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Preface

This master thesis report is the end product of the research done over a period of nine months at the

Aero & Hydro Laboratory at TU Delft. The thesis counts towards the completion of the masters degree

in Mechanical Engineering in the track Sustainable Process & Energy Technology.

The work presented in this report is a short study on the fluid mechanics involved, and in particular

turbulence, in an abdominal aortic aneurysm (AAA). Investigation is carried out on various geometries

of hypothetical AAAs through CFD simulations in the commercial package ANSYS Fluent. The entire

study is oriented chiefly towards the complex fluid mechanics involved rather than the bio-mechanical

aspect of an AAA. The conclusions presented at the end of the report can be used as a starting point

to further develop a general numerical model with respect to the flow field exhibited in an axisymmetric

AAA.

Readers particularly interested in the results of this thesis are directed to chapter 5. A detailed dis-

cussion regarding the underlying mechanism of generation of turbulent fluctuations and comparison

between various geometries is presented in sections 5.1.3, 5.2.1, 5.3 and 5.5. A brief discussion of the

bio-mechanical aspects is also presented in sections 5.1.4 and 5.1.7.

The image on the cover represents an azimuthal instability developed on the vortex ring shed in one

of the AAA geometries. The image represents the surface vortex lines on the ring coloured by the

azimuthal vorticity.

Digvijay S. Rawat

Delft, October 2017
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Summary

An aneurysm refers to the local dilation or ballooning of a blood vessel and if left unchecked, almost

every aneurysm continues to grow in size until it eventually ruptures. The abdominal aorta is the most

common location for an aneurysm to form and can turn lethal in the event of rupture. Even after decades

of research, the precise role of each of the numerous factors involved in the inception and growth of an

abdominal aortic aneurysm (AAA) is still not known. In this study, the role of turbulence in a hypothetical

axisymmetric AAA (4A) geometry is investigated.

Majority of the investigations on AAAs are done through CFD simulations and this thesis is no exception.

Since the current clinical practice to classify AAAs is on the basis of their size (diameter), it was decided

to vary the geometric parameters viz., the expansion ratio (ER) and the expansion angle (EA). ER is the

ratio of the maximum AAA diameter to the healthy aorta diameter whereas the EA is a measure of the

steepness of the arterial wall between the healthy aorta and the aneurysm. All the combinations of ER

and EA lead to a total of 8 cases. Flow parameters such as the Reynolds number and the Womersley

number are chosen in accordance with the average values found in humans and are kept constant

across all the cases.

The simulations show that a vortex ring is shed just after peak systole in every case. The vortex ring,

at inception, is similar for all cases within visual limits. As the rings travels downstream, an azimuthal

instability sets in that grows with time. This is the short wave or the elliptical instability usually associated

with a vortex pair perturbed by an infinitesimally small amplitude sinusoidal wave. The number of waves

formed along the circumference of the ring as a result of the instability varies from case to case but

in general, the number of waves decreases as the diameter of the aneurysm increases. The growth

of this instability, along with interaction of the ring with the remnants of the flow field form the previous

cardiac cycle, cause it to break down into smaller vortices which subsequently decay. The manner in

which the ring breaks down is different from cycle to cycle which leads to turbulent fluctuations.

It was also observed that the vortex ring does not break down in all the cases. Specifically, it does

not break in the 2 cases that had an expansion angle of 15∘. This suggests that turbulence in AAAs is

perhaps a stronger function of the EA rather than the ER. Investigations were also carried out to identify

recirculating or dead flow regions in all the cases as an intraluminal thrombus (ILT) is a commonly found

feature in AAAs. An ILT deprives the surrounding arterial tissue of oxygen thereby weakening the aortic

wall and increasing the risk of rupture. It could be seen from the simulations that the inflection regions

of the 4A geometry are most prone to the formation of an ILT which is in agreement with the physically

observed locations. Finally, the oscillatory shear index (OSI) is investigated to see the influence of
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viii Summary

turbulence on a hemodynamic parameter. It was found that for the geometries tested, there is no clear

co-relation between the two.

From this thesis, numerous conclusions can be drawn. But perhaps the most important conclusion

is that the flow field in an AAA is very complex and sensitive to various input parameters such as

the ER and EA. Although flow parameters such as the Reynolds and the Womersley number were

kept constant across all the cases investigated in this thesis, existing literature clearly highlights the

dependence of the flow field on them. As such, the desire to be able to formulate general co-relation

trends between various flow field quantities in AAAs is wishful thinking at best.
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1
Introduction and Overview

The current chapter provides an introduction to the thesis. First, a brief overview of the cardiovascular

system and abdominal aortic aneurysms (AAA) is presented in sections 1.1 and 1.2, respectively. Then

in section 1.3 the role of hemodynamics in an AAA is explained and in section 1.4 the relevance of com-

putational fluid dynamics in investigating AAAs is discussed. Finally, the thesis objective is formulated

in section 1.5 and a brief overview of the thesis structure is presented in section 1.6.

1.1. Cardiovascular System
The human cardiovascular system is an organ system whose primary function is to circulate blood and

carry out transport of nutrients and waste throughout the entire body [1]. The cardiovascular system

consists of the heart, blood and blood vessels and is essentially comprised of two circulation loops: the

pulmonary circulation and the systemic circulation. Pulmonary circulation refers to the pumping of the

oxygen depleted blood from the heart to the lungs via the pulmonary artery and then being returned

to the heart after being oxygenated by the lungs, via the pulmonary vein. Systemic circulation refers

to blood circulation to the entire body but the lungs. It involves pumping of oxygenated blood from the

heart through the aorta to all the body parts and the return of oxygen depleted blood back to the heart

through the vena cava. The systemic and pulmonary circulation together form the cardiac cycle. On

an average, the cardiac cycle occurs approximately 75 times per minute or once every 0.8 seconds in

an adult human.

1
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1.2. Abdominal Aortic Aneurysm (AAA)
An aneurysm refers to the localized bulging or ballooning of a blood vessel wall. An aneurysm can form

in any blood vessel but is commonly formed in the brain and the aorta. Aortic aneurysm is a common

cardiovascular disease usually affecting men above 50 years of age who typically have high blood

pressure or smoke or have it in their family history. Aortic aneurysms can be located in the thoracic

aorta but are more commonly located in the abdominal aorta, the latter being commonly termed as AAA

or Triple A. A healthy abdominal aorta, depending chiefly on age and sex, measures approximately 20

mm in diameter [2]. Figure 1.1 depicts a healthy aorta and an AAA.

Figure 1.1: Abdominal Aortic Aneurysm. Reproduced from [3]

What really makes aneurysms dangerous is that the majority of cases are asymptomatic; a person

suffering from an aneurysm is generally unaware of it. With time, an aneurysm expands further and if

it grows large enough such that the arterial wall tension exceeds the material strength, the aneurysm

can burst leading to massive internal bleeding which more often then not leads to death. 65 - 75% of

ruptured AAAs cause death before the patient can even reach the hospital and nearly 90% die before

they can be operated on [4]. Thus, it is extremely important to be able to identify the formation and

growth of an AAA so that it can be monitored and operated on, if required. The current clinical practice

to decide if an aneurysm needs to be operated on is chiefly decided by its diameter; usually treatment

is recommended if the diameter of the AAA is more than 5.5 cm in men or 5 cm in women [5]. Although

the criterion of maximum diameter is standard clinical practice, it is common knowledge that aneurysms

which are smaller in size can rupture and aneurysms which are larger may remain stable [6] thereby

warranting further research on the topic.
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An AAA is widely regarded as the result of aorta degeneration although the exact mechanism of this

degenerative process remains unclear even today [7]. As depicted in figure 1.2, a healthy abdominal

aorta, like any other artery, has three tissue layers: the innermost layer, the intima, consisting of en-

dothelial cells; the middle layer, the media, containing smooth muscle cells and the outermost layer,

the adventitia, chiefly consisting of collagen. Although an AAA causes bulging of all the layers of the

aorta, it only starts developing after the degeneration of media in the vessel wall [7]. While an aneurysm

may be initially formed only due to biological factors, hemodynamics play a major role in its subsequent

development and more importantly, in its rupture.

Figure 1.2: Aortic wall structure representing all the three tissue layers of the aorta. Lumen refers to the space through which

blood flows. The endothelium cells line the intima layer and are in constant contact with blood flow. Reproduced

from [8]

1.3. Hemodynamics
Hemodynamics refers to the dynamics of blood flow. Since the intima layer is the innermost layer

and is thus always in contact with flowing blood, the endothelial cells are perpetually subjected to

the hemodyanmic forces generated by the dynamics of blood flow. Hemodynamic forces consist of

three components: normal hydrostatic pressure, wall shear stress and the relative wall shear strain [9].

Hydrostatic pressure is the force acting normally on the vessel wall. Wall shear stress refers to the

tangential stress acting on the vessel wall caused due to blood flow. Finally, relative wall strain is the

stretching of the vessel wall in the circumferential direction due to the tensile/ hoop stress present in

the wall itself.

Although the endothelial cells are not capable of sensing the total blood flow rate directly, arteries can

dilate or contract locally in response to change in flow rate. This is possible due to the fact that the

endothelial cells can sense the wall shear stress acting on them [10] which in turn depends on the flow

rate. Arteries can adapt to cycle to cycle changes in wall shear stress by dilating or contracting locally
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to maintain the value of flow induced wall shear stress at approximately 15 𝑑𝑦𝑛𝑒𝑠/𝑐𝑚ኼ [11]. Similarly,
arteries can also adapt to long term changes in wall shear stress by remodelling themselves to a larger/

smaller diameter which is done by changing the thickness of the intima and media layers.

Thus, it is easy to see how hemodynamic forces, and in particular the wall shear stress, can influence

the shape and diameter of an artery. Although the wall shear stress alone does not result in the for-

mation of an aneurysm but when combined with biological factors such as atherosclerosis, smoking,

genetics etc., it does play a major role in its eventual development and rupture. Since blood flow is

pulsatile and not strictly uni-directional everywhere, the wall shear stress (WSS) vector keeps chang-

ing its magnitude and direction throughout the cardiac cycle. To be able to quantify such an oscillatory

nature of the WSS vector, Ku et al [12] proposed the hemodynamic parameter Oscillatory Shear Index

(OSI) that basically describes how much the WSS vector changes direction from its mean direction.

Some examples of other WSS based hemodynamic parameters are: mean WSS, maximum WSS,

gradient oscillatory number (GON) and the aneurysm formation index (AFI). Some examples of non

WSS based hemodynamic parameters are: Rupture Potential Index (RPI) [13], aneurysm expansion

rate [14], presence of intraluminal thrombus [15] and degree of asymmetry [16]. In this thesis, the OSI

will be used as the hemodynamic parameter to gain insight about AAAs and will be discussed in detail

later in section 2.5.5.

1.4. AAA, Hemodynamics & CFD

Computational Fluid Dynamics (CFD) is the branch of fluid mechanics in which fluid flow equations are

solved numerically by discretizing the problem domain into many smaller domains. It is essentially a

combination of fluid dynamics and numerical methods for solving partial differential equations, which,

in the case of fluid flow are the Navier Stokes equations. Since the equations are solved numerically

on a computer, problems usually associated with experimental procedures such as setup, calibration

of instruments, reducing environmental disturbances etc., are circumvented. Also, with the increase

in computational power in the last couple of decades, it is now possible to solve large and complex

systems computationally with higher accuracy. Finally, since the governing equations are solved nu-

merically, output parameters such as hemodynamic parameters for AAAs can be easily calculated and

visualised.

A considerable amount of research has been done on aneurysms with the help of CFD. With respect

to AAAs, researchers have mainly focused on calculation and visualization of wall shear stress and

associated hemodynamic parameters to understand the mechanism behind the growth and rupture of

an AAA. Variation of input parameters such as expansion ratio, velocity waveform, blood rheology and

geometric shape and thereby the effect on the wall shear stress, is well documented. Keeping all this

in mind, the research objective of this thesis is formulated.
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1.5. Thesis Objective
It is important to define clear and concise objectives so that the scope and aim of the thesis is well

defined. The basic aim of this thesis is to investigate the flow field in an axisymmetric AAA (abbreviated

as 4A hence) and try to understand the underlying flow mechanism. Substantial research has already

been done using CFD but a relatively unexplored topic is the transition of the flow field to turbulence and

its effect on hemodynamic parameters. Since blood flow is pulsatile in nature, the Reynolds number

is not constant but rather changes from phase to phase within a cardiac cycle. In a healthy abdominal

aorta, the mean flow averaged over an entire cycle is generally laminar. However, it can be transitional

or even turbulent during the peak systole when the flow rate is high. Further, it will be interesting to know

if turbulence in an AAA will be affected by the standard input parameters such as aneurysm diameter

and how turbulence in the flow field will affect the usual hemodynamic parameters such as oscillatory

shear index (OSI) in an AAA. Thus, the objective of this thesis is framed as

To investigate the transition to turbulence and its dependency on the geometric parameters in

pulsatile blood flow through an axisymmetric abdominal aortic aneurysm

The above objective can be broken down into many smaller objectives such as

• What assumptions and simplifications can be considered to carry out a CFD simulation of the

flow field inside the 4A geometry?

• Which geometric parameters can be expected to have an impact on turbulence?

• How is turbulence affected by change in geometric parameters?

• How does the change in turbulence affect a hemodynamic parameter such as the OSI?

• What is the underlying mechanism of the transition to turbulence?

1.6. Overview
In order to work towards the above mentioned objective(s), a planned approach needs to be adopted to

ensure that efforts are put in a meaningful direction. A brief overview of the planned steps is as follows

1. Input Parameters

For this project, geometric parameters are focussed on. The reason for making such a choice

is that the current clinical practice classifies AAAs on their diameter size which is a geometric

parameter. Also, it would be interesting to see how turbulence varies and how it influences the

OSI as an AAA progresses in size. Apart from the AAA diameter, the expansion angle is also

varied. The expansion angle is varied as flow in an AAA has some common characteristics with

flow over a backward facing step (BFS) and it is known that flow over a BFS is influenced by

the expansion angle. Thus, it is desirable to see the effect of expansion angle on the flow in an
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AAA. The range of both these input parameters is decided from literature and physically observed

values. Other factors involved in the problem such as the Reynolds number are also explained

in chapter 2.

2. Geometry Creation and Meshing

Since geometric input parameters are being varied, numerous 4A geometries have to be made.

In total, 8 geometries are made. In all the geometries, the total length of the aneurysm is kept

constant. The geometries are made with the help of SolidWorks 2015 and then imported to

ANSYS ICEM CFD for meshing. Since the geometries are cylindrical in shape, O-grid blocking

is done to ensure a high quality mesh and avoid distortion/ skewness of mesh elements near the

boundary. Further details on computational aspects can be found in chapter 3.

3. CFD Simulation

ANSYS Fluent 16.1 is used as the solver. Transient simulations are done as blood flow is pul-

satile. A user defined function (UDF) is written to serve as the velocity input keeping in mind the

pulsatile nature of blood flow. Although blood is a non Newtonian fluid, it is assumed to behave

in a Newtoninan fashion in all the simulations for reasons explained in the next chapter. Each

simulation is run on a reasonably fine mesh for a sufficient number of cardiac cycles, as justified

in chapter 4, to achieve reasonable temporal convergence.

4. Post Processing

During every simulation, data of relevant variables, such as velocity, is exported. Data is exported

in ASCII format as it allows export at selective locations. Data visualisation through contour plots

and relevant graphs is done in MATLAB from the exported ASCII files.

5. Results

All the results obtained from the simulations are presented in chapter 5. To get a general idea

of the flow field in a 4A geometry, contour plots of variables such as velocity and vorticity are

presented. Since the objective of this thesis is to investigate turbulence, comparison plots are

made between various geometric configurations to see how turbulence is affected by changing

geometric parameters of an AAA. Finally, the underlying mechanism of transition to turbulence is

also discussed.

6. Conclusion

The conclusions that can be drawn from this study are presented in chapter 6. Further, possible

ideas and avenues for building up on the current work are also presented.



2
Theoretical Background

This chapter presents a detailed perspective on the theoretical aspects of the characteristics of blood

flow through an abdominal aortic aneurysm (AAA). The objective of this chapter is to help the reader

in getting familiarised with the theoretical concepts involved so that they are able to understand the

decisions taken regarding simulations and are able to interpret the obtained results.

2.1. Pulsatile Blood Flow
The opening and closing of heart valves during every cardiac cycle gives rise to a pulsatile pressure

gradient that drives the blood flow in arteries thereby causing blood flow to be pulsatile. To understand

the basic fundamentals of pulsatile blood flow in an artery, it is a good idea to investigate fluid flow

driven by an oscillatory pressure gradient in a straight cylindrical tube. To describe fluid flow in a cylin-

drical tube, the Navier Stokes equations along with the continuity equation, in cylindrical co-ordinates,

are studied. The Navier Stokes equations are obtained by applying Newton’s second law of momentum

conservation to fluid flow in a control volume. The Navier Stokes equations and the continuity equa-

tion, obtained by applying conservation of mass across a control volume, together form the governing

equations of fluid flow. The choice to express the Navier Stokes equations and the continuity equation

in cylindrical co-ordinates is obvious owing to the cylindrical geometry of the fluid flow domain. The

continuity equation for a constant and non zero density 𝜌, in cylindrical co-ordinates, is given by [17]

1
𝑟
𝜕
𝜕𝑟 (𝑟𝑢፫) +

1
𝑟
𝜕𝑢Ꭳ
𝜕𝜑 + 𝜕𝑢፳𝜕𝑧 = 0 (2.1)

7
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The Navier Stokes equations for a constant and non zero density 𝜌, in cylindrical co-ordinates, are

given by [17]

𝜕𝑢፫
𝜕𝑡 + (u.∇)𝑢፫ −

𝑢ኼᎣ
𝑟 = −1𝜌

𝜕𝑝
𝜕𝑟 + 𝜈 (∇

ኼ𝑢፫ −
𝑢፫
𝑟ኼ −

2
𝑟ኼ
𝜕𝑢Ꭳ
𝜕𝜑 ) (2.2)

𝜕𝑢Ꭳ
𝜕𝑡 + (u.∇)𝑢Ꭳ +

𝑢፫𝑢Ꭳ
𝑟 = − 1

𝜌𝑟
𝜕𝑝
𝜕𝜑 + 𝜈 (∇

ኼ𝑢Ꭳ −
𝑢Ꭳ
𝑟ኼ +

2
𝑟ኼ
𝜕𝑢፫
𝜕𝜑 ) (2.3)

𝜕𝑢፳
𝜕𝑡 + (u.∇)𝑢፳ = −

1
𝜌
𝜕𝑝
𝜕𝑧 + 𝜈∇

ኼ𝑢፳ (2.4)

In all the above equations, 𝑟, 𝜑 and 𝑧 denote the radial, azimuthal and axial directions. u is the complete
velocity vector that is comprised of 𝑢፫, 𝑢Ꭳ and 𝑢፳; the velocities in the radial, azimuthal and axial

directions, respectively. In the above Navier Stokes equations, it is assumed that there are no body

forces acting on the fluid and that the fluid has a constant kinematic viscosity 𝜈. A general solution to

the full system of the Navier Stokes equations, such as equations 2.1 - 2.4, has not been found yet but

for some special cases wherein certain assumptions can be justly made, an analytical solution can be

obtained. Fluid flow that is driven by an oscillating pressure gradient through a cylinder is one such

special case. The assumptions that can be made, with their respective consequences, are as follows

• 𝐴𝑥𝑖𝑠𝑦𝑚𝑚𝑒𝑡𝑟𝑖𝑐 𝐹𝑙𝑜𝑤 ⟶ 𝜕/𝜕𝜑 = 0

• 𝑁𝑒𝑎𝑟𝑙𝑦 𝑢𝑛𝑖 − 𝑎𝑥𝑖𝑎𝑙 𝑓𝑙𝑜𝑤 ⟶ 𝑢፫ = 0, 𝑢Ꭳ = 0

Equations 2.1 - 2.4 simplify substantially with the help of the above mentioned assumptions. Equation

2.1 simplifies to

𝜕𝑢፳
𝜕𝑧 = 0 (2.5)

Equation 2.3 vanishes completely. Equations 2.2 and 2.4 simplify to

− 1𝜌
𝜕𝑝
𝜕𝑟 = 0 ⟶

𝜕𝑝
𝜕𝑟 = 0 (2.6)

𝜕𝑢፳
𝜕𝑡 = −

1
𝜌
𝜕𝑝
𝜕𝑧 + 𝜈∇

ኼ𝑢፳ (2.7)

From equation 2.5 and the assumption of axisymmetric flow, it can be concluded that 𝑢፳ = 𝑢፳(𝑟, 𝑡).
Similarly, with the help of equation 2.6, it can be concluded that 𝑝 = 𝑝(𝑧, 𝑡). Since 𝑢፳ is the only non
zero velocity component, the subscript 𝑧 is dropped hence onwards. Equation 2.7 is now further worked

upon.

𝜕𝑢
𝜕𝑡 = −

1
𝜌
𝜕𝑝
𝜕𝑧 + 𝜈 [

1
𝑟
𝜕
𝜕𝑟 (𝑟

𝜕
𝜕𝑟) +

1
𝑟ኼ

𝜕ኼ
𝜕𝜑ኼ +

𝜕ኼ
𝜕𝑧ኼ ] 𝑢 (2.8)
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𝜕𝑢
𝜕𝑡 = −

1
𝜌
𝜕𝑝
𝜕𝑧 + 𝜈 [

1
𝑟
𝜕
𝜕𝑟 (𝑟

𝜕𝑢
𝜕𝑟 )] (2.9)

𝜕𝑢
𝜕𝑡 = −

1
𝜌
𝜕𝑝
𝜕𝑧 + 𝜈 [

𝜕ኼ𝑢
𝜕𝑟ኼ +

1
𝑟
𝜕𝑢
𝜕𝑟 ] (2.10)

Since 𝑝 = 𝑝(𝑧, 𝑡), 𝜕𝑝/𝜕𝑧 is only a function of 𝑡. According to Womersley [18], an oscillatory pressure

gradient can be expressed as a Fourier series since it is periodic in nature.

𝜕𝑝
𝜕𝑧 = −𝐴𝑒

።Ꭶ፭ (2.11)

In the above expression, 𝐴 is the pressure gradient amplitude and 𝜔 is the normal frequency. To cor-

relate this expression to the human oscillatory pressure gradient, the heart beat rate would be denoted

by the normal frequency 𝑓 which is correlated to 𝜔 by the relation 𝜔 = 2𝜋𝑓. The pressure gradient

in equation 2.11 can also be comprised of multiple harmonics but for the sake of simplicity, only one

harmonic is considered for this derivation. Substituting the above expression in equation 2.10,

𝜕𝑢
𝜕𝑡 =

1
𝜌𝐴𝑒

።Ꭶ፭ + 𝜈 [𝜕
ኼ𝑢
𝜕𝑟ኼ +

1
𝑟
𝜕𝑢
𝜕𝑟 ] (2.12)

Since the flow is pressure driven and 𝑢 = 𝑢(𝑟, 𝑡), it is possible to split 𝑢 as

𝑢(𝑟, 𝑡) = 𝑈(𝑟)𝑒።Ꭶ፭ (2.13)

Substituting expression 2.13 in equation 2.12,

𝑈𝑖𝜔𝑒።Ꭶ፭ = 1
𝜌𝐴𝑒

።Ꭶ፭ + 𝜈𝑒።Ꭶ፭ [𝑑
ኼ𝑈
𝑑𝑟ኼ +

1
𝑟
𝑑𝑈
𝑑𝑟 ] (2.14)

𝑈𝑖𝜔 = 𝐴
𝜌 + 𝜈 [

𝑑ኼ𝑈
𝑑𝑟ኼ +

1
𝑟
𝑑𝑈
𝑑𝑟 ] (2.15)

The above obtained equation is a linear, second order ordinary differential equation and in particular,

is the Bessel differential equation. Its solution, without further proof, is

𝑈(𝑟) = 𝐴
𝜌
1
𝑖𝜔

⎡
⎢
⎢
⎢
⎣

1 −
𝐽ኺ (𝑟√

Ꭶ
᎚ 𝑖
ኽ/ኼ)

𝐽ኺ (𝑅√
Ꭶ
᎚ 𝑖
ኽ/ኼ)

⎤
⎥
⎥
⎥
⎦

(2.16)

where 𝐽ኺ is the zero order Bessel function of the first kind, R is the radius of the cylinder and 𝑖 = √−1.
The dimensionless number 𝑅√Ꭶ

᎚ is called the Womersley number and is usually denoted by 𝛼. The
Womersley number is of great importance in oscillatory flows and is explained in section 2.3. The above

obtained expression for 𝑈 can now be substituted in equation 2.13 to get the complete velocity profile.
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𝑢(𝑟, 𝑡) = 𝐴
𝜌
1
𝑖𝜔 [1 −

𝐽ኺ (
፫
ፑ𝛼𝑖

ኽ/ኼ)
𝐽ኺ(𝛼𝑖ኽ/ኼ)

] 𝑒።Ꭶ፭ (2.17)

Thus, the analytical solution for an oscillatory flow in a straight cylindrical tube is known. However,

it must be noted that the above obtained solution is only for the case wherein the pressure gradient

can be expressed as a pure single harmonic. Since the pressure gradient in the human cardiac cycle

cannot be expressed as a single harmonic, the velocity profiles in arteries are not exactly the same as

suggested by the above expression.

2.2. Flow Regime
A single Reynolds number cannot be used to describe blood flow due to its pulsatile nature. In general,

blood flow can be regarded as laminar when considering themean flow averaged over the entire cardiac

cycle but during certain phases of the cardiac cycle, such as the peak systole, the flow rate and hence

the velocity magnitude are high enough to cause transitional or turbulent flow. Since the Reynolds

number depends on the vessel diameter and fluid velocity, the average Reynolds number ranges from

1 in small vessels such as arterioles to as high as 4000 in large arteries such as the aorta [10]. Keeping

in mind the general threshold for the onset of turbulence in pipe flow (Reynolds number between 2000

and 2300), transitional or turbulent flow can be expected in large arteries such as the aorta during the

peak systole at least. From a biological point of view, it is important to investigate turbulence in blood

flow as turbulent shear stresses can easily attack and damage the endothelial cell lining on the arterial

wall and injure living blood cells, as shown by Davies et al [19].

The flow field in an AAA is particularly susceptible to turbulence due to temporal acceleration or decel-

eration and spatial acceleration or deceleration. The pulsatile nature of blood flow is responsible for

the temporal acceleration or deceleration whereas the geometry of the AAA is responsible for spatial

acceleration or deceleration. Temporal acceleration refers to the systolic phase of the cardiac cycle

during which the applied pressure keeps increasing thereby accelerating the flow whereas temporal

deceleration refers to the diastolic phase of the cardiac cycle when the flow decelerates due to de-

crease in pressure applied. From the knowledge of basic fluid mechanics, we can expect that temporal

acceleration will help in stabilizing the flow but temporal deceleration destabilizes it. Since an aneurysm

has a larger diameter than a healthy aorta, flow in an AAA involves blood passing through a diverging

section where it is subjected to an adverse pressure gradient that decelerates the flow and can cause

flow separation. A converging section is present at the distal end of an AAA where the aneurysm di-

ameter blends into the normal aortic diameter causing blood flow to accelerate due to the favourable

pressure gradient. Thus, due to these factors, transition to turbulence can be expected in aneurysms

at lower than usual thresholds.
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2.3. AAA Relevant Parameters
2.3.1. Reynolds Number
The Reynolds number (𝑅𝑒) of a flow indicates the ratio of inertial forces to viscous forces. It is a non

dimensional number and is formulated as

𝑅𝑒 = 𝜌𝑣𝐿
𝜇 (2.18)

where 𝜌 is the fluid density, 𝑣 is the characteristic velocity magnitude, 𝐿 is the characteristic length and
𝜇 is the dynamic viscosity. For flow in a circular cylinder, the cylinder diameter (𝑑) is the characteristic
length and the average velocity over the cross section (bulk velocity) of the cylinder is the characteristic

velocity. For flow in a circular cylinder, a Reynolds number in the range of 2000-2300 is the threshold

for laminar to turbulent transition. Pulsatile blood flow cannot be described with a constant Reynolds

number as the flow velocity is constantly changing with time. To depict characteristics of pulsatile blood

flow, two Reynolds numbers are defined: mean and peak Reynolds number. The mean Reynolds

number is based on the mean velocity (𝑣፦) taken over a cardiac cycle and the peak Reynolds number
is based on the peak velocity (𝑣፩) in the time dependent velocity profile.

𝑅𝑒፩ =
𝜌𝑣፩𝑑
𝜇 , 𝑅𝑒፦ =

𝜌𝑣፦𝑑
𝜇 (2.19)

Different parts of the arterial tree have characteristic pulsatile velocity profiles. In the abdominal aorta,

the mean Reynolds number is around 600 (laminar) during resting conditions [10]. Adopting the Mills

velocity profile to this mean Re results in a peak Re of nearly 3150 (turbulent).

2.3.2. Womersley Number
The Womersley number (𝛼) is a non dimensional number that is of significant relevance in pulsatile

flows. It denotes the ratio of the unsteady inertial forces to viscous forces and is formulated as

𝛼 = 𝑅√𝜔𝜈 = 𝐷√
𝜋𝜌
2𝜇𝑇 (2.20)

where 𝜔 is the angular frequency associated with the pulsatility of the flow, 𝑅 is the cylinder radius

and 𝜈 is the kinematic viscosity. With respect to the human circulatory system, 𝑇 is the time period

of one cardiac cycle, which, in this project is taken to be 0.8 seconds. From the formula it is evident

that keeping everything else constant, an increase in heart beat rate (thereby reducing 𝑇) results in
an increase in the Womersley number. Thus, a higher heart beat rate results in a higher Womersley

number. Figure 2.1 depicts the velocity profiles for four different Womersley numbers corresponding

to the analytical solution derived in section 2.1 for an amplitude of unity. Due to the simple sinusoidal
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pressure gradient, velocity profiles corresponding to the phases from 180 to 360 degrees are opposite

of the 0 to 180 degrees part and have thus been omitted from the figure. From the figure, it can be

seen that for a low Womersley number, the velocity profiles attain a parabolic shape but at a higher

Womersley number, the profiles are a lot flatter. At low Womersley numbers, the low frequency allows

the profile to attain a parabolic shape but at higher Womersley numbers, the high frequency does not

give enough time for the parabolic profile to develop. Thus, the flow is dominated by viscous forces

at low values of 𝛼 but by 𝛼 = 3 [20], unsteady inertial forces become significant which leads to the

departure from the quasi steady parabolic profile.

Figure 2.1: Womersley profiles for a simple sinusoidal pressure gradient. At low ᎎ, viscous forces dominate which leads to the
classic parabolic profile but at higher ᎎ, non inertial forces cause the profiles to flatten out. Profiles for phases 180
degree onwards are left out since they are simply the opposite of the profiles from 0 to 180 degrees. Here, a phase

of 0 degree corresponds to the start of a cycle and a phase of 360 degree corresponds to the end of a cycle or the

start of the next cycle. Reproduced from [21]

Flow reversal near the wall can also be seen in figure 2.1. The reversal of pressure gradient is respon-

sible for this which, in turn depends on the temporal acceleration and deceleration of the flow field.

Thus, the amount of flow reversal depends on the Womersley number and is higher for low Womersley

numbers. Another important aspect of pulsatile flow is that there exists a phase lag between the ap-

plied pressure gradient and the flow rate. The phase lag increases with increase in pulsating frequency

or the Womersley number [22]. In this thesis, the average value of 75 heart beats per min (BPM) is

adopted. This results in a value of 16.9 for the Womersley number.

2.3.3. Choice of Inlet Profile
In order to properly model the flow field in an AAA, a good approximation of the time varying flow

rate needs to be imposed at the inlet. Mills et al [23] took a series of measurements recording the

velocity waveforms in numerous patients at various locations including the abdominal aorta through
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cardiac catheterization. Their obtained waveform has been used by many researchers such as Finol

and Amon [24]. In this thesis, the time dependent inlet waveform is borrowed from the work of Tim Van

Kruchten [25], who adjusted the waveform of Finol and Amon to obtain a mean Reynolds number of

600. This waveform is illustrated in figure 2.2.

Figure 2.2: Mills’ inlet velocity profile adapted for mean Re = 600. The bulk velocity is plotted against the phase within a cycle

wherein phase ጓ = time/time period. The black markers are the phases at which data is frequently exported for

visualisation purpose. Reproduced from [25]

.

The cardiac cycle, as depicted in the above figure, can be split up into two parts: the systole and the

diastole. During the systole, blood is ejected into the aorta. Systole can further be subdivided into two

parts: systolic acceleration and deceleration. The phases from 𝜙 = 0.2 to the peak flow rate phase

𝜙 = 0.32 is the systolic acceleration. At the end of systolic deceleration, there is a small amount

of backflow at the inlet. Thus, flow reversal is inherently present in the velocity profile. During the

diastole, the heart is filled with blood and no blood is ejected. Hence, the velocity is constant and of

small magnitude during the diastole.

2.3.4. Expansion Ratio (ER)
The ratio of the aneurysm diameter to the healthy aorta diameter is known as the expansion ratio (ER).

While deciding the aneurysm diameter for investigation, it is important to choose physically realistic val-

ues for the simulations. Schumacher et al [26] collected data of 242 AAA patients regarding aneurysm

diameter, aneurysm length, healthy aorta diameter among other parameters. Their data gives an av-

erage value of healthy aorta as 22 mm and 48 mm for the aneurysm diameter. The healthy aorta



14 2. Theoretical Background

diameter is directly adopted from the data of Schumacher et al as 22 mm. Keeping diagnosis and

surgery thresholds in mind, 3 expansion ratios, 1.5, 2, and 2.5, are tested in this study which result in

the aneurysm diameters to be 33 mm, 44 mm, and 55 mm, respectively.

2.3.5. Expansion Angle (EA)
The steepness of the aneurysm expansion is referred to as the expansion angle. While the effect of

expansion angle on the flow field has not been widely investigated, it has the potential to play a sig-

nificant role. One need not look further then the flow over a backward facing step (BFS) to see the

importance of expansion angle. Flow over a BFS and flow through an AAA share a major common

aspect: both involve divergent regions wherein the fluid flow is subjected to an adverse pressure gradi-

ent which can lead to flow separation and formation of recirculating regions or vortex shedding at high

enough Reynolds numbers. Numerous researchers [27–31] have investigated flow over a BFS and

tried to understand the impact of expansion ratio, expansion angle, Reynolds number and pulsatility of

flow. Mushyam et al [30] undertook a comprehensive numerical study of the effect of varying expansion

angle of the BFS in the laminar flow regime. They noted that the length of the recirculating region was

fairly independent of the expansion angle but the drag coefficient had an inverse relationship to the

expansion angle. Obviously, we should not expect exact similarities in the flow field of this thesis with

that of the BFS since the geometry in this work is axisymmetric but some qualitative similarities can

perhaps be expected.

Regarding the value of expansion angles to be investigated, it was decided to keep the upper limit as

45∘ since an expansion angle higher than that would seemingly cause an unphysical amount of stress
concentration at the expansion. Thus, 3 expansion angles are investigated: 15∘, 30∘ and 45∘. From
a basic knowledge of solid mechanics it can be expected that the stress in the divergent portion of

the AAA at higher expansion angles will be higher due to the relatively higher stress concentration.

Combining the 3 expansion angles with the 3 expansion ratios, a total of 9 cases are obtained.

2.4. Blood Properties
Blood is a heterogeneous mixture and is chiefly comprised of blood plasma and blood cells. It is

basically a suspension of red blood cells, white blood cells and platelets in blood plasma. Like with

most other suspensions, blood is a non Newtonian fluid which means that the shear stress is not

linearly proportional to the velocity gradient. This implies that the viscosity of blood is not a constant

but rather depends on a plethora of factors such as shear rate, temperature, hematocrit and vessel

diameter. Determining the precise viscosity after taking all the factors into consideration is a very

complex problem and is better suited as a separate rheological study. Nonetheless, ignoring the non

Newtonian behaviour of blood, as is done in this thesis, needs to be justified.

The temperature dependence of viscosity can safely be ignored since blood temperature of a healthy

person has a constant value of 37 degree Celsius. Hematocrit refers to the volume percent of red blood
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cells in blood and unless a person is sick, its value too can be assumed to be constant. Viscosity also

depends on the diameter of the blood vessel as demonstrated by Fåhræus and Lindqvist [32]. Basically,

when the vessel diameter is 0.5 mm or smaller, red blood cells tend to occupy the center of the vessel

which results in almost pure plasma occupying the space near the wall. Since the plasma viscosity is

lower than the whole blood viscosity, overall viscosity in such small vessels decreases, as illustrated in

figure 2.3. Since the aortic diameter is significantly higher than 0.5 mm, the vessel diameter plays no

role in determining the viscosity of blood.

Figure 2.3: Viscosity dependence on vessel diameter. Viscosity attains a constant value for all vessel diameters more than 0.5

mm. Thus, the aorta is not affected by the Fåhræus and Lindqvist effect. Reproduced from [32]

The most important factor affecting blood viscosity is the shear rate. Figure 2.4 shows the dependence

of blood viscosity on the shear rate for different hematocrit values. It is clearly evident from the figure

that at high shear rates (> 100 𝑠ዅኻ), viscosity attains a constant value. Shear rates in the aorta near
the wall are approximately 300 𝑠ዅኻ and thus, the viscosity can be assumed to be a constant value

there. The velocity gradients, and thus the shear rates, are lower near the center of the aorta implying

a higher viscosity at the center than at the walls. Thus, the non Newtonian nature of blood is not strictly

negligible even in the aorta but can be approximated as Newtonian with reasonable confidence. Infact,

assuming blood to be a Newtonian fluid in the aorta is a rather standard assumption in this field of study.
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Figure 2.4: Viscosity dependence on shear rate for different hematocrit values. The curves level out at shear rates higher than

50 - 100 ፬ᎽᎳ. Reproduced from [33]

The viscosity and density value for the simulations done in this thesis are taken from the computational

inter laboratory study on simulating blood flow in a medical device. This project was undertaken by the

United States Food and Drug Association (FDA) [34]. Blood density is taken as 1056 kg/mኽ and the

(dynamic) viscosity is taken as 0.0035 Pa.s for all the simulations in this study.

2.5. Output Variables
The flow field can be described with the help of many variables. Since the main objective of this thesis

is to investigate turbulence, velocity and vorticity are quantities of utmost importance. Also, to identify

areas of high Oscillatory Shear Index (OSI), the wall shear stress needs to be analysed. A short

explanation of all such relevant output variables/ parameters is given in the following sub sections.

2.5.1. Velocity
Usually, in statistically steady turbulent flow fields, the velocity variables are expressed using the

Reynolds decomposition. The aim of doing so is to be able to understand the contribution of the fluc-

tuations and compare it against the mean flow contribution. Since blood flow is periodic and hence

unsteady in nature, a slightly different decomposition is used to analyse such pulsatile flows. This

decomposition comprises a periodic and a fluctuating component [20].

u(x, 𝑡) = uᎫ(x, 𝜙) + uᖣ(x, 𝑡) (2.21)

The first term on the RHS of equation 2.21 is the periodic or phase averaged velocity component. This

is computed by averaging the same phases in different cycles and hence depends on position and the
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phase 𝜙 of the cycle. Thus, the phase averaged component is equivalent to the mean component in the
Reynolds decomposition. The second term represents the fluctuations in the velocity field and depicts

deviation from the periodic component or what is different from cycle to cycle at the same phase. Thus,

this term depicts the turbulent fluctuations. Such a decomposition is used for other variables of interest

also such as vorticity and kinetic energy.

2.5.2. Kinetic Energy
As explained in the previous section, kinetic energy can also be decomposed in two components:

periodic kinetic energy and turbulent kinetic energy. The general formula to calculate kinetic energy at

any position x and time t is

𝐾𝐸(x, 𝑡) = 1
2 (𝑢

ኼ(x, 𝑡) + 𝑣ኼ(x, 𝑡) + 𝑤ኼ(x, 𝑡)) (2.22)

To calculate periodic kinetic energy (PKE), periodic velocity components from equation 2.21 need to

be substituted in equation 2.22. Similarly, to calculate turbulent kinetic energy (TKE), the components

signifying turbulent fluctuations in equation 2.21 need to be susbstituted in equation 2.22. As explained

in section 3.1, temporal acceleration/deceleration and spatial acceleration/deceleration can affect the

transition to turbulence threshold and can cause fluctuations to increase. Plotting contours of TKE is

an effective way to visualise turbulence in the aneurysm.

2.5.3. Vorticity
Vorticity is a vector field (usually denoted by ⃗⃗𝜔) that can formally be defined as the curl of the velocity
vector. It basically represents the local flow rotation. The vorticity equation can be obtained by taking

the curl of the Navier Stokes equation.

𝐷𝜔።
𝐷𝑡 = 𝜔፣

𝜕𝑢።
𝜕𝑥፣

+ 𝜈𝜕
ኼ𝜔።
𝜕𝑥፣ኼ

(2.23)

Before analysing the above equation, it is important to note that the equation is in the Einstein notation.

The vorticity equation describes how the vorticity changes with respect to a reference frame that moves

along with the fluid element. The second term on the RHS of 2.23 signifies the diffusion of vorticity

due to viscosity. The first term denotes the stretching/ tilting of vorticity. Vortex stretching is the key

mechanism through which larger eddies lose energy to smaller eddies in the energy cascade process.

Thus, vorticity stretching and hence vorticity, is an essential and fundamental aspect of turbulence [35].

2.5.4. Pressure & Wall Shear Stress
Despite the plethora of factors involved in the formation and progress of an aneurysm, its rupture is

ultimately due to material failure. An aneurysm ruptures when the stresses acting on the arterial wall
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exceed the arterial tissue strength, as shown by Vorp in his review article [6]. Thus, one can now

see the shortcoming of the maximum diameter criterion; it is not necessary that the weakest tissue

be present at the location of the maximum diameter. Although shear stress is important in computing

hemodynamic parameters such as the oscillatory shear index (OSI), Vorp asserted that flow induced

shear stress is five to six orders of magnitude lesser than the pressure/ stretch induced wall stress.

This strongly suggests that rupture would take place at locations of maximum normal stress and not

maximum shear stress. A comparison of pressure and shear stress can be found in appendix A.5.

2.5.5. Oscillatory Shear Index
The Oscillatory Shear Index (OSI) is a hemodynamic parameter that gives an idea as to how much the

wall shear stress vector changes in magnitude and direction. Mathematically, it is formulated as

𝑂𝑆𝐼(x) = 1
2 [1 −

ኻ
ፓ ∣ ∫

ፓ
ኺ 𝜏፰(x, 𝑡)𝑑𝑡 ∣

ኻ
ፓ ∫

ፓ
ኺ ∣ 𝜏፰(x, 𝑡) ∣ 𝑑𝑡

] (2.24)

wherein 𝜏፰ is the wall shear stress (WSS) vector and T is the time period of one cardiac cycle. The

above definition of OSI can be computed with one cardiac cycle or with multiple cardiac cycles. In

case of a purely uni-axial flow wherein the velocity vectors near the wall don’t change direction, the

numerator and denominator in the above formula will be equal and the OSI will have a value of zero.

Similarly, for a flow that completely reverses its direction at a point, the numerator will be zero leading

to an OSI value of 0.5. Thus, OSI values lie between 0 and 0.5 with 0.5 depicting maximum fluctuation

of the WSS vector and 0 depicting minimum. Many researchers have tried to use the OSI to identify

regions of potential rupture in numerical computations since a high OSI region implies high fluctuations

near the wall (arterial tissue) which lowers the strength of the tissue. Since the chief objective of this

thesis is to study turbulence, the OSI is not analysed extensively. In this study, the OSI is chiefly used

to test sufficient temporal convergence of simulations. This is further explained in chapter 4.
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Computational Modelling

Since an analytical solution of pulsatile flow in an AAA is not possible, the Navier Stokes equations are

discretised over the entire flow domain that transforms them from a set of partial differential equations

to algebraic equations which can then be solved numerically on a computer. This is the core principle

of Computational Fluid Dynamics. In order to carry out a numerical simulation, the problem needs to be

set up in a way that can be understood by the computer. This broadly involves creating the flow domain

geometry and meshing it, applying appropriate boundary conditions and selecting optimal numerical

schemes to solve the system of algebraic equations. In this thesis, ANSYS Fluent, a commercial finite

volume code, is used as the solver. The following sections explain the steps taken and choices made

in regards to setting up the simulation.

3.1. Governing Equations
The set of equations that represent the physics involved in a problem are known as the governing

equations. For problems of fluid dynamics, the Navier Stokes equation and the continuity equation are

the governing equations. Both these equations can be obtained from the general transport equation.

The conservative/ Eulerian form of the transport equation for a general conserved property (per unit

mass) 𝜙, can be defined as

𝜕(𝜌𝜙)
𝜕𝑡 + 𝑑𝑖𝑣(𝜌𝜙⃗⃗⃗𝑢) = 𝑑𝑖𝑣(𝜏∇𝜙) + 𝑆 (3.1)

where 𝜏 is the diffusion coefficient and S represents any additional source term.

19
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The finite volume formulation of equation 3.1 is obtained by taking its integral and then applying the

Gauss divergence theorem.

𝜕
𝜕𝑡 [∫

ፕ
𝜌𝜙𝑑𝑉] + ∫

ፀ
⃗⃗⃗𝑛.(𝜌𝜙⃗⃗⃗𝑢)𝑑𝐴 = ∫

ፀ
⃗⃗⃗𝑛.(𝜏∇𝜙)𝑑𝐴 + ∫

ፕ
𝑆𝑑𝑉 (3.2)

In equation 3.2, ⃗⃗⃗𝑛 is the normal vector to the differential surface element 𝑑𝐴. The conserved properties
per unit mass in the transport equation, 𝜙, are unity (mass conservation), directional velocity compo-
nents (momentum conservation) and specific energy (energy conservation). Since temperature is not

a variable in this study, the energy conservation equation is not solved; only the mass conservation

and momentum conservation equations are solved in the finite volume formulation in ANSYS Fluent.

For an incompressible, Newtonian fluid such as in this thesis, and with no external sources, the mass

(continuity) and momentum (Navier Stokes) conservation equations can finally be written as

𝜕𝜌
𝜕𝑡 + ∇.(𝜌⃗⃗⃗𝑢) = 0 (3.3)

𝜌 [𝜕⃗⃗⃗𝑢𝜕𝑡 + (⃗⃗⃗𝑢.
⃗⃗⃗∇) ⃗⃗⃗𝑢] = −⃗⃗⃗∇𝑝 + 𝜇⃗⃗⃗∇ኼ ⃗⃗⃗𝑢 (3.4)

Investigation of turbulence is the primary objective of this thesis. Usually, an appropriate turbulence

model is used in simulations since it is computationally expensive to resolve all the flow scales. But

turbulence modelling also introduces assumptions into the problem that may or may not be strictly

valid. Thus, it was decided to not use any turbulence model in this thesis and rather make the mesh

fine enough to be able to capture nearly all the flow scales.

3.2. Geometry Creation
Idealised axisymmetric AAA (4A) models are generated in SolidWorks 2015, a commercial CAD soft-

ware. As explained in the previous chapter, three cases each of expansion ratio and expansion angle

are investigated for a total of 9 cases. Since the 4A geometries are axisymmetric, a cosine curve is

used to represent the shape and curvature of all the geometries. A cosine curve allows a smooth tran-

sition from the healthy aortic diameter to the aneurysm diameter thus preventing sharp kinks in the

geometry that can cause unwanted disturbances in the flow. Table 3.1 gives an overview of all the

cases.
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AAA Expansion Healthy Aorta Aneurysm Expansion

Stage Ratio (ER) Diameter (mm) Diameter (mm) Angle (EA)

Diagnosis 1.5 22 33 15∘, 30∘, 45∘

Intermediate 2 22 44 15∘, 30∘, 45∘

Surgical 2.5 22 55 30∘, 45∘

Table 3.1: Overview of Cases

Since both, the expansion ratio (ER) and expansion angle (EA), are varied, the total length of a 4A

model is kept constant to keep the number of cases under control. The total length of the aneurysm

in a 4A geometry is taken to be 100 mm. This value is decided keeping physicality of AAAs in mind.

Also, a length of 100 mm allows the aneurysm part of a 4A geometry to be modelled by straight cylindri-

cal parts in between a divergent and a convergent region which is almost always the case in real AAAs.

Apart from the aneurysm length, the inlet and outlet length need to be decided to complete the en-

tire flow domain. A sufficient amount of inlet length needs to be given for the flow to develop and mimic

the actual velocity profile in the human aorta. An insufficient outlet length can cause unphysical flow

reversal at the outlet. A simulation in a straight cylindrical pipe is done to check the development length

of the flow. From this simulation, an inlet length of 5 times the inlet diameter is chosen. Detailed results

of this validation are presented in the next chapter. The outlet length too is chosen to be 5 times the

inlet diameter as it is deemed sufficient enough for no back flow to occur; this is verified from previous

research articles [24]. The general geometrical aspects common to all 4A geometries are illustrated in

figure 3.1.

Figure 3.1: General geometric aspects and terminology used to characterise a 4A geometry. ፋᑙ refers to the streamwise length
of an AAA and its role is discussed in detail later in section 5.3. The inlet and outlet length of ኿፝Ꮂ and the total
aneurysm length as ኻኺኺ፦፦ is common to all the 4A geometries; ፋᑙ varies from case to case depending on the

value of ER and EA.

Due to the total length of the aneurysm being fixed at 100 mm, it is not possible to have a 4A geometry

with an expansion ratio of 2.5 and an expansion angle of 15∘ such that the total length of the aneurysm
is 100 mm or less. Thus, this case is not simulated and the total number of cases is 8. An illustration

of all the 8 cases can be found in appendix A.7.



22 3. Computational Modelling

3.3. Mesh Generation
Meshing is the process of discretising the entire flow domain into several smaller volumes on which the

system of algebraic equations are solved. ANSYS ICEM CFD 16.1 is used to mesh all the geometries

in this thesis as it allows complete control over all the meshing parameters thereby resulting in high

quality meshes. Since no turbulence model is used in this study, it is extremely important to create a

mesh that can sufficiently capture most, if not all, of the flow scales. At the same time, a very, very fine

mesh will result in an extremely high number of cells that will lead to an impractical simulation time.

Thus, a balance is necessary between the two requirements.

3.3.1. General Element Size
The Kolomogorov scales are an indication of the smallest scales associated with any flow. Theoret-

ically, to resolve the smallest flow scale numerically, the mesh cell size should not be more than the

Kolmogorov length scale, which can be expressed as

𝜂 ∼ 𝑑ኺ𝑅𝑒ዅኽ/ኾ፩ (3.5)

where 𝜂 is the Kolmogorov length scale, 𝑑ኺ is the healthy aorta diameter and 𝑅𝑒፩ is the peak Reynolds
number over the entire cardiac cycle. Since 𝜂 scales inversely with the Reynolds number, the peak

Reynolds number 𝑅𝑒፩ is chosen to capture the smallest flow scales over the entire cycle. Creating a

mesh in accordance with the Kolmogorov length scale results in extremely expensive and practically

infeasible simulations. As explained by Moin and Mahesh [36], the Kolmogorov scale is too stringent a

limit and the length scale by which most of the dissipation occurs is usually bigger than the Kolmogorov

length scale. One such length scale is the Taylor microscale, which can be expressed as

𝜆 ∼ 𝑑ኺ𝑅𝑒ዅኻ/ኼ፩ (3.6)

From equations 3.5 and 3.6, it can clearly be seen that 𝜂 and 𝜆 both decrease as the Reynolds number of
the flow increases thereby increasing the computational cost of the simulation. This is the chief reason

as to why direct numerical simulation (DNS) of large Re flows is still not possible even today. The peak

Re in this study is ≈ 3150 which results in 𝜂 ≈ 0.05 mm and 𝜆 ≈ 0.4 mm. Since 𝜆 ≈ 10𝜂, the general
element size is decided in accordance with the Taylor microscale. Further, a mesh independence study

is done to test two general element sizes: 𝜆 and 1.2𝜆. It was found that a general element size of 1.2𝜆
(0.48 mm) is sufficiently fine; results from both the sizes for comparison are shown in the next chapter.

3.3.2. Near Wall Element Size
The elements near the wall need to be refined in order to capture the high wall gradients. Blasius skin

friction relation for internal flows is used as the starting point to get a rough idea of the first near wall

cell size.
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𝐶፟ = 0.079𝑅𝑒ዅኻ/ኾ፩ (3.7)

The wall shear stress can then be estimated as

𝜏፰ =
1
2𝐶፟𝜌𝑢

ኼ
፩ (3.8)

The wall friction velocity 𝑢Ꭱ can be written as

𝑢Ꭱ = √
𝜏፰
𝜌 (3.9)

Finally, the dimensionless wall unit 𝑦ዄ can be defined as

𝑦ዄ
𝑦 = 𝑢Ꭱ𝜌

𝜇 (3.10)

To be able to resolve the flow gradients near the wall, this dimensionless wall unit 𝑦ዄ should be around
1. Substituting this in 3.10, we can obtain the value of 𝑦 which is nothing but the distance of the first
cell from the wall. For 𝑅𝑒፩ ≈ 3150, this distance turns out to be ≈ 0.09 mm.

In deciding both, the general element size and the near wall cell size, the peak Reynolds number

is used. This is a very conservative estimate as the peak Re is significantly higher than the mean Re.

Thus, even if the estimations are based on approximate relations such as the Blasius relation, they are

accurate enough to capture most of the flow dissipation throughout the cardiac cycle.

3.3.3. Meshing Technique
Hexahedral cells/ bricks are used to mesh the entire domain so that cells can be orthogonal in the

wall normal direction. As explained in section 3.3.2, the elements near the wall need to be refined.

Hexahedral cells allow the refinement of grid without large face skewness. ANSYS ICEM CFD 16.1 is

used to carry out the meshing for all the cases since its ’blocking’ feature easily allows users to create

hexahedral grids. Once a geometrical feature has been assigned a block, its mesh characteristics

can be changed in an independent fashion from the rest of the blocks to yield a highly customised

mesh. Thus, if one part of the geometry is rectangular and the other part is circular, blocking allows the

mesh to be aligned with the surface curvature of the respective sub parts. Further, blocking also allows

for certain regions of the mesh to be selectively refined (near wall region) or coarsened (sufficiently

downstream region). In ICEM CFD, it is also possible to use O grids with the blocking technique. An

O grid significantly reduces the face skewness of the mesh elements that make up the corners of a

circular surface such as a cylinder. Figure 3.2 depicts the face of a cylinder meshed with hexahedrals

but without the usage of an O grid.
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Figure 3.2: Hexahedral Mesh without O Grid. Absence of O grid leads to extremely skewed elements near the corners of the

cylindrical surface (zoomed in region)

The face skewness of the elements along the curvature of the cylinder can clearly be seen. Such

extreme skewness can cause cross diffusion and poses a very high chance to compromise the accuracy

of the solution. This can be avoided by using O grids, as illustrated in figure 3.3.

Figure 3.3: Hexahedral Mesh with O Grid. Corner elements no longer have face skewness but are instead wall normal

From figure 3.3, it can easily be seen that the face skewness is no longer present. Also, since the

near wall elements are now wall normal, inflation (refinement) in the near wall region can be very easily

implemented by changing the O grid block parameters. As explained earlier, the first near wall element

size is 0.09 mm. A geometric mesh law is applied to the O grid block edge that is associated with

inflation near the wall. A geometric ratio of 1.01 and 1.06 is set in the inlet/outlet region and in the

aneurysm, respectively. A total number of 40 nodes define the inflation layer and in combination with

the geometric ratio, the inflation layer seamlessly blends into the mesh elements in the bulk region.

The aneurysm part of the flow domain is meshed with a uniform spacing law with a general element

size of 0.48 mm. As for the cylindrical outlet and inlet regions, geometric mesh law is again used. For

the inlet, the elements at the inlet face are ≈ 1.5 mm but are then reduced in a geometric fashion to

the general element size of 0.48 mm for a seamless connection to the aneurysm region. For the outlet,

the same law is applied but in a reverse fashion.
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Across all the cases, the inlet and the outlet cylindrical parts are identical. Thus, the mesh generated in

these parts is also identical in all the cases. But the aneurysm part of every geometry is different which

leads to small differences in the general mesh element size despite keeping the first cell size from the

wall constant for all the cases. Depending on the case, the total number of cells vary approximately

between 4.5 million and 9.8 million.

3.4. Boundary Conditions
3.4.1. Inlet
It is common practice in numerical simulations to explicitly define a fully developed profile at the inlet

face to avoid the computational cost of allowing the flow to develop over a long inlet length. Doing this

for pulsatile blood flow is not so straightforward due to the temporal variation in the flow. Thus, the

velocity profile in this case has two components: a spatial function and a temporal function.

𝑢(𝑟, 𝑡) = 𝑓(𝑡)𝑔(𝑟) (3.11)

To obtain the spatial variation, a comparison with the analytical Womersley profiles is necessary. The

Womersley number (𝛼) for all the simulations in this thesis is 16.9. As shown in the previous chapter, at
high values of 𝛼, such as in this case, the spatial variation of the velocity profile is considerably different
from the parabolic shape usually obtained in steady pipe flow. The Womersley profiles due to a simple

sinusoidal pressure gradient for 𝛼 = 16.9 are illustrated in figure 3.4.

18°
36°
54°
72°
90°
108°
126°
144°
162°
180°

Figure 3.4: Womersley profiles for for ᎎ ዆ ኻዀ.ዃ due to a simple sinusoidal pressure gradient. Significant deviation from a

parabolic profile can be observed at such a high value of ᎎ. The profiles for phases after 180 degrees upto 360
degrees have been omitted since they are simply opposite of the profiles for phases 18 to 180 degrees
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From the figure, the deviation from a parabolic profile can be easily seen. Of course, the pressure

gradient in blood flow is more complex than a simple sinusoidal pressure gradient but a qualitative

similarity can be expected between the two and hence it is safe to conclude that for 𝛼 = 16.9, the
profile will be considerably flat in the center. Thus, a power 10 function is used to depict the spatial

variation of the velocity profile in this thesis. Equation 3.11 can now be written as

𝑢(𝑟, 𝑡) = 𝑓(𝑡) [1 − ( 𝑟𝑅)
ኻኺ
] (3.12)

where R is the radius of the inlet and r is the distance from the center to the concerned point. The

spatial variation is formulated as above in accordance with the no slip wall boundary condition. It is

then believed that the power 10 profile will soon resemble (over a short inlet length) the actual spatial

profile found in the aorta. To determine the temporal variation, we need to formulate the function in

accordance with a couple of facts: the total flow over a cycle should be equal to the actual amount of

blood flow in a cardiac cycle and the flow rate 𝑄(𝑡) should resemble the flow rate in the abdominal aorta

as closely as possible. To formulate the flow rate variation in the abdominal aorta, the best possible

way is to actually measure the flow rate. Mills et al [23] measured the blood pressure and velocity

waveforms in several patients through cardiac catheterization at several locations in the arterial tree

including the abdominal aorta. The obtained flow rate waveform, adapted for a mean Re of 600, is

illustrated in figure 3.5.

Figure 3.5: Mills’ time dependent velocity waveform adapted for mean Re = 600. The plot shows the variation of the bulk

velocity against the phases of the cardiac cycle. The red markers are the phases at which data is visualised in this

thesis. Adapting Mills’ waveform for a mean Re of 600 results in a peak Re of nearly 3150.



3.4. Boundary Conditions 27

Such a time dependent velocity waveform can be represented mathematically as a Fourier series com-

prised of sines and cosines. It is then implemented in ANSYS Fluent through C program subroutines

called user defined functions (UDF). Fluent has the capability to implement boundary conditions through

a UDF and thus the velocity waveform is directly loaded as the inlet boundary condition. The Fourier

series representation of the waveform is

𝑄(𝑡) = 𝑎ኺ
2 +

ጼ

∑
፧዆ኻ

𝑎፧𝑐𝑜𝑠(𝜔፧𝑡) +
ጼ

∑
፧዆ኻ

𝑏፧𝑠𝑖𝑛(𝜔፧𝑡) (3.13)

wherein 𝑎 and 𝑏 are the Fourier coefficients and 𝜔፧ is the multiplication of the fundamental frequency
with the harmonic 𝑛. Although equation 3.13 is an exact equation, Tim van Kruchten [25] showed in his

work that 19 harmonics are sufficient to give a smooth, nearly identical velocity waveform as depicted

in figure 3.5. For 19 harmonics, 3.13 can be re-written as

𝑄(𝑡) ≈ 𝑀ኺ +
ኻዃ

∑
፧዆ኻ

𝑀፧𝑐𝑜𝑠(𝜔፧𝑡 + 𝜙፧) (3.14)

where𝑀፧ is the amplitude of the cosines and 𝜙፧ are the corresponding phase shifts. The value of these
parameters is borrowed from Tim’s thesis [25] and can be found in appendix A.1. The Mills waveform

depicted in figure 3.5 was originally obtained for a mean Re ≈ 300. Thus, to adapt the waveform for a

mean Re of 600, a factor of 2 needs to be multiplied to equation 3.14.

The average velocity over the entire face of the aorta can be defined as

𝑢ፚ፯፠(𝑡) =
𝑄(𝑡)
𝐴 = 𝑄(𝑡)

𝜋𝑅ኼ (3.15)

This is the spatial average and not the temporal average and thus, is a function of time. Henceforth,

the term ‘average’ is used to describe any kind of spatial average and the term ‘mean’ is used to

describe any kind of temporal average. Similarly, ‘max’ is reserved for the spatial maximum and ‘peak’

for the temporal maximum. 𝑓(𝑡) can be written using 𝑢፦ፚ፱ in equation 3.12. Since 𝑢ፚ፯፠ can be easily
computed from equation 3.15, it is desirable to express equation 3.12 in terms of 𝑢ፚ፯፠. To do so, a

relation between 𝑢፦ፚ፱ and 𝑢ፚ፯፠ is derived as follows.

𝑢ፚ፯፠(𝑡) =
1
𝐴 ∬𝑢፦ፚ፱(𝑡) [1 − (

𝑟
𝑅)

ኻኺ
] 𝑟𝑑𝑟𝑑𝜃 = 5

6𝑢፦ፚ፱(𝑡) (3.16)

𝑢፦ፚ፱(𝑡) =
6
5𝑢ፚ፯፠(𝑡) (3.17)
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Substituting relation 3.17 and 3.15 in equation 3.12 gives the complete expression for the spatio-

temporal dependence of velocity

𝑢(𝑟, 𝑡) = 6
5
𝑄(𝑡)
𝜋𝑅ኼ [1 − (

𝑟
𝑅)

ኻኺ
] (3.18)

The expression derived above is implemented through a UDF on the inlet face. The velocity obtained

from 3.18 is in the streamwise direction. Hence, the x component of velocity is calculated at every

point and every time step from the UDF loaded into ANSYS Fluent. Usually, only the streamwise

velocity component is non zero at the inlet since the flow is uni-axial initially. Since investigation of

turbulence is the primary objective of this thesis, the inlet flow is perturbed in the perpendicular direction

to the streamwise direction. This is done to induce early transition of flow as it is widely observed

that pipe flow transitions at a much lower Re in experiments than in numerical simulations due to the

inherent imperfections and disturbances present in experiments. As for deciding the optimal amount

of perturbation, Peixinho et al [37] observed that a 0.1% perturbation gives similar numerical results

as compared to the experiments for a gradual expansion pipe flow with an expansion angle of 26.57∘.
Keeping in mind the imperfect geometry of an actual human aorta and the general disturbances created

due to various activities, a value of 1% of the average velocity at each time step is deemed to be a

reasonable perturbation for this thesis. Thus the complete velocity vector at the inlet can be written as

⃗⃗⃗u(⃗⃗x, 𝑡) = 𝑢(𝑟, 𝑡) ̂i+ (0.01𝑢ፚ፯፠)k̂ (3.19)

3.4.2. Outlet
At the outlet face, a pressure outflow boundary condition is used. The gauge pressure at the outlet is

set to be zero. Since the operating pressure for all the cases is the atmospheric pressure, setting a

zero gauge pressure at the outlet is equivalent to cutting the aorta and exposing it to the atmosphere.

However, since the pressure drop across the aneurysm is the only variable of interest, such a boundary

condition is acceptable.

3.4.3. Walls
The arterial walls are assumed to be rigid in all the cases simulated. Thus, the usual no slip boundary

condition is applied at the wall.

3.5. Simulation Settings
ANSYS Fluent gives a choice of using either a pressure based or a density based solver. The pressure

based solver is intended for incompressible low speed flows while the density based solver is intended

for high speed compressible flows [38]. Since blood flow in this thesis is modelled as incompressible, it

is natural to choose the pressure based solver. As for pressure velocity coupling, the Pressure Implicit
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with Splitting of Operators (PISO) scheme is used for all the cases as it is highly recommended for

unsteady simulations due to its stability even when working with a skewed mesh and a large timestep

[38].

3.5.1. Discretization Schemes

As mentioned in section 3.1, ANSYS Fluent is a finite volume solver. Thus, value of 𝜙 in equation 3.2 is

stored at the cell volume center. But 𝜙 is also required at the cell volume faces for the convection terms.

To obtain the value at cell faces, the value from the cell center is interpolated. This interpolation can be

done via numerous spatial discretization schemes. In this thesis, a second order central differencing

scheme (CDS) is chosen so as to reduce the risk of false diffusion, which is generally the case with

upwind schemes. As for the temporal discretization, a second order implicit time marching scheme is

chosen as implicit schemes are unconditionally stable for all time step sizes [39].

3.5.2. Solver Settings

Unsteady simulations are carried out to simulate pulsatile blood flow. As mentioned in section 3.1, no

turbulence model is used in this study. Thus, viscous ‘laminar’ Navier Stokes equations are solved in

Fluent. A constant time step of 4 ms is used for all the cases. Thus 200 time steps constitute one

cardiac cycle of 0.8 seconds. A time step of 4 ms results in a maximum Courant number of ≈2 at

the peak velocity in the cardiac cycle; through most of the cycle it is less than 1. A time step of 4 ms

also allows for easy export of data every tenth time step which results into 20 data exports for every

cardiac cycle. The convergence criteria for the continuity as well as the momentum equations was set

to 0.001. A maximum of 40 iterations are done at every time step to achieve convergence. In gen-

eral, convergence is easily achieved (within 20 time steps) throughout the cycle except the few phases

leading upto the peak systole wherein the convergence criteria only reached as low as 0.005. Apart

from the convergence criteria, it is always a good idea to monitor a physical parameter to check for

convergence. The solution is said to be converged when the value of such a physical parameter stops

changing or changes extremely little after a certain number of iterations. The total wall shear stress on

the aneurysm is monitored in this study and it always reached a nearly constant value; even when the

convergence criteria did not reach 0.001. Thus, at every time step, the computed solution is sufficiently

accurate.

Every case was simulated on the Reynolds cluster of the Aero and Hydrodynamics group at TU Delft.

Each case was simulated with 28 cores and depending on the case, the wall clock simulation time

varied from one week to three weeks to simulate a total of 75 cycles.
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3.6. Post Processing
For post processing, MATLAB 2017a is used instead of commercial software such as CFD Post or

Tecplot. This is chiefly done to have complete control over the visualisation of variables and have

access to all the data so that derived quantities such as the OSI and turbulent kinetic energy (TKE) can

be easily computed. Data is exported in ASCII format since this allows data to be exported on desired

planes and surfaces rather than the entire volume domain thus saving a tremendous amount of disk

usage. Data is exported once every ten time steps or once every 40 ms. Thus, one entire cardiac cycle

(800 ms) has 20 data files for every location of data export. As for the variables, velocity and vorticity

components are exported in the XY (Z = 0) and ZX (Y = 0) plane. All three components of wall shear

stress are exported on the aneurysm surface. The pressure value is also exported along the centerline

of the aneurysm. Lastly, only the visualisation of vortex rings and related coherent structures is done

in CFD post.
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Validation

Before presenting the results of flow through an aneurysm, it is important to establish a baseline flow

field to which the results of the aneurysmal flow field can be compared. In order to establish the baseline

flow, flow through a healthy aorta is simulated. Quantities like turbulence intensity and OSI in various

aneurysm geometries are compared against this baseline flow field. Apart from establishing a baseline

flow field, this chapter presents an elaborate overview of the reasoning behind the decisions taken on

particular matters such as the inlet flow development length and the mesh density.

4.1. Inlet Flow Development Length
The flow development length refers to the length after which gradients, apart from the pressure gradient,

in the streamwise direction become negligible. Here the pressure gradient has a constant value that

drives the flow forward. Thus, if 𝑥 is the streamwise direction, then for any quantity 𝜙 (except pressure),

𝜕𝜙/𝜕𝑥 = 0. For pipe flow with a constant pressure difference imposed across its ends, this length

can be easily calculated using any of the standard relations (depending on the flow regime) given in

any basic fluid mechanics textbook such as [40] but equivalent relations for an oscillatory pressure

difference are not easily available, even if the pressure difference is expressed as a simple single

sinusoidal harmonic. As mentioned in the previous chapter, the inlet velocity waveform is defined with

the help of 19 Fourier harmonics which implies that the pressure difference is also represented through

a combination of 19 harmonics. Thus, to estimate the development length of such a pulsatile pressure

gradient, a separate simulation is necessary.

31
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Pulsatile flow in a straight cylindrical pipe of total length 300 mm is simulated in which the time depen-

dent inlet velocity waveform is implemented through a UDF. At every 20 mm along the cylinder length,

the streamwise velocity along the vertical line through the cylinder center is recorded. This is done for

each of the 20 phases at which data was exported. Figure 4.1 depicts the velocity profiles of all the

exported phases at various streamwise locations.

Figure 4.1: Streamwise velocity profiles for all the 20 exported phases at ፱ ዆ ኺ. None of the phases have backflow since only

the power 10 profile is in effect at the inlet.

Figure 4.2: Streamwise velocity profiles for all the 20 exported phases at ፱ ዆ ኺ.ኻኺ፦. The profiles have developed considerably

and backflow near the wall for some phases can be clearly seen.

At x = 0, where the UDF is imposed, the profile of all the phases is similar; flattened in the middle with no

backflow near the wall. This is expected as the power 10 profile inherently does not have any backflow.

Also, all the velocities are positive as none of the 20 exported phases include the small negative velocity
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region in the inlet waveform. As the flow moves downstream, retrograde flow develops close to the wall

and the general shape of the profile starts to change, as shown in figure 4.2. The flow can be called

developed when there is negligible change in the velocity profile of every phase further downstream.

In order to quantify this development, the difference between the velocity profiles at two successive

locations is taken for every phase. The standard deviation of the velocity profile difference is computed

per phase and then an average of such standard deviation is taken over all the phases. This procedure

is done at every 20 mm along the length of the cylindrical pipe except at the inlet and outlet where

the velocity profiles are a bit different due to the inlet and outlet conditions, respectively. The curve

obtained as a result of this is shown in figure 4.3.

Figure 4.3: Mean (taken over all phases) of the standard deviation of the difference between axial velocity profiles at

successive streamwise locations. Each data point represents the difference taken between velocity profiles at that

location and the location 20 mm upstream of it.

Each data point in the above figure shows the mean standard deviation of the velocity profiles between

the streamwise location at which it is plotted and the point 20 mm upstream of it. It can be seen from

the figure that the major flow development takes place in the first 60 mm of the pipe length. Also, mean

standard deviation of the velocity profile differences reduces to approximately 0.5% for the velocity

profiles obtained at 100 mm and 120 mm. Thus, a length of 110 mm is decided as the inlet length;

coincidentally this is equal to 5 times the inlet diameter.

4.2. Grid Independence Study
A grid independence study is done to ensure that the results obtained form the simulations are not

dependent on the resolution of themesh. Since no turbulencemodel is used in this study, it is evenmore

important to verify that most of the dissipation scale is resolved with the chosen mesh resolution and
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that a finer mesh resolution doesn’t show a significantly different flow field. To test mesh independence,

the aneurysm geometry with expansion ratio 2 and expansion angle 30∘ is simulated. Two hexahedral

meshes are generated using the O grid blocking feature of ICEM CFD. The general element size of

the first mesh is 20% larger (1.2𝜆) than the Taylor microscale and for the second mesh, it is equal to

the Taylor microscale (𝜆). The Taylor microscale, as calculated in the previous chapter, is 0.4 mm for

all the cases simulated. Thus, the general element size is 0.48 mm for the coarse mesh and 0.4 mm

for the fine mesh. In both the meshes, hexahedral cells are a bit longer in the streamwise direction to

keep the overall cell count at a reasonable limit. Although the general element size is different, near

wall resolution is the same of both the meshes. Such a configuration results in the coarse mesh having

a total of 5.26 million elements and the fine mesh being made of 9.35 million elements. Table 4.1 gives

an overview of the mesh cell details of both the meshes.

Mesh General Element Size Δ𝑥 Δ𝑦, Δ𝑧 Total Cells

Coarse 0.48 mm 0.54 mm 0.48 mm 5.26M

Fine 0.40 mm 0.46 mm 0.40 mm 9.35M

Table 4.1: Overview of both the meshes

Due to the turbulent nature of the flow field, it is not possible to compare instantaneous quantities

such as velocity or vorticity for conducting mesh independence. Instead, averaged quantities need to

be compared after the initial transients have died out. The Oscillatory Shear Index (OSI) is one such

hemodynamic parameter. The following figure shows the OSI distribution on the aneurysm wall for both

the meshes at the end of 75 cycles.

Figure 4.4: OSI distribution for the two meshes and the difference between them. The difference is calculated by interpolating

values of the finer mesh onto the coarser mesh. The standard deviation of the local OSI differences so obtained is

1.86% of the total OSI difference scale which indicates a good agreement between the two meshes.
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From the figure, it can be seen that there is good agreement between the two meshes qualitatively. To

quantify the difference, the standard deviation of the local OSI differences between the two meshes

is computed. To do so, OSI values of the finer mesh are interpolated on to the coarser mesh and

then difference between the local OSI values is taken. This difference is illustrated in figure 4.6. The

standard deviation of this local OSI difference is found to be 1.86% of the total OSI difference scale

(0.5 − (−0.5) = 1) and is deemed to be a reasonably small value. Thus, all the cases are simulated

with the coarse mesh which leads to a general element size of 0.48 mm for all the cases.

4.3. Temporal Convergence
Fluctuations in the flow field is a trademark characteristic of turbulence. Due to such fluctuations,

a certain number of cycles need to be simulated before meaningful data can be extracted from the

simulations. One way to verify whether sufficient cycles have been simulated is to check the extent of

reproduction of the flow field from cycle to cycle. It is then obvious that comparison of instantaneous

quantities over different cycles does not make much sense since there will always be a small difference

in the instantaneous values due to the turbulent fluctuations even after sufficient temporal convergence

is achieved. Thus, the OSI, which is an averaged hemodynamic parameter, is analysed. Similar to the

grid independence study, temporal convergence is tested on the aneurysm geometry with expansion

ratio 2 and expansion angle 30∘. For the calculation of OSI, the first 15 cycles are disregarded since

the flow field transitions only after the first 15 cycles. Figure 4.5 illustrate the OSI distribution on the

aneurysm surface after 30(𝑛ኽኺ), 60(𝑛ዀኺ) and 75(𝑛዁኿) cycles (in addition to the disregarded initial 15

cycles) and the local OSI difference between them.

Figure 4.5: OSI distribution after 30, 60 and 75 cycles. Considerable difference exists at the distal end of the aneurysm after 30

and 60 cycles. This difference reduces to acceptable limits by the end of 75 cycles.
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Figure 4.6: Difference in the OSI distribution for the distributions shown in 4.5. The standard deviation of the local OSI

difference falls by more than half at the end of 75 cycles.

There is considerable difference in the OSI distribution between 𝑛ኽኺ and 𝑛ዀኺ. The difference can be

quantified by calculating the standard deviation of the local OSI differences and equals 1.81%of the total

OSI difference scale. However, 𝑛ዀኺ and 𝑛዁኿ are in reasonable agreement. The standard deviation of the
local OSI difference also decreases by more than half to 0.75%. To quantify the convergence behaviour

of OSI with the number of cycles simulated, the standard deviation of the local OSI differences between

consecutive number of cycles is plotted in 4.7. The standard deviation keeps decreasing with increasing

number of cycles. After around 50 cycles, an oscillating behaviour can be observed. This can be

thought of as an indicator of sufficient number of cycles simulated. Thus, the choice is made to simulate

60 cycles (and thus total 75 cycles) for all the aneurysm cases. Further, data from 60 cycles (16፭፡−75፭፡)
is taken to calculate phase averaged quantities for all the cases.

100 101

Cycles

10−3

10−2

S
D
(O

S
I
n
+
1
−
O
S
I
n
)

5.26M elements
9.35M elements

Figure 4.7: Standard deviation of the local OSI differences with increasing number of cycles. Every data point represents the

standard deviation between the OSI distribution at the end of two consecutive cycles. The OSI is calculated by

considering all the cycles simulated upto that point.
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Simulations to test temporal convergence were done on both, the fine and the coarse mesh. For both

the meshes, it took 75 cycles to attain the desired temporal convergence. Thus, refining the mesh did

not have any effect on the temporal convergence. The behaviour of the standard deviation of the local

OSI differences of the fine mesh is also plotted in figure 4.7 for easy comparison. From the figure, it is

clear that 75 cycles are required for both the meshes. Since the OSI values also of both the meshes

after 75 cycles are in good agreement as illustrated in figure 4.4, the choice to simulate 75 cycles on

the coarse mesh for all the geometries is natural.

4.4. Healthy Aorta
To be able to understand the effect on the flow field due to an aneurysm, blood flow in a healthy aorta is

simulated. This simulation, like all the aneurysm cases, is also done with a general mesh element size

of 0.48 mm. The length of the healthy aorta is taken to be the same as the total length of the flow domain

of the aneurysmal cases. From video clips of instantaneous vorticity contours, it is observed that the

flow did not transition from the laminar regime and displays no fluctuations from cycle to cycle. Due to

the small velocity perturbation in the z direction at the inlet, the flow field is not perfectly axisymmetric.

This can be observed from the streamwise velocity contours in the XY plane and ZX plane, as shown

in figure 4.8 and 4.9, respectively. Since no fluctuations are present, there is no need to simulate 75

cycles to obtain the desired temporal convergence. Also, the absence of fluctuations allows phase

averaging to be done over a lesser number of cycles since the flow field is nearly identical from cycle to

cycle; in this case it is done only over 10 cycles. The following figures depict various phase averaged

quantities at selected phases.

Figure 4.8: Phase averaged streamwise velocity contours in the XY plane (Z = 0) of a healthy aorta at selected phases. The

flow field is rather symmetrical which strongly hints towards the absence of turbulence.
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Figure 4.9: Phase averaged streamwise velocity contours in the ZX plane (Y = 0) of a healthy aorta at selected phases. Unlike

the flow field in the XY plane, symmetry is absent in the ZX plane. This is due to the 1% velocity perturbation given

in the positive z direction at the inlet. Precaution should be exercised to not interpret the absence of symmetry as

the presence of turbulence. It should be remembered that for turbulence to exist, differences need to be present on

comparing the same phase from cycle to cycle.

Figure 4.10: Phase averaged vorticity magnitude contours in the XY plane (Z = 0) of a healthy aorta at selected phases. The

vorticity field, just like the velocity field, is symmetrical. The pulsatile nature of the flow causes the shear layer near

the wall to roll up which leads to the formation of a vortex ring like structure. This occurs just after peak systole

(Ꭻ ዆ ኺ.዁ ዅ ኺ.ዂ) when the applied pressure at the inlet suddenly falls giving rise to an adverse pressure gradient in
the aorta that causes shear layer to roll up near the arterial wall.
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Figure 4.11: Phase averaged turbulence intensity in the XY plane at selected phases. As expected from the corresponding

velocity contours, there is no turbulence in the healthy aorta throughout the cardiac cycle.

Figure 4.12: Phase averaged turbulence intensity in the ZX plane of a healthy aorta at selected phases. Even though the

corresponding velocity contours were not symmetrical, there is still no turbulence present. This is due to the fact

that the flow field is the same at every phase instant from cycle to cycle and thus there are no fluctuations at any

phase within a cycle.

From the above figures, it is clear that the flow field is free from fluctuations and hence there is no

turbulence present. Thus, it can be concluded that the pulsatile nature of blood flow, even with a small

velocity perturbation at the inlet, is not sufficient to trigger turbulence. Another important quantity to

visualise is the OSI. OSI visualisation in the healthy aorta provides a baseline OSI against which the

OSI for the aneurysmal cases can be compared. Figure 4.13 illustrates the OSI distribution, calculated
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over a period of 10 cycles, over a healthy aorta.

Figure 4.13: OSI distribution on the arterial wall of a healthy aorta. The average OSI is 0.36 which is a rather high value

considering that the maximum possible value is 0.5.

At the entrance region, the OSI value is zero since flow is always uni-directional there at the exported

phases. Further downstream, the OSI gradually increases which is expected as the flow starts devel-

oping. After the flow is developed, the OSI levels out around a value of 0.36. Keeping in mind the fact

that the highest possible OSI value is 0.5, 0.36 is still a very high value for a healthy aorta flow. This is

due to the temporal acceleration and deceleration associated with the pulsatile nature of blood flow that

causes frequent change in the velocity direction near the aorta wall. Nonetheless, the average value

of 0.36 should be kept in mind when interpreting results regarding the OSI of the aneurysmal cases.

4.5. Code Validation
Before starting with the simulation of the aneurysm cases, it is important to test if the choices made (as

explained in the previous chapter) regarding various simulation aspects are representative of the actual

physical process. Additionally, it is even more important to test if the CFD code used, in combination

with the simulation choices made, is able to capture all the necessary flow physics occurring in an AAA.

ANSYS Fluent is widely regarded to be the most commonly used software in an industrial environment

but in particular situations such as flow through an AAAwherein the flow can transition to turbulence and

display complex behaviour, its reliability needs to be established. As mentioned earlier, no turbulence

model is used in this thesis and thus it is natural to test Fluent against a DNS study that has similar

flow features to those expected in an AAA. Apart from flow features, it is desirable to select a study

that has as many similarities as possible regarding general simulation aspects such as assumptions

and boundary conditions. Keeping the above mentioned requirements in mind, the choice is made
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to reproduce the article by Varghese et al [20] which presents results regarding the DNS of pulsatile

stenotic flow. Stenosis refers to the condition in an artery in which the flow cross section decreases and

then increases back to the original cross section. Both, stenotic and AAA flows, display transitional flow

regime at a Reynolds number at which flow is otherwise usually laminar. The following are the common

aspects between the article and the current work.

• Blood is assumed to be a Newtonian fluid.

• Arterial wall is assumed to be rigid and the artery cross section to be axisymmetric.

• Inlet flow is uni-axial.

• Mean Reynolds number over one cardiac cycle is 600.

Table 4.2 lists the differences in simulation aspects between [20] and this thesis.

Aspect Varghese et al [20] Current Work

Inlet Velocity Waveform Sinusoidal Physiological

Perturbation Geometric Velocity

Womersley Number 7.5 16.9

Peak Reynolds Number 1000 3150

Solver Spectral Element Finite Volume

Table 4.2: Difference in simulation aspects between [20] and this thesis

Figure 4.14: Time variation of the axial centreline velocity at the artery inlet in [20].

A sinusoidal waveform is superimposed on a mean flow. Data is

ensemble averaged at the 6 phases marked in the figure (P1-P6).

The centreline inlet velocity is normalized with ፮ᑔ: the mean (cycle
averaged) inlet centreline velocity. Reproduced from [20].

Figure 4.15: Cross sectional view (YZ

Plane) of the angular

locations at which axial

wall shear stress along

the length of the arterial

wall are plotted in figure

23 in [20].
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In the article [20], numerous plots are presented regarding various quantities such as velocity profiles,

vorticity contours, time history plots etc. But for a comparison purpose, it is desirable to reproduce

a plot that allows for easy comparison. Keeping this is mind, figures 22 and 23 from the article are

reproduced here and a comparison of velocity profiles can be found in appendix A.6.

Figure 4.16: Figure 22 of [20] depicting the instantaneous streamwise centreline velocity at the 6 phases. The velocity is

normalised with ፮ᑔ. A good qualitative agreement can be observed at all the phases. During the deceleration

phases (P3 - P5), a slight difference can be observed in the values but it is within reasonable limits.

Figure 4.17: Figure 23 of [20] at the angular location of ኺ∘. The axial wall shear stress, normalised by the time averaged (over
entire cycle) values upstream of stenosis, is plotted. A good qualitative agreement can be observed at each of the

6 phases. During the deceleration phases (P3 - P5) when the flow transitions from the laminar regime, a slight but

reasonable difference in the values can be observed.
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Figure 4.18: Figure 23 of [20] at the angular location of ዃኺ∘. The axial wall shear stress, normalised by the time averaged (over
entire cycle) values upstream of stenosis, is plotted. A good qualitative agreement can be observed at each of the

6 phases. During the deceleration phases (P3 - P5) when the flow transitions from the laminar regime, a slight but

acceptable difference in the values can be observed. Corresponding plot for the location at ኼ዁ኺ∘ is identical due to
symmetry and hence skipped.

Figure 4.19: Figure 23 of [20] at the angular location of ኻዂኺ∘. The axial wall shear stress, normalised by the time averaged
(over entire cycle) values upstream of stenosis, is plotted. A good qualitative agreement can be observed at each

of the 6 phases. During the deceleration phases (P3 - P5) when the flow transitions from the laminar regime, a

slight but reasonable difference in the values can be observed.





5
Results & Discussion

Simulation results are presented in this chapter. First, detailed results of velocity, vorticity, turbulent

kinetic energy (TKE) and OSI are presented to get a general idea of the flow field. Such detailed

results are presented only for one 4A geometry as doing so for all 8 geometries is redundant since

the flow field across most of the geometries is qualitatively similar. If a 4A geometry displays any

peculiar characteristic, it is discussed separately. Throughout this chapter, various 4A geometries will

be referred to as cases and the following table summarises the geometric properties of all the cases.

Case Expansion Ratio (ER) Expansion Angle (EA)

Case 1 1.5 15∘

Case 2 1.5 30∘

Case 3 1.5 45∘

Case 4 2 15∘

Case 5 2 30∘

Case 6 2 45∘

Case 8 2.5 30∘

Case 9 2.5 45∘

Table 5.1: Overview of all the cases

Comparison across all the cases is done by plotting the behaviour of certain parameters, such as the

OSI, to get an idea of the influence of geometric properties on the flow field. Finally, the cause of

turbulent fluctuations is discussed.

45
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5.1. General Flow Field Description
The flow field of every case is visualised through velocity, vorticity and TKE contours. In general, a

vortex ring is generated at the expansion region or the proximal neck of the 4A geometry just after the

peak systole i.e. when the applied inlet velocity decreases suddenly. The formation of the vortex ring

can be thought of as a consequence of the near wall shear layer roll up and the subsequent separation

due to the adverse pressure gradient in the aneurysm. Once formed, the vortex ring travels downstream

along the length of the aneurysm. The total mass of fluid that the vortex ring transports with itself is

referred to as a ‘bubble’. An azimuthal instability develops on the ring that grows as the ring advects

downstream. Depending on the geometry, the ring either breaks down into smaller vortices due to the

azimuthal instability before it exits the aneurysm or it comes in contact with the contracting region near

the aneurysm exit (also referred to as the distal neck) and then breaks down. Either way, breakdown

of the vortex ring causes turbulence as the exact manner of breakdown is different from cycle to cycle

which leads to a fluctuating flow field. Throughout this section, visualisation is carried out for case 5

i.e. for a 4A geometry with an expansion ratio of 2 and an expansion angle of 30∘.

5.1.1. Velocity Contours
Figure 5.1 depicts the phase averaged streamwise velocity contours in the XY plane (Z = 0) at 8 selected

phases (out of the total 20 exported) of the cardiac cycle. At the start of the cycle, a local high velocity

region can be seen near the distal neck side of the aneurysm. This corresponds to the vortex ring

generated from the previous cycle. Over the next few phases, the vortex ring passes through the

aneurysm. From the velocity contours itself, it cannot be said for certain whether the ring breaks down

Figure 5.1: Phase averaged streamwise velocity contours at different phases (Ꭻ) in the XY plane. Retrograde flow can be seen

surrounding the vortex ring bubble as it traverses the aneurysm.
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before coming in contact with the convergent region of the aneurysm; vorticity contours are plotted in

the next subsection for that purpose. The highest inlet and outlet velocity can be seen at 𝜙 = 0.3 which

is the peak systole although due to the expansion in diameter, the flow velocity in the aneurysm region

is lower in accordance with the continuity equation. Right after the peak systole, the inlet flow rate

decelerates rapidly which leads to the shedding of a vortex ring, as evident at 𝜙 = 0.5. Over the next

few phases, the vortex ring bubble advects downstream towards the exit region or the distal neck of the

aneurysm. Retrograde flow can be observed near the wall around the vortex ring bubble which gives

an idea of the sense of rotation of the fluid particles in the vortex ring. Looking at the retrograde flow

pattern, it can be concluded that in the top half of the flow field the fluid particles rotate in the counter

clockwise direction and in the clockwise direction in the bottom half of the field. Detailed aspects of the

vortex ring bubble are explained in section 5.5.

5.1.2. Vorticity Contours
Figure 5.2 illustrates the phase averaged vorticity magnitude contours at various phases in the XY

plane (Z = 0). Just after the peak systole at 𝜙 = 0.35, formation of a pair of vortices can be seen. This

is actually a vortex ring but in a 2D plane it can be only be visualised as a vortex pair. The vortex ring is

shed once every cycle just after the peak systole. The ring then advects downstream along the length

of the aneurysm. By the beginning of the next cycle around 𝜙 = 0.1, the vortex ring approaches the

distal neck of the aneurysm and starts breaking up into smaller vortices.

Figure 5.2: Phase averaged vorticity magnitude contours in the XY plane (Z = 0) at selected phases. The vortex ring is seen as

a vortex pair in the planar contours (between Ꭻ ዆ ኺ.኿ and Ꭻ ዆ ኺ.ዂ) that breaks down near the exit region of the
aneurysm.

For now, it is sufficient to say that the influence of the wall and interaction with the remnants of the flow

field from the previous cycle causes the vortex ring to break up into smaller eddies, as evident from the
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contour plot at 𝜙 = 0.25. The break up is initiated by the development of an azimuthal instability that

grows as the ring advects downstream. For case 5, the development and progress of the azimuthal

instability is illustrated using an iso surface computed via the Q criteria [41] in figure 5.3. Section 5.5

provides a detailed explanation regarding the stability and the break up process of the vortex ring. On

interacting with the remnant eddies of the previous cycle, the now distorted vortex ring breaks down

into smaller eddies. Meanwhile, a new vortex ring is generated and the entire cycle repeats again.

(a) Vortex ring at Ꭻ ዆ ኺ.኿. At the time of formation, the
vortex ring is perfectly circular.

(b) Vortex ring at Ꭻ ዆ ኺ.዁; the azimuthal instability has
just set in.

(c) Vortex ring at Ꭻ ዆ ኺ.ዂ. The azimuthal instability has
taken a well defined 4 wave shape.

(d) Vortex ring at Ꭻ ዆ ኺ.ዃ. The instability has
completely developed before exiting the aneurysm.

(e) Vortex ring at Ꭻ ዆ ኻ; just before breaking up into
smaller vortices.

(f) A 3D view at Ꭻ ዆ ኻ to illustrate the large amplitude
of the instability.

Figure 5.3: Development of an azimuthal instability on the vortex ring. The ring is illustrated through an iso-surface obtained

using the Q criteria [41] and is coloured in accordance with the contours of streamwise or X vorticity [፬ᎽᎳ]. It should
be noted that for a clear visualisation of the ring, the images have been edited to filter out the background

structures that have the same value of Q criteria as that of the ring. Initially, the vorticity has zero component along

the streamwise direction but the azimuthal instability causes a rearrangement of vorticity thereby creating vorticity

in the streamwise direction.
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5.1.3. Turbulent Kinetic Energy (TKE) Contours
Figure 5.4 depicts the phase averaged turbulence intensity at various phases in the XY plane (Z = 0).

The turbulence intensity is calculated by dividing the turbulent kinetic energy (TKE) by the square of

the mean bulk flow velocity over the entire cycle i.e by 𝑢ኼፚ፯፠. As evident from the figure, the intensity

is concentrated at the exit region of the aneurysm. The vortex ring formation process and its initial

advection is the same from cycle to cycle. Hence there are no inter cycle flow field differences at the

same phase in the expansion region of the aneurysm and thus, no turbulent fluctuations are present. As

the vortex ring travels further downstream, it breaks down into many smaller vortices which eventually

pass out of the aneurysm and decay. This breakdown process and subsequent decay varies from cycle

to cycle at every phase which leads to turbulence. The turbulent fluctuations die out well before the

outlet of the flow domain indicating that the decay of smaller vortices is complete well before they can

reach the outlet.

Figure 5.4: Phase averaged turbulence intensity contours at different phases in the XY plane (Z = 0) at selected phases. The

turbulence intensity is maximum in the exit region of the aneurysm. Near the contraction, the vortex ring breaks

down into smaller eddies that subsequently decay and this process does not happen in the same exact manner

every cycle which leads to differences at the same phase within different cycles. This results in turbulent

fluctuations around the exit region of the aneurysm.

5.1.4. Particle Residence Time
An intraluminal thrombus (ILT) is a commonly found feature in AAAs [42]. The term ILT refers to the

formation of a blood clot in the aorta and in the context of AAAs, it can be attributed to the disruption of

normal laminar blood flow. Several researchers have discussed the importance and the impact of an

ILT in an AAA. In their article, Vorp et al [43] highlight that the presence of an ILT results in a decrease

of the local wall strength. This is a consequence of the ILT acting as a local barrier against the oxygen
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flux from the lumen to the inner layers of the aortic wall which leads to local hypoxic conditions and

hence wall degeneration. From a fluid mechanics point of view, a spatial region in an AAA susceptible

to the formation of an ILT can be identified by observing blood flow and marking areas of recirculation

or ‘dead flow’ regions. A recirculating region will not be replenished with fresh blood every cycle and

thus the arterial tissue adjacent to such a region will become hypoxic and ultimately degenerate. In this

thesis, a particle residence time study is conducted and recirculating regions are identified with the help

of tracer particles. The entire solution field is marked with tracers having the same physical properties

as that of blood and then simulations are done for 20 cycles with continuous fresh blood injection at

the inlet. Thus, the tracer particles can be thought of as old blood. A contour plot of the mass fraction

of tracer particles illustrates the dead flow regions. Regions with high tracer mass fraction indicate

that the blood at the start of 20 cycles has still not been flushed out of the aneurysm. The arterial

tissue surrounding such a region will be depleted of oxygen and have lower wall strength. Figure 5.5

illustrates the mass fraction of tracer particles (old blood) after 5,10,15 and 20 cycles.

Figure 5.5: Tracer particle mass fraction contours after 5,10,15 and 20 cycles. The entire solution field is ’marked’ with tracer

particles having the physical properties of blood and then simulations are done for 20 cycles with continuous fresh

blood injection at the inlet. The aim of doing so was to identify dead flow regions as the tracer particles (which can

be thought of as old blood) will not wash out from such regions easily. Regions illustrated with dark blue depict

fresh blood and regions illustrated with red depict the initially marked tracer particles (old blood).

Regions depicted with red indicate tracer particles and regions indicated with blue indicate fresh blood.

Naturally, a higher concentration of blue indicates that the mass fraction of fresh blood in that region

is higher and vice versa for red. Another way to study particle residence time is to monitor the mass

fraction of tracer particles flushed out of the flow domain with an increasing number of cycles. Figure

5.6 depicts the area weighted cycle averaged mass fraction of the tracer particles at the outlet of the

flow domain against the number of cycles simulated. It can be seen that even after 20 cycles, around
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5% of the total mass fraction at the outlet is composed of tracers or old blood. This implies that there are

still pockets of old blood present in the aneurysm. The overall trend can be approximated reasonably

with an exponential curve.

Figure 5.6: Trend of area weighted cycle averaged mass fraction of the tracer particles at the flow domain outlet with number of

cycles simulated. Even after 20 cycles, all the tracer particles have not been washed out completely from the

aneurysm. An exponential fit gives a reasonable approximation of the actual value trend against time.

The severity of the dead zones can be estimated from studying both, figure 5.5 and 5.6 together. From

5.6, it can be seen that after 20 cycles, the average mass fraction of the tracer particles/ old blood being

flushed out is just around 5%. From figure 5.5 it can be seen that there is very little change in the mass

fraction of the old blood near the expansion region after 15 and 20 cycles. Moreover, nearly 50% of

the mass fraction in this region is still comprised of old blood but figure 5.6 doesn’t reflect this. This

suggests that the old blood present near the proximal neck is stuck in a strong recirculating region and

will not flush out even after a longer period of time. This will lead to local hypoxic conditions and thus

the arterial tissue will degenerate thereby reducing its mechanical strength.

5.1.5. Comparison between the XY and ZX Plane
As mentioned earlier in chapter 4, velocity and vorticity are exported in both the XY and ZX plane.

The primary purpose of doing so was to be able to compare the flow field in both the planes and thus

potentially identify any peculiar features in the flow field. Till now, all the contour plots shown have been

plotted in the XY plane. To carry out a comparison of the flow field in both the planes, the mean of the

phase averaged TKE within the aneurysm is plotted as a function of the phase within a cycle. This is

done in both the XY plane and the ZX plane and then the variation of the mean phase averaged TKE

is compared for both the planes. Figure 5.7 depicts such a comparison. First, the trend of the mean

phase averaged TKE is plotted individually for both planes. As a reference, the inlet velocity waveform



52 5. Results & Discussion

is also shown so that the occurrence of peak turbulence or its decay can be related to the applied inlet

velocity. Finally, the periodic kinetic energy (PKE) (energy that is contained in the structures which are

produced every cycle in the exact same fashion) is plotted in both the XY as well as the ZX plane for

easy comparison.
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Figure 5.7: Mean phase averaged TKE [፦Ꮄ/፬Ꮄ] and PKE [፦Ꮄ/፬Ꮄ] comparison between XY and ZX plane in the aneurysm. The

color of each line plot corresponds to the color of the y axis it is associated with. The X axis in all the figures

represents the phase (፭/ፓ) in a cycle. In the top two figures, the inlet velocity waveform is shown just for reference.

From the top two figures, it can be seen that the peak TKE occurs at peak systole in both the XY and the ZX plane.

This implies that the vortex ring breaks down completely just around the peak systole and just before a new vortex

ring is shed. In the bottom two figures, TKE and PKE for both the planes are plotted together for easy comparison.

It can be seen that the trend in both planes is quite similar but not identical due to the absence of axisymmetry or

the presence of turbulence. Hence, it is safe to conclude that contours in the ZX plane will be similar to those in the

XY plane and are thus not shown for every variable in this thesis.

From the above figure, it can be seen that both the TKE and PKE follow a similar trend in both the

planes. It is interesting to note that the peak TKE in the aneurysm occurs at peak systole or just before

a new vortex ring is shed. This implies that the vortex ring breaks down just before the instant when

a new vortex ring of the next cardiac cycle is shed. Since the plots are similar for both the planes, it

is safe to conclude that contours in the ZX plane will be similar to those in the XY plane and are thus

not shown for every variable in this thesis. The above shown plots are meant only for the purpose of

inter-planar comparison and should not be used to draw any conclusion regarding the magnitude of

turbulence present in the aneurysm since the plots are averaged over the entire planar surface and

thus do not represent the local variation or extrema of TKE.



5.1. General Flow Field Description 53

5.1.6. Pressure

Phase averaged static pressure along the centreline of the entire flow domain is plotted in figure 5.8.

Since a zero outflow static gauge pressure boundary condition was prescribed at the outlet, all the

lines converge to zero pressure at the outlet. The two dashed vertical lines indicate the streamwise

extent of the aneurysm. From figure 5.8, it can be observed that at peak systole (𝜙 = 0.3), an overall
large favourable pressure gradient exists in the entire flow domain. Within the aneurysm, the slope of

this gradient decreases which is expected since the expansion in flow area leads to a decrease in the

velocity. But during the deceleration phases that immediately follow peak systole (𝜙 = 0.35 − 0.50),
an adverse pressure gradient can be seen in the aneurysm. It is this adverse pressure gradient that

causes the shear layer to roll up, separate from the arterial wall and form a vortex ring, as illustrated

earlier in figure 5.2.

Figure 5.8: Phase averaged centreline pressure at selected phases. The two dashed vertical lines indicate the streamwise

extent of the aneurysm. An adverse pressure gradient exists during the deceleration phases (Ꭻ ዆ ኺ.ኽ኿ ዅ ኺ.኿ኺ) that
follow peak systole. It is during these phases that the shear layer rolls up and separates from the arterial wall to

form a vortex ring.

5.1.7. OSI and Wall Shear Stress (WSS)

Numerous researchers have investigated wall shear stress (WSS) in AAAs and tried to predict rupture

sites on the basis of WSS; a good overview is given in the review article by Vorp [6]. The general

conclusion that can be drawn from all the existing research is that the aneurysm surface usually displays

lower mean WSS than the proximal and the distal neck. Figure 5.9 depicts the mean (over 60 cycles)

WSS magnitude and OSI for case 5.
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Figure 5.9: Mean (over 60 cycles) WSS magnitude and OSI for case 5.

From the figure, it can clearly be seen that the maximum mean WSS is present at the distal neck of

the 4A geometry. Further, the aneurysm surface itself experiences significantly less WSS than the

proximal or the distal neck. Both these observations were also reported in the study done by Le et al

[44]. As for the mean OSI, the proximal neck displays a higher value than the distal neck. This too was

observed in [44]. The OSI has a surprisingly low value at the distal neck which is perhaps due to the

fact that at the exit of the 4A geometry, the contraction in the flow cross section forces blood to exit the

aneurysm thereby ensuring that the WSS vector is more or less in the same direction every cycle. It is

interesting to note that the maximum mean WSS is around 12 𝑑𝑦𝑛𝑒/𝑐𝑚ኼ. This is approximately equal
to the value that Giddens et al [11] mention as the upper limit for no further increment in the diameter

of the abdominal aorta. For case 5, the highest value is at the distal neck and in order to reduce this

value, the arterial wall will further inflate at that end thereby increasing the size of the aneurysm. This

also suggests that once formed, a 4A geometry grows preferentially from the distal neck rather than the

proximal neck. Further, Vorp’s [6] observation that WSS is orders of magnitude lower than wall normal

static pressure is verified and presented in appendix A.5.

5.2. Comparison between Various Cases

Now that the general flow field has been discussed, it is a good idea to highlight and discuss the

differences present in the flow field of the various cases. All the geometries are referred to as indexed

cases in this section and the reader is referred to table 5.1 for a quick overview of the geometrical

features of every case.
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5.2.1. Turbulence
As explained in section 5.1.3, breakdown of the vortex ring causes turbulent fluctuations in the flow

field. This holds for all the cases except in cases 1 and 4 where no turbulence is observed at any

phase of the cycle throughout the flow domain. This suggests that the vortex ring in these geometric

configurations does not break down and simply passes through the aneurysm. To confirm this, contours

of vorticity are plotted. Figure 5.10 illustrates the phase averaged vorticity contours for case 1.

Figure 5.10: Phase averaged vorticity contours for Case 1 at selected phases. It can be seen that the vortex ring does not

break down into smaller vortices but is rather differentially tilted when it approaches the exit region of the

aneurysm. The ring is forced to rearrange itself as free shear layers on exiting the aneurysm.

From the figure, it can clearly be see that the vortex ring does not breakdown into smaller vortices within

the aneurysm. As the vortex ring approaches the exit (𝜙 = 0.20), an azimuthal instability develops that
grows as the vortex ring advects downstream. This instability causes the mid section of the ring to

tilt in the streamwise direction which can be observed from figure 5.10. It is better illustrated in figure

5.11 that depicts the tilting through the iso surface of Q criteria [41], which is used in all the figures

henceforth to illustrate the vortex ring. By the time the vortex ring reaches the exit of the aneurysm,

systolic acceleration of the next cycle (𝜙 = 0.3) has already begun. Systolic acceleration coupled with
the spatial acceleration due to the contraction in the flow cross section stabilizes the flow field. This

ensures that instead of breaking down, the tilted vortex ring is forced to exit. The contraction of the flow

cross section forces the mid region of the ring to exit first (which results in further tilting) followed by

the outer regions of the ring. Hence, by the time the entire ring flows out of the aneurysm and enters

the healthy aorta, all the vorticity is rearranged in space to now lie concentrated in free shear layers

instead of a well defined circular ring. This can clearly be seen in the phase 𝜙 = 0.6 in figure 5.10. This
entire process repeats in the exact same fashion from cycle to cycle and thus the flow field is free of

any turbulence.
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Figure 5.11: Q criteria iso surface of case 1 at Ꭻ ዆ ኺ.ኽ. The tilting of the mid section of the ring can clearly be seen due to the
development of the azimuthal instability. The iso surface is coloured by the streamwise vorticity to illustrate that

the tilting process leads to creation of vorticity in the streamwise direction.

A similar process also occurs for case 4 and hence is not illustrated separately. It is interesting to

note that for both case 1 and case 4, the EA equals 15∘ but the ER equals 1.5 and 2, respectively.

This suggests that turbulence is a stronger function of EA than ER which is not completely surprising

considering the fact that a smaller EA results in a gentler sloped adverse pressure gradient compared

to higher EA pressure gradients. This leads to the consequence that a smaller disturbance destabilizes

the flow for higher EA cases than for lower EA cases. It is also interesting to note that for both case

1 and 4, a similar azimuthal instability with only 2 waves develops. In all the other cases, the number

of waves was at least 3. This suggests that a ring with a higher number of waves is more unstable as

compared to a ring with lower number of waves. Further discussion on this matter is postponed until

section 5.3.

Figure 5.12: Azimuthal instability for case 1. 2 waves have

developed on the ring.

Figure 5.13: Azimuthal instability for case 4. Like case 1, 2

waves have developed on the ring.
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5.2.2. OSI

To compare the OSI across all the cases, the surface average of the OSI distribution on the aneurysm

surface is calculated for every case. Figure 5.14 illustrates the variation of the surface averaged OSI

against expansion angle (EA) for various expansion ratios (ER). Although no clear trend for the av-

eraged OSI can be observed from the plot, there are some interesting things that deserve attention.

Across all the cases, the highest average OSI is for case 1 (ER of 1.5 and EA of 15∘). This is totally

unexpected as case 1 has the smallest ER and smallest EA across all the cases and thus, physically

it represents an aneurysm that should be of least concern. Further, the average OSI of case 4 is less

than the average OSI of a healthy aorta which suggests that the oscillatory nature of the wall shear

stress vector is of greater concern in a healthy aorta than an intermediate stage 4A. Lastly, the average

OSI for a 4A geometry with ER of 1.5 and EA of 45∘ is higher than the corresponding EA case with ER

of 2.5. This suggests that if the severity of 4As was solely judged on the basis of OSI, then a smaller

diameter aneurysm would appear to be more severe than a bigger diameter aneurysm.

Figure 5.14: Surface averaged OSI as a function of expansion angle (EA) for different expansion ratios (ER). No clear trend in

the values of the OSI can be observed. The average OSI for a healthy aorta is also shown for comparison

purpose.

Thus, the above plot clearly highlights the shortcomings of a single hemodynamic parameter. Of course,

it is possible that with some other configurations of the 4A geometry or some other values of 𝑅𝑒/𝛼, the
OSI may present a clear trend but nothing can be said with absolute certainty. The above plot can also

be interpreted in the sense that it is not always necessary for the biggest diameter aneurysm to pose

the greatest threat; smaller diameter aneurysms can also rupture as pointed out earlier in section 1.2.

Either way, the complexities involved in understanding aneurysms are clearly highlighted.
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5.2.3. Particle Residence Time
As explained in section 5.1.4, ILTs tend to form in AAAs which cause the deterioration of the arterial

wall and consequently a decrease in the wall strength. Thus, it is natural to conclude that an AAA with

a larger ILT has a higher chance of rupture. From video clips, it was seen that in general, the inflection

or the expansion and the contraction regions of a 4A geometry had the highest mass fraction of old

blood after 20 cycles and thus posed the highest risk for an ILT formation. To carry out a quantitative

comparison across all the cases, the area weighted average mass fraction of old blood is monitored in

4 high risk regions of every case, as illustrated in figure 5.15.

Figure 5.15: Regions monitored for 20 cycles in every case for the area weighted average of old blood mass fraction.

By the end of 20 cycles, the region that has the highest spatial average mass fraction of old blood in

every case is compared against the highest spatial average region of all the other cases. Figure 5.16

illustrates such a comparison.

Figure 5.16: Spatial average of old blood for every case against number of cycles simulated. In general, cases with higher ER

have a higher mass fraction of old blood present in the regions highlighted in figure 5.15.

It can be seen that by the end of 20 cycles, case 8 has the highest spatial average value of old blood

in any one of the regions highlighted in figure 5.15. In general, as the ER of a 4A geometry increases,
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the amount of old blood stuck in a recirculating region also increases. Further, there is a considerable

difference in the time history of the spatial average value between case 1 and case 2/3. This is due to

the absence of turbulence in case 1. Turbulence enhances the mixing of old and new blood and since

case 2/3 have the least ER, turbulent fluctuations occupy the majority bulk of the flow domain. Hence,

almost all the old blood is flushed out of the aneurysm for cases 2 and 3 but since case 1 is free of

turbulence, old blood is flushed out much more slowly. A qualitative estimate of the extent of a potential

ILT or a recirculation region can also be obtained from the mean (cycle averaged) velocity contours of

the flow field. Figure 5.17 depicts such a plot for case 5.

Figure 5.17: Mean (over 60 cycles) velocity magnitude contour plot for case 5. Extrmeley low velocity regions can be seen

around the inflection regions of the 4A geometry. It can be seen that blood mostly passes through like a jet thus

resulting in the creation of dead flow regions.

Doyle et al [45] carried out an experimental study in which they constructed silicone 4A geometries

similar to the ones considered in this thesis and then inflated them with air until rupture. In almost all of

the cases, the inflection region of the geometries ruptured and not the maximum diameter regions. Of

course, since the experiment concerned only inflating the silicone models with air, the normal pressure

within the geometry is responsible for causing rupture. Nonetheless, Vorp [6] stated in his review article

that the normal pressure is many orders of magnitude higher than the flow inducedWSS and thus is the

deciding factor in causing rupture. Also, we now know that the inflection regions are highly susceptible

to the formation of an ILT that weakens the vessel wall and the severity of an ILT increases with the ER

of the 4A geometry. Combining all these observations we can conclude that as an aneurysm grows,

the likeliness of it rupturing increases but not at the region of maximum diameter, as suggested by the

current clinical practice, but rather at the regions of inflection. Nonetheless, the need to operate on a

large diameter aneurysm is justified.
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5.2.4. TKE and OSI Relation
One of the objectives framed for this thesis in section 1.5 was to correlate the effect of change in

turbulence to a hemodynamic parameter such as the OSI. Figure 5.18 illustrates the average OSI and

the average turbulence intensity trend as a function of ER for different EA. It should be noted that values

for EA = 15∘ have been skipped since both the cases for such an EA show no turbulence.
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0.385
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0.395
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0.405

Figure 5.18: Average OSI and average turbulence intensity variation as a function of ER for two EAs. Note that values for the

two cases with an EA of 15∘ have been skipped since there is no turbulence present in them. The color of any line

plot corresponds to the color of the y axis it is associated with. Solid lines represent the cases with EA = 30∘ and

dashed lines represent the cases with EA = 45∘. No clear co-relation between turbulence and OSI can be seen.

From the figure, no clear correlation can be drawn between turbulence intensity and the OSI. For

the case of EA = 30∘, the average OSI increases on increasing the ER but the turbulence intensity

increases first and then decreases. For the case of EA = 45∘, the OSI decreases and then increases

with an increase in ER whereas it is exactly the opposite for turbulence intensity. A possible reason for

the apparent independence of OSI and turbulence intensity is that since turbulence in all the cases is

in the bulk of the fluid, the velocity vectors near the wall are relatively unaffected by it. This is further

supported by the fact that the highest OSI across all the cases is observed for case 1 (not plotted in

figure 5.18) that is completely free of turbulence.

5.3. Discussion
It is now clear that turbulence in 4A geometries is due to the breakdown of a vortex ring that is shed

just after the peak systole every cardiac cycle. In instances wherein the flow field remained free of

turbulence such as in case 1 and case 4, the vortex ring did not break down. It is then only natural to

question the stability of such vortex rings and the underlying mechanism of the formation and growth of
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the azimuthal instability that destabilizes the vortex ring. Discussion regarding various aspects of the

vortex ring is presented in section 5.5. For now, attention is turned towards the generation of turbulence

in every case.

From video clips of instantaneous vorticity magnitude in the XY plane, it was realised that although the

breakdown of the vortex ring is the cause of turbulent fluctuations, the manner in which the ring breaks

down differs from case to case. In general, for cases with ER = 1.5 (except case 1), the ring completely

broke down at approximately half the streamwise length (𝐿፡) of the 4A geometry. For cases with ER =

2 (except case 4), the ring breaks down in the vicinity of the distal neck. For the cases with ER = 2.5,

the ring does not break down until just after colliding with the distal neck. It is surprising to note that

for cases with ER = 2.5, the distal neck causes the vortex ring to break whereas in section 5.2.1 it was

seen that the ring did not break down in case 1 and case 4 partly due to the spatial acceleration the

distal neck provides. To understand the cause of such differences, the flow field is investigated from a

time scale perspective. 3 time scales can be defined for the general pulsatile blood flow through a 4A

geometry.

• Vortex ring formation time scale (𝑡፯) - This is the frequency of the formation of a vortex ring and
thus scales with the frequency of the cardiac cycle. Since one ring is shed per cycle, this time

scale is constant at 0.8s for all the cases considered in this thesis.

• Advective time scale (𝑡ፚ) - This is the time it takes for a vortex ring to traverse the length of the
4A geometry assuming it does not break up by the time it reaches the distal end. Thus, 𝑡፯ scales
with the streamwise length (𝐿፡) and the translational velocity 𝑈 of the vortex ring.

• Stability time scale (𝑡፬) - This is the time it takes for the ring to break up into smaller vortices from
the instant of the onset of the azimuthal instability.

Depending on the value of 𝑡ፚ and 𝑡፬, the following scenarios are possible

• 𝑡፬ < 𝑡ፚ - In this case, the vortex ring will break down into smaller vortices before it is able to exit
the aneurysm. All the cases except the ones with ER = 2.5 display such a relation between 𝑡፬
and 𝑡ፚ.

• 𝑡፬ > 𝑡ፚ - In this case, the ring traverses the entire streamwise length of the aneurysm without

breaking up and ends up colliding with the distal neck, as in the cases with ER = 2.5. It should

be noted that such a relation between 𝑡ፚ and 𝑡፬ should not be understood as the absence of an
azimuthal instability but rather as the insufficient growth of the azimuthal instability leading to a

delay in the break up of the ring.

• 𝑡፬ ≈ 𝑡ፚ - In this case, the ring breaks just before colliding with the distal neck. Such a situation is
not observed (within visual limits) amongst any of the cases considered in this thesis.

To get an idea as to how 𝑡ፚ varies from case to case, the streamwise length (𝐿፡) of the aneurysm in each

case is calculated. 𝐿፡ of the aneurysm refers to the straight horizontal section of each 4A geometry
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case between the expansion and contraction regions. Thus, 𝐿፡ can be calculated by subtracting the

length over which the aneurysm expands/ contracts from the total 4A length of 100mm. The streamwise

length, non dimensionalised by the inlet or healthy aorta diameter 𝑑ኺ, in every case is given in table

5.2.

Case ER EA 𝐿፡/𝑑ኺ
Case 1 1.5 15∘ 2.68

Case 2 1.5 30∘ 3.68

Case 3 1.5 45∘ 4.04

Case 4 2 15∘ 0.81

Case 5 2 30∘ 2.81

Case 6 2 45∘ 3.54

Case 8 2.5 30∘ 1.95

Case 9 2.5 45∘ 3.04

Table 5.2: Overview of all the ፋᑙ

It can clearly be observed from 5.2 that the 𝐿፡ of a 4A geometry increases with increase in EA at the

same ER. It should also be noted that 𝐿፡ decreases as the ER increases at a constant EA. Both these

trends are a result of the constant total aneurysm length criteria across all the cases. The difference

between various cases with respect to the 𝐿፡ is better understood through the visualisation of every 4A
geometry in figures A.8 - A.10. To get an estimate of 𝑡ፚ, an estimate of the translational velocity 𝑈 of

the vortex ring is required. For the vortex rings generated in all the cases in this thesis, 𝑈 is comprised

of 2 components: self induced translational velocity and the bulk flow velocity. It is reasonable to

assume that at the instant of ring formation, 𝑈 will approximately be the same across all the cases.

Since 𝑡ፚ ∼ 𝐿፡/𝑈, the advective time scale will be bigger for those cases with a higher value of 𝐿፡ and
smaller for cases with a lower value of 𝐿፡. As for the estimate of 𝑡፬, it can be assumed that it will be of
the same order of magnitude across all the cases. Assumptions taken regarding 𝑡ፚ and 𝑡፬ are further
elaborated upon in section 5.5. Thus, from the 𝐿፡ values presented in table 5.2, the tendency of the

vortex ring to break down within the 4A geometry can be expected to be the highest for cases with a

higher value of 𝐿፡. This is also observed in the simulations; breakdown of the vortex ring in cases 2

and 3 occurs approximately at half the length of 𝐿፡ and for case 5 and 6 it occurs near the distal neck
of the aneurysm. But for case 8 and 9, which but have the smallest values of 𝐿፡ out of all the cases

for their respective EA, the vortex ring does not break and instead collides with the distal neck of the

4A geometry. On approaching extremely close to the distal neck, which is nothing but an axisymmetric

inclined wall, a shear layer structure (SLS) of the opposite sense of vorticity is ejected from the inclined

wall. The interaction of this structure with the vortex core destabilizes the flow field and causes the ring

to immediately break down. This kind of interaction of a vortex ring with an inclined wall is also reported

by Lim [46] and Verzicco et al [47]. Figure 5.19 illustrates the ejection of the shear layer structure.
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Figure 5.19: Ejection of a shear layer structure (SLS) from the distal neck. The iso surfaces are coloured by the Z vorticity [፬ᎽᎳ]
vector (perpendicular to the plane of the paper). The velocity vector is also plotted in the XY plane (Z = 0) to

further illustrate the sense of rotation of fluid particles. It can clearly be seen that the fluid particles in the SLS

(blue color) have an opposite sense of rotation as compared to the particles in the vortex ring (green color). The

interaction of these two opposite vortical structures causes a breakdown of the ring.

It is interesting to note that case 1 and 4, wherein the vortex ring did not break at all, do not display

such an ejection of shear layer despite the collision of the vortex ring with the distal neck. A possible

reason for this different behaviour from that of case 8 and 9 is that the vortex ring undergoes temporal

acceleration (seen in video clips of instantaneous vorticity contours) in addition to the spatial accelera-

tion at the distal neck for cases 1 and 4. This basically means that by the time the vortex ring comes in

close approach to the distal neck in case 1 and 4, systolic acceleration of the next cycle begins which

does not allow the ring to spend enough time in the vicinity of the inclined wall thereby not allowing it to

induce a strong enough shear layer of opposite vorticity. Hence, there is no ejection of a shear layer

structure and the ring does not break down but instead simply passes through the distal neck. But for

case 8 and 9, the vortex ring comes in close vicinity of the distal neck during the diastole of the same

cycle and is hence not temporally accelerated. It can be deduced that the difference in phase (systole/

diastole) for case 1/4 and 8/9 at the time of collision with the distal neck is due to the difference in 𝐿፡.
Thus, the importance of 𝑡ፚ can now be clearly understood.

5.4. Simulation of Semi Infinite Domain
Since the breakdown of the vortex ring in case 8 and 9 is induced by the ejection of a SLS from the

distal neck, it is only natural to wonder about the vortex ring stability in the absence of the distal neck.

Although it is known that a reduction in the flow cross section usually stabilizes the flow field, its effect



64 5. Results & Discussion

on complex structures such as a vortex ring is uncertain. Moreover, in cases 5 and 6, the ring breaks

down in close vicinity of the distal neck suggesting that there is a possibility of the distal neck having a

destabilising effect on the vortex ring. To investigate this, new geometries were created for all cases in

which the converging section at the aneurysm end was removed and the dilated aorta was sufficiently

extended in the axial direction to resemble a semi infinite domain. Cases with an ER of 1.5 and 2 are

extended to 20𝑑ኺ from the end of the expansion region and cases with an ER of 2.5 are extended

to 15𝑑ኺ. Although such an extension does not depict possible physical conditions, it allows for the

investigation of 𝑡፬ without any influence of 𝐿፡. Figure 5.20 illustrates the extended flow domain for case

5.

Figure 5.20: Flow domain extension for case 5 to ኼኺ፝Ꮂ.

Simulating 75 cycles as done for the aneurysmal cases is too computationally expensive and also

excessive since the objective of the semi infinite domain simulations is to only study 𝑡፬. Thus, only 30
cycles are simulated in all the cases and the averaging procedure is done over the last 5 cycles. All the

rest of the simulation aspects for the extended cases are the same as those for the aneurysmal cases.

To investigate 𝑡፬, the mean (over 5 cycles) turbulence intensity along the centreline of the entire flow
domain is plotted and shown in figure 5.21.

Figure 5.21: Mean centreline turbulence intensity for all the extended domain cases. Peak intensity corresponds to the axial

location of the ring breakdown. Across all the cases, breakdown occurs between ኼ፝Ꮂ and ኿፝Ꮂ. The flow
relaminarizes by axial distance ኻኺ፝Ꮂ for all the cases.
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In the figure, a similar general trend can be seen amongst all the cases: turbulence intensity, along the

centreline of the dilated aorta, first rises till a maximum and then decreases. The peak of the turbulence

intensity curve can be approximately assumed as the axial location at which the vortex ring breaks down

[35]. Like the corresponding aneurysmal geometry, case 1 did not show any turbulent fluctuations. It

was observed that the vortex ring gradually decayed along the streamwise length. Surprisingly, unlike

its aneurysmal counterpart, case 4 displays turbulent fluctuations. The vortex ring breaks into smaller

vortices at a distance just higher than 4𝑑ኺ along the centreline. Since 𝐿፡ < 4𝑑ኺ in case 4 (table 5.2),
it can now be deduced that 𝑡ፚ < 𝑡፬ and hence the vortex ring simply passes through the aneurysm.

In general, all the cases show peak turbulence between 3𝑑ኺ and 5𝑑ኺ. Again referring to table 5.2, it

is now fairly straightforward to realize that the vortex ring in cases 8 and 9 too did not break within the

aneurysm due to the insufficient length of 𝐿፡. For all the other cases, breakdown of the ring occurred
more or less at the same axial location as in the corresponding aneurysmal geometries which suggests

that the flow field in both the scenarios is similar. Thus, the presence of converging walls has an effect

on the stability of the vortex ring only in cases 4,8 and 9; for all the other cases breakdown of the ring

occurs as it would have in the corresponding 4A cases.

As explained earlier, the breakdown process of the vortex ring is brought about by the onset of an

azimuthal instability on the vortex ring. As the final aspect of the flow field in semi infinite domains,

the number of waves developed on the ring is compared against the number of waves developed in

the corresponding aneurysmal cases. Across all the cases, it was found that the number of waves

developed is the same for both, the semi infinite domain and the corresponding aneurysmal case,

with the only difference being the orientation of the waves. This strongly suggests that the onset of

the instability and its subsequent growth is heavily influenced by the geometric parameters of the 4A

geometry and the interaction of the vortex ring with the remnants of the flow field of the previous cycle

rather than the presence of a convergent section at the distal end of the 4A geometry.

Figure 5.22: Isometric view (Axial direction up) of the

azimuthal instability for case 1. 2 waves have

developed on the ring. The color chosen is just

for an illustration purpose.

Figure 5.23: Azimuthal instability for extended domain case

1 (case 1L). Like its aneurysmal counterpart, 2

waves have developed on the ring. The color

chosen is just for an illustration purpose.



66 5. Results & Discussion

(a) Fully developed azimuthal instability for case 3. (b) Fully developed azimuthal instability for case 3L.

(c) Fully developed azimuthal instability for case 5. (d) Fully developed azimuthal instability for case 5L.

(e) Fully developed azimuthal instability for case 8. (f) Fully developed azimuthal instability for case 8L.

Figure 5.24: Comparison of the fully developed azimuthal instability on the vortex ring for selected aneurysmal cases and the

corresponding semi infinite domains. The semi infinite domain cases are suffixed with the letter ‘L’. As evident, the

number of waves developed in both, aneurysmal case and extended domain case, is the same; only the

orientation of the waves is different. All the views are in the YZ plane and the color used is just for an illustration

purpose.
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5.5. Characteristics of the Vortex Ring
Over the better part of the past century, numerous researchers have investigated vortex rings. A de-

tailed overview of the research done so far is beyond the scope of this text but the interested reader can

refer to the review by Shariff and Leonard [48]. The majority of the research done so far was concerned

with the formation and propagation of laminar vortex rings in an unbounded domain. The vortex ring

formed in a 4A geometry is an example of a ring formed in a radially confined domain and as such is

fundamentally different from a ring formed in an unbounded domain. Investigation of such vortex rings

has unfortunately not received attention despite their natural occurrence in various situations. Thus it

is not surprising to know that the evolution of a vortex ring in a specific domain such as a 4A geome-

try has not been investigated yet. Various aspects in this scenario are different from the traditionally

investigated vortex rings such as the radial confinement of the flow domain, pulsatile flow field and

interaction of the vortex ring with the arterial walls. At the same time, some aspects are common with

the vortex ring research done so far; the systolic acceleration is similar to the impulse provided by a

piston in laboratory generated rings and the healthy aorta is equivalent to the nozzle that contains the

fluid slug which would eventually form the vortex ring. Each of these aspects is individually treated in

the following subsections with the help of previous research and a qualitative attempt is made to realize

the combined effect of all these aspects on the vortex ring. It should be noted that the figures plotted in

the following subsections are in the XY plane and illustrate selected cases only as all the cases display

a similar trend and thus plotting for all the cases is not necessary. Further, in situations where the EA is

expected to create a difference, all three EA for ER of 2 are illustrated i.e case 4,5 and 6. In situations

where the ER is expected to play a role, all three cases with EA of 30∘ are plotted i.e case 2,5 and 8.
For situations in which a global trend is expected, all the aforementioned 5 cases are plotted.

5.5.1. Structure of the Vortex Ring
As shown in figure 5.3 (at 𝜙 = 0.5), a perfectly circular ring is formed at the time of formation. It should
be kept in mind that a reasonably large volume of fluid, referred to as a ‘bubble’, is transported with

the ring. Maxworthy’s article [49] is taken as a reference to compare the geometrical aspects of the

vortex ring formed in a 4A geometry to the aspects of a ring formed in an unbounded domain. As done

in [49], plots of Z vorticity (𝜔፳) and Y velocity (𝑣) at 𝜙 = 0.5 are made to get an idea about geometric
parameters such as the ring diameter (𝑑) and the core diameter (𝑎), respectively. 𝜙 = 0.5 is particularly
chosen throughout this subsection as the ring is perfectly circular then and thus can be expected to be

structurally similar to a circular laminar ring. Of course, small differences will still be present due to the

confined domain. Further downstream (and thus at a later phase), an azimuthal instability sets in which

distorts the ring. Hence, it cannot be then analysed in a similar way as unconfined rings. The 𝑣 velocity
plot is made against normalized distance measured from the core center in the axial (X) direction. The

distance between the maximum and minimum of 𝑣 represents the core diameter 𝑎. The 𝜔፳ plot is made
against normalized distance measured from the core centre along the Y axis till the ring center. The
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location of the peak of 𝜔፳ is the core centre and thus, the vortex ring diameter 𝑑 can be calculated.

The vorticity and velocity distribution of a Lamb Oseen vortex are also plotted to illustrate the structural

similarity between the two. To avoid unnecessary confusion, the plots made here are for case 5 only;

similar procedure can be followed for other cases to obtain an estimate of 𝑎 and 𝑑.

Figure 5.25: Measurement of ፯ along axial distance at the vortex centre for case 5 at Ꭻ ዆ ኺ.኿. The distance between the two
extrema, highlighted by the two dashed black lines, is an indication of the vortex core diameter (ፚ). The axial
distance, from the center of the core (፫ ዆ ኺ), is normalised with the healthy aorta diameter. From the figure,

ፚ ≈ ኺ.ኼዀ፝Ꮂ. The velocity variation is similar to that of a Lamb Oseen vortex of the same core diameter.

Figure 5.26: Z vorticity (Ꭶᑫ) distribution along the normalised distance from the center of the ring along the Y axis for case 5 at

Ꭻ ዆ ኺ.኿. The vorticity peak corresponds to the core centre. The dashed black lines indicate the core diameter as
obtained from figure 5.25. From the figure, ring radius ፫ ≈ ኺ.ኾዃ዁፝Ꮂ which leads to a ring diameter ፝ ≈ ኺ.ዃዃኽ፝Ꮂ.
The vorticity distribution is similar to that of a Lamb Orseen vortex.
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From the above figures, the core diameter (𝑎) is 0.26𝑑ኺ and the ring diameter (𝑑) is ≈ 0.993𝑑ኺ for case
5 at 𝜙 = 0.5. Maxworthy also reported that only about 50% of the total circulation resides in the core of

the ring; the rest of the circulation is distributed throughout the ring bubble. This is verified for different

cases in figure 5.27.

Figure 5.27: Ratio of total circulation ጁ to core circulation ጁᑔ at Ꭻ ዆ ኺ.኿. It can be seen that ጁ is approximately twice of ጁᑔ. ጁᑔ is
plotted on the X axis to give an idea of the absolute values.

Another interesting aspect to compute is the ratio of the ring diameter (𝑑) and the healthy aorta diameter
(𝑑ኺ). Maxworthy observed that this ratio depends very weakly on the 𝑅𝑒 of the ring but more on the

length of the ejected fluid slug. A more relevant finding to the vortex rings considered in this thesis is

that he observed 𝑑 > 𝑑ኺ in all his cases. Figure 5.28 depicts this ratio for various cases.

Figure 5.28: Ratio ፝/፝Ꮂ as a function of ፝ for various cases at Ꭻ ዆ ኺ.኿. ፝/፝Ꮂ is not greater than 1 for all the cases which is in
contrast with Maxworthy’s observation.
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From the figure, it can be seen that Maxworthy’s observation does not really hold for the rings generated

across all the cases. A possible reason for this is that due to the confined domain, vorticity of opposite

sense is induced on the nearby wall [50] which exerts a force on the near wall vortex core thus reducing

the diameter of the vortex ring. A final interesting aspect to visualise is the trajectory of the vortex

core centre in the XY plane. Maxworthy observed that initially the distance between the vortex cores

increased upto a certain limit and then decreased to finally maintain a constant value. A detailed

analysis of this behaviour can be found in Didden’s article [51]. As for the cause of such a trend, Didden

[51] points to the influence of the nozzle wall in his experiments stating that after a certain distance from

the nozzle, the wall influence becomes negligible thereby allowing the vortex ring to have a constant

diameter. Such an influence is not directly present in a confined domain such as a 4A geometry but a

similar mechanism exists due to the axisymmetric walls. From video clips of vorticity contours, it was

noticed that the vortex cores formed in various cases, specially at lower EA, do resemble the trend

observed by Maxworthy and Didden. Figure 5.29 displays the vortex core centre trajectory for 3 cases

having the same ER of 2 but different EA.

Figure 5.29: The trajectory of the vortex core in the XY plane with phase progression. Three cases of the same ER but varying

EA are depicted as cases with different EA are expected to clearly exhibit a dynamic trajectory. Trajectory only till

Ꭻ ዆ ኺ.ዂ኿ is plotted since after this the ring breaks up. For case 6, the vortex ring breaks earlier at Ꭻ ዆ ኺ.ዂ.

It can be seen that the change in the vortex centre trajectory is maximum for an EA of 15∘ and minimum
for an EA of 30∘. A possible explanation for this is that at a lower EA, a gentler sloped adverse pressure

gradient exists than at a higher EA which allows the shear layer to travel along the arterial wall for a

slightly longer distance before it eventually separates and rolls up into a vortex. This delayed separation

at a lower EA is illustrated in figure 5.30. Also, Stewart et al [50] mention in their article that due to the

radial confinement, surface vorticity is induced on the confined wall having opposite sign of the near

wall vortex core. This opposite sign vorticity is also induced in the 4A cases as shown in figure 5.31.
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Figure 5.30: Separation of rolled up shear layer at Ꭻ ዆ ኺ.ኾ for the cases with an ER of 2 illustrated through vorticity contours.

The shear layer has not separated for the EA of 15∘ (case 4), is in the process of separating for ኽኺ∘ (case 5) and
has completely separated for ኾ኿∘ (case 6).

Figure 5.31: Contour plot of induced surface vorticity on the arterial wall. The induced vorticity has opposite sign of the near

wall vortex core. Contours depicted are of Z vorticity.

Initially, at the time of roll up and formation of the vortex ring, the vortex ring is adjacent to the inclined

radial wall of the expansion region of the 4A geometry. Thus, the induced vorticity on the arterial

wall pushes the vortex core away until the distance between the core and the arterial wall attains a

constant value. Since the vortex ring formed for cases with EA = 15∘ is closer to the aneurysm wall (as
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it separates from the wall later), the change in their core trajectory is the highest. Case 6 surprisingly

also shows a continuous change in the core trajectory. This is perhaps due to the early onset and

growth of the azimuthal instability that causes the ring to break up as early as at 𝜙 = 0.8.

5.5.2. Stability of the Vortex Ring

As illustrated earlier in figure 5.24, an azimuthal instability develops on the vortex ring for all the cases.

The number of waves developed varies from case to case but in general, it decreases as the ER

increases. Such an azimuthal instability has been the subject of numerous investigations [52–59] and

it is beyond the scope of the current text to present a detailed discussion on it. The interested reader

should refer to the monograph by Saffman [60] for a detailed quantitative treatment of the instability.

However, a brief qualitative treatment of the instability is presented here.

Maxworthy [61] was one of the first authors to report this instability in 1972. From his experiments, he

observed that the appearance of this instability depended on the initial Reynolds number 𝑅𝑒ኺ = 𝑈ኺ𝑎ኺ/𝜈
where 𝑈ኺ is the initial bubble translational velocity and 𝑎ኺ is the initial bubble diameter. For 𝑅𝑒ኺ ≳ 600,
the ring developed the azimuthal instability that grew in amplitude as the ring advected downstream.

For case 5, 𝑅𝑒ኺ ≈ 0.11∗0.024∗1056/0.0035 ≈ 800 and it is reasonable to assume that the vortex rings
generated in other cases too will have a similar 𝑅𝑒ኺ. Thus, going by Maxworthy’s criteria, occurrence
of the azimuthal instability is expected in all the cases. Further, Maxworthy attributed this instability to

the formation of an unstable layer/ interface formed on the outside of the ring as a result of vorticity of

opposite sign, formed on the nozzle wall, being swept into the vortex core. Figure 5.32 illustrates this

process wherein negative vorticity is swept into a positive vorticity core. Although such an explanation

seems to be reasonable, an effort to quantitatively study the destabilizing effect of the unstable interface

was never made and this theory was not pursued further by anyone.

Figure 5.32: Vorticity of negative sign being swept into the positive vorticity core that leads to the creation of an unstable

interface at the outer edge of the vortex ring. Reproduced from [61].
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Around the same time as Maxworthy, Widnall and co-workers [52–54] carried out a series of numer-

ical investigations on the azimuthal instability. Their approach was somewhat based on the idea of

investigating the stability of a vortex pair subject to perturbation waves of infinitesimal amplitude. It is

possible to take such an approach as from a local frame of reference, the core of a thin vortex ring

looks like a straight tube. It should be noted that the infinitesimal perturbation waves are commonly

referred to as Kelvin waves as Kelvin was the first one to investigate the stability of a Rankine vortex

subject to such waves in 1880 [62]. Apart from inducing a translational velocity on itself, a vortex ring

also induces a local straining field in the meridional plane or the XY plane for the cases considered in

this thesis. Such a strain field breaks the circular symmetry of the vortex ring core and causes the core

streamlines to become elliptical with the streamlines oriented at 45∘ to the principal stretching axis, as
illustrated in figure 5.33. Although figure 5.33 is intended to illustrate the straining caused by a point

vortex on another counter rotating point vortex, the straining effect will be present to a similar extent

in a thin vortex ring. This strain field modifies the base flow field and can cause a resonance between

two Kelvin modes whose azimuthal wavenumbers differ by 2 [55]. This leads to the amplification of

the perturbations thus destabilising the vortex ring. The axial wavelength of the perturbations is typi-

cally lesser than the distance between the vortex pair (equal to the vortex ring diameter in this thesis)

which is in stark contrast with Crow’s instability; another instability usually observed in a vortex pair in

which the wavelength is an order of magnitude higher than the distance between the vortex pair. Thus,

the observed instability mechanism is referred to as a short wave instability and Crow’s instability is

referred to as a long wave instability. Since an essential ingredient of the short wave instability is the

deformation of circular streamlines to elliptical streamlines in the vortex ring core, it is also sometimes

referred to as an elliptical instability [55].

Figure 5.33: Straining of circular streamlines to elliptical streamlines around a point vortex (red) due to the presence of a

counter rotating point vortex (blue). Black arrows depict the streamlines and the coloured arrows depict the strain

induced. Reproduced from [55].
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It should be kept in mind that a direct quantitative comparison of the observed instability in the current

work is not possible with the analysis carried out by previous researchers since the assumptions fre-

quently used such as thin core rings and inviscid fluid are not valid for the 4A vortex rings. Nonetheless,

laboratory generated vortex rings also display the azimuthal instability [49] which indicates that even

when the aforementioned assumptions are not strictly valid, the underlying physics is the same; the as-

sumptions only simplify the mathematical calculations involved. The final breakdown of the ring occurs

when the ring interacts with the remnants of the previous flow field that have random vorticity instead

of a somewhat organised vorticity such as in the distorted ring. Also, just before complete breakdown

secondary vorticity develops along the circumference of the vortex ring. Due to this secondary vorticity,

streamwise vortices are shed in the wake of the vortex ring, as illustrated in figure 5.34. The interaction

of these streamwise vortices with the distorted ring further promotes its breakdown.

Figure 5.34: Shedding of streamwise vortices in the wake of the vortex ring. The secondary vorticity can be seen at the sharp

kinks on the circumference of the vortex ring. Visualisation is done through streamwise vorticity coloured iso

surface of Q criterion.

5.5.3. Evolution of the Vortex Ring
According to Maxworthy [61], the volume of fluid moving along with the ring is considerably larger than

just a circular disc of thickness equal to the vortex core. As mentioned earlier, the entire fluid volume

is referred to as a bubble. Maxworthy showed in his article that vorticity is distributed throughout the

bubble volume and not just in a thin core, as suggested by classical thin core models. The vorticity

distribution for case 5 was illustrated earlier in figure 5.26 from which Maxworthy’s observation is con-

firmed for a confined ring also. It was also reported in [61] that the translation speed of the bubble

decreases exponentially as it moves downstream. This primary reason for the exponential decrease

is that the bubble size increases due to entrainment of irrotational fluid thereby resulting in the spread
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of available vorticity over a larger bubble volume. Irrotational fluid flows over the bubble surface and

dissipates surface vorticity. It then has insufficient total pressure to flow completely over the bubble

surface and thus ends up being entrained from the rear side thereby increasing the bubble volume.

Maxworthy also noted that vorticity was being rejected to a wake which, due to its distance from the

bubble had no effect on its translational motion. Thus, the bubble velocity keeps decreasing as it trav-

els downstream. Figures 5.35 and 5.36 illustrate the increase in size of the bubble and the increase in

vortex core diameter due to entrainment of irrotational fluid, respectively.

(a) Ꭻ ዆ ኺ.኿ (b) Ꭻ ዆ ኺ.዁

Figure 5.35: Increase in the volume of fluid or vortex ’bubble’ as it travels downstream. The bubble is illustrated through an iso

surface of axial velocity.

Figure 5.36: Increasing vortex core diameter with phase progression in a cardiac cycle. The core diameter (ፚ) is normalized
with the healthy aorta diameter (፝Ꮂ). The entrainment of surrounding irrotational fluid results in the enlargement of
the core. Phases only till Ꭻ ዆ ኺ.ዂ኿ are shown since after this the ring breaks up. For case 6, the vortex ring
breaks earlier at Ꭻ ዆ ኺ.ዂ.
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From the figures, it is clear that observations reported for unconfined vortex rings regarding their evo-

lution are also observed for vortex rings formed in 4A geometries. But it is also important to account for

the effect of the axisymmetric walls on the vortex rings in 4A geometries. As mentioned earlier, Stewart

et al [50] show that the chief difference between confined and unconfined vortex rings is that surface

vorticity of opposite sign is induced by the near wall vortex core on the walls of a confined domain. The

interaction of the opposite sign vorticities leads to cross diffusive annihilation resulting in a decrement

of vorticity and thereby circulation of the vortex core as the ring travels downstream. Naturally, a more

confined domain will lead to higher interaction and thus a faster circulation decay. The circulation of

the vortex core formed in selected cases is plotted in figure 5.37.

Figure 5.37: Vortex core circulation decay trend with phase progression in a cardiac cycle. The circulation value of each case

is normalised with the maximum circulation (ጁᎲ) observed for the respective case. Phases only till Ꭻ ዆ ኺ.ዂ኿ are
shown since after this the ring breaks up. For case 6, the vortex ring breaks earlier at Ꭻ ዆ ኺ.ዂ.

A clear decay of the circulation around the vortex core can be seen. A direct comparison of the decay

rate across the illustrated cases is not really possible due to growth of the azimuthal instability which

is different in every case. It is also important to realize that figure 5.37 depicts the total circulation

reduction rate. This includes both, decay due to interaction with the opposite sign wall vorticity (shown

in figure 5.31) and due to increase in bubble size (shown in figure 5.35). The growth of the azimuthal

instability can also contribute to the decay rate as waves grow in amplitude in preferential directions

(thereby coming in close approach to the wall) which will lead to a higher decay in that part of the ring.

The amount of vorticity lost due to each factor can only be obtained through a detailed quantitative

model which can be developed in a future study.
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Conclusions & Recommendations

This chapter presents the conclusions and future outlook of this thesis. All the results, observations

and inferences are summarised in section 6.1. Possible avenues for further investigation and ideas for

building up on the current work are presented in section 6.2.

6.1. Conclusion
The objective of this project was to investigate turbulence in an AAA and how the geometric param-

eters, namely expansion ratio (ER) and expansion angle (EA), affect turbulence. In order to do so, 8

geometries with varying ER and EA were created keeping the physicality of the values in mind. The

consequent impact of turbulence on a hemodynamic parameter such as the Oscillatory Shear Index

(OSI) is also investigated. The following conclusions can be drawn from the results presented in the

previous chapter.

1. A vortex ring is shed once every cardiac cycle just after peak systole. The breakup of this ring

into smaller vortices causes fluctuations in the flow field which leads to turbulence.

2. The breakup of the vortex ring is initiated by the onset of an azimuthal instability. The number of

waves formed on the ring vary from case to case but in general show a strong dependence on

the expansion ratio of the aneurysm.

3. The vortex ring does not break down in all the cases simulated. In particular, it does not break

down for the two cases with an expansion angle of 15∘. This suggests that there seems to be a

critical expansion angle threshold below which the vortex ring does not break.
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4. The underlying mechanism of the vortex ring breakdown is different from case to case and de-

pends on the geometric parameters of the AAA. In general, if the AAA has a reasonably long

streamwise length, the ring breaks down well within the AAA but for shorter AAAs the breaks

down occurs at the aneurysm exit after interaction with the distal neck.

5. There seems to be no clear co-relation between turbulence and the OSI. This can be attributed

to the fact that turbulence in AAAs is in the bulk of the domain and thus, the velocity field near the

wall is unaffected by it. Thus, turbulence and OSI appear to be well decoupled from each other.

6. The highest region of mean (cycle averaged) wall shear stress is found at the distal neck and

not at the region of maximum diameter. Rather, the aneurysm surface displays significantly less

WSS than the proximal or distal neck which further demonstrates the shortcoming of the threshold

diameter criteria in clinical practice.

7. The inflection regions, in particular the expansion region of an AAA, are highly susceptible to the

formation of an intraluminal thrombus (ILT) or a dead flow region. Formation of an ILT leads to

local hypoxic conditions that deteriorate the surrounding arterial tissue thereby increasing the risk

of rupture. In general, the severity of an ILT increases with the expansion ratio of an AAA.

6.2. Recommendations for Future Research
The current thesis can further be extended with the following ideas

1. Only the geometric parameters of an AAA were varied in this thesis. Flow parameters such as the

Reynolds number and theWomersley number can also be varied to see the impact on turbulence.

Although the values taken for the flow parameters in this thesis represent the average value, they

can be considerably different in specific scenarios such as under exercise conditions.

2. Blood is assumed to behave in a Newtonian fashion and although the non Newtonian nature is

reasoned to be negligible in the current problem (section 2.4), it can lead to a slightly different

flow field. A non Newtonian study could highlight the differences in the flow field and whether the

differences are within reasonable limits for blood flow in AAAs.

3. The elastic nature of the arterial wall can be included to see its effect on the flow field. A combined

flow structure interaction (FSI) study will be required to allow for the remodelling of the arterial

wall in response to the flow field and then observe the effect on the flow field as a result of the

remodelling process. In this way, the simulation will mimic reality as closely as possible.

4. It is highlighted that turbulence in AAAs is a consequence of the breakdown of the vortex ring that

is shed once every cycle. Although a detailed qualitative discussion is presented in section 5.5

regarding the general structure of the ring and the onset of an azimuthal instability, an attempt to

present a quantitative model depicting the same is not made. A quantitative model will lead to
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a better understanding of the motion of a vortex ring in axisymmetric wall bounded pulsatile flow

fields.

5. It was shown that for the 3 values of ER simulated, the average turbulence intensity first increases

and then decreases with an increase in ER. Since only 3 values of ER are simulated, the exact

trend is not clearly highlighted. More values of ER can be simulated at a constant EA to better

illustrate this trend. Likewise, more values for EA can also be simulated keeping the ER constant.

6. In this thesis, the inlet velocity is perturbed to trigger turbulence. Other forms of perturbation such

as an inlet swirl component or a geometric perturbation can also be tested to trigger turbulence.





A
Appendix

A.1. Parameters for all harmonics used in Fourier decomposition
It was shown in section 3.4.1 that the inlet velocity can be represented through a sum of 19 Fourier

harmonics. The parameters of all the 19 harmonics in equation 3.14 are shown in the table below.

𝑛[−] 𝑀፧[𝑐𝑚ኽ/𝑠] 𝜙፧ 𝑛[−] 𝑀፧[𝑐𝑚ኽ/𝑠] 𝜙፧
0 5.7707 0 10 0.5080 +0.1822

1 5.7439 -2.2214 11 0.7770 -1.8666

2 5.2869 +1.9232 12 0.6569 +2.1061

3 4.6235 -0.2006 13 0.4597 +0.1344

4 2.1714 -2.3405 14 0.2820 -1.4256

5 1.3435 +2.8339 15 0.3636 +3.0315

6 1.2711 +1.0875 16 0.3414 +0.8361

7 1.5537 -0.8632 17 0.3171 -1.3357

8 1.0586 -3.1250 18 0.1604 +2.8307

9 0.6109 +1.5654 19 0.7770 +1.1774

Table A.1: Parameters of all the 19 Fourier harmonics
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A.2. Inlet Velocity Profile UDF for all 4A cases

1 #include ”udf.h”

2

3 #define pi 4*atan(1)

4 #define R 11e-3

5 #define mf 2.9772

6 #define T 0.8

7 #define A pi*pow(R,2)

8

9 real q, umax;

10

11 DEFINE_PROFILE(x_velocity,t,i)

12 {

13 real pos[ND_ND], y, z, r, time;

14 face_t f;

15 begin_f_loop(f,t)

16 {

17 F_CENTROID(pos,f,t);

18 time = CURRENT_TIME;

19 y = pos[1];

20 z = pos[2];

21 r = sqrt(pow(y,2) + pow(z,2));

22 q = 5.7707 +\

23 5.7439*cos(2.*pi*1.*(time/T) - 2.2214) +\

24 5.2869*cos(2.*pi*2.*(time/T) + 1.9232) +\

25 4.6235*cos(2.*pi*3.*(time/T) - 0.2006) +\

26 2.1714*cos(2.*pi*4.*(time/T) - 2.3405) +\

27 1.3435*cos(2.*pi*5.*(time/T) + 2.8339) +\

28 1.2711*cos(2.*pi*6.*(time/T) + 1.0875) +\

29 1.5537*cos(2.*pi*7.*(time/T) - 0.8632) +\

30 1.0586*cos(2.*pi*8.*(time/T) - 3.1250) +\

31 0.6109*cos(2.*pi*9.*(time/T) + 1.5654) +\

32 0.5080*cos(2.*pi*10.*(time/T) + 0.1822) +\

33 0.7770*cos(2.*pi*11.*(time/T) - 1.8666) +\

34 0.6569*cos(2.*pi*12.*(time/T) + 2.1061) +\

35 0.4597*cos(2.*pi*13.*(time/T) + 0.1344) +\

36 0.2820*cos(2.*pi*14.*(time/T) - 1.4256) +\

37 0.3636*cos(2.*pi*15.*(time/T) + 3.0315) +\

38 0.3414*cos(2.*pi*16.*(time/T) + 0.8361) +\

39 0.3171*cos(2.*pi*17.*(time/T) - 1.3357) +\
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40 0.1604*cos(2.*pi*18.*(time/T) + 2.8307) +\

41 0.1001*cos(2.*pi*19.*(time/T) + 1.1774);

42 q = (6.0/3.0)*q;

43 umax = (6.0*q*1e-6*mf)/(5.0*A);

44 F_PROFILE(f,t,i) = umax*(1.0 - pow(r/R,10));

45 }

46 end_f_loop(f,t)

47 }

48

49 DEFINE_PROFILE(z_velocity,t,i)

50 {

51 face_t f;

52 begin_f_loop(f,t)

53 {

54 F_PROFILE(f,t,i) = umax*5.0*0.01/6.0;

55 }

56 end_f_loop(f,t)

57 }

A.3. Validation Case Inlet Velocity UDF
The validation case [20] had a sinusoidal inlet velocity waveform. As shown in section 2.1, solution to

a purely oscillatory axisymmetric flow exists. Thus, equation 2.16 is prescribed as the inlet velocity. C

routine to compute Bessel function of complex arguments is adopted from [63].

1 #include ”udf.h”

2 #include ”math.h”

3 #include ”complex.h”

4 #include ”stdlib.h”

5

6 #define pi 4*atan(1)

7 #define R 11e-3

8 #define d 22e-3

9 #define T 4.08

10 #define A 2/3

11 #define alpha 7.5

12 #define MAXK 20

13

14 double u_c;

15 double HALF = 0.5, ONE = 1.0, FPF = 5.5;

16 double z[2], z1[2],z2[2];

17 int nu = 0;
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18

19 void CDIV(double *Z1, double *Z2, double *Z) {

20 double D;

21 D=Z2[0]*Z2[0]+Z2[1]*Z2[1];

22 if (D > 1e30) {

23 Z[0]=0.0; Z[1]=0.0; return;

24 }

25 if (D == 0) return;

26 Z[0]=(Z1[0]*Z2[0]+Z1[1]*Z2[1])/D;

27 Z[1]=(Z1[1]*Z2[0]-Z1[0]*Z2[1])/D;

28 }

29

30

31 void CMUL(double *Z1, double *Z2, double *Z) {

32 Z[0]=Z1[0]*Z2[0] - Z1[1]*Z2[1];

33 Z[1]=Z1[0]*Z2[1] + Z1[1]*Z2[0];

34 }

35

36

37 void IZPower(double *z, int n, double *z1) {

38 double temp[2],temp1[2]; int i;

39 if (n==0) {

40 z1[0]=1.0;

41 z1[1]=0.0;

42 }

43 else if (n==1) {

44 z1[0]=z[0];

45 z1[1]=z[1];

46 }

47 else {

48 temp1[0]=z[0]; temp1[1]=z[1];

49 for (i=2; i<=n; i++) {

50 CMUL(temp1,z,temp);

51 temp1[0]=temp[0];

52 temp1[1]=temp[1];

53 }

54 z1[0]=temp[0];

55 z1[1]=temp[1];

56 }

57 }

58
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59 double Fact(int k) {

60 int i; double f;

61 f=ONE;

62 for (i=2; i<=k; i++) f *= ONE*i;

63 return f;

64 }

65

66 /******************************************

67 * FUNCTION GAMMA(X) *

68 * --------------------------------------- *

69 * Returns the value of Gamma(x) in double *

70 * precision as EXP(LN(GAMMA(X))) for X>0. *

71 ******************************************/

72 double Gamma(double xx) {

73 double cof[6];

74 double stp,x,tmp,ser;

75 int j;

76 cof[0]=76.18009173;

77 cof[1]=-86.50532033;

78 cof[2]=24.01409822;

79 cof[3]=-1.231739516;

80 cof[4]=0.120858003e-2;

81 cof[5]=-0.536382e-5;

82 stp=2.50662827465;

83 x=xx-ONE;

84 tmp=x+FPF;

85 tmp=(x+HALF)*log(tmp)-tmp;

86 ser=ONE;

87 for (j=0; j<6; j++) {

88 x += ONE;

89 ser += cof[j]/x;

90 }

91 return (exp(tmp+log(stp*ser)));

92 }

93

94 void CBESSJ(double *z, int nu, double *z1) {

95 /*--------------------------------------------------

96 inf. (-zˆ2/4)ˆk

97 Jnu(z) = (z/2)ˆnu x Sum ------------------

98 k=0 k! x Gamma(nu+k+1)

99 (nu must be >= 0). Here k=15.
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100 ---------------------------------------------------*/

101 int k;

102 double sum[2],tmp[2],tmp1[2],tmp2[2],tmp3[2];

103 tmp[0]=2.0; tmp[1]=0.0;

104 CDIV(z,tmp,tmp1);

105 IZPower(tmp1,nu,tmp3);

106 sum[0]=0.0; sum[1]=0.0;

107 /*calculate Sum*/

108 for (k=0; k<=MAXK; k++) {

109 /* calculate (-zˆ2/4)ˆk*/

110 IZPower(z,2,tmp);

111 tmp[0]=-tmp[0]; tmp[1]=-tmp[1];

112 tmp1[0]=4.0; tmp1[1]=0.0;

113 CDIV(tmp,tmp1,tmp2);

114

115 if (z[1]==0) { /*case real number*/

116 tmp[0]=pow(tmp2[0],k);

117 tmp[1]=0.0;

118 }

119 else /*case complex number*/

120 IZPower(tmp2,k,tmp);

121

122 /* divide by k!*/

123 tmp1[0]=Fact(k); tmp1[1]=0.0;

124 if (z[1]==0) {

125 tmp2[0]=tmp[0]/tmp1[0];

126 tmp2[1]=0.0;

127 }

128 else

129 CDIV(tmp,tmp1,tmp2);

130 /* divide by Gamma(nu+k+1)*/

131 tmp1[0]=Gamma(ONE*(nu+k+1)); tmp1[1]=0.0;

132

133 if (z[1]==0) {

134 tmp[0]=tmp2[0]/tmp1[0];

135 tmp[1]=0.0;

136 }

137 else

138 CDIV(tmp2,tmp1,tmp);

139 /* actualize sum*/

140 sum[0] += tmp[0];
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141 sum[1] += tmp[1];

142

143 }

144 /* multiply (z/2)ˆnu by sum*/

145 CMUL(tmp3,sum,z1);

146

147 }

148

149 DEFINE_PROFILE(x_velocity,t,i)

150 {

151 double pos[ND_ND], yi, zi, r, time;

152 face_t f;

153 begin_f_loop(f,t)

154 {

155 F_CENTROID(pos,f,t);

156 time = CURRENT_TIME;

157 yi = pos[1];

158 zi = pos[2];

159 r = sqrt(pow(yi,2) + pow(zi,2));

160 u_c = 0.09;

161 z[0] = cos(3*pi/4)*alpha*2*r/d;

162 z[1] = sin(3*pi/4)*alpha*2*r/d;

163 CBESSJ(z,nu,z1);

164 double _Complex num = z1[0] + _Complex_I*z1[1];

165

166 z[0] = cos(3*pi/4)*alpha;

167 z[1] = sin(3*pi/4)*alpha;

168 CBESSJ(z,nu,z1);

169 double _Complex den = z1[0] + _Complex_I*z1[1];

170

171 double _Complex term = num/den;

172

173 F_PROFILE(f,t,i) = u_c*(1.0 - pow(r/R,2)) + (u_c*A*creal(1 - term)*sin(2*pi*((

time/T)+0.1)));

174 }

175 end_f_loop(f,t)

176 }
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A.4. Velocity Profiles at different Womersley Numbers
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Figure A.1: Normalised velocity profiles at different phases of a purely oscillatory axisymmetric flow for various Womersley

numbers (ᎎ). As ᎎ increases, the spatial variation of the velocity profile deviates increasingly from that of a

parabola and flattens out at the centre.
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A.5. Pressure & WSS Comparison
It was mentioned in section 2.5.4 that the wall normal pressure is multiple orders of magnitude higher

than the flow induced WSS. Figures A.2 - A.5 compare the two for case 5 at selected phases. It can

be clearly be seen that on an average, pressure is 2 to 3 orders of magnitude higher than the WSS

thereby validating Vorp’s [6] observation.

Figure A.2: Comparison between Pressure and WSS just before systolic acceleration (ጓ ዆ ኺ.ኼ)

Figure A.3: Comparison between Pressure and WSS at peak systole (ጓ ዆ ኺ.ኽ)
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Figure A.4: Comparison between Pressure and WSS at ጓ ዆ ኺ.ዀ. The axisymmetric band of low pressure depicts the location

of the vortex ring.

Figure A.5: Comparison between Pressure and WSS at ጓ ዆ ኺ.ዂ. The previously perfectly axisymmetric band of low pressure

is now a bit distorted due to the growth of the azimuthal instability.
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A.6. Additional Validation Results

Figure A.6: Velocity profiles in the XY plane at various streamwise locations at phase 2,3 and 4. The authors’ [20] profiles are

indicated with dashed lines. At each location, good qualitative agreement can be seen.
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Figure A.7: Velocity profiles in the ZX plane at various streamwise locations at phase 2,3 and 4. The authors’ [20] profiles are

indicated with dashed lines. At each location, good qualitative agreement can be seen. It should also be noted that

in the previous figure as well as the current figure, the authors’ profiles were reconstructed from very low resolution

plots and thus the agreement might actually be better than shown.
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A.7. Overview of all the 4A Geometries

Figure A.8: 4A Geometries for ER = 1.5.

Figure A.9: 4A Geometries for Expansion Ratio = 2
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Figure A.10: 4A Geometries for Expansion Ratio = 2.5
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