . . . . . . . . . . . . . . . . . . . .
Kolmogorov micro-scales, l+ and t+ for pulsating flow in aneurysm A≈ at Re=300 and Re=351 .

4.2
4.3

4.4
7.1
7.2

. . 104
. . 107

. . 114
. . 117

Turbulent intensities Ix , Iy and Iz for the control subject and two Chiari patients . . . . . . . . . . 174
Kolmogorov micro-scales, l+ and t+ in the control subject and two Chiari patients . . . . . . . . . . 176

209

References
1

Ahmed, S. A. & Giddens, D. P. (1983). Velocity measurements in
steady flow through axisymmetric stenoses at moderate Reynolds
numbers. Journal of Biomechanics, 16(7), 505–516.

2

Ahmed, S. A. & Giddens, D. P. (1984). Pulsatile poststenotic flow
studies with laser doppler anemometry. Journal of Biomechanics,
17(9), 695–705.

3

Antiga, L., Piccinelli, M., Botti, L., Ene-Iordache, B., Remuzzi,
A., & Steinman, D. A. (2008). An image-based modeling framework for patient-specific computational hemodynamics. Medical
& Biological Engineering & Computing, 46(11), 1097–1112.

4

Antiga, L. & Steinman, D. A. (2009). Rethinking turbulence in
blood. Biorheology, 46(2), 77–81.

5

Armonda, R. A., Citrin, C. M., Foley, K. T., & Ellenbogen, R. G.
(1994). Quantitative cine-mode magnetic resonance imaging of
Chiari I malformations: An analysis of cerebrospinal fluid dynamics. Neurosurgery, 35(2), 214–224.

6

Axner, L., Hoekstra, A. G., Jeays, A., Lawford, P., Hose, R., &
Sloot, P. M. (2009). Simulations of time harmonic blood flow in the
mesenteric artery: comparing finite element and lattice Boltzmann
methods. Biomedical Engineering Online, 8(1), 1–8.

7

Baj, P., Bruce, P. J., & Buxton, O. R. (2015). The triple decomposition of a fluctuating velocity field in a multiscale flow. Physics
of Fluids (1994-present), 27(7), 075104.

8

Benjamin, T. B. (1960). Effects of a flexible boundary on hydrodynamic stability. Journal of Fluid Mechanics, 9(04), 513–532.
211

References
9

Berg, P., Roloff, C., Beuing, O., Voss, S., Sugiyama, S.-I., Aristokleous, N., Anayiotos, A. S., Ashton, N., Revell, A., Bressloff,
N. W., et al. (2015). The computational fluid dynamics rupture
challenge 2013—phase ii: variability of hemodynamic simulations
in two intracranial aneurysms. Journal of Biomechanical Engineering, 137(12), 121008.

10

Berg, P., Stucht, D., Janiga, G., Beuing, O., Speck, O., &
Thévenin, D. (2014). Cerebral blood flow in a healthy circle
of Willis and two intracranial aneurysms: computational fluid
dynamics versus four-dimensional phase-contrast magnetic resonance imaging. Journal of Biomechanical Engineering, 136(4),
041003.

11

Bering, E. A. (1955). Choroid plexus and arterial pulsation of
cerebrospinal fluid: demonstration of the choroid plexuses as a
cerebrospinal fluid pump. AMA Archives of Neurology & Psychiatry, 73(2), 165–172.

12

Bernaschi, M., Melchionna, S., Succi, S., Fyta, M., Kaxiras, E., &
Sircar, J. K. (2009). MUPHY: A parallel MUlti PHYsics/scale
code for high performance bio-fluidic simulations. Computer
Physics Communications, 180(9), 1495–1502.

13

Bertram, C. (2009). A numerical investigation of waves propagating in the spinal cord and subarachnoid space in the presence of
a syrinx. Journal of Fluids and Structures, 25(7), 1189–1205.

14

Bhadelia, R., Bogdan, A., & Wolpert, S. (1998). Cerebrospinal
fluid flow waveforms: effect of altered cranial venous outflow. Neuroradiology, 40(5), 283–292.

15

Bilston, L. E., Stoodley, M. A., & Fletcher, D. F. (2010). The
influence of the relative timing of arterial and subarachnoid space
pulse waves on spinal perivascular cerebrospinal fluid flow as a
possible factor in syrinx development: Laboratory investigation.
Journal of Neurosurgery, 112(4), 808–813.

212

References
16

Biswas, D., Casey, D., Crowder, D., Steinman, D. A., Yun, H. Y.,
& Loth, F. (2016). Characterization of transition to turbulence
for blood in a straight pipe under steady flow conditions. Journal
of Biomechanical Engineering.

17

Bock, J., Frydrychowicz, A., Stalder, A. F., Bley, T. A.,
Burkhardt, H., Hennig, J., & Markl, M. (2010). 4D phase contrast
MRI at 3T: Effect of standard and blood-pool contrast agents on
SNR, PC-MRA, and blood flow visualization. Magnetic Resonance
in Medicine, 63(2), 330–338.

18

Bordás, R., Seshadhri, S., Janiga, G., Skalej, M., & Thévenin,
D. (2012). Experimental validation of numerical simulations on a
cerebral aneurysm phantom model. Interventional Medicine and
Applied Science, 4(4), 193–205.

19

Bouzidi, M., Firdaouss, M., & Lallemand, P. (2001). Momentum
transfer of a Boltzmann-lattice fluid with boundaries. Physics of
Fluids, 13, 3452.

20

Brinker, T., Lüdemann, W., von Rautenfeld, D. B., & Samii, M.
(1997). Dynamic properties of lymphatic pathways for the absorption of cerebrospinal fluid. Acta Neuropathologica, 94(5), 493–498.

21

Brinker, T., Stopa, E., Morrison, J., & Klinge, P. (2014). A
new look at cerebrospinal fluid circulation. Fluids Barriers CNS,
11(10), 10–1186.

22

Bunck, A. C., Kroeger, J. R., Juettner, A., Brentrup, A., Fiedler,
B., Crelier, G. R., Martin, B. A., Heindel, W., Maintz, D.,
Schwindt, W., et al. (2012). Magnetic resonance 4d flow analysis
of cerebrospinal fluid dynamics in Chiari I malformation with and
without Syringomyelia. European Radiology, 22(9), 1860–1870.

23

Cantwell, C. D., Moxey, D., Comerford, A., Bolis, A., Rocco,
G., Mengaldo, G., De Grazia, D., Yakovlev, S., Lombard, J.-E.,
213

References
Ekelschot, D., et al. (2015). Nektar++: An open-source spectral/hp element framework. Computer Physics Communications,
192, 205–219.
24

Cassanova, R. & Giddens, D. (1978). Disorder distal to modeled
stenoses in steady and pulsatile flow. Journal of Biomechanics,
11(10), 441–453.

25

Castro, M., Putman, C., & Cebral, J. (2006). Computational fluid
dynamics modeling of intracranial aneurysms: effects of parent
artery segmentation on intra-aneurysmal hemodynamics. American Journal of Neuroradiology, 27(8), 1703–1709.

26

Cebral, J. R., Mut, F., Weir, J., & Putman, C. (2011). Quantitative characterization of the hemodynamic environment in ruptured
and unruptured brain aneurysms. American Journal of Neuroradiology, 32(1), 145–151.

27

Cebral, J. R., Putman, C. M., Alley, M. T., Hope, T., Bammer,
R., & Calamante, F. (2009). Hemodynamics in normal cerebral
arteries: qualitative comparison of 4D phase-contrast magnetic
resonance and image-based computational fluid dynamics. Journal
of Engineering Mathematics, 64(4), 367–378.

28

Cebral, J. R. & Raschi, M. (2013). Suggested connections between risk factors of intracranial aneurysms: a review. Annals of
Biomedical Engineering, 41(7), 1366–1383.

29

Chen, H., Chen, S., & Matthaeus, W. H. (1992). Recovery of the
Navier-Stokes equations using a lattice-gas Boltzmann method.
Physical Review A, 45(8), R5339.

30

Chen, S. & Doolen, G. D. (1998). Lattice Boltzmann method for
fluid flows. Annual Review of Fluid Mechanics, 30(1), 329–364.

31

Chien, A., Tateshima, S., Castro, M., Sayre, J., Cebral, J., & Vinuela, F. (2008). Patient-specific flow analysis of brain aneurysms
at a single location: comparison of hemodynamic characteristics in

214

References
small aneurysms. Medical & Biological Engineering & Computing,
46(11), 1113–1120.
32

Chin, C., Ooi, A., Marusic, I., & Blackburn, H. (2010). The influence of pipe length on turbulence statistics computed from direct
numerical simulation data. Physics of Fluids, 22(11), 115107.

33

Chnafa, C., Mendez, S., & Nicoud, F. (2016). Image-based simulations show important flow fluctuations in a normal left ventricle:
What could be the implications? Annals of Biomedical Engineering, (pp. 1–13).

34

Chung, B. & Cebral, J. R. (2014). CFD for evaluation and treatment planning of aneurysms: Review of proposed clinical uses and
their challenges. Annals of Biomedical Engineering, (pp. 1–17).

35

Coulter, N. & Pappenheimer, J. (1949). Development of turbulence in flowing blood. American Journal of Physiology–Legacy
Content, 159(2), 401–408.

36

Crawford, T. (1959). Some observations on the pathogenesis and
natural history of intracranial aneurysms. Journal of Neurology,
Neurosurgery, and Psychiatry, 22(4), 259.

37

Cushing, H. (1926). Studies in Intracranial Physiology & Surgery:
The Third Circulation, the Hypophysics, the Gliomas. H. Milford,
Oxford University Press.

38

Darbyshire, A. & Mullin, T. (1995). Transition to turbulence in
constant-mass-flux pipe flow. Journal of Fluid Mechanics, 289,
83–114.

39

Davies, P. F., Remuzzi, A., Gordon, E. J., Dewey, C. F., & Gimbrone, M. A. (1986). Turbulent fluid shear stress induces vascular
endothelial cell turnover in vitro. Proceedings of the National
Academy of Sciences, 83(7), 2114–2117.

40

Davson, H. (1967). Physiology of the cerebrospinal fluid. Churchill.
215

References
41

Dhar, S., Tremmel, M., Mocco, J., Kim, M., Yamamoto, J., Siddiqui, A. H., Hopkins, L. N., & Meng, H. (2008). Morphology parameters for intracranial aneurysm rupture risk assessment. Neurosurgery, 63(2), 185.

42

d’Humières, D. (2002). Multiple–relaxation–time lattice Boltzmann models in three dimensions. Philosophical Transactions of
the Royal Society of London A: Mathematical, Physical and Engineering Sciences, 360(1792), 437–451.

43

Di Carlo, A. (2009). Human and economic burden of stroke. Age
and Ageing, 38(1), 4–5.

44

Dimotakis, P. E. (2005). Turbulent mixing. Annual Review of
Fluid Mechanics, 37, 329–356.

45

Drazin, P. G. & Reid, W. H. (2004). Hydrodynamic stability.
Cambridge university press.

46

Dubief, Y. & Delcayre, F. (2000). On coherent-vortex identification in turbulence. Journal of Turbulence, 1(1), 011–011.

47

Dupin, M. M., Halliday, I., Care, C. M., Alboul, L., & Munn,
L. L. (2007). Modeling the flow of dense suspensions of deformable
particles in three dimensions. Physical Review E, 75(6), 066707.

48

Durbin, P. A. & Reif, B. P. (2011). Statistical theory and modeling
for turbulent flows. John Wiley & Sons.

49

Dyverfeldt, P., Kvitting, J.-P. E., Sigfridsson, A., Engvall, J., Bolger, A. F., & Ebbers, T. (2008). Assessment of fluctuating velocities in disturbed cardiovascular blood flow: In vivo feasibility of
generalized phase-contrast MRI. Journal of Magnetic Resonance
Imaging, 28(3), 655–663.

50

Eckhardt, B. (2008). Turbulence transition in pipe flow: some
open questions. Nonlinearity, 21(1), T1.

216

References
51

Eckhardt, B. (2009). Introduction. turbulence transition in pipe
flow: 125th anniversary of the publication of Reynolds’ paper.
Philosophical Transactions of the Royal Society of London A:
Mathematical, Physical and Engineering Sciences, 367(1888), 449–
455.

52

Eckmann, D. M. & Grotberg, J. B. (1991). Experiments on transition to turbulence in oscillatory pipe flow. Journal of Fluid Mechanics, 222, 329–350.

53

Evju, Ø. & Mardal, K.-A. (2015). On the assumption of laminar
flow in physiological flows: Cerebral aneurysms as an illustrative
example. In Modeling the Heart and the Circulatory System (pp.
177–195). Springer.

54

Evju, Ø., Valen-Sendstad, K., & Mardal, K.-A. (2013). A study of
wall shear stress in 12 aneurysms with respect to different viscosity
models and flow conditions. Journal of Biomechanics, 46(16),
2802–2808.

55

Faisst, H. & Eckhardt, B. (2004). Sensitive dependence on initial
conditions in transition to turbulence in pipe flow. Journal of
Fluid Mechanics, 504, 343–352.

56

Feichtinger, C., Donath, S., Köstler, H., Götz, J., & Rüde, U.
(2011). WaLBerla: HPC software design for computational engineering simulations. Journal of Computational Science, 2(2),
105–112.

57

Ferguson, G. G. (1970). Turbulence in human intracranial saccular
aneurysms. Journal of Neurosurgery, 33(5), 485–497.

58

Fischer, P. F., Kruse, G. W., & Loth, F. (2002). Spectral element
methods for transitional flows in complex geometries. Journal of
Scientific Computing, 17(1-4), 81–98.

59

Ford, M. D., Nikolov, H. N., Milner, J. S., Lownie, S. P., DeMont,
E. M., Kalata, W., Loth, F., Holdsworth, D. W., & Steinman,
217

References
D. A. (2008). PIV-measured versus CFD-predicted flow dynamics
in anatomically realistic cerebral aneurysm models. Journal of
Biomechanical Engineering, 130(2), 021015.
60

Friese, S., Hamhaber, U., Erb, M., Kueker, W., & Klose, U.
(2004). The influence of pulse and respiration on spinal cerebrospinal fluid pulsation. Investigative Radiology, 39(2), 120–130.

61

Frisch, U., Hasslacher, B., & Pomeau, Y. (1986). Lattice-gas automata for the Navier-Stokes equation. Physical Review Letters,
56(14), 1505.

62

Geller, S., Krafczyk, M., Tölke, J., Turek, S., & Hron, J. (2006).
Benchmark computations based on lattice-Boltzmann, finite element and finite volume methods for laminar flows. Computers &
Fluids, 35(8), 888–897.

63

Germanwala, A. V. & Zanation, A. M. (2011). Endoscopic endonasal approach for clipping of ruptured and unruptured paraclinoid cerebral aneurysms: case report. Operative Neurosurgery,
68, ons234–ons240.

64

Griffith, M., Leweke, T., Thompson, M., & Hourigan, K. (2008).
Steady inlet flow in stenotic geometries: convective and absolute
instabilities. Journal of Fluid Mechanics, 616, 111–133.

65

Gu, T., Korosec, F. R., Block, W. F., Fain, S. B., Turk, Q., Lum,
D., Zhou, Y., Grist, T. M., Haughton, V., & Mistretta, C. A.
(2005). PC VIPR: a high-speed 3D phase-contrast method for flow
quantification and high-resolution angiography. American Journal
of Neuroradiology, 26(4), 743–749.

66

Guglielmi, G. (2009). History of the genesis of detachable coils: a
review. Journal of Neurosurgery, 111(1), 1–8.

67

Gupta, S., Soellinger, M., Boesiger, P., Poulikakos, D., &
Kurtcuoglu, V. (2009). Three-dimensional computational modeling of subject-specific cerebrospinal fluid flow in the subarachnoid
space. Journal of Biomechanical Engineering, 131(2), 021010.

218

References
68

Gupta, S., Soellinger, M., Grzybowski, D. M., Boesiger, P., Biddiscombe, J., Poulikakos, D., & Kurtcuoglu, V. (2010). Cerebrospinal fluid dynamics in the human cranial subarachnoid
space: an overlooked mediator of cerebral disease. i. computational
model. Journal of The Royal Society Interface, 7(49), 1195–1204.

69

Hademenos, G. J. & Massoud, T. F. (1997). Biophysical mechanisms of stroke. Stroke, 28(10), 2067–2077.

70

Harlacher, D. F., Hasert, M., Klimach, H., Zimny, S., & Roller, S.
(2012). Tree based voxelization of STL Data. In High Performance
Computing on Vector Systems 2011 (pp. 81–92).

71

Hasert, M. (2014). Multi-scale Lattice Boltzmann simulations on
distributed octrees. PhD thesis, Aachen, Techn. Hochsch., Diss.,
2013.

72

Hasert, M., Masilamani, K., Zimny, S., Klimach, H., Qi, J., Bernsdorf, J., & Roller, S. (2013). Complex fluid simulations with the
parallel tree-based lattice Boltzmann solver Musubi. Journal of
Computational Science.

73

Haughton, V. M., Korosec, F. R., Medow, J. E., Dolar, M. T., &
Iskandar, B. J. (2003). Peak systolic and diastolic CSF velocity
in the foramen magnum in adult patients with Chiari I malformations and in normal control participants. American Journal of
Neuroradiology, 24(2), 169–176.

74

Heiss, J. D., Patronas, N., DeVroom, H. L., Shawker, T., Ennis, R.,
Kammerer, W., Eidsath, A., Talbot, T., Morris, J., Eskioglu, E.,
et al. (1999). Elucidating the pathophysiology of Syringomyelia.
Journal of Neurosurgery, 91(4), 553–562.

75

Helgeland, A., Mardal, K.-A., Haughton, V., & Anders Pettersson Reif, B. (2014). Numerical simulations of the pulsating flow
of cerebrospinal fluid flow in the cervical spinal canal of a Chiari
patient. Journal of Biomechanics.
219

References
76

Helps, E. & McDonald, D. (1954). Observations on laminar flow
in veins. The Journal of Physiology, 124(3), 631–639.

77

Higuera, F. et al. (1989). Boltzmann approach to lattice gas simulations. EPL (Europhysics Letters), 9(7), 663.

78

Hino, M., Sawamoto, M., & Takasu, S. (1976). Experiments on
transition to turbulence in an oscillatory pipe flow. Journal of
Fluid Mechanics, 75(02), 193–207.

79

Hocking, G. & Wildsmith, J. (2004). Intrathecal drug spread.
British Journal of Anaesthesia, 93(4), 568–578.

80

Hodis, S., Uthamaraj, S., Lanzino, G., Kallmes, D. F., &
Dragomir-Daescu, D. (2013). Computational fluid dynamics
simulation of an anterior communicating artery ruptured during angiography. Journal of Neurointerventional Surgery, (pp.
neurintsurg–2012).

81

Hofkes, S. K., Iskandar, B. J., Turski, P. A., Gentry, L. R., McCue, J. B., & Haughton, V. M. (2007). Differentiation between
symptomatic Chiari I malformation and asymptomatic tonsilar
ectopia by using cerebrospinal fluid flow imaging: Initial estimate
of imaging accuracy 1. Radiology, 245(2), 532–540.

82

Hoi, Y., Woodward, S. H., Kim, M., Taulbee, D. B., & Meng,
H. (2006). Validation of CFD simulations of cerebral aneurysms
with implication of geometric variations. Journal of Biomechanical
Engineering, 128(6), 844–851.

83

Hollnagel, D. I., Summers, P. E., Poulikakos, D., & Kollias,
S. S. (2009). Comparative velocity investigations in cerebral arteries and aneurysms: 3D phase-contrast MR angiography, laser
doppler velocimetry and computational fluid dynamics. NMR in
Biomedicine, 22(8), 795–808.

84

Horton, J. C. & Fishman, R. A. (1994). Neurovisual findings in
the syndrome of spontaneous intracranial hypotension from dural
cerebrospinal fluid leak. Ophthalmology, 101(2), 244–251.

220

References
85

Howden, L., Giddings, D., Power, H., & Vloeberghs, M. (2011).
Three-dimensional cerebrospinal fluid flow within the human central nervous system. Discrete Continu. Dyn. Syst.-Series B, 15,
957–969.

86

Hsu, Y., Hettiarachchi, H. M., Zhu, D. C., & Linninger, A. A.
(2012). The frequency and magnitude of cerebrospinal fluid pulsations influence intrathecal drug distribution: key factors for interpatient variability. Anesthesia & Analgesia, 115(2), 386–394.

87

Hunt, J. C., Wray, A., & Moin, P. (1988). Eddies, streams, and
convergence zones in turbulent flows. In Studying Turbulence Using Numerical Simulation Databases, 2, volume 1 (pp. 193–208).

88

Hussain, A. K. M. F. & Reynolds, W. C. (1970). The mechanics
of an organized wave in turbulent shear flow. Journal of Fluid
Mechanics, 41(02), 241–258.

89

Iguchi, M. & Ohmi, M. (1982). Transition to turbulence in a pulsatile pipe flow: Part 2, characteristics of reversing flow accompanied by relaminarization. Bulletin of JSME, 25(208), 1529–1536.

90

Isoda, H., Ohkura, Y., Kosugi, T., Hirano, M., Alley, M. T., Bammer, R., Pelc, N. J., Namba, H., & Sakahara, H. (2010). Comparison of hemodynamics of intracranial aneurysms between MR
fluid dynamics using 3D cine phase-contrast MRI and MR-based
computational fluid dynamics. Neuroradiology, 52(10), 913–920.

91

Jain, K. (2012). 3D blood clotting simulations in cerebral
aneurysms with lattice Boltzmann methods. Master’s thesis,
RWTH Aachen University, Aachen, Germany.

92

Jain, K. (2015). Direct numerical simulation of transitional
pulsatile stenotic flow using lattice Boltzmann method. PeerJ
Preprint.
221

References
93

Jain, K., Jiang, J., Strother, C., & Mardal, K.-A. (2016a). Transitional hemodynamics in intracranial aneurysms–comparative velocity investigations with high resolution lattice Boltzmann simulations, normal resolution ANSYS simulations and MR imaging.
Submitted to Medical Physics.

94

Jain, K. & Mardal, K.-A. (2015). Exploring the critical Reynolds
number for transition in intracranial aneurysms - highly resolved
simulations below Kolmogorov scales. Comput Math Biomed Eng,
2015, 560–563.

95

Jain, K., Ringstad, G., Eide, P.-K., & Mardal, K.-A. (2016b). Direct numerical simulations of transitional hydrodynamics of the
cerebrospinal fluid in Chiari I malformation – the role of craniovertebral junction. Submitted to International Journal for Numerical Methods in Biomedical Engineering.

96

Jain, K., Roller, S., & Mardal, K.-A. (2016c). Transitional flow in
intracranial aneurysms–a space and time refinement study below
the Kolmogorov scales using lattice Boltzmann method. Computers & Fluids, 127, 36–46.

97

Jain, K., Zimny, S., Klimach, H., & Roller, S. (2013). Thrombosis
modeling in stented cerebral aneurysms with Lattice Boltzmann
method. In Proceedings of the 26th Nordic Seminar on Computational Mechanics (pp. 206–209). Oslo, Norway.

98

Janiga, G., Berg, P., Sugiyama, S., Kono, K., & Steinman,
D. (2015). The computational fluid dynamics rupture challenge 2013—Phase I: prediction of rupture status in intracranial
aneurysms. American Journal of Neuroradiology, 36(3), 530–536.

99

Jeong, J. & Hussain, F. (1995). On the identification of a vortex.
Journal of Fluid Mechanics, 285, 69–94.

100

Jiang, J., Johnson, K., Valen-Sendstad, K., Mardal, K.-A.,
Wieben, O., & Strother, C. (2011). Flow characteristics in a canine

222

References
aneurysm model: a comparison of 4D accelerated phase-contrast
MR measurements and computational fluid dynamics simulations.
Medical Physics, 38(11), 6300–6312.
101

Jiang, J. & Strother, C. (2009). Computational fluid dynamics
simulations of intracranial aneurysms at varying heart rates: a
“patient-specific” study. Journal of Biomechanical Engineering,
131(9), 091001.

102

Johannink, M., Masilamani, K., Mhamdi, A., Roller, S., & Marquardt, W. (2015). Predictive pressure drop models for membrane
channels with non-woven and woven spacers. Desalination, 376,
41–54.

103

Junk, M., Klar, A., & Luo, L.-S. (2005). Asymptotic analysis
of the lattice Boltzmann equation. Journal of Computational
Physics, 210(2), 676–704.

104

Junk, M. & Yang, Z. (2011). Asymptotic Analysis of Lattice Boltzmann Outflow Treatments. Communications in Computational
Physics, (pp. 1–11).

105

Kallmes, D. F. (2012). Point: CFD—computational fluid dynamics or confounding factor dissemination. American Journal of Neuroradiology, 33(3), 395–396.

106

Kecskemeti, S., Johnson, K., Wu, Y., Mistretta, C., Turski, P., &
Wieben, O. (2012). High resolution three-dimensional cine phase
contrast MRI of small intracranial aneurysms using a stack of
stars k-space trajectory. Journal of Magnetic Resonance Imaging,
35(3), 518–527.

107

Kellie, G. (1824). Appearances observed in the dissection of two
individuals; death from cold and congestion of the brain. Trans
Med-Chir Soc Edinburgh, 1, 84.

108

Klimach, H., Jain, K., & Roller, S. (2014). End-to-end parallel simulations with APES. In Parallel Computing: Accelerating
223

References
Computational Science and Engineering (CSE), volume 25 (pp.
703–711).
109

Kramer, M. O. (1960). Boundary layer stabilization by distributed
damping. Journal of the American Society for Naval Engineers,
72(1), 25–34.

110

Krejza, J., Szydlik, P., Liebeskind, D. S., Kochanowicz, J.,
Bronov, O., Mariak, Z., & Melhem, E. R. (2005). Age and sex
variability and normal reference values for the vmca/vica index.
American Journal of Neuroradiology, 26(4), 730–735.

111

Kulcsár, Z., Augsburger, L., Reymond, P., Pereira, V. M., Hirsch,
S., Mallik, A. S., Millar, J., Wetzel, S. G., Wanke, I., & Rüfenacht, D. A. (2012). Flow diversion treatment: intra-aneurismal
blood flow velocity and WSS reduction are parameters to predict
aneurysm thrombosis. Acta Neurochirurgica, 154(10), 1827–1834.

112

Kurtcuoglu, V. (2011). Computational fluid dynamics for the assessment of cerebrospinal fluid flow and its coupling with cerebral
blood flow. In Biomechanics of the Brain (pp. 169–188). Springer.

113

Kurtcuoglu, V., Soellinger, M., Summers, P., Boomsma, K.,
Poulikakos, D., Boesiger, P., & Ventikos, Y. (2005). Reconstruction of cerebrospinal fluid flow in the third ventricle based on
MRI data. In Medical Image Computing and Computer-Assisted
Intervention–MICCAI 2005 (pp. 786–793). Springer.

114

Kuttler, A., Dimke, T., Kern, S., Helmlinger, G., Stanski, D.,
& Finelli, L. A. (2010). Understanding pharmacokinetics using
realistic computational models of fluid dynamics: biosimulation
of drug distribution within the CSF space for intrathecal drugs.
Journal of Pharmacokinetics and Pharmacodynamics, 37(6), 629–
644.

115

Lallemand, P. & Luo, L.-S. (2000a). Theory of the lattice Boltzmann method: Dispersion, dissipation, isotropy, galilean invariance, and stability. Physical Review E, 61(6), 6546.

224

References
116

Lallemand, P. & Luo, L.-S. (2000b). Theory of the lattice Boltzmann method: Dispersion, dissipation, isotropy,galilean invariance, and stability. Physical Review E, 61(6), 6546.

117

Lallemand, P. & Luo, L.-S. (2003). Theory of the lattice Boltzmann method: Acoustic and thermal properties in two and three
dimensions. Physical review E, 68(3), 036706.

118

Last, R. & Tompsett, D. (1953). Casts of the cerebral ventricles.
British Journal of Surgery, 40(164), 525–543.

119

Latt, J. (2007). Hydrodynamic limit of lattice Boltzmann equations. PhD thesis, University of Geneva.

120

Latt, J. (2009). Palabos, parallel lattice Boltzmann solver.

121

Lauric, A., Hippelheuser, J., Cohen, A. D., Kadasi, L. M., &
Malek, A. M. (2014). Wall shear stress association with rupture
status in volume matched sidewall aneurysms. Journal of Neurointerventional Surgery, 6(6), 466–473.

122

Levine, D. N. (2004). The pathogenesis of Syringomyelia associated with lesions at the foramen magnum: a critical review of
existing theories and proposal of a new hypothesis. Journal of the
Neurological Sciences, 220(1), 3–21.

123

Levy, L. M. (2003). MR identification of Chiari pathophysiology
by using spatial and temporal CSF flow indices and implications
for Syringomyelia. American Journal of Neuroradiology, 24(2),
165–166.

124

Linge, S., Haughton, V., Løvgren, A., Mardal, K., & Langtangen,
H. (2010). CSF flow dynamics at the craniovertebral junction
studied with an idealized model of the subarachnoid space and
computational flow analysis. American Journal of Neuroradiology,
31(1), 185–192.
225

References
125

Linge, S., Mardal, K.-A., Haughton, V., & Helgeland, A. (2013).
Simulating CSF flow dynamics in the normal and the Chiari I
subarachnoid space during rest and exertion. American Journal
of Neuroradiology, 34(1), 41–45.

126

Linninger, A., Tangen, K., Hsu, C.-Y., & Frim, D. (2016). Cerebrospinal fluid mechanics and its coupling to cerebrovascular dynamics. Annual Review of Fluid Mechanics, 48(1), 219–257.

127

Loth, F., Yardimci, M. A., & Alperin, N. (2001). Hydrodynamic
modeling of cerebrospinal fluid motion within the spinal cavity.
Journal of Biomechanical Engineering, 123(1), 71–79.

128

Lu, G., Huang, L., Zhang, X., Wang, S., Hong, Y., Hu, Z., &
Geng, D. (2011). Influence of hemodynamic factors on rupture
of intracranial aneurysms: patient-specific 3D mirror aneurysms
model computational fluid dynamics simulation. American Journal of Neuroradiology, 32(7), 1255–1261.

129

Lu, P., Gross, D., & Hwang, N. (1980). Intravascular pressure
and velocity fluctuations in pulmonic arterial stenosis. Journal of
Biomechanics, 13(3), 291–300.

130

Lucas, A. (2000). Atherosclerosis. Nature, 407, 233–41.

131

Marié, S., Ricot, D., & Sagaut, P. (2009). Comparison between lattice Boltzmann method and Navier–Stokes high order
schemes for computational aeroacoustics. Journal of Computational Physics, 228(4), 1056–1070.

132

Markl, M., Chan, F. P., Alley, M. T., Wedding, K. L., Draney,
M. T., Elkins, C. J., Parker, D. W., Wicker, R., Taylor, C. A.,
Herfkens, R. J., et al. (2003). Time-resolved three-dimensional
phase-contrast MRI. Journal of Magnetic Resonance Imaging,
17(4), 499–506.

226

References
133

Martin, B. A., Kalata, W., Shaffer, N., Fischer, P., Luciano, M., &
Loth, F. (2013). Hydrodynamic and longitudinal impedance analysis of cerebrospinal fluid dynamics at the craniovertebral junction
in type I Chiari malformation. PloS One, 8(10), e75335.

134

Martin, B. A., Labuda, R., Royston, T. J., Oshinski, J. N., Iskandar, B., & Loth, F. (2010). Spinal subarachnoid space pressure
measurements in an in vitro spinal stenosis model: implications
on Syringomyelia theories. Journal of Biomechanical Engineering,
132(11), 111007.

135

Mazzeo, M. D. & Coveney, P. V. (2008). Hemelb: A high performance parallel lattice-Boltzmann code for large scale fluid flow in
complex geometries. Computer Physics Communications, 178(12),
894–914.

136

McDonald, D. A. (1974). Blood flow in arteries.

137

McGirt, M. J., Nimjee, S. M., Floyd, J., Bulsara, K. R., & George,
T. M. (2005). Correlation of cerebrospinal fluid flow dynamics and
headache in Chiari I malformation. Neurosurgery, 56(4), 716–721.

138

McNamara, G. R. & Zanetti, G. (1988). Use of the Boltzmann
equation to simulate lattice-gas automata. Physical Review Letters, 61(20), 2332.

139

Mei, R., Luo, L.-S., Lallemand, P., & d’Humières, D. (2006). Consistent initial conditions for lattice Boltzmann simulations. Computers & Fluids, 35(8), 855–862.

140

Milhorat, T. H., Chou, M. W., Trinidad, E. M., Kula, R. W.,
Mandell, M., Wolpert, C., & Speer, M. C. (1999). Chiari I malformation redefined: clinical and radiographic findings for 364 symptomatic patients. Neurosurgery, 44(5), 1005–1017.

141

Mittal, R., Simmons, S., & Najjar, F. (2003). Numerical study of
pulsatile flow in a constricted channel. Journal of Fluid Mechanics,
485, 337–378.
227

References
142

Moin, P. & Mahesh, K. (1998). Direct numerical simulation: a
tool in turbulence research. Annual Review of Fluid Mechanics,
30(1), 539–578.

143

Monro, A. (1783). Observations on the structure and functions of
the nervous system.

144

Mut, F., Löhner, R., Chien, A., Tateshima, S., Viñuela, F., Putman, C., & Cebral, J. R. (2011). Computational hemodynamics
framework for the analysis of cerebral aneurysms. International
Journal for Numerical Methods in Biomedical Engineering, 27(6),
822–839.

145

Nash, R. W., Carver, H. B., Bernabeu, M. O., Hetherington,
J., Groen, D., Krüger, T., & Coveney, P. V. (2014). Choice of
boundary condition for lattice-Boltzmann simulation of moderateReynolds-number flow in complex domains. Physical Review E,
89(2), 023303.

146

Nebauer, J. R. & Blackburn, H. M. (2009). Stability of oscillatory and pulsatile pipe flow. In Seventh international conference
on CFD in the minerals and process industries, Melbourne, Australia.(Cited on page 16.).

147

Nerem, R., Seed, W., & Wood, N. (1972). An experimental study
of the velocity distribution and transition to turbulence in the
aorta. Journal of Fluid Mechanics, 52(01), 137–160.

148

OHMI, M. & Iguchi, M. (1982). Critical Reynolds number in an
oscillating pipe flow. Bulletin of JSME, 25(200), 165–172.

149

Oldfield, E. H., Muraszko, K., Shawker, T. H., & Patronas, N. J.
(1994). Pathophysiology of Syringomyelia associated with Chiari
I malformation of the cerebellar tonsils: implications for diagnosis
and treatment. Journal of Neurosurgery, 80(1), 3–15.

150

Omodaka, S., Sugiyama, S.-i., Inoue, T., Funamoto, K., Fujimura,
M., Shimizu, H., Hayase, T., Takahashi, A., & Tominaga, T.

228

References
(2012). Local hemodynamics at the rupture point of cerebral
aneurysms determined by computational fluid dynamics analysis.
Cerebrovascular Diseases, 34(2), 121–129.
151

Orešković, D. & Klarica, M. (2010). The formation of cerebrospinal fluid: nearly a hundred years of interpretations and misinterpretations. Brain Research Reviews, 64(2), 241–262.

152

Orešković, D. & Klarica, M. (2014). A new look at cerebrospinal
fluid movement. Fluids and Barriers of the CNS, 11(1), 16.

153

Pahlavian, S. H., Loth, F., Luciano, M., Oshinski, J., & Martin,
B. A. (2015). Neural tissue motion impacts cerebrospinal fluid
dynamics at the cervical medullary junction: A patient-specific
moving-boundary computational model. Annals of Biomedical Engineering, (pp. 1–13).

154

Pahlavian, S. H., Yiallourou, T., Tubbs, R. S., Bunck, A. C., Loth,
F., Goodin, M., Raisee, M., & Martin, B. A. (2014). The impact of
spinal cord nerve roots and denticulate ligaments on cerebrospinal
fluid dynamics in the cervical spine. PloS One, 9(4), e91888.

155

Papisov, M. I., Belov, V. V., & Gannon, K. S. (2013). Physiology of the intrathecal bolus: the leptomeningeal route for macromolecule and particle delivery to CNS. Molecular Pharmaceutics,
10(5), 1522–1532.

156

Paulson, O., Strandgaard, S., & Edvinsson, L. (1989). Cerebral
autoregulation. Cerebrovascular and Brain Metabolism Reviews,
2(2), 161–192.

157

Peacock, J., Jones, T., Tock, C., & Lutz, R. (1998). The onset
of turbulence in physiological pulsatile flow in a straight tube.
Experiments in Fluids, 24(1), 1–9.

158

Pereira, V., Brina, O., Gonzales, A. M., Narata, A., Bijlenga,
P., Schaller, K., Lovblad, K., & Ouared, R. (2013). Evaluation
of the influence of inlet boundary conditions on computational
229

References
fluid dynamics for intracranial aneurysms: a virtual experiment.
Journal of Biomechanics, 46(9), 1531–1539.
159

Pierot, L. (2011). Flow diverter stents in the treatment of intracranial aneurysms: Where are we? Journal of Neuroradiology,
38(1), 40–46.

160

Piot, E. & Tavoularis, S. (2011). Gap instability of laminar flows
in eccentric annular channels. Nuclear Engineering and Design,
241(11), 4615–4620.

161

Poelma, C., Watton, P. N., & Ventikos, Y. (2015). Transitional
flow in aneurysms and the computation of haemodynamic parameters. Journal of The Royal Society Interface, 12(105), 20141394.

162

Pope, S. B. (2000). Turbulent flows. Cambridge university press.

163

Qian, Y., d’Humières, D., & Lallemand, P. (1992). Lattice BGK
models for Navier-Stokes equation. EPL (Europhysics Letters),
17(6), 479.

164

Quigley, M. F., Iskandar, B., Quigley, M. A., Nicosia, M., &
Haughton, V. (2004). Cerebrospinal fluid flow in foramen magnum: Temporal and spatial patterns at MR imaging in volunteers
and in patients with Chiari I malformation 1. Radiology, 232(1),
229–236.

165

Radaelli, A., Augsburger, L., Cebral, J., Ohta, M., Rüfenacht, D.,
Balossino, R., Benndorf, G., Hose, D., Marzo, A., Metcalfe, R.,
et al. (2008). Reproducibility of haemodynamical simulations in a
subject-specific stented aneurysm model—a report on the virtual
intracranial stenting challenge 2007. Journal of Biomechanics,
41(10), 2069–2081.

166

Rayz, V. L., Boussel, L., Acevedo-Bolton, G., Martin, A. J.,
Young, W. L., Lawton, M. T., Higashida, R., & Saloner, D. (2008).
Numerical simulations of flow in cerebral aneurysms: comparison

230

References
of CFD results and in vivo MRI measurements. Journal of Biomechanical Engineering, 130(5), 051011.
167

Reynolds, O. (1883). An experimental investigation of the circumstances which determine whether the motion of water shall be
direct or sinuous, and of the law of resistance in parallel channels.
Proceedings of the Royal Society of London, 35(224-226), 84–99.

168

Rheinländer, M. (2007). Analysis of lattice-Boltzmann methods.

169

Rhoton Jr, A. L. (2000). The posterior fossa cisterns. Neurosurgery, 47(3), S287–S297.

170

Rinkel, G. J., Djibuti, M., Algra, A., & Van Gijn, J. (1998). Prevalence and risk of rupture of intracranial aneurysms a systematic
review. Stroke, 29(1), 251–256.

171

Roach, M. R. (1963). Changes in arterial distensibility as a cause
of poststenotic dilatation. The American Journal of cardiology,
12(6), 802–815.

172

Roach, M. R., Scott, S., & Ferguson, G. G. (1972). The hemodynamic importance of the geometry of bifurcations in the circle of
Willis (glass model studies). Stroke, 3(3), 255–267.

173

Roache, P. J. (1997). Quantification of uncertainty in computational fluid dynamics. Annual Review of Fluid Mechanics, 29(1),
123–160.

174

Robertson, A. & Watton, P. (2012). Computational fluid dynamics in aneurysm research: critical reflections, future directions.
American Journal of Neuroradiology, 33(6), 992–995.

175

Robinson, S. K. (1991). The kinematics of turbulent boundary
layer structure. NASA STI/Recon Technical Report N, 91, 26465.

176

Röhm, D. & Arnold, A. (2012). Lattice Boltzmann simulations
on GPUs with ESPResSo. The European Physical Journal Special
Topics, 210(1), 89–100.
231

References
177

Roldan, A., Wieben, O., Haughton, V., Osswald, T., & Chesler, N.
(2009). Characterization of CSF hydrodynamics in the presence
and absence of tonsillar ectopia by means of computational flow
analysis. American Journal of Neuroradiology, 30(5), 941–946.

178

Roller, S., Bernsdorf, J., Klimach, H., Hasert, M., Harlacher, D.,
Cakircali, M., Zimny, S., Masilamani, K., Didinger, L., & Zudrop, J. (2012). An adaptable simulation framework based on
a linearized octree. In High Performance Computing on Vector
Systems 2011 (pp. 93–105).

179

Russell, J. H., Kelson, N., Barry, M., Pearcy, M., Fletcher, D. F.,
& Winter, C. D. (2013). Computational fluid dynamic analysis
of intracranial aneurysmal bleb formation. Neurosurgery, 73(6),
1061–1069.

180

Rutkowska, G., Haughton, V., Linge, S., & Mardal, K.-A. (2012).
Patient-specific 3D simulation of cyclic CSF flow at the craniocervical region. American Journal of Neuroradiology, 33(9), 1756–
1762.

181

Samuelsson, J., Tammisola, O., & Juniper, M. (2015). Breaking axi-symmetry in stenotic flow lowers the critical transition
Reynolds number. Physics of Fluids (1994-present), 27(10),
104103.

182

Sarpkaya, T. (1966). Experimental determination of the critical
Reynolds number for pulsating poiseuille flow. Journal of Fluids
Engineering, 88(3), 589–598.

183

Schlichting, H. (1968). Boundary-layer theory.

184

Schneiders, J., Marquering, H., Antiga, L., Van den Berg, R.,
VanBavel, E., & Majoie, C. (2013). Intracranial aneurysm neck
size overestimation with 3D rotation angiography: the impact on
intra-aneurysmal hemodynamics simulated with cputational fluid
dynamics. American Journal of Neuroradiology, 34(1), 121–128.

232

References
185

Schroth, G. & Klose, U. (1992). Cerebrospinal fluid flow. Neuroradiology, 35(1), 16–24.

186

Seifert, V., Trost, H., & Stolke, D. (1990). Management morbidity and mortality in grade IV and V patients with aneurysmal
subarachnoid haemorrhage. Acta Neurochirurgica, 103(1-2), 5–10.

187

Sforza, D., Putman, C., Scrivano, E., Lylyk, P., & Cebral,
J. (2010). Blood-flow characteristics in a terminal basilar tip
aneurysm prior to its fatal rupture. American Journal of Neuroradiology, 31(6), 1127–1131.

188

Sherwin, S. & Blackburn, H. M. (2005). Three-dimensional instabilities and transition of steady and pulsatile axisymmetric
stenotic flows. Journal of Fluid Mechanics, 533, 297–327.

189

Shojima, M., Oshima, M., Takagi, K., Torii, R., Hayakawa, M.,
Katada, K., Morita, A., & Kirino, T. (2004). Magnitude and
role of wall shear stress on cerebral aneurysm computational fluid
dynamic study of 20 middle cerebral artery aneurysms. Stroke,
35(11), 2500–2505.

190

Smith, D. S. (2008). Experimental investigation of transition to
turbulence in arteriovenous grafts. ProQuest.

191

Smith, E. & Breasted, J. H. (1930). The Edwin Smith Surgical
Papyrus. University of Chicago Press.

192

Smoker, W. (1994). Craniovertebral junction: normal anatomy,
craniometry, and congenital anomalies. Radiographics, 14(2), 255–
277.

193

Sone, Y. (1991). Asymptotic theory of a steady flow of a rarefied
gas past bodies for small knudsen numbers. In Advances in Kinetic
Theory and Continuum Mechanics (pp. 19–31). Springer.

194

Stehbens, W. (1959). Turbulence of blood flow. Experimental
Physiology, 44(1), 110–117.
233

References
195

Stehbens, W. E. (1983). Etiology and pathogenesis of intracranial berry aneurysms. In Intracranial Aneurysms (pp. 358–395).
Springer.

196

Stehbens, W. E. (1989). Etiology of intracranial berry aneurysms.
volume 70 (pp. 823–831). American Association of Neurological
Surgeons.

197

Steiger, H. & Reulen, H.-J. (1986). Low frequency flow fluctuations in saccular aneurysms. Acta Neurochirurgica, 83(3-4), 131–
137.

198

Steiger, H. J., Poll, A., Liepsch, D., & Reulen, H.-J. (1987). Basic
flow structure in saccular aneurysms: a flow visualization study.
Heart and vessels, 3(2), 55–65.

199

Stein, P. D. & Sabbah, H. N. (1974). Measured turbulence and its
effect on thrombus formation. Circulation Research, 35(4), 608–
614.

200

Stein, S. C., Burnett, M. G., & Sonnad, S. S. (2006). Shunts in
normal-pressure hydrocephalus: do we place too many or too few?
Journal of Neurosurgery, 105(6), 815–822.

201

Steinman, D. A., Hoi, Y., Fahy, P., Morris, L., Walsh, M. T.,
Aristokleous, N., Anayiotos, A. S., Papaharilaou, Y., Arzani, A.,
Shadden, S. C., et al. (2013). Variability of computational fluid
dynamics solutions for pressure and flow in a giant aneurysm: the
ASME 2012 summer bioengineering conference CFD challenge.
Journal of Biomechanical Engineering, 135(2), 021016.

202

Steinman, D. A., Milner, J. S., Norley, C. J., Lownie, S. P., &
Holdsworth, D. W. (2003). Image-based computational simulation of flow dynamics in a giant intracranial aneurysm. American
Journal of Neuroradiology, 24(4), 559–566.

203

Stettler, J. & Hussain, A. (1986). On transition of the pulsatile
pipe flow. Journal of Fluid Mechanics, 170, 169–197.

234

References
204

Stiebler, M., Freudiger, S., Krafczyk, M., & Geier, M. (2011).
Parallel lattice-Boltzmann simulation of transitional flow on nonuniform grids. In Computational Science and High Performance
Computing IV (pp. 283–295). Springer.

205

Stockman, H. W. (2006). Effect of anatomical fine structure on
the flow of cerebrospinal fluid in the spinal subarachnoid space.
Journal of Biomechanical Engineering, 128(1), 106–114.

206

Stockman, H. W. (2007). Effect of anatomical fine structure on
the dispersion of solutes in the spinal subarachnoid space. Journal
of Biomechanical Engineering, 129(5), 666–675.

207

Støverud, K.-H. (2014). Relation between the Chiari I malformation and Syringomyelia from a mechanical perspective. PhD thesis,
The University of Oslo.

208

Strother, C. & Jiang, J. (2012). Intracranial aneurysms, cancer,
x-rays, and computational fluid dynamics. American Journal of
Neuroradiology, 33(6), 991–992.

209

Struck, A. F., Carr, C. M., Shah, V., Hesselink, J. R., & Haughton,
V. M. (2016). Cervical spinal canal narrowing in idiopathic Syringomyelia. Neuroradiology, (pp. 1–5).

210

Succi, S. (2001). The lattice Boltzmann equation: for fluid dynamics and beyond. Oxford university press.

211

Succi, S., Benzi, R., & Higuera, F. (1991). The lattice Boltzmann
equation: a new tool for computational fluid-dynamics. Physica
D: Nonlinear Phenomena, 47(1-2), 219–230.

212

Sun, C. & Munn, L. L. (2008). Lattice-Boltzmann simulation of
blood flow in digitized vessel networks. Computers & Mathematics
with Applications, 55(7), 1594–1600.

213

Tangen, K. M., Hsu, Y., Zhu, D. C., & Linninger, A. A. (2015).
CNS wide simulation of flow resistance and drug transport due
235

References
to spinal microanatomy. Journal of Biomechanics, 48(10), 2144–
2154.
214

Thompson, A., Madan, N., Hesselink, J., Weinstein, G., del Rio,
A. M., & Haughton, V. (2016). The cervical spinal canal tapers differently in patients with Chiari I with and without Syringomyelia.
American Journal of Neuroradiology, 37(4), 755–758.

215

Tominaga, S. (1966). [an experimental study of hemodynamic
factors in the rupture of intracranial aneurysms]. Nihon Geka
Hokan. Archiv für Japanische Chirurgie, 35(1), 67–88.

216

Tubbs, R. S. & Oakes, W. J. (2013). The Chiari Malformations.
Springer.

217

Turowski, B., Macht, S., Kulcsár, Z., Hänggi, D., & Stummer,
W. (2011). Early fatal hemorrhage after endovascular cerebral
aneurysm treatment with a flow diverter (silk-stent). Neuroradiology, 53(1), 37–41.

218

Valen-Sendstad, K., Mardal, K.-A., Mortensen, M., Reif, B. A. P.,
& Langtangen, H. P. (2011). Direct numerical simulation of transitional flow in a patient–specific intracranial aneurysm. Journal
of Biomechanics, 44(16), 2826–2832.

219

Valen-Sendstad, K., Mardal, K.-A., & Steinman, D. A. (2013).
High-resolution CFD detects high-frequency velocity fluctuations
in bifurcation, but not sidewall, aneurysms. Journal of Biomechanics, 46(2), 402–407.

220

Valen-Sendstad, K., Piccinelli, M., & Steinman, D. A. (2014).
High-resolution computational fluid dynamics detects flow instabilities in the carotid siphon: Implications for aneurysm initiation
and rupture? Journal of Biomechanics, 47(12), 3210–3216.

221

Valen-Sendstad, K. & Steinman, D. (2013). Mind the gap: Impact
of computational fluid dynamics solution strategy on prediction of

236

References
intracranial aneurysm hemodynamics and rupture status indicators. American Journal of Neuroradiology.
222

Varble, N. A., Xiang, J., Lin, N., Levy, E., & Meng, H. (2016).
Flow instability detected by high-resolution CFD in fifty-six middle cerebral artery aneurysms. Journal of Biomechanical Engineering.

223

Varghese, S. S., Frankel, S. H., & Fischer, P. F. (2007a). Direct
numerical simulation of stenotic flows. part 1. steady flow. Journal
of Fluid Mechanics, 582, 253–280.

224

Varghese, S. S., Frankel, S. H., & Fischer, P. F. (2007b). Direct numerical simulation of stenotic flows. part 2. pulsatile flow.
Journal of Fluid Mechanics, 582, 281–318.

225

Ventikos, Y. (2014). Resolving the issue of resolution. American
Journal of Neuroradiology, 35(3), 544–545.

226

Vétel, J., Garon, A., Pelletier, D., & Farinas, M. (2008). Asymmetry and transition to turbulence in a smooth axisymmetric constriction. Journal of Fluid Mechanics, 607(1), 351–386.

227

Wardlaw, J. & White, P. (2000). The detection and management
of unruptured intracranial aneurysms. Brain, 123(2), 205–221.

228

Weir, B. (2002). Unruptured intracranial aneurysms: a review.
Journal of Neurosurgery, 96(1), 3–42.

229

Welch, P. D. (1967). The use of fast fourier transform for the
estimation of power spectra: A method based on time averaging
over short, modified periodograms. IEEE Transactions on Audio
and Electroacoustics, 15(2), 70–73.

230

Wetjen, N. M., Heiss, J. D., & Oldfield, E. H. (2008). Time course
of Syringomyelia resolution following decompression of Chiari malformation type I. Journal of Neurosurgery. Pediatrics, 1(2), 118.
237

References
231

Winter, D. & Nerem, R. (1984). Turbulence in pulsatile flows.
Annals of Biomedical Engineering, 12(4), 357–369.

232

Womersley, J. R. (1955). Method for the calculation of velocity,
rate of flow and viscous drag in arteries when the pressure gradient
is known. The Journal of Physiology, 127(3), 553.

233

Wong, G. K., Kwan, M. C., Ng, R. Y., Simon, C., & Poon, W.
(2011). Flow diverters for treatment of intracranial aneurysms:
current status and ongoing clinical trials. Journal of Clinical Neuroscience, 18(6), 737–740.

234

Xiang, J., Natarajan, S. K., Tremmel, M., Ma, D., Mocco,
J., Hopkins, L. N., Siddiqui, A. H., Levy, E. I., & Meng, H.
(2011). Hemodynamic–morphologic discriminants for intracranial
aneurysm rupture. Stroke, 42(1), 144–152.

235

Xiang, J., Tutino, V., Snyder, K., & Meng, H. (2014). CFD: computational fluid dynamics or confounding factor dissemination?
the role of hemodynamics in intracranial aneurysm rupture risk
assessment. American Journal of Neuroradiology, 35(10), 1849–
1857.

236

Xie, L., Kang, H., Xu, Q., Chen, M. J., Liao, Y., Thiyagarajan,
M., O’Donnell, J., Christensen, D. J., Nicholson, C., Iliff, J. J.,
et al. (2013). Sleep drives metabolite clearance from the adult
brain. Science, 342(6156), 373–377.

237

Yang, W. & Yih, C.-S. (1977). Stability of time-periodic flows in
a circular pipe. Journal of Fluid Mechanics, 82(03), 497–505.

238

Yellin, E. L. (1966). Laminar-turbulent transition process in pulsatile flow. Circulation Research, 19(4), 791–804.

239

Yiallourou, T. I., Kröger, J. R., Stergiopulos, N., Maintz, D., Martin, B. A., & Bunck, A. C. (2012). Comparison of 4D phasecontrast MRI flow measurements to computational fluid dynamics simulations of cerebrospinal fluid motion in the cervical spine.
PloS One, 7(12), e52284.

238

References
240

Young, D. F. & Tsai, F. Y. (1973). Flow characteristics in models
of arterial stenoses—ii. unsteady flow. Journal of Biomechanics,
6(5), 547–559.

241

Younis, H., Kaazempur-Mofrad, M., Chung, C., Chan, R., &
Kamm, R. (2003). Computational analysis of the effects of exercise
on hemodynamics in the carotid bifurcation. Annals of Biomedical
Engineering, 31(8), 995–1006.

242

Zhao, S., Papathanasopoulou, P., Long, Q., Marshall, I., & Xu,
X. (2003). Comparative study of magnetic resonance imaging and
image-based computational fluid dynamics for quantification of
pulsatile flow in a carotid bifurcation phantom. Annals of Biomedical Engineering, 31(8), 962–971.

243

Zhao, X., Raghavan, M. L., & Lu, J. (2011). Characterizing heterogeneous properties of cerebral aneurysms with unknown stressfree geometry: a precursor to in vivo identification. Transactions
of the ASME-K-Journal of Biomechanical Engineering, 133(5),
051008.

244

Zimny, S. (2015). Hemodynamic Flow Simulation in Patient Specific Cerebral Aneurysms. PhD thesis, Aachen, Techn. Hochsch.,
Diss., 2015.

245

Zimny, S., Chopard, B., Malaspinas, O., Lorenz, E., Jain, K.,
Roller, S., & Bernsdorf, J. (2013). A multiscale approach for the
coupled simulation of blood flow and thrombus formation in intracranial aneurysms. Procedia Computer Science, 18, 1006–1015.

246

Zudrop, J., Roller, S., & Asinari, P. (2014). Lattice Boltzmann
scheme for electrolytes by an extended Maxwell-Stefan approach.
Physical Review E, 89(5), 053310.

239

