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ABSTRACT

EXPERIMENTAL INVESTIGATION OF HEMODYNAMICS IN
ABDOMINAL AORTIC ANEURYSM

Fathipour, Amirhossein
Master of Science, Mechanical Engineering
Supervisor: Prof. Dr. Mehmet Metin Yavuz

September 2022, 113 pages

Abdominal aortic aneurysm (AAA), the enduring enlargement of the aorta, is a
serious clinical condition with a very high mortality rate when it ruptures. Even
though the precise causes of the dilation and rupture mechanisms of the aorta are still
unknown, flow-related structures inside the AAA, including vortex formations and
wall shear stresses, are associated with these mechanisms. The present study aims to
characterize the flow patterns and their evolutions in two aneurysm models,
simplified elliptic geometry and patient-specific geometry, under physiological
flows. For the characterization, an optical velocity measurement technique, 2-D
planar Particle Image Velocimetry (PIV), was employed in an In-vitro physiological
flow set-up. For the simple model, the center plane was used for the measurement
plane, whereas for the patient-specific model, due to its complex geometry, the flow
fields at three different planes were quantified. The phase-averaged velocity,
vorticity, and swirling strength (Ac) contours were constructed along with the
streamline patterns. The results indicate that a vortex ring and the formation of two
additional vortical structures are apparent in the simplified aneurysm model during
the physiological cycle. In the patient-specific aneurysm model, the flow is highly
3-D, and relatively weak vortex formations are evident without a clear indication of

a vortex ring. Different recirculation regions at different instants of the physiological



cycle are also apparent. Further studies are needed for a complete understanding of

flow structure in the patient-specific aneurysm model.

Keywords: Abdominal Aortic Aneurysm, Vortex, PIV (Max. 5 keywords)
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0z

ABDOMINAL AORTIK ANEVRIZMADA HEMODINAMIGIN DENEYSEL
INCELENMESI

Fathipour, Amirhossein
Yiiksek Lisans, Makina Miihendisligi
Tez Yoneticisi: Prof. Dr. Mehmet Metin Yavuz

Eyliil 2022, 113 sayfa

Aortun kalic1 genislemesi olan abdominal aort anevrizmasi (AAA), yirtildiginda
oliim oran1 ¢ok yiiksek olan ciddi bir klinik durumdur. Aortun genisleme ve yirtilma
mekanizmalarinin kesin nedenleri hala bilinmemekle birlikte, girdap olusumlari ve
duvar kayma gerilmeleri dahil olmak iizere AAA icindeki akisla ilgili yapilar bu
mekanizmalarla iliskilidir. Bu c¢alisma, fizyolojik akislar altinda, basitlestirilmis
eliptik geometri ve hastaya 6zel geometri olmak iizere iki anevrizma modelinde akis
paternlerini ve evrimlerini karakterize etmeyi amaglamaktadir. Karakterizasyon igin,
bir in vitro fizyolojik akis diizeneginde bir optik hiz dl¢iim teknigi, 2-D diizlemsel
Pargacik Goriintii Hiz1 (PIV) kullanildi. Basit model i¢in, 6l¢tim diizlemi i¢in merkez
diizlem kullanilirken, hastaya 6zel model i¢in karmasik geometrisi nedeniyle, ii¢
farkli diizlemdeki akis alanlar1 l¢tilmiistiir. Faz ortalamali hiz, girdap ve donme
kuvveti (Aci) konturlari, akim ¢izgisi desenleriyle birlikte olusturulmustur. Sonuglar,
fizyolojik dongii sirasinda basitlestirilmis anevrizma modelinde bir girdap halkasinin
ve iki ek girdap yapisinin olusumunun belirgin oldugunu gostermektedir. Hastaya
ozel anevrizma modelinde, akis yiiksek oranda 3 boyutludur ve bir girdap halkasinin
acik bir gostergesi olmadan nispeten zayif girdap olusumlari belirgindir. Fizyolojik

dongiiniin farkli anlarinda farkli devridaim bolgeleri de belirgindir. Hastaya 6zel

vii



anevrizma modelinde akis yapisinin tam olarak anlasiimasi igin daha ileri

calismalara ihtiyac vardir.

Anahtar Kelimeler: Abdominal Aort Anevrizmasi, Girdap, PIV
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CHAPTER 1

INTRODUCTION

The abdominal aortic aneurysm (AAA) refers to the expansion of the aorta at the
abdomen part of the body, as shown in Figure 1.1, more than half of its standard

diameter.

\

\

Abdominal \
aortic aneurysm

\

| \
y L

Figure 1.1. Abdominal Aortic Aneurysm

In some cases, if left untreated, the aneurysm can expand farther to the point of
rupture. The aneurysm growth rate can predict the risk factor for patients. Aneurysm
rupture is a catastrophic incident that leads to overall mortality of 80%. The biggest
obstacle for this disease is its asymptomatic property; most cases are diagnosed by

chance.

The leading causes of the aneurysms' creation, expansion, and rupture remain

unrevealed. Some reported reasons can be related to smoking, age, sex, and family



background, but it is believed that the vessel's blood flow structure can help us

develop our knowledge and treatment techniques further.

Intraluminal thrombus (ILT) is the blood clot that forms in the aneurysm. It is
reported that rupture points in real cases are related to the locations with low wall
shear stresses (WSS). These locations are also consistent with the formed thrombus
zones [1]. The low shear stresses mainly occur in the areas where a vortex appears.
The swirling motion of the fluid affects the velocity gradient distribution in the bulge.
This effect makes the WSS and related indexes like time average WSS gradient and
oscillatory shear index dependent on the formed vortical flow structure. Hence,
identifying the whirling structures inside the aneurysm can assist us in understanding

their effect on the hemodynamics in AAA.

1.1 The aim of the study

The purpose of the current research is to characterize the flow patterns and their
changes in two aneurysm models: simple elliptic geometry and patient-specific
geometry. For this matter, the planar Particle Image Velocimetry technique is

employed to compute the velocity maps in the target planes.

The measuring plane for the simple model was the central plane, but because of its
intricate geometry, the flow fields at three separate planes were measured for the
patient-specific model. The constructed phase averaged velocities of the flow field,
streamlines, vorticity magnitudes, and swirling strength criteria are studied to
characterize the flow behaviors in these models. Moreover, a comparison is made

between the applied Q criterion and the swirling strength criterion in the flow fields.



1.2 The Outline of the Thesis

This study includes five chapters.

The first chapter, “Introduction”, briefly explains the motivation and the aim of the

study.

The second chapter, “Literature Reviews”, explains the abdominal aortic aneurysm.
Then the blood mimicking fluid and the aneurysm phantoms are described. The flow
parameters and vortex identification methods are also summarized. Finally, the

results from previous studies are discussed.

The third chapter, “Experimental Set Up and Measurement Techniques”, explains
the blood circulatory system and utilizes models and blood mimicking fluid in this

study. The experimental matrices are also presented in detail.

The fourth chapter, “Results and Discussion”, includes the result of the experiments
in detail. Streamline patterns and velocity, vorticity, and swirling strength(Aci)
contours of the studied planes are presented, and the flow patterns are discussed in

detail.

The fifth chapter, “Conclusion”, briefly states the findings of this investigation and

suggests some future inquiries.



CHAPTER 2

LITERATURE REVIEW

This chapter summarizes the general problem and the previous studies about AAA

and vortex identification methods.

2.1 Abdominal Aortic Aneurysm

The heart, blood vessels, and the approximately 5 liters of blood which the blood
vessels convey make up the cardiovascular system. The movement of nutrients,
cellular waste products, hormones, and oxygen throughout the body is the

responsibility of this system [2].

The heart is a muscular pumping organ in the thoracic region of the body, medial to
the lungs, and along the body's midline. The heart is rotated to the left at its lowest
tip, or apex, so roughly two-thirds of it is on the left side of the body, and the other
third is on the right. The base of the heart is placed at the top of the heart and is
connected via the aorta, vena cava, pulmonary trunk, and pulmonary veins. Figure

2.1 shows the structure of the heart [3].
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Figure 2.1. Internal view of the heart

The pulmonary and systemic circulation loop are the two main circulatory loops in
the human body. The heart is about the size of a closed fist and drives the circulatory
system; deoxygenated blood is sent from the right side to the lungs, picking up
oxygen before returning to the left side of the heart. All of the body's tissues receive
highly oxygenated blood through systemic circulation from the left side of the heart.
Through systemic circulation, wastes from bodily tissues are eliminated, and
deoxygenated blood is sent back to the right side of the heart. These loops are shown
in Figure 2.2.
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Figure 2.2. Pulmonary and Systemic Circulation

The blood vessels can generally be divided into arteries, which begin with the aorta
and carry out the oxygen-rich blood away from the heart to all tissues, and capillaries,
which are the thin and small blood vessels connecting Arteries and Veins and passing
the necessary elements to organ’s cells and take the waste products from them and

Veins, which took the oxygen-poor and rich in waste blood back to the heart [4].

Aorta is the most prominent artery in the human body. Its diameter varies between
2-3 cm. It is divided into four parts; the ascending aorta, the aortic arch, the thoracic
(descending) aorta, and the abdominal aorta [3].

An aneurysm is a weak spot in the blood vessel wall that causes an abnormal
enlargement or ballooning of a section of an artery. Aneurysms can develop in

various locations throughout your body, including the chest, abdomen, and brain.



Two different types of aortic aneurysm can occur:
1- Abdominal Aortic Aneurysm (AAA)
2- Thoracic Aortic Aneurysm (TAA)

Figure 2.3 exhibits our different sections of the aorta and the location of AAA and
TAA
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Figure 2.3. A) Aorta parts, B) TAA, C)AAA

Abdominal aortic aneurysms are aneurysms that develop in the aorta's portion that
runs through the abdomen. Three out of every four aortic aneurysms are AAAs.

Because computerized tomography scans are performed for other medical issues,

they are discovered more frequently than in the past.



2.11 Rheology

Blood is a complex non-Newtonian fluid that exhibits various non-Newtonian
rheological characteristics, including shear thinning, yield stress, and viscoelasticity
[5]. Increasing the shear rate decreases the blood viscosity exponentially. This
viscosity is affected by both hematocrit (Volume percentage of red blood cells
(RBCs) in the blood) and plasma viscosity [6]. Plasma comprises 55% of the blood

and 90% water. Figure 2.2 shows the components of human blood.

(]
{

Plasma (55%) ——

White blood cells
and platelets (<1%) B

Red blood cells (45%)

Figure 2.4. Blood components

Plasma is a Newtonian fluid, meaning its viscosity does not vary with shear rate [7],
so the shear thinning effect is mainly caused by RBC rheological qualities. RBCs’

deformable properties cause these qualities.

Some studies have investigated this property of the blood for different conditions.
Nader et al. (2019) investigated the shear thinning behavior of the blood under other
exercise cases. An increased heart rate due to exercise results in a rise in hematocrit.

This rise also elevates blood viscosity.
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Figure 2.5. Effects of a different kind of exercise on blood viscosity measured at

several shear rates in the same trained subject [6]

Figure 2.5. reveals the exponential decrease in shear rate under a reduction in blood

viscosity [6]. This behavior is negligible above 300 s! shear rates.

Blood’s non-Newtonian behavior is caused by various parameters like shear
thinning, yield stress, and viscoelasticity. Different rheological models have been
suggested to model blood rheology. One of these is the Cross model of shear thinning
property of the blood was presented in 1979 [5]. This model can be formulated as
equation (2.1):

N Ho—Hoo
KO = b + 500w (2.1)
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Where :

u(y) is the effective fluid viscosity
U, 1s low shear viscosity,

U 18 the high shear viscosity,

A is the shear time constant,

And n€(0,1) is the power index with values less than unity, indicating shear thinning

behavior [8].

Different non-Newtonian rheological behavior, and consequently different flow
modeling approaches, should apply to the various parts of the circulatory system
since the influence of the non-Newtonian effects largely relies on the form and size
of the flow conduits. Small blood vessels, which typically encompass capillaries and
potentially arterioles, large blood vessels, which mainly refer to arteries and veins,
and porous tissue, which generally refers to the heart and muscles, are the parts that

can be divided and investigated separately [5].

In large vessels, like the aorta, the blood’s exposure to high shear rates decreases the

non-Newtonian effects. So the blood acts like a Newtonian fluid [9].

2.1.2 Vessel Structure

Due to the deformation in the aorta in AAA, vessel structure in its layer changes.

These layers are:

1. The adventitia, or outside layer, gives the vessel structure and shape.

2. The tunica medium, or middle layer, controls the vessel's internal diameter
and comprises elastic and muscular tissue.

3. The tunic intima, an inner layer, is lined with endothelial cells, allowing

blood to flow without resistance [10].
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Figure 2.6 shows the orientation of these layers
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Figure 2.6. Three layers of the aorta

The disturbance in these layers, duo to AAA, reduces the vessel wall resistance;
hence, it can not adapt to the oscillation of physiological flow. This reduction

increases the danger of rupture of the aneurysm.

2.1.3 Rupture and Statistics

Abdominal aortic aneurysm carries a risk of rupture if left untreated. The size,
enlargement rate, continuous smoking, and chronic hypertension affect an

aneurysm's propensity to rupture.

One of the best indicators of the likelihood of a rupture is the size of the aneurysm,
with the risk rising sharply at aneurysm sizes bigger than 5.5 cm. Aneurysms bigger
than 5.0 cm have an overall cumulative rupture rate of 25 percent to 40 percent over
five years, compared to 1 percent to 7 percent for aneurysms 4.0 cm to 5.0 ¢cm in
diameter. An annual rupture rate risk according to AAA diameters is reposted as

follows: [11]

o 0% at less than 4.0 cm

e 0.5%to 5% at4.0-4.9 cm
e 3%to15%at5.0-5.9 cm
e 10% to 20% at 6.0-6.9 cm



e 20% to40% at 7.0-7.9 cm

e 30% to 50% at 8.0 cm or more

After the age of 60, the risk of AAAs rapidly rises. Approximately 1% of males
between the ages 55 and 64 have clinically significant aneurysms (greater than 4 cm
in diameter), and the prevalence increases by 2% to 4% per decade. Men experience
AAAs four to six times more frequently than women. Additionally, AAAs appear

roughly ten years later in women than in men [12—14].

2.14 Symptoms, Diagnosis, and Repair

It can be challenging to diagnose abdominal aortic aneurysms because they
frequently develop slowly and without apparent symptoms. Some aneurysms do not
rupture. AAA, in many people, starts small and doesn't grow. Others expand over

time, occasionally quickly. Below are some of the general symptoms [15]:

e Deep, constant pain in the belly area or side of the abdomen
e Back pain
e A pulse near the bellybutton

Accidental detection of the vascular disease accounts for 30% of cases during regular
physical examinations when a pulsatile mass is present. Ultrasonography (USG),
abdominal computed tomography (CT), and magnetic resonance imaging (MR) used
for other purposes can also result in the unintentional discovery of some cases.
Additionally, certain X-ray scans may identify calcification and covertly reveal the
aneurysm. Even however, this method of identification is unreliable since not all

aneurysm occurrences lead to sufficient calcification [11].
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In the case of a large AAA, surgery to reinforce it with a piece of synthetic tubing (a
graft) is typically advised because the risk of it bursting outweighs the risk of surgical

complications.

For a AAA, there are two primary surgical approaches:

e Endovascular surgery: The graft is carefully passed up into the aorta after
being implanted into a blood artery in the groin.

e Open surgery: Through a belly cut, the transplant is implanted in the aorta.

The chance of a AAA bursting can be reduced with either method, but each has

advantages and disadvantages of its own.

Through tiny incisions in the groin, a stent graft, a fabric tube supported by metal
wire stents that strengthen the aorta's weak spot, is placed into the aneurysm during
Endovascular surgery, which is shown in Figure 2.7. Endovascular repair of
aneurysms provides a significantly faster recovery period than the traditional open
surgical procedure and does not need a major incision. Not all aneurysms, however,

can be repaired endovascularly [16, 17].

Endovascular surgery is becoming more and more popular since it is thought to have
significant short-term benefits in terms of morbidity and mortality. Because it is
challenging to monitor patients for an extended period following surgery, there are
still few results about the long-term effects of the two approaches. The patient
profiles for whom the two approaches are typically used have different risk groups,

making it even harder to discern between the two.
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Figure 2.7. Endovascular surgery A: An artery in the groin is used to place a
catheter (upper thigh). The stent graft is released from the catheter after it has been
threaded to the abdominal aorta. B: Blood can pass through the aneurysm through

the stent graft.

2.2 Experimental setup

2.2.1 in- Vitro Phantom

An in-vitro study of AAA can be divided into one rigid model and one compliant
model. The material, thickness of the wall, and method used for the production of

the model specify this quality of the model.

The materials used for manufacturing these models can generally be divided into
glass and silicon elastomers. Glass results in a rigid model with resistance to the
pressure fluctuation caused by physiological flow. However, using silicone
elastomers can result in both rigid and compliant models. Compliant models deform

under pressure variation.
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The silicone elastomers are mostly used for prototyping compliance phantoms. The
biggest advantage of these models is the fact that they are more realistic and can be

used to prototype patient-specific models [18].

Polydimethylsiloxane (PDMS), a silicone-based elastomeric polymer, is typically
cured by heating a mixture of a PDMS base and a crosslinking agent. Depending on
the mixing ratio and heating conditions, the material properties of PDMS vary [19].
RTV 3040, RTV 615, and Sylgard 184 are some examples of PDMS.

The main benefits of using PDMS to prototype AAA models include being
inexpensive, optically transparent across the visible spectrum down to 240 nm,
having a low shrinkage rate, and being simple to fabricate quickly. Due to its
excellent elastic characteristics, Sylgrad 184 has also been employed for compliant
phantom construction. However, temperature and the cross-linking agent

significantly impact its mechanical properties [18].

To produce a rigid model using silicone elastomers, it is suggested in many studies
to use lost-core casting techniques. In this technique, a male core is molded or die
cast in the shape of the cavity (aneurysm) specified for the molded component. Next,
the male mold is placed in a casting box, as shown in Figure 2.8. Finally, the silicone

elastomer is poured into the casting box and shapes the cavity [20].

It’s also important to produce the casting box’s surface smooth enough to decrease
the optical distortion. The orientation of the surfaces is also important to first, match
our region of interest and second, decrease the amount of material we need due to

their high prices [18].

16



Figure 2.8. Lost-core casting- the casting box’s surfaces are arranged in a way to

increase optical access to vital areas [20]

It is difficult to accurately reproduce the compliance of the artery wall while
capturing fluid-structure interaction. Failure to replicate arterial compliance
diminishes the model's accuracy [21], which in turn limits the usefulness of the
findings for clinical application and therapeutic optimization. To produce a
compliant model using silicone elastomers, several methods can be applied. One is
to use male and female molds to shape the wall thickness precisely, especially for
patient-specific models. In this method, The female mold must surround the male
mold precisely. The cavity is filled with silicone, which is then cured. The molds for
the male and female are then taken out. The stiff phantom removal procedures can
also be utilized to remove the male mold. Female molds are typically simply

unbolted and don't need to be removed destructively [18].

In summary, the compiling precision of the manufactured models is affected by;
material, curing temperature and time, mixing ratios of curing agent and PDMS
silicone, and wall thickness. Several studies have been conducted to investigate the

effect of these parameters on compliance.
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2.2.2 Blood Mimicking Fluid

Blood is a complex non-Newtonian fluid. Dou to the shear thinning property, blood’s
viscosity changes under different shear rates. Simulating its properties carries great
importance for experimental studies. To obtain close to real flow structures it is also
vital to match the density and dynamic viscosity of the blood for our blood

mimicking fluid (BMF).

The other vital parameter for optical measurement methods that should be considered
is the phantom's Refractive Index (RI). Mismatching RI between the solution and
model results in distortion in near-wall regions. Since these measurements are based
on optical tracking of the particles floating inside the solution, this distortion will

affect the results.

Figure 2.9. exhibits a model filled with three different solutions. The solution's

refractive index in part B is only 0.003 away from the model's material.

Figure 2.9. matching refractive index's impact on optical access, A)no match,

B)close match, C)perfect match [22]

The reported RI of the material used in AAA phantoms in literature is mainly for the
wavelength of 589 nm. Several types of research have been conducted to investigate

the RI of these materials more specifically. Glass has a general RI of 1.47, but the RI
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of'silicone elastomers varies between 1.40-1.44 based on their material, mixing ratio,

and production method [23].

Yousif et al. (2009) measured the RI of PDMS Sylgard184, 1.414 at room
temperature (22.2 £ 0.0 °C) [22].

Prajzler et al. (2017) reported that the RI of PDMS Sylgard 184 modifying the
deposition circumstances (hardening temperature and/or A: B mixed agent ratios)
could vary refractive indices. He also reported these RI’s in five different
wavelengths [23]. Figure 2.10. compares the RI of Sylgard 184 samples at different

deposition conditions.
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Figure 2.10. The PDMS polymer (Sylgard 184) refractive indices of the samples
with varied A: B mixed agent ratios: a) curing conditions at 65°C for two h, b) at

room temperature for seven days [23]
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As mentioned before, due to shear stresses above 300 s> blood acts almost like a
Newtonian fluid. However, some results challenge this assumption and report a

significant difference in flow structure in abdominal aortic aneurysms.

Blood viscosity changes according to gender, age, health, and shear rate. Mayer et
al. examined the viscosity of human blood in a variety of patients, both healthy and
suffering from chronic coronary heart disease. According to the findings, viscosity
ranges from 2.96 mPas in healthy children to 3.72 mPas in healthy men aged 21 to
26. However, the measured viscosity in people with chronic coronary heart disease

was 3.98 and 3.60 mPa s, respectively [24].

Rosenson et al. tested the blood viscosity of 126 healthy adult males and females.
Viscosity was shown to be 3.26, 4.37, and 5.46 mPa s, respectively, for shear rates

of 100, 50, and 1 s' [25].

It is difficult to choose the working fluid for these studies that has blood density,
viscosity, and PDMS index of refraction (RI). A water-glycerol solution has been
widely used to match the RI of PDMS Sylgard 184 in literature. But, this solution
does not match the blood’s dynamic viscosity. Yousif et al.(2009) reported a
replacement for this solution with an additive of NAI (sodium iodide), which has a
better match of blood properties. Table 2.1 exhibits the properties of the water,
glycerol, and the respective BMFs [22]. Furthermore, by changing the additive
percentage of Nal, the solution's refractive index can be matched with the phantom

without a significant change in density and dynamic viscosity.

A study on the RI of Nal solution for index matching in PIV was done by Bai and
Katz et al.(2014). According to their reports, the Nal solution may span the RI range
of 1.333-1.51 [26].
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Table 2.1 Properties of water-glycerol-Nal and BMF [22]

Ratio Dynamic
Fluid (Weight RI plkg/m’) Viscosity
percent) (mPa)
Blood - - 1060@ 2.9-4.37
37°C
Water @ 20°C - 1.333 998.2 1.0016
Glycerol @ 20°C - 1.474 1261.08 1.76
47.38-
Water- Glycerol- Nal 36.94- 1.414 1244 4.31
15.68
Water Glycerol 61-39 1.417 1156.6 10.6

However, the most challenging part of using Nal in BMF is the corrosive quality of

it that over time, can cause parts of the flow system to degenerate [18].

Nal is pricey, has safety and material concerns, and has been observed to alter the
behavior of non-Newtonian fluids [27]. Brindise et al.(2018) suggested an alternative
mixture of Water-Glycerol-Urea to overcome this quality of the Water- Glycerol-Na
solution. Urea is around 5—15 times cheaper than Nal, safe and straightforward to
use, optically transparent, and doesn't discolor. Table 2.2 compares the properties of
Water-Glycerol-Urea and Water-Glycerol-Nal solutions with blood and PDMS
Sylgard 184.
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Table 2.2 Features of the Newtonian solutions of Water-Glycerol with an additive

of Urea and Nal with three different viscosity ranges [27]

Wt% Wt%  Refract Viscosit

Starting Materi Density
, , Wt% water Glycer additiv  ive  y (Pa-
Viscosity al (kg/m>)
ol e Index sx107)
Blood;
- - - 1.4118 2.81-5 1060
PDMS
Urea 45.64 28.77 25.58 1.4118 3.564 1130
Low
Nal 45.51 28.70 25.79 1.4138 3.117 1229
Urea 44.07 3452 21.41 1.4124 4.184 1114
Medium
Nal 44.07 3452 21.41 14143 3.898 1221
Urea 43.21 3996 16.83 1.4143 5.178 1141
High

Nal 4321 3096 16.82 14131 4.616 1211

For some cases (like small vessels with a diameter less than 0.6 mm [28]), the non-
Newtonian behavior should be considered too. Adding Xanthan gum (XG) to BMF
has been utilized to simulate this property. But it has been reported that XG addition
to salt-based fluids like Water-Glycerol Nal decreases the shear thinning property.

Brindise et al. (2018) also examined the effect of 0.02, 0.04, and 0.06 weight percent
additive to the Water-Glycerol-Urea solution. Figure 2.11 compares the properties

of these mixtures in detail [27].

For evaluating the non-Newtonian property, oscillatory viscosity and elasticity
parameters can be considered. The complex viscosity can be formulated as equation

2.2, where 1’ is the oscillatory viscosity, and 1" is the oscillatory elasticity

n=n"—in" (2.2)
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Figure 2.11. Oscillatory elasticity (a—c) and Oscillatory viscosity (d—f) were

measured in the low, medium, and high water—glycerol ratios with the addition of

urea and Nal. The xanthan gum concentrations were 0.02 (a—d), 0.04 (b—e), and

0.06 (c—f) [27]

As it can be observed in Figure 2.11, a 2% additive of XG results in the best no-

Newtonian behavior match with blood [27].
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23 Determining Factors for Flow Structure

2.3.1 Reynolds Number

The Reynolds number is the ratio of inertial forces to viscous forces. The Reynolds
number is a dimensionless number used to categorize the fluids systems in which the
effect of viscosity is important in controlling the velocities or the flow pattern of

fluid [29].

Reynolds number can be formulated as equation 2.3 for aneurysm phantoms.

pu, D
e =

" (2.3)

Where:

Uy average velocity at aneurysm inlet (m/s)
D: diameter of the model at the inlet (m)

M the dynamic viscosity (Pa.s)

p: density (kg/m?)

2.3.2 Womersley Number

The ratio of oscillatory inertia to viscous effects for fluid in pulsatile flow is known
as the Womersley Number, and it is crucial for studying and quantifying pulsatile

flow [30].
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Womersley number can be formulated as equation 2.3 for aneurysm phantoms.

D |pw
0(—2 .

Where:
o: angular frequency (rad/s)

D: diameter of the model at the inlet (m)
M. the dynamic viscosity (Pa.s)

p: density (kg/m?)

The Womersley number affects how the velocity profile looks, and for high values,
an oscillating plug flow is frequently seen, making it clear that inertia is the dominant
force in the flow. According to the ratio of oscillatory inertia, viscous forces and the

driving pressure gradient are in equilibrium for small Womersley values[30].

Figure 2.12 exhibits the effect of the Womersley number on the velocity profile for
pulsatile flows in a straight tube. It is also reported that the Womersley number

varied between 12-16 for the aorta in the human body [31].
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Figure 2.12. Velocity profiles of steady parabolic and plug-like flows and peak
velocity profiles of five different Womersley flows [32]

2.4 Vortex Characterization of Flow

A vortex is frequently thought of as a fluid motion that rotates around a shared
centerline. It is determined by the fluid's vorticity, which quantifies the speed of
regional fluid rotation. The fluid typically moves around the vortex, speeding up as
it gets closer and releasing pressure as it does so. Vortices appear in a wide range of

sizes for both natural and technological uses [33].

Vortices play a vital role in the location of the thrombus and aneurysm expansion.
Various methods have been utilized to identify vortex locations. These methods can
be categorized in two ways; First, Eulerian or Lagrangian, and second, Local or non-

local.
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In the Eulerian method, an observer tracking a fluid particle as it moves across space
and time investigates the flow field. In contrast, the observer examines particular

areas and the fluid particles moving across them, such as pathlines.

In local methods, every point of the flow field is studied for vortical flow
characterization. On the other hand, in non-local approaches, the whole field flow

investigation is done.

Jeong & Hussain et al.(1995) Proposed two requirements for vortex identification

methods: [34]

(1) Net vorticity is necessary for a vortex core (hence, net circulation). As a
result, vortex cores are not affected by potential flow areas, which are
defined as vortices with zero cross-section.

(i1) The detected vortex core's geometry must be Galilean invariant.

Inertial frames are all reference frames that are moving with a constant speed about
an inertial reference. Because no particular inertial frame is preferred over another,
Newton's Laws of Nature hold in all inertial frames of reference, making it

impossible to determine absolute velocity. Galilean invariance describes this [35].

In this section, some of the vortex identification methods are presented.

2.4.1 Streamlines

A closed or spiral streamline could be an observant of a vortex. But this method is
not completely reliable since it does not satisfy requirement (ii). The other
challenging fact is that the particle may not fully circulate in the vortex core. This

problem is illustrated in Figure 2.13.

27



10)— S
/”—"‘—\\ "_‘-—'_F_—-_““.'—-‘_-_“*

N e =
/—_-\

/@ 2A

’ A
_2/\

> 6A

. —"‘-"_.——_'_—-_N-‘-—
o TS 0 5 w0 U v o

Figure 2.13. Streamline of a vortex in three different reference frames: a) vortex

core, b) inside the core, ¢) out of the core [34]

2.4.2 Vorticity Magnitude

Vorticity refers to the twice the rotation of the fluid at a certain point which is also
defined as the curl of the velocity. The traditional method of identifying vortical
formations involves choosing a threshold for the magnitude of the vorticity and
designating as a vortex any area where the magnitude of the vorticity exceeds the

threshold. Vorticity vectors can be formulated as equation 2.4 [36].

g a 0
w—VxV_(aa—ya)x(uvw) (2.4)

Where:
o : the vorticity vector
X, y, and z: coordinates

u, v, and w: velocity component

For a two-dimensional velocity field, the vorticity vector, in the absence of the z-
component of velocity, is parallel to the z-axis, which can be expressed as equation

2.5
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ov du

wz=(&—a—y) (2.5)

However, this method also carries some obstacles. The major problem is the fact that
vorticity magnitude can not distinguish the vortex cores in a shear flow since, due to

the presence of large gradients, shear layers have high vorticity magnitude [34].

243 Swirling Strength Criterion

Swirling strength (i) is a method based on velocity gradient tensor (VGT). Equation

2.6 expresses the relevant matrix for a 3D velocity field.

rdu  du  duj

ax dy 0z

_ _ dv 0dv OJv
VGT =VV = e @ 3, (2.6)

dw ow Jdw

9x 3y oz

This matrix has a characteristic equation (2.7) with three invariants of P, Q, and R.

AB+PA2+Q1+R=0 (2.7)

To see vortices, the swirling strength technique makes use of the imaginary portion
of the complex eigenvalue of the velocity gradient tensor. This hypothesis is
supported by the decomposition of the velocity gradient tensor in Cartesian

coordinates as equation 2.8 [36].
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Where:

et Thei : the complex eigenvaluse

vt ivei : the corresponding eigenvectors
A : the real eigenvalue

v, : the corresponding eigenvector

In a coordinate system of (31, y2, y3), specified by {v:, ver, vei}, the streamlines can

be expressed by equation 2.9 [37].

y1(t) = Crexpi,t, (2.9a)
y2(t) = exp/lcrt[Cc(l) cos(A;t) + CC(Z) sin(A;t)],  (2.9b)

¥2(6) = expAe, t[C7 cos(At) — €V sin(0)],  (2.9¢)

Where C,, Cc(l) and CC(Z) are constants. As Figure 2.14 illustrates, Along the axis v,
the local flow is either compressed or stretched. On the other hand, flow shows a

swirling motion on the plane created by the other two vectors.

30



Figure 2.14. Swirling motion of the fluid [37]

The local swirling strength (Aci) of the vortex, or A, is a measure of the intensity of
this swirling motion. There is no clear definition of the Aci threshold. Theoretically,
it ought to be set to zero. However, positive values produce outcomes that are more

evenly distributed [36].

For 2D velocity fields eliminated the third component of the velocity resulting in a

velocity gradient tensor of 2.10,

}{cr /161'

VGT = [Vcr Vci] 1. 2
ci cr

| ver ver™ (2.10)

Therefore, the first equation of the streamlines, y; (t) also vanishes.

2.5 Previous Investigations

To understand the reason behind AAA creation, early experimental studies have

focused on the flow structure in the normal aorta (without expansion). Ku et al.
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(1989) used a realistic abdomen glass model (Figure2.15) and reported a complex
flow at the infrarenal aorta where AAA generates [38].

Figure 2.15. Complex flows at the anterior half of the infrarenal aorta [38]

Some studies have investigated the flow structure inside an axisymmetric AAA
model under both steady and pulsatile flow. Yu. (2000) studied the flow in two rigid
glass phantom under different steady and pulsatile (sinusoidal) flow with different
Reynolds and Womersley numbers. He reported a recirculating vortex covering the
majority of the bulge area in steady flows. He also stated that the vortex’s strength
was increased by increasing the Reynolds number to a point. The vortex starts at the

distal end of the bulge portion as shown in Figure 2.16.
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Figure 2.16. Velocity vectors in the bulge portion under a steady flow of Re=1000
[39]

He also reported the effect of the variation in Womersley number and the dimension
of the model on the flow structure. The other discussion in this study was about the
effect of steady and pulsatile flow. The vortex core location and intensity do not
differ in steady flow, but on the other hand, it changes during pulsatile flow, so this
observation made it quite evident that extrapolating the steady flow results to the

examination of the pulsatile counterpart was not appropriate [39].

One of the primary experimental studies under physiological flow was done by
Fukushima et al. (1989). They investigated flow inside four different rigid glass

models, as shown in Figure 2.17.
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Figure 2.17. Dimensions of the glass AAA models [40]

Figure 2.18. Flow progress during a cycle of physiological flow with Remean=289
and a=4.07 in the model [40]
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As illustrated in Figure 2.18, the flow separation happens at the acceleration part of
the flow pattern. During the acceleration, also the vortex movies away from the left
side of the aneurysm. The vortex strength increases in this part, which results in
another vortex with opposite rotation. This vortex increases in size and hence
decreases in strength at the start of the deceleration and finally disappears, but the
primary vortex stands still during the deceleration, even when the velocity
approaches zero. At the moment where velocity is reversed (part7 in Figure 2.18),

the primary vortex is strengthened [40].

Stamatopoulos et al. (2010) studied the hemodynamics inside an axisymmetric rigid
model (Figure 2.19) produced by PDMS Sylgard 184 under different steady and

sinusoidal pulsatile flows. The BMF was a mixture of water and glycerol.

o |

P
b
S

Figure 2.19. AAA axisymmetric sylgard 184 model. Dimensions in mm [41]

In this study, it has been reported that the distance between reattachment location
and exit of the AAA becomes smaller when Re increases which is visible in Figure
2.20. High wall pressure gradient and high wall shear stresses occur at this location

[41].
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Figure 2.20. Axial velocity contours and streamline at steady flow a)Re=584

b)Re=690 [41]

Recent studies have focused on the effect of the material and the compliant property

of the models on the flow structure. Deplano et al. (2007) compared the

hemodynamics inside a rigid glass and a flexible model made of polyurethane. Both

models had the same dimension shown in Figure2.21.
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Figure 2.21. Plane definitions in the symmetric AAA model a)Vertical plane
b)Horizontal plane [42]
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In the compliant model under physiological flow, a deformation of 1.5% at diameter
D> has been reported. Generally, A shear layer is created by the jet's boundary
velocity discontinuity, eventually rolling into a vortex ring in both models. In the
horizontal plane, the presence of the primary vortex is visible in both models.
However, in the vertical plane, as illustrated in Figure 2.22, there is only one vortex
close to the anterior part in the rigid model. On the other hand, there is a second
vortex happening in the posterior part of the compliant model.

This behavior difference is because the flexible walls collect the energy in the
acceleration part of the physiological flow, which eases the creation of vortices. On
the other hand, during the deceleration part, this energy makes the wall withdraw

[42].

Rigid Compliant Rigid

Figure 2.22. Comparison of the swirling strength (i) in rigid and compliant

models in a) vertical plane, b) horizontal plane [42]
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CHAPTER 3

EXPERIMENTAL SETUP AND MEASUREMENT TECHNIQUES

In detail, this chapter describes the experimental setup at the Fluid Mechanics
Laboratory in the Mechanical Engineering Department, Middle East Technical

University.

3.1 Flow Circulatory Setup

The flow circulatory setup is a closed system, where the blood mimicking fluid
(BMF) runs through it. This solution is stored in a plexiglass tank. A positive
displacement gear pump (Dayton 4KHHS, Grainger, Inc., Lake Forest, IL) drives the
BMF through the piping. The pump’s shaft is attached by coupling to an electromotor
controlled by computer software. This electromotor can provide the intended flow
pattern, like physiological flow. A sensitive adjustable valve is placed in the setup to
control the pressure in the aneurysm. Two pressure transducers are installed
upstream and downstream of the model using identical T junctions. The pipe
diameter was 8mm before valvel and after valve 2, but the diameter between these
two was adjusted based on the model's inlet and outlet diameters. Figure 3.1 is the

schematic view of the blood circulatory system.

BMEF is filtered before entering the reservoir to avoid contamination in the system.
To avoid corrosion of the salt-based material in the BMF, the material of the

components in the setup is selected to decrease the risk.

The images of this setup are provided in Figure 3.2.
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Figure 3.1. Schematic configuration of the setup in this study

Figure 3.2. Flow circulatory system in Fluid Mechanics Laboratory, METU
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3.1.1 AAA models

Hemodynamics inside two different models are investigated in this study, a simple
axisymmetric model and a patient-specific one with complicated geometry. These
models are produced using PDMS Slygard184 with a refractive index of 1.4118.
Figure 3.3 shows the dimensions of the simple model, and Figure 3.4 exhibits the
properties of the patient-specific one. SM refers to the Simple model, and PSM refers
to the patient-specific model.

The equipment and BMF were switched in the set-up to match the properties of
Sylgard184 instead of glass before the experiments. Using the SM in the first step
facilitated the challenges in this process. The other benefit of the SM is that it made

it possible to develop the experimental matrices and processing methods according

to the previous studies.

©18.4

70

Figure 3.3. Dimension of the simple model (SM) in mm

Both of the models are produced by the lost-core casting technique with a male mold
inside a casting box (Figure 2.8). Also, a minimum thickness of 12 mm for the wall

of the aneurysm is provided, as Geoghegan et al. (2012) recommended for rigid

behavior [43].
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Figure 3.4. The patient-specific model: upper: 3D view, lower: the schematic view,
dimensions in mm
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3.1.2 Working fluid

The three component Newtonian blood mimicking fluid composed of water,
glycerol, and urea is prepared for this study based on propertied provided by Brindise
et al. (2018) [27]. These properties are tabulated in Table 3.1.

Table 3.1 Properties of the blood mimicking fluid

Viscosity
Wt% Wt%  Refractiv Density
Material ~ Wt% water (Pa-
Glycerol additive e Index (kg/m>)
sx107)
Blood;
- - - 1.4118 2.81-5 1060
PDMS
BMF 45.64 28.77 25.58 1.4118 3.564 1130

To confirm the data, the solution's refractive index was measured at 1.4125 using a
refractometer at room temperature. This property resulted in an acceptable refractive
index match with the PDMS Sylgard 184, as exhibited in Figure 3.5. However, the
solution discolored after almost four weeks. Hence, there was a need for frequent

replacement of the fluid.
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Figure 3.5. The simple model A) Empty B) Filled with blood mimicking fluid, The
patient-specific model C) Empty D) Filled with blood mimicking fluid

3.2  Experimental Matrices

3.2.1 Measurement planes

As mentioned before, in 2D PIV, the target volume is studied in the planar approach.
For SM, the center plane, shown in Figure 3.6, and for the PSM, three different

planes, as shown in Figure 3.7, were considered.

The first plane in PDMS is the midplane of the inlet and outlet. The second plane is

1.2 cm lower than the midplane, and the third is 0.8 cm lower than the second plane.
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Figure 3.6. Measurement plane at SM
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Figure 3.7. Measurement planes at PSM

Since the PSM has a more complicated geometry, the interfering area of the model
and laser sheet is more complex than the SM. This interfering area is exhibited in
Figure 3.8. The small area at plane #2 is not quantified due to the high optical

distortion.
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Figure 3.8. The measurement regions at PSM in; a)plane #1, b)plane #2, c)plane #3
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3.2.2 Flow Arrangements

Flow structures in SM and PSM are investigated under physiological flows in the

planes mentioned above. In this section, the properties of these flow patterns are

presented. Both of these flow simulations have a period of 1 second. Table 3.2

provides the properties of these flow simulations. Figure 3.9 and Figure 3.10 exhibit

the flow pattern of these cases

Table 3.2 Flow properties

Flow rate range

MOdel FlOW lype Remean a
(ml/s)
Simple Model (SM)  Physiological 4-68 345.5 12.98
Patient-Specific
Physiological 2.5-57 258.5 12.98
model (PSM)
70
60
¥ 50
£
b
€ 30
2
T 20
10
0
0 0.2 0.4 0.6 0.8
Time (sec)

Figure 3.9. Flow rates in the physiological flow of SM
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Figure 3.10. Flow rates in the physiological flow of PSM

As mentioned before, both of the models deform under unsteady flows. The

maximum diameter deformations in the physiological flows are reported in table 3.3.

Table 3.3 Deformation amount of models under physiological flow conditions

Maximum Diameter

Model Flow case

Deformation (%)
Simple model Physiological 4.1
Patient-Specific Model Physiological 3.4
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3.3 Pressure Measurements

Two identical GEFRAN TKGN1F2UM pressure transducers with a range of 0-2 bar
and signal output range of 0-10 volts are installed at the inlet and outlet of the models.

Both sensors are installed with identical T junctions to avoid complications.

The National Instrument NI6024E card and SCB-68 terminal block are used to
acquire data from these sensors. The sensors have an input range of 10-30 volts and

are excited by an external power supply.

PT1 refers to the pressure transducer at the inlet, and PT2 refers to the one at the
outlet of the AAA models. Figure 3.11 shows the pressure distributions in SM under
the physiological flow. Figure 3.12 exhibits these patterns for PSM.

0.35
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— 0.25 / \
0.2 \
0.15 \
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Figure 3.11. Pressure at the inlet (PT1) and outlet (PT2) in one cycle (1sec), SM
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Figure 3.12. Pressure at the inlet (PT1) and outlet (PT2) in one cycle (1sec), PSM

34 Velocity Measurement System: Particle Image Velocimetry (PIV)

The flow inside the models is studied using particle image velocimetry. PIV is an
optical measurement technique that calculates the instantaneous velocity of the flow
in a cross-correlation. 2D PIV measures the velocity field in a plane and characterizes

the velocity in a two-dimensional map.

This technique is based on the distance traveled by the particles floating in the fluid.
First, these particles should have the same density as the fluid itself to follow the
current, and second, they should scatter enough light to be detected by the camera.
A pair of images is taken via a high-speed camera from the target plane, illuminated

by a laser sheet. A device synchronizes laser shots and the camera’s imaging instant.

The recorded image pairs are divided into small sub-regions called interrogation

areas. These interrogation areas are cross-correlated in each image of a pair (frame).
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Figure 3.13. Principle of planar PIV (2D PIV)

Once the particles are distinguished in the interrogation area, the cross-correlation
measures the velocity vector in that interrogation area. Once the correlation repeats
for all sub-regions, a velocity map is produced. Figure 3.13 illustrates the principle

of the PIV technique.

In the setup, the TSI PIV hardware is utilized and controlled by the Insight 4G
software, which is also a product of the TSI company. The lasers are empowered by
15HZ double pulsed Q-switched Litron Nano L200-15 200mJ Nd: YAG. These laser
beams are changed to laser sheets through a spherical lens with a focal point of 1000
mm and a cylindrical lens with a radius of -15 mm. The high-speed camera is a four
mega-pixel CMOS camera with a Nikon Nikkor 50 mm lens. The laser and the camera
are synchronized via the LaserPulseTM 610036 synchronizer. Silver-coated hollow
glasses with a diameter of 10 microns and a density of 1.4 g/cm? produced by Dantec
Dynamics are used to seed the fluid. Equation 3.1 and 3.2 illustrate the calculation
of the Stokes number (Stk), which characterize the behavior of particles suspended
in a fluid stream. This index proves that these particles can follow the current

accurately.
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TXU
Stk = 0

_ Ppdyp

(3.2)

Where:

T: relaxation time of the particle
uo: fluid velocity

dp: particle diameter

pp: particle density

ut: dynamic viscosity of the fluid

Considering the qualities of the particle and BMF assuming the maximum velocity
of 0.2 m/s in both models, Stk <0.05. Hence, it can be concluded that the employed

particles can follow the stream precisely.

3.4.1 Phase Averaging Method

An automatically synchronized phase averaging method is employed in this study.
In this method, several images are taken in the same instant of a flow cycle and
averaged to acquire time-resolved velocity fields. To capture the images, the pomp
software triggers the laser shot at the same phase of the flow pattern. The high-speed
camera is synchronized with the laser shot and captures the image pair at that instant.
100-200 image pairs are captured in each phase to increase the precision. Stream
properties are investigated in thirteen instants of the physiological pattern in SM.
However, only ten of them are presented in this study. Figure 3.14 show these target

phases.
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Figure 3.14. Measurement instants of physiological flow in SM

Twelve instants are studied at the physiological flow in PSM. Like the SM case, ten
phases, as shown in Figure 3.15, are chosen to be presented in the latter base on their
importance. In both cases, four instants at the acceleration and six at the deceleration

parts are presented and discussed in the next chapter.
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Figure 3.15. Measurement instants of physiological flow in PSM

3.5 Processing and Post-Processing

To calculate the velocity vectors inside the intended area, the Isinght 4G processor
is used. The time difference between the two frames of an image pair is adjusted
between 800-1700 us depending on the velocity magnitude. Once the images are
taken (Figure 3.16) in the processing tab, spatial calibration is done with a reference

length like the inlet diameter of the model in our case (Figure 3.17).

In the next step, the preprocessor specifies our background subtraction method. In
this study, the average intensity technique is employed. Figure 3.18 illustrate a
sample of a generated image after background subtraction. The number of particles

is adjusted to be more than 8 in each interrogation area.
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Figure 3.17. The calibration reference in SM (inlet with a diameter of 18.4 mm)
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Figure 3.18. The sample image after background subtraction

Then, a processing mask is defined on the images. Duo to high reflection from walls,
the masks are selected in the inner area of the bulge, as shown in Figure 3.19. Next,
the default processor of the Insight4G, with the Nyquist Grid engine with an
interrogation area of 32*32 pixels, is selected. The grid size in the SM experiments
1s 1.296 mm and for PSM is 1.654 mm. However, since this method sets the x and
y spacing equal to half of the grid height and width, it gives vectors with 50%
overlap. Hence, the vector grid sizes are 0.648 mm and 0.827 mm. Figure 3.20 show
the interrogation area of 32*32 pixels in two frames o an image pair. Cross-
correlation measures the velocity vectors in each interrogation resulting in a vector

map (Figure 3.21).
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Figure 3.19. The selected mask as the processing area

Frame A

Figure 3.20. Particles in the interrogation area, two frames of an image pair
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Figure 3.21. Velocity fields generated from an image pair

These vector files are transferred to the TecPlot360 software to calculate the average
velocities of the images (average field). This average field consists of velocity
vectors and coordinates (Figure 3.22). After assigning the field variables (velocity
data in x and y direction), vorticity magnitudes, Q criterion, and swirling strength
(i) criterion can be calculated in TecPlot360. These contours and axial velocity
contour and streamline pattern are employed to identify flow structures. Also, a

comparison between the results of the Q and A is discussed in the next chapter.
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Figure 3.22. The averaged velocity map

Streamline patterns can assist us in characterizing flow structures and possible
vortexes; however, the most significant setback of this method is that the particles

may not fully circulate in the vortex core (Figure 2.13)

Vorticity refers to twice the rotation of the fluid at a certain point which is also
defined as the curl of the velocity (equation 2.4). In the method of identifying
vortexes by employing vorticity magnitudes, the areas which exceed a specified
threshold are defined as vortexes. This method also carries the challenge of failing

to distinguish the shear layers and vortexes.

Swirling strength (Aci) is a criterion of the intensity of the swirling motion. This index
refers to the complex eigenvalue of the characteristic equation of the velocity

gradient tensor (equation 2.6, 2.7, and 2.8)

Q criterion is the second invariant of the characteristic equation of the VGT (equation
2.7). This technique identifies the vortexes by characterizing the flow events as
streaming, convergence, and Eddie regions. This method identifies areas with Q

larger than zero as vortexes [44].
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To check the consistency of the results, the experiments were repeated, and the
deviations in flow rate measurements and the maximum values of velocities and
swirling strength were reported. Considering the 12 phases of the cycle, it was found
that the maximum of 4% deviations in flow rates and the maximum of 9% deviations

in velocity magnitudes and swirling strength were obtained.
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CHAPTER 4

RESULTS AND DISCUSSION

This chapter presents the results of the PIV measurement of the flow structures in
simple and patient-specific models. Streamlines, velocity magnitudes, vorticity
magnitudes, swirling strength (Aci), and Q criteria are analyzed to understand the flow

fields in detail.

4.1 Simple Model

A physiological flow (presented in table 3.2 in detail) is simulated in SM for this
study. This pattern has a period of 1 second with a flow range of 4-68 (ml/s), miming

a close-to-real flow pattern.

Phase-averaged axial velocity contours, streamline patterns, vorticity contours, and
the flow's swirling strength (Aci) are reported to identify the flow forms. Figure 4.1
and Figure 4.2 show the axial velocity contours in the phases mentioned earlier. The
jet flow in the middle of the aneurysm is surrounded by lower velocity contours that
can be observed in most phases.

To understand the flow better, the overall flow structure in one cycle should be
considered. A high axial velocity jet flow surrounded by negative axial velocity,
which can be a sign of vortex, is entered the bulge at phase 3 and moves forward
until the end of the cycle. This flow continues to lose its strength and moves again
forward at the beginning of the next cycle. When this high-velocity core gets to the
distal end, hits the walls and gains its strength back (phase7), and vanishes at phase
8. From phase 2 to phase 3&4, the high difference between the axial velocity at the

inlet is due to the high acceleration rate at the beginning of the cycle.
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In some of the phases, there is a small low-velocity region at the inlet of the bulge.
This flow is valid due to the high Womersley number of the flow pattern. (Figure 2
12)
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Figure 4.1. Axial velocity contours at the acceleration part, SM
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Flow structures show a highly symmetric behavior in most of the phases. It can be
concluded that the high axial velocity region has a lower velocity at the deceleration
part of the flow. In most cases, there are two high negative axial velocity regions at

the top and bottom of the jet flow.
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Figure 4.2. Axial velocity contours at the deceleration part, SM
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To illustrate further, Figure 4.3 and Figure 4.4 exhibit the streamline patterns at the
intended instants.
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Figure 4.3. Streamline patterns at the acceleration part, SM
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As predicted from axial velocity contours, two forward-moving vortical structures
are distinct up and below the jet flow area. The primary whirling form initiates at
phase 7 and moves downstream of the aneurysm. As this structure approaches the
distal end, at the end of the cycle, phase 9, another whirling flow form is formed at
the diverging part of the bulge.

The second vortical structure vanishes at the beginning of the next cycle. But when
the primary one collides with the wall at the distal end in phase 2, it collapses and
divides into two vortical flow forms (phases 3&4).

By deceleration starts, the upstream flow encounters these whirling forms in phases
5 and 6 and finally overcomes them. Complex flows are observed in the separation

section, bulge outlet, and primary potential vortex division.
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Figure 4.4. Streamline patterns at the deceleration part, SM
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To investigate the flow structures further, vorticity and swirling strength (i) are

analyzed afterward. Figure 4.5 and Figure 4.6 are the vorticity contours for the
studied phases.
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Figure 4.5. Vorticity contours at the acceleration part, SM
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Figure 4.6. Vorticity contours at the deceleration part, SM
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Despite the disadvantage of not distinguishing potential vortex cores from the shear
layer, the high vorticity regions were consistent with the identified vortical structures

based on streamline patterns in most phases.

In phase 3 of the acceleration part, an area with high vorticity magnitude appears at
the flow separation part at the inlet of the bulge. This area increases in vorticity
magnitude, and finally, during phase 7, it separates from the wall and moves forward
to the distal end. These areas are consistent with the primary whirling flow’s
location. These vortical structures hit the converging part of the wall at phase 2 of
the next cycle, and their vorticity decreases in magnitude. These primary flows are
surrounded by a high vorticity area of opposite value (distal end of phases 3,4,5, and
6). In most cases, a vorticity couple in opposite directions emerges at the bulge area's

entrance, consistent with the low axial velocity fields at the inlet.

A physiological flow pattern is a pulsatile flow, so the consequences of a flow
structure in one cycle carry on to the next. This effect is visible when the primary

vortex initiated at phase 3 vanishes in the next cycle, phase 8.

Figures 4.7 and 4.8 display the swirling strength of the flow.
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Figure 4.7. Swirling strength (i) at the acceleration part, SM

The first observation is that areas with high swirling strength (A¢;) are similar to areas
with high vorticity magnitudes. The primary vortex is initiated at the inlet of phase
3 and increases strength by phase 6. This vortex is detached from the wall at phase

7, moves forward, and hits the wall in phase 2 of the next cycle.
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Figure 4.8. Swirling strength (A¢;) at the deceleration part, SM
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This collision increases the swirling strength at the center of the vortex. A reduction
of the A occurs after the emergence of the following primary vortex in phase 3. Like
vorticity contours, an area of high swirling strength is detected in the neighborhood
of the vortex at the distal end (phases 4,5 &6). This area is a determiner of the second
vortex. A symmetric region of high swirling strength has entered the bulge at phase
8. In the course of the deceleration part, this region moved forward. However, in the
acceleration part, this region defuses in intensity and collapses from phase 2 to phase
6.

Figure 4.9 compares the Aci and Q criteria in phase 1. As illustrated in this figure, the
areas with positive Q are the same as those with high A, indicators of vortexes. This

consistency is evident in the other phases too.

IR

LambdaCi o 4 8 12 16 20 QCriterion 0 50 100 150 200

Figure 4.9. a) Swirling strength of the flow filed in the first phase b) Q criteria of
the flow filed in the first phase in SM
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4.2 Patient-Specific Model

In this model, flow structure in three planes (Figure 3.7) is investigated in a
physiological flow. The properties of the flow pattern are tabulated in table 3.2. as
mentioned before, experiments are conducted in twelve instants of the flow pattern.
Based on the importance of flow evolution, only ten of them are presented below.
As we expected, the velocities, vorticity magnitudes, and swirling strength (Aci) of
the flow fields reduce in magnitude as the target planes proceed to the bulge. Hence,
to detect the flow patterns, more minor legends are selected for plane2 and plane3,

respectively, compared to planel.

4.2.3 Plane #1

The aim area of plane #1, as shown in Figure 3.8.a, is more significant than other
planes. Only the bulge portion is studied to keep the resolution high enough to
capture quality images. Axial velocity contours, streamlines, vorticity contours, and
swirling strength (Aci) of the flow are presented in sequence to specify the vortical
structures in the flow. Figure 4.10 and Figure 4.11 show the axial velocity contours

in the target instants.
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Figure 4.10. Axial velocity contours at the acceleration part, PSM, plane #1
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Figure 4.11. Axial velocity contours at the deceleration part, PSM, plane #1
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The jet flow is crossed through the bulge portion as expected, but negative axial
flows are visible at the outlet of the aneurysm. These backflows are mostly in phases

with a low flow rate calculated at the inlet of the aneurysm.

A high-velocity region has entered the bulge at the top of the acceleration part with
maximum flow rate, phase 4. Starting from the deceleration part, the axial velocity
at the inlet decreases at phase 5. Phases 6 and 7 are the instants at deceleration, where

the flow at the outlet area increases in axial velocity.

A second high-velocity region entered the bulge in phase 7. This flow does not move
further, stays at the same position, and decreases in magnitude at the beginning of
the next cycle. Flow separation occurs at the diverging part of the anterior wall,
leading to an area of lower velocity. As mentioned, the area with a negative axial
velocity at the diverging anterior and converging part of the posterior wall can

signify vortical structures.

Figure 4.12 and Figure 4.13 show the streamline patterns in the intended phases.
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Figure 4.13. Streamline patterns at the deceleration part, PSM, plane #1
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Phase 6 in Figure 4.13 shows that streamlines with a vortical pattern initiate at the
separation part of the posterior inlet wall. This structure detaches from the wall in
phase 8 in the presence of another whirling flow at the converging area of the rear
wall. The first sign of the second whirling flow form is roughly visible in the same
place in phases 6 and 7. Complicated flow patterns arise at the encountering location
of these structures. The second whirling flow loses intensity at the end of the
deceleration part and finally vanishes at the beginning of the acceleration part of the

next cycle.

At the end of the deceleration part, phase 10, a third vortical flow structure is visible
in the anterior area. This flow also vanishes at the end of the acceleration part of the
next cycle. The streamlines in the opposite direction of the mainstream are consistent

with the negative axial velocity areas.

In the first and last phases of the cycle, with the minimum flow rate, the backflow at
the outlet of the aneurysm occurs. These are phases in which the third vortical pattern

has appeared.

In the phases where two whirling flow forms are visible, the streamlines circulate in
a bigger diameter around their cores. This circulation occupies most of the bulge
area. Flow separation at the distal end of the bulge causes complex streamline

patterns in phases like phase 1.

Vorticity magnitudes and swirling strength (A;) will assist us in understanding the
flow structure and especially vortexes. Figure 4.14 and Figure 4.15 show the

vorticity magnitude contours in the discussed phases.
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Figure 4.14. Vorticity contours at the acceleration part, PSM, plane #1

At the end of the acceleration part phase4, beside the shear layers at the anterior wall,
a high vorticity region has evolved at the diverging part of the posterior wall. Along
with the deceleration part, this vortex detaches from the wall, moves forward, and
loses its intensity. Finally, at the beginning of the next cycle, it collapses to a larger
area of lower vorticity. This area is consistent with the streamline patterns' first

vortical structure in phase 6.
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Figure 4.15. Vorticity contours at the deceleration part, PSM, plane #1
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Starting from phase 6, an elliptic area with lower vorticity magnitudes surrounded
by another vortical circle of high vorticity appears. This area is evident at most

phases and moves forward along with the primary vortex.

It is challenging to distinguish vortices from shear layers at the separation area of the
anterior wall. However, evaluation along with streamline patterns can ease this
challenge. Considering this, as mentioned before, a vortical flow structure appears
in this area in phases 1, 2, 3, 9, and 10 via streamlines. The high vorticity area in

these phases can be a determinative factor for vortexes.

At the converging part of the rear wall, during the acceleration part, and end of the
deceleration part, two areas with high vorticity emerge in opposite directions.
Vorticity counters also show that the primary vortex has the maximum vorticity
magnitude in phases 6, 7, and 8 and almost vanished at the end of the acceleration
part phase4. In some phases, high vorticity areas close to the outlet wall appear.

However, no vortical flow appears in these areas considering streamlines.

Due to the complex geometry, the flow structure is affected by the slightest change
in the wall. For instance, the anterior wall has converged slightly before the diverging
area. Either the streamlines or vorticity magnitude did not provide any additional

information about the flow structure in this area.

Figure 4.16 and Figure 4.17 exhibit the swirling strength (A¢i) contours in studied

instants.

83



70
- 4
}Eso
240 e i
- ([ <t 1)
:m 1 23 | ~ _‘/J/
0 \__ (,./
[} 0.2 04 0.6 08 1

Time(sec)

LambdaCi 0 1.2 2.4 36 48 6 Lambd

i 0 1224 3648 6

I | |

LambdaCi 0 1.2 24 36 48 6 LambdaCi 0 1.2 24 36 48 6

Figure 4.16. Swirling strength (ci) at the acceleration part, PSM, plane #1

The first sign of the primary vortex develops at the point of the diverging frontal
wall. This vortex is detached from the wall in phase 6 and moves farther during the
cycle. This evolution is also solid based on the vorticity magnitudes. Maximum
swirling strength happens at the core of the vortex in phase 7. This flow pattern loses

its intensity till the next cycle's acceleration part and finally vanishes in phase 4.
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Figure 4.17. Swirling strength (i) at the deceleration part, PSM, plane #1
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Swirling strength (Aci) is high in most cases at the diverging part of the anterior wall.
But it decreases in magnitude in phases 4 and 6 when the flow starts decelerating.
Maximum swirling strength in this region also happens in phase 7. The core of this
whirling from stands still along the cycle. At the starting point of the posterior wall
converging, a high A region appears in most phases. This region has the maximum
intensity at the acceleration part. However, the occupied area gets more extensive

during the deceleration period.

Figure 4.18 compares the Q and A of the flow field (plane #1) in the first phase of
the physiological flow. Like the results in SM, the identified vortexes in both
methods are consistent with each other. This consistency is evident in the other

phases too.

LambdaCi 0 1.2 24 36 48 6 QCriterion 0 5 10 15

Figure 4.18. a) Swirling strength of the flow filed in the first phase b) Q criteria of
the flow filed in the first phase in PSM
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4.2.3 Plane #2

As Apparent in Figure 3.8.b, two interfering regions were formed in plane #2.
However, only the highlighted area is considered due to the inadequate optical access

to the small site.

Figure 4.19 and Figure 4.20 show the axial velocity contours in the studied phase.
At first sight, the velocity magnitudes are lower than the ones in plane #1. A region
of high positive velocities at the anterior wall appears in all phases. The core of the
mentioned region saves its position during the acceleration part. Starting from phase
4 and transitioning to the deceleration part, the velocity magnitudes increase and the
region moves toward the distal end. In phase8, this region vanishes, and an area with
negative axial velocities surrounds the positive velocity area. The mentioned
negative velocity region expands till the phase2 of the next cycle. In phases 4 and 5,
negative axial velocities occur close to the rear wall across the high-velocity region.

These can be an indication of a vortex ring.
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Figure 4.19. Axial velocity contours at the acceleration part, PSM, plane #2
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Figure 4.20. Axial velocity contours at the deceleration part, PSM, plane #2
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Figure 4.21 and Figure 4.22 show the streamlines in the acceleration and deceleration
part of the flow. A whirling form of flow with one core develops in phase8. The
second core inside this pattern appears at the beginning of the acceleration part of

the next cycle. The second core also disappears at the end of the acceleration part.
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Figure 4.21. Streamline patterns at the acceleration part, PSM, plane #2
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Figure 4.22. Streamline patterns at the deceleration part, PSM, plane #2
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In phase 5, in the area where the left to right flow encounters the clockwise flow of
the whirling region, complex streamline patterns are observed. In the area adjacent

to the left wall, twisted flow forms appeared in phases 5 and 6.

Figure 4.23 and Figure 4.24 display the vorticity contours in these phases. Beginning
from phase 7, the first sign of the vortex appears at the half of the bulge. This region

increases in intensity and area until the end of the acceleration part of the next cycle.
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Figure 4.23. Vorticity contours at the acceleration part, PSM, plane #2
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Figure 4.24. Vorticity contours at the deceleration part, PSM, plane #2
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In the course of the deceleration part, the high vorticity section moves forward and,
meanwhile, loses its intensity. In the close-to right wall section, this remains still
from phase 8 to the next cycle’s phase 2. In phase 3, this area attaches to the primary
vortex initiated in the previous cycle. Another high vorticity flow in the opposite

direction follows the current started at phase7 attached to the anterior wall.

Figure 4.25 and Figure 4.26 show the swirling strength of the flow in these phases.
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Figure 4.25. Swirling strength (Aci) at the acceleration part, PSM, plane #2
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Figure 4.26. Swirling strength (i) at the deceleration part, PSM, plane #2
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A rotary region of high swirling strength (Aci) initiates in phase7 in the half length of
the bulge and close to the anterior wall. The intensity of this current’s swirling
strength increases along with moving forward. This flow almost vanishes when it
reaches the bulge's right wall (phase6). Maximum swirling strength emerges at the
primary vortex's core in phase5. Along with the primary vortex, consistent with the
vorticity contours, another area of high swirling strength appears adjacent to the

anterior wall.

4.2.3 Plane #3

The target area of plane #3 (Figure3.8.c) is smaller than the other planes. Figure 4.27
and Figure 4.28 display the axial velocity contours in the previous phases.

In the right corner of the anterior wall, an area of flow with a positive direction is
surrounded by opposite direction flow. The positive direction flow increases in area
and velocity during the acceleration part. The maximum axial velocity appears in
phase 4. At the deceleration part, this area moves clockwise close to the wall region
and decreases in velocity magnitude. Phase8 is when the opposite direction flow

starts to dominate the site again.
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Figure 4.27. Axial velocity contours at the acceleration part, PSM, plane #3
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Figure 4.28. Axial velocity contours at the deceleration part, PSM, plane #3

99




Figure 4.29 and Figure 4.30 show the streamlines in the aimed instants. In the course
of acceleration, backflow occurs. The current changes its direction starting from
phase4. Flow orientation differs again in phase8, where complex streamline patterns
happen close to the anterior wall region. No potential whirling from of stream is

detected considering the streamline patterns.
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Figure 4.29. Streamline patterns at the acceleration part, PSM, plane #3
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Figure 4.30. Streamline patterns at the acceleration part, PSM, plane #3
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Figure 4.31 and Figure 4.32 show the vorticity contours of phases in the acceleration
and deceleration part of the physiological flow, respectively. High vorticity currents
appear at the reciprocal areas adjacent to the wall with opposite circulations.
Consistent with streamline patterns, the vorticity directions changes in phase4. In the
median area of the bulge, high vorticity regions appear, but there is no recordable

evolution of these flow structures.
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Figure 4.31. Vorticity contours at the acceleration part, PSM, plane #3
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Figure 4.32. Vorticity contours at the deceleration part, PSM, plane #3
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Maximum vorticity magnitudes at the median area occur in phases 3 and 4. Figure
4.33 and Figure 4.34 illustrate the swirling strength (A.;) contours in the instants. The
case's general view indicates no solid emergence of a vortex ring. High swirling

concentrations are consistent with vorticity magnitude contours. Maximum Ac;

occurs in phase4.
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Figure 4.33. Swirling strength (i) at the acceleration part, PSM, plane #3
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Figure 4.34. Swirling strength (i) at the deceleration part, PSM, plane #3
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4.3 Comparison of flow characteristics is SM and PSM

The discussed indexes in both models indicate that the flow structure highly depends
on the model geometry. The flow patterns are consistent with the previous studies
illustrating the emergence of a particular vortex ring and the appearance of the
secondary vortexes in the collision area of this vortex ring with the distal end. On
the other hand, the PSM has a unique geometry, provoking complex streamlines and
flow patterns. Evaluating the target indexes in three planes in this model show that
the velocity magnitudes are much smaller in the bulge portion. Initiation of vortexes
is detected in the midplane and second planes. The development of a potential vortex

ring in the second plane is a remarkable incident and needs further investigation.
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CHAPTER 5

CONCLUSION

This study aims to characterize the flow structure in two different abdominal aortic
aneurysms models, simple and patient-specific geometry under physiological flows.
An in-vitro setup is designed to simulate the physiological flows in the phantoms.
The velocity fields in a single plane in the simple model and three planes in the
patient-specific model are measured by using a 2D PIV device. Both of the models
are produced by PDMS Sylgard 184. To match the refractive index of Sylgard 184,
a mixture of water, glycerol, and urea is selected as the blood-mimicking fluid. This

solution has viscosity and density close to the blood itself.

Velocity contours, streamline patterns, vorticity, and swirling strength (Aci) contours
are presented based on the velocity fields. To analyze and calculate these parameters,

Tecplot 360 software is used.

In each physiological case, ten different instants (four in acceleration and six in

deceleration) are studied by averaging 100-200 image pairs at those instants.

The flow structures in the simple model are investigated in the physiological
flow(case) with a period of one second and a flow rate range of 4-68 ml/s. Streamline,
vorticity magnitudes, and swirling strength criterion reveals three vortexes'
appearance in a cycle. The primary one initiated at the acceleration part of the
physiological pattern traveled through the bulge portion in the subsequent phases.
This whirling flow form is followed by another vortical structure with high vorticity
and swirling strength starting in the middle of the deceleration. The second one
vanishes at the instant that the primary one hits the distal end. This collision divides
the primary vortex into two small ones in opposite directions. The remainder of the

primary vortex ring disappears in the deceleration of the next cycle.
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The patient-specific model's simulated physiological flow has the same period as the
case in SM. In but has a flow rate range of 2.5-57 ml/s. A primary vortex develops
at the diverging point of the posterior wall at the beginning of the deceleration. This
stream does not travel along the bulge and disappears at the end of the acceleration
part of the next cycle in the first half of the bulge’s length. An area of high swirling

strength is visible through the rotation at the diverging part of the anterior wall.

Analyzing the results of vortex identification methods, it can be concluded that
streamlining patterns can not be a precise approach for determining the vortexes.
However, in most cases, the swirling strength criterion shows accurate results

consistent with the potential areas in streamlines and vorticity contours.

5.1 Future work

Flow inside the aneurysm is a 3D flow. The most significant disadvantage of the 2D
PIV is that it does not provide any information about the third component of the
velocity vector. Stereoscopic PIV addresses this shortage by measuring the z
component of the velocity vector in each plane by analyzing the flow in the thickness
of the plane. This approach will help the study to have more information about the

flow characteristics.

This research studies one plane in the simple model and three in the patient-specific
model. However, the flow structure in other planes may carry vital characteristics,
especially in the patient-specific model. Hence, alternative planes of interest could

be added to the experimental matrices.

Many studies have reported a significant effect of non-Newtonian behavior on the
flow structure in AAA. Experiments with the same properties could be conducted
with a non-Newtonian fluid in both models to study this effect. 2 w% additives of
XG to the employed blood mimicking fluid simulate the non-Newtonian property of
the blood.
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