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ABSTRACT

CHARACTERIZATION OF WALL SHEAR STRESS IN ABDOMINAL
AORTIC ANEURYSM PHANTOM USING PARTICLE IMAGE
VELOCIMETRY

Tark, Semih
Master of SciengeMechanical Engineering
SupervisorProf. M. Metin Yavuz

September 2021120 pages

Abdominal Aortic Aneurysm (AAA) is defined as the enlargement of the largest
artery in the abdominal cavitthe abdominal aortalhe vascular rupture begins to

pose arisk after a certain enlargement, and the rupture is described as one of the most
critical emergencies in medicine. The disease is labeled as the 14th disease with the
highest mortality rate. Thus, predicting the progressib the disease is vitally
important. Hence, researchers are trying to identify and standardize all biological and
mechanical factors on growth and rupture. Wall shear stress and the wall shear stress
metrics have asignificart impact on vascular dilatiomnd rupture. Recently,
researches focused on understanding the retdtipbetween the wall shear stress

and the rupture correlated occurrences such as calcification and fat deposits with
numerical and experimental studies. Due to the difficulties etemadh with the
nearwall measurements in experimental methadsst studies are conducted by

numerical methods.

The present study aims to characterize the flow structure in abdominal aortic
aneurysn and analyze the distribution of the wall shear stresseoAAA by using

Particle Image Velocimetry (PIV.) The study compares the accuracy of PIV data in



terms of proximity to the wall and velocity profile fits in terms of WSS prediction.
For that purpose, simple and axisymmetric aneurysm geometry and Nevitiomidn

mimicking fluid areused The experiments are conducted in two steady (Re =300

and Re=900) and one physiologicalfggd 300 and U=7pstudigs case.

are conducted in order to see the effect of spatial resolution increase for the steady

cases.

The results indicate thahe first PIV data closest to the wall overestimates the
velocitiesfor the whole field experiment approaddn the other hand,laseup
studiesoverestimatemultiple data point closest to the wallHowever, results of
closeup studies are obtained by using closer data points to the wall compared to the
whole field since the spatial resolution of the clageapproach is more superior
than the whole fieldFor obtainingaccurate WSS estimationiffdrent neaswall
profiles are investigated, suchsexondorder polynomial, third order polynomial,
cubic spline, etc. 3rd order polynoméaaid cubic spline féare the two methods that

give expected resultslsing cubic spline fitdor the wall shear stress calculatisn
convenient since the spline fit methgives robust results in the case of complex
flows. Regions with low wall shear stress and high oscillatory shear index are
considered hazardous for growth and rupture. For the current aneurysm model, this
combinaion and high riskare observed at distgdroximal edges and regions with

secondary voitesin case of physiological flow.

Keywords: Abdominal Aortic Aneurysm, Wall Shear Stress, Blood Flow,

Hemodynamics, Particle Image Velocimetry
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ABDOMKNAL AORT ANEVRKZMA MODELKNDE DUVA
GERKLKMKNKN PARTKK!L G¥R! NT! VEL OSKME
KULLANI LANARAK KARAKTERKZASYONU

Turk, Semih
Yuksek LisansMa ki na M¢hendi sl i i
Tez YoneticisiProf. Dr. M. Metin Yavuz

Eylul 2021, 120 sayfa

Abdomi nal Aor t Anevrizmaseée (AAA), kar én
abdomi nal aortun geni kK|l emesi ol arak taneé
damar, tépta en kritik vakalardan biri ol

hastal éskek elnd .y ¢°kl ¢ m oranéna sahip ol an h

nedenl e, hastaleéjén ilerleyikini tahmin

Bu alanda yapélan araktérmal ar damar én ¢

biyolojik ve mekanik fal& r | er i tanémlamaya ve standar
Duvar kesme geril i mi ve onunla il gili m €
iczerinde etkin bir fakt©or ol arak ©°ne - el

nuimerik ve deneysel methodlar kullaaaiduvar kesme gerilmesi ile kireglenme ve
yaj biri kintileri gi bi yértél mayl a bajl
odakl anmeéexkt ér . Ancak deneysel y°ntemler

karkeéel akélan zorl ukl ar nmdatema d/ll & y arl &tkgnan

Bu -al eékma, Parti k¢l Gore¢egnt ¢ Vel osi metr
anevrizmaséneén i -indeki akeéekkan mekani z
geriliminin bir daj el eméeneé -ékar mayeée e
yakéenlkaklPadwvewerilerini nasél et kil ediJi

kesme geril i m s mektedir Deneyeertesrkiva eksgrielsimetrik
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anevrizma geometrisi ve Newton tipi akékkan
(Re=300ve Re=900)v bir fizyolojik (Reort & 300 ve U

ger-eklextirilmiktir. Ayréca durajan dur uml
etkisini g°rmek i1-in yakén -ekim -al ékmal ar
Sonu-1ar, genell i kl e duearaien gakanaolakén
ol dujundan y¢ksek tahmin ettijini g°ster mek:
noktasé yerine yakéndaki dijer verilerin I
ver mi Ktir. Duvar kesme ger i lerinmlenmési@isapl| amaseé
tel afi edebil diJ i i -in ve kompleks akék yafg
k¢bi k Asplineo fit (4 noktal &) kul |l anél mécx
proksi mal Ve di st al u-1l arénda hemodi nami k
gz I enmi kKt i r . D¢kek duvar kesme geril i mi vV e

beraber g°r¢lde]é¢ bl gel erde geni kl eme yért
fizyoloji k akéek kull anél déejénda damar én pro
olarak ikincl girdaplarén g°re¢ldejé¢ yerlerde bu rii

var él mékt ér .

Anahtar Kelimeler:Ab d o mi n all Aor t Anevri zmaseée, Duvar

Ak é kK é, Hemodi nami k, Parti kgl G°re¢é¢nt ¢ Vel osi
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CHAPTER 1

INTRODUCTION

Two main componentsxist in the human blood circulatory systetme heart and

the blood vessel. Arteries are the vessel types that carry blood away from the heart.
Aorta is the biggest artery in the human circulatory system with a standard diameter
of around 2 3 cm and idocated in the abdominal cavity. When the diameter of the
abdominal aorta increases for a particular section, it is defined as a disease called
Abdominal Aortic Aneurysm (AAA), as presentedrigurel.1.

Figurel.1: Abdominal AorticAneurysm(AAA) presentation

AAA disease is called the 14th disease that results in death; its occurrence is around
2-3% of thewhole populatio{1]. AAA initiation reason is not certain, babme
reported correlations exike family background, old age, gender, etc. In particular,
smoking is highly correlated with AAA disease. Only 15 % of the AAA disease



patients do notelateto smoking; that indicates a strong correlatj@h The most
dangerous part of the disease is being asymptomatic, which means that the patient
cannot feel any pain or discomfort until it ruptures. Still, symptoms exist, such as
pain in the back and abdomen, temdmss in the related area, weight loss, and
elevated erythrocyte sedimentation rate. AAA that comes with the pain is highly
risky for rupture. The ratios of the clinical findings observed in patients tivh
ruptured vessereprovidedby thechart inFigure1.2.

Sign and Sympthoms Ratios of Patients with Ruptured AAA (413 Patients)

ElAbdominal pain

BlBack pain

[EPulsatile mass
28% [ICardiac arrest

9%

37%

26%

Figurel.2: Sign andsymptomratios ofpatients withruptured AAA (413 Patients)
[3]

AAA mortality rate is around 78 94 % when it ruptures. AAA rupture is classified

as one of the most critical emergencies in medif#heRupture is related to the
diameter, but it is not the only correlation for this occasion. For example, not only
the diameter but also the diameter growth rate is essential to predictttire rdso,

it is reported that rupture risk is higher on average for hypertension pfbleftsus

vessel diameter, growth rate, mechanical conditions of the vesselshould be
considered as a whol&AA can be repaired in two ways: endovascular repair and
open surgical repaithe oldest method. There are advantages and disadvantages for
both methods, yet none of the two methods is not superior to the other. Open repair

is a more invasive method than the endovascular. For open surgery, blood loss and



postprocessive pain are m® than the endovascular. On the other hand,
endovascular surgery is advantageous in the short term and for risky patients (old
age, diabetic patients, etc.) Recrudescence seems more rarely in open surgery, but it
should be noted that becomes hard to dack follow-ups for the long term
Considering all these factors, it is hard to decide which method is best for the patient.
Vessel structure is of great importance in AAA disease. There are three main layers
in the healthy abdominal aortanicaintima, tunicamedia,andadventitia[6]. In the

case of the disease, these layers become disorganized, and as a result, wall stiffness
increases with decreasing compliance aisfedsibility. Also, AAA disease and

rupture correlated with calcification and fat deposits.

Conditions such as vortex structures in the aneurysm, pressure, and wall shear stress
affect the rupture and the progression of the disease. As mentioned thieonsk

of rupture is higher in patients with hypertension because the pressure on the wall is
above normal. However, the most critical factor in rupture is wall shear stress
because abnormal WSS disrupts the structure of the vessel, which leads ® ruptur
physically. Wall shear stress results from the internal fth@aracteristicinside the
aneurysm, so the internal flow structure musinbestigatedo understand the WSS
dynamics correctly. In addition, abnormal stress, caused by conditions such as
cdcification and fat deposits, also causes the progression of this dibkdsmly

the magnitude of the WSS but also the created metrics like Wall Shear Stress
Gradient (WSSG), Oscillatory Shear Index (OSI), and TemWedl Shear Stress
Gradient (TWSSGhre crucialto understand the progression of the dise&se
examjpe, sites with high OSI and low WSS are correlated with atherosclerotic plaque
formation, and intimal hyperplasia or TWSS causes endothelial cell proliferation, as
a result, disruptsesselstructure[7],[8]. All of these formations are important in
understandingand predicting the ruptureSince these mechanisms are directly
affected by blood flow inside the vessel, the characteristics of lamoessential

Blood shows nonrnewtonian behavior and, more specifically, sh&hmning

characteristics due to the daftable behavior of the red blood cells inside the blood.



In other words, as the shear rate increases, the viscosity of the blood decreases. The
shear rate bloodd siscosity relation isignificant in small diameter vessels. When
factors like the complegeometry of the aneurysm, the physiological pattern of the
heart, the aforementioned features of the blood, and the compliance structure of the

vessel are evaluated, it turns into a mechanism that is difficult to understand.

1.1  Motivation of the Study

Abdominal aortic aneurysm rupture is a disease with a high mortalityPrat@icting
the time and probability of rupture iscaucial development that directly affects
human life. For this reason, the physics of fluids affecting these biological steucture

is asessentiahs the biological factors related to the vascular structure.

Wall shear stress is of significant impact on the rupture of the Abdominal Aortic
Aneurysm. In order to interpret the wall shear stress characteristic correctly, it is
necessaryo understand the internal flosharacteristicsThere are a number of
studies, both experimental and numerical, examining the fields in the
Abdominal Aortic AneurysmSitill, especially the studies on wall shear stress are
numeric rather than experantal. Moststudiesare numeriebased because near

wall measuremesthave difficulties consideringspatial resolution and optical
constraints including reflection and refractiorduring the experimental studies.
There are also other obstactsstthat may be inherent in the experimental method.
For this reason, experimental reporting éssential for wall shear stress

measurement.

1.2  Aim of the Study

The aim of this study is to experimentally examine shmeple and axisymmetric
abdominalaortic aneurysm geometry in terms of both flow physics and wall shear

stress characteristics. Thaimary purpose is todevelop a method for WSS



calculation by using PIVWith this, correlate the regions in the aneurysm with

biological occurrences considering both W&S and the WSglated parameters.

For this experimental study, Particle Image Velocimetry equipisardged mainly

to extract the velocity fieldistribution together with supporting equipment such as
pressure transducer and flowmetgteady and physiological patterns are examined
with both whole field and closep studies. Different WSS prediction methods are
developed and compared with known analytical WSS results for the circular pipe
and results from the literature for the bulgetjpm. The methods include different
velocity profiles and different initial data pointBhe comparison is also supported
with closeup and whole field discussiorReporting the measurement process is as
important as the wall shear stress output in tkeementbecauseexperimental
studies on PIV wall shear strem® few compared to numeric studigl [10]. Since

wall shear stress output is not as accessiblen dee CFD postprocess of the
experimental data, it is necessary to calculate wall shear gtwessIV velocity
output A MATLAB code is written and implemented to calculate WSS. It also has
the advantage of gaining the freedom to try different velocity fit models for wall
shear stress calculation in situations wheye-biaseddata cannot be obtained near

the wall.

This studydeterminesvhich parameters (vel fit profile, wall location determination,
etc.) dve the best results and reporthe abdominal aortic aneurysWSS
measurement process with PIV equipment. Moreovessttidy documesthow the
WSSandWSSmetricdistributionis connected witlthegeneral flowfield. The study
alsoaims to predict the biological occurrences such as endothelial cell proliferation

and localization of atherosclerotic that may occur WithWSS distribution



1.3  The outline of the Thess

The thesis consists of five main chapters.

Chapter one provides introductory information about the abdominal aortic aneurysm

and clearly states the motivation and aim of the study.

Chapter two is composed of a detailed literature survey on the abdamomial
aneurysm on a medical basis. Furthermore, the studies in the literature on the

experimental setip and obtained results are briefly summarized.

Chapter three presents the experimentalupetincluding each experimental
component such as blood mirkiieg fluid, phantom, etc. Moreover, details of the

measurement techniques and data processing tools are discussed.

The fourth chapter is composed of a discussion on the finding, Mé8®utiors,
and the WSS parameters for steady and physiological mattayather with the

determined methodology for WSS measurement.

Chapter five provides adetailed summary of the conclusions, including

recommendations for future work



CHAPTER 2

LITERATURE REVIEW

The fllowing chaptersummarizesthe studies in the literature regarditige
Abdominal Aortic Aneuysm (AAA), Wall Shear Stress (WSSnd related studies

comprehensively.

2.1  Abdominal Aortic Aneurysm (AAA)

The distribution of blood, nutrients, oxygen asither gaseand hormones to and
from the cellsare the functions of the circulatory systenmolprimary components

function together in the circulatory system: the heart and the blood vgkHels

The heart is located in the middle of the thoracic cavity, and it lies on the diaphragm.
Its size can be roughly described as the size of a closdd 3stThe heart is the
running power source of the circulatory system, which acts as a punigbomt
circulationin the vessels. This pump behavior can be considered as two different
pump actionsOne of which is pulmonary circulation, and the other is systemic
circulation. Blood flow to the lungs in order to exchange gases between blood and
the alveoli for cleaning the blood in terms of oxygen content is called the pulmonary
circulation. Blood diculation, which contains all blood vessels, including inside and
outside the organs except the lung, is called systemic circul&tisohematic of
thosecirculations can be seemFigure2.1.
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Figure2.1: Schematic presentation g§stemic circulatiorsystem[11]

The arteries, arterioles, capillaries, venules, and veins are the five primary blood
vessels. Arteries carry blood from the heart to the other organs; on the contrary, veins
return blood tolte heart. Arterioles and venules are the smaller sizes of those arteries
and veins that branch into variobsdy parts Capillaries are the final and smallest
branches of the circulation system agle diameters are aroundi51 0  El3h
Capillaries spread throughout the tissues, and their thin walls permit the
interchanging of blood and body tissu@®rta is the biggest artery of the human
circulation system, ith an inrer diameter of 2 3 cm. Its four main segments are
ascending aorta, arch of the aorta, thoracic aorta, and abdominal Zrtén
abdominal aortic aneurysm isdisease in which the aorta vessel weakéssa

result, its diameter enlarges for a particular section; therefore, a bulge shape is
formed in the abdominal aortslhhown n Figure2.2. This condition is considered a
disease because it has a number of symptoms@meequences that progress to
death.
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Figure2.2: View of the principal branches of the aoji&]

2.11 Statistics

Abdominal aortic aneurysm (AAA) disease results in 4500 deaths every year, with

an additional 1400 death resulting from 45,000 rupture preventing impmesrat

conducted 14]. AAA disease occurrence is arounid326 of the whole population
[15], [16]. According toAggarwal et al. (2011xhe diseaséas been identified as

the 14" fatal diseaseAfter the age of 60, AAA's occurrence is substantially

increasing,so the condition is mostly characterized as a disease encountered at

higher age$17]. AAA presents 55 per 100,000 men ageer@5increasing 112 per
100,000 for age between 7585 and 298 per 100,000 for 85 and higher [ddg.

However, occurrence bias is not only related to age but also some othea tikie

gender, race, hypertension condition, genetic predisposition, etc. For instance,

women are less likely to get AAA 4 times than men; even if they get AAA, it happens

approximately ten years on average later than men. As another example, itrhas bee

observed that in people with diabetes, AAA is less comfh@dh These are mostly

uncontrollable factors; besides, there is a significant factohtiraans can control

completely: "smoking[19]. Smokingnot only playsa role in the pathogenesis of

AAA, but it also plays a role in the growth of busggnd rupture. Nibas an example

of a direct relationship, but as an example of correlation; only 15 percent of AAA



patients do not have a history of smok|i2§ Also, a recommendation exists that
men aged 6% 75 who have ever been a smoker should be check for AAA by The
United States Preventive Services Task F¢igg. To sum upAAA -related risk
factors include advanced age, male gender, Caucasian origin, a positive family

background, and smokirj§].

2.1.2 Rupture

Rupture is one of AAA's mogtightening complications because the mortality rate
of the rupture situation is reported between B8 %[4], [6]. In fact, it is described

as one of the most critical emergencies in mediciindy % of the death in the United
States is caused by the sudden rupture of ABAfortunately, only 50 % of the
ruptured AAA patients can aeh the hospital alive, and only 50 % of those who
make it to the hospital alive can survive the operaiitiat is the reason why factors
determining rupture should be identified clearly to avoid those emergencies.
Although many factors affect the ruptumeechanism, one of the rupture's useful
predictors is the diameter of the bulge. When the statistics are examined, it is not
unreasonabl® make the bulge diameter one of the main criteria. Below, #xéss
anevaluation othe annual risk of rupture according to the diameter of the AAA by

The American Vascular Surgery Association and Vascular Surgery Spigty
Less t hametefi0%W cm in di
4.0 cm to 405%te5% i n di ameter

to 53%totSh i n di ameter

6.0 cm to 6G1W®otaxc26 i n di amet er

7.0 cm to 7A2@btaxcd4boi N di amet er

Do o o Io Do Do
(6]
o
(@]
3

8.0 cm in di3@mexx0%r or greater

10



As shown from thelzove statistics, there is a strong correlation between the bulge
diameter and ruptureXet, the diameter factoaloneis not enougho thoroughly
understand the rupture mechanism and foresee the rupture time; since some cases
contradict these statisticsofFexample, there are many occasions where bulge
diameter is 8 cm and did not rupture or its diameter of 4.5 cm, although it seems less
likely but ruptured still. Furthermore, small diameter cases that enlarge more than
0.5 cm in six months are labeled lagh-risk occasions and should be monitored
regularly. It is also reported that this growth rate is rapid in srspker the other

hand, it tends to be slower in patients with diabetes or peripheral vascular disease
[17]. In addition to the size and growth rate of the aneurysm, ongoing smoking,
unregulated hypertension, and increased wall stress are other conditions that enhance
the risk of rupture[5]. To fully understand the rupture mechanism, the vessel
diameter, growth rate, mechanical conditions of the vessel, blood properties, etc.,
and the vortex structure and wall esdr stress on the bulge, whishdiscussed in

detail in the upcoming sections, should be understood very well.

2.1.3 Repair

There are two repair types: open repair (OR) and endovascular repair (ER). Open
repair is an application with a wide incision in tretient's abdomen, and the bulge

is repaired directly with a synthetic graBesides endovascular repair is the
placement of a stent with the help of a catheter over the artery in thest@ivmin
Figure2.3.
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Figure2.3: lllustration of repair typesf AAA (Left: Open repair, Right:
Endovascular repaif1]

Open repair is an older method than closed repair. The open repair was first
implemented in 1951, while the endovascular repair was first performed in 1986
[22]. As the advantages of endovascular repegrdiscoveed, and technologys

improved, the method has become more common.

Both methods have advantages and disadvantages. Open repair is a more invasive
method, blood loss is more, and it requires the person to be operated on to be
physically healthy and strong. Also, postoperative pain and prolonged recovery
period are other drawbacks of open repair. On the other hand, endovascular repair is
a new methodhat is more suitable for patients in the risky group, less-time

consuming It requirefewerhospital stays after the operatiphatit is costly[22].

In terms of morbidity and mortality, endovascular surgery is considered very
advantageous for the short term, which is one of the reasons why this method is
increasingly common. Still, theege not many results on the letegm effects of the

two methods because it is difficult to follewp patients for a long time after the

12



operation. It is also difficult to distinguish between the two methods because the
patient profile for which the two ethods are generally applied is different in terms

of the risk group.

Patel et al. (2016) explained the studgiudes data for the 15 years of follayp for

open and endovascular repair patiefi28]. Aneurysmrelated morbidity and
mortality percentages for different times are includedrable 1. Fifteenyears

overall morbidity and mortality rates do not show any significant advantages or
disadvantages for both sides. Skerin results agree with the general opinion that
endovascularepair is more superior in terms of morbidity and mortality. On the
other hand, as the postoperative time gets longer and longer, results shift the other
way; open repair morbidity and mortality decrease significantly. This situation
happens mostly becai®f the secondary rupture caused by endovascular +epair
related occasions. 15% to 52% of the endovascular repairs, endoleaks, or mechanical
failure of the device is experiencels a resultmost of the endovascular repairs
require reinterventiofil5]. For this reason, open repair surgeries are considseed

more robust option than endovascular surgery.

Tablel Percentages of aneurygelated deaths over time for two different types of

repairs[23]
Aneurysm- > 07 6|>6 months All
> 4- 8years | > 8 years )
related Months | to 4 years Patients
. (%) (%)

mortality (%) (%) (%)
Endovascular

_ 2 2 3 5 9
Repair
Open Repair 5 1 1 1 7
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Considering all these factors described abovegcibmsplicated to decide which type

of operation is more suitable for eggétient. It turns into a decision procedure in
which all risks and results are optimized by considering the patient's age, gender, the
anatomy of the aneurysthepatient's life expectancy, estimated life span, and many
other factorg24].

2.1.4 Symptom and Diagnosis

The abdominal aortic aneurysm (AAA) usually progresses as asymptomatic until it
ruptures[17]. This factor makes this disease dangerous and critical to discover the
rupture mechanism. AAA can be seen with pain in the back and abdomen, tenderness
in the related area, weight loss, and elevated erythrocyte sedimentati¢BSfate
Especially cases with pain and sensitivity on palpation are interpreted as high risk
for explosion. AAAs can also present with complications because of thrombosis,

embolization, etd.17].

Thirty percent of vascular disease is accidentally discovered through the presence of
a pulsatile mass during routine physical exams. Someeotdkes are also found
accidentally as a result of ultrasonography (USG), abdominal computed tomography
(CT), and magnetic resonance imaging (MR) made for other redsoaddition,

some Xray scans may determine calcification and indirectly show thergsrau

Still, this detection method is ndependable since not all aneurysm cases result in

an adequatealcification[17].

The sensitivity of physical examination varies between2@0. This range is high
because physical examinations dmighly dependent on obesity and abdominal
distension. For example, while it is easy to identify a large aneurysm in a thin patient,
it canbe challenging to feel a small aneurysm in an overweight patient. Even the
most experienced physician can miss the diagnosis of an aneurysm in these

conditiong[26].
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USG is considered one of the primary methods for discovering aneurysms because
it has a high accuracy of 95100 %andis low cost and safe. The reasons for this
probability decrease to 95% are similar to physical examination's misleading causes,
but at a nach higher rate, which is obesity and abdominal[@&s CT scan is less
operatordependent and screens the abdominal region in more detail than USG. Still,
it is a mae expensive method and considered less safe because of radiation exposure
and contrast material application to the patient. MR scanning obtains higher quality
images than the CT scan, but it is more expensive and difficult to access than CT

[17],[27].

2.15 Vessel Structure

Due to the AAA, the geometry of the vessel alters. Therefore, structure within the
vessel and flow properties inside changehealthy abdominal artery consists of
three lars: the inner layer (tunica intima), middle layer (tunica media), and outer
layer (adventitia), which together form a thickness of around 0[BcriVhen tissue
samples taken from AAA patients are examined, layers can still be distinguished in
some of them, but in most of them, these layers are disorganized, tortuous, and

fragmented, which can be searFigure2.4.

intima

media

Figure2.4: Presentative aorta wall structuraaged by seconddarmonic

generation microscopy (Left: Disrupted, Right: Healt}€])
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As a result, this situation increases wall stiffness while decreasing compliance and
distensibility. Thus, reducing the vessed r e sto syst@ia pressure and
deformation pulsesreates the vessel's tendet@yupture Moreover, AAA disease
and rupture are associated with calcification and fat deposits, ataatiscussed in

more detail in upcoming chapters and thelationship to flow structurgs],[2§].

2.1.6 Rheology

Blood consists of solid particles such as platelets, red blood cellsr@@ytes), and
white blood cells (leukocytesyhich are suspended in the plasi28]. It also
includes proteins, minerals, organic materials, and water. That is why blood is called
suspension fluid. Also, blood is known to be its #igwtonian behavior. Noi
Newtonian behavior is mainly caused by red blood cells' highly deformable
behavio. At low shear rates, platelets merge into long structures result in increased
viscosity. On the other hand, at high shear rates, platelets become an ellipsoid shape
aligned with the flow lead to low viscosif{30],[31]. This behavior is called the
sheasthinning characteristic. Hematocrit is the red blood cells amount in volume
percen, and viscosity highly changes with hematocrit. Normal hematocrit value in
human males is 42 to 46 and slightly lower in femaleg9],[32]. In Figure2.5,
blood's nori Newtonian (shear thinning) characteristic and hematocrit dependence

can be observed.

iy
5 10
Shear rate (s "

Figure2.5: Blood viscosityplot as a function ofhear ratéwith different
hematocrit valueq 29
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In Figure 2.5, it can be said that blood shows a constant viscosity behavior after
around 300§ shear rateBlood's noANewtonian behavior can be defined with the

cross model, which equation can be sedbiquation(2.1):

-1 - — (2.1)

Where:

— :viscosity for high shear rates

— :viscosity for low shear rates

| andn : constant variables for the viscosity fit

Bloodshows yield strengthwhichrequires a specific stress value for starting to flow
andit shows viscoelastic behavidt should be noted that the cross model does not
present both of this behavior. When the circular tube flow is considered, the shear
rate is not constant.herefore viscosity isnot constant for the blood. That is why

noni Newtonian characteristics have an effect, but some studies suggest that shear
thinning on hemodynamics is small and Newtonian assumption is acceptable for the
large arterie$31],[33],[34].

2.2  Experimental Setup

2.2.1 Aneurysm Phantom

There are two fundamental approaches for phantom typeorexperiments: rigid
wall and thin wall (compliant). The rigid wall is not affected by pressure changes;
thus, it remains in constant geometry. Contrary to rigid wall, since the thin wall is
elastic, inner pressure variations result in changes in the gemahshape. Both

approaches have advantages and disadvantages. For instance, although the rigid wall
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model causes overestimations in parameters like Wall Shear Stress (WSS) and
overall velocity, it is useful to discuss the theoretical side of flow phySiose the
overestimation of the parameters enables one to examine them easily and eliminate
secondary effects caused by the changes in geometrical structure, it makes the
examination process cleaf@1],[35]. On the other hand, the compliance model is

advantageous in being closer to rlf@ cases.

Yazdi et al (2018 summarized and tabulated thesearcheson frigiddo and
ficompliand models in literature in terms of materials used, production technique,
refractive indices, et¢36]. In the section below, the table and summariegaaii

et al (2018)areused mostlyT'he most important parameter for the rigid walls is the
refractive indeXRI) since mechanical parametdike stiffness are not considerable

for rigid structures. The refractive index of the phantom, which mimics the
aneurysm, is crucial for determining the chemicals and their ratios that can be used
in the blood mimicking fluid. In addition to the refraaiindex, the surfacguality

and the compatibility of the product with the desired model, in other words,
tolerance, are also important in every production. There are three materials observed
in the production of the rigid wall generally. These are GIR$s=1.471), Silicone
(RT601) (RI =1.403), Silicone (Sylgard184) (RI =1.4140) with their refractive
indices Due to its structure, glass is only observed in rigid wall production, while
silicone materials are also observed in compliant models. The difeersrcaused

by the production methods and the thickness of the model for the case of silicon
materials. On the other hand, the glass materials are encountered in theoretical
studies with simplified geometri@sostlyrather than patiergpecific geometriedue

to the | imits in the glass model 6s producti

As mentioned above, silicone materials are generally used in compliant production
models. Some materials can be listed as follows, Silicone polyurethane, Sylgard184,
Silicone (T2 Silastic), etc. And their refractive indices are 1.38, 1.414, and 1.43,
respectively. The mechanical properties are highly dependent on the thickness of the

phantom and the production techniques.
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Since the vessel models have a curved structure mostipugh it is crucial to
match the refractive indices of the phantom and the working fluid, it will be more
appropriate to put the model into a box filh the working fluid. In this way, a

flat surface, where the camera lens is faced, is createlche refraction problem is
tried to be minimize@37]. Figure2.6 andFigure2.7 below show thathis method is
preferred for glass, but this is not needed for the rigidose models. The
production method of rigid silicone is already creating a flat surface by casting it into
a box.

/' Arch branches

Figure2.7: Casting box for PDMS with male mo]d6]
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2.2.2 Blood Mimicking Fluid

Blood is a fluid that includes various substances like platelets, proteins, and red
white blood cells. This property is considered as the reason behind the complex
charateristics of the blood. Having a ndfewtonian structure is one of the complex
characteristics of blood. Due to this structure, it shows changing viscosity behaviors
for different shear rates. Simulating the blood i@ is important for irvivo
studies. In addition toproperly stimulating blood, the refractive index is another
important parameter for accurately determining the flow pattern for optical

experimental irvivo studies like PIV, LDA, etc

One should avoid optical distortion at the wall sitreeworking principle of optical
flow measurement is illuminating the flow field and tracing the illuminated seeding
particles. Thus, the refractive indices of blood mimicking fluid and the phantom
material should be adjusted as close as possildadaother The Refractive index

effect can be observed Figure2.8.

Figure2.8: Presentation othe effect of the refractive index match between fluid
and phantom model (Left to right fillegith: Air T NearlyMatchedRI 1 Optimally
MatchedRl) [39]

Using Newtonian blood mimicking fluids preferred forlarge arteries in the
literature becauseonNewtonianfluid also shows behavior close to Newtonian in
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large arteries where the obsahshear rate is above 500[€0]. However, it is still
controversial whether using Newtonian blood mimicking fluid is a good approach;

thus,many studies in the literatutsesnon-Newtonian fluid.

Although using only dislied water and salts like Nal and KSCN increases the
mixture's refractive index, ost studies use distilled water and glycerin as a base
mixture since glycerin increasbesththe fluid's refractive index and viscosity (for
matching viscosity of bloodfven some studies use only water and glycerin mixture
as blood mimicking fluid41]. Matching the properties like refractive index and
viscosity only with water anglycerin is challenging, especially with high refractive
index requirements. It will require a high glycerin ratio in the mixture and result in
higher viscosity tharthe blood's viscosity. This case makes it difficult to reach the
high Reynolds numbers experimental setips Adding salts like Nal and NaSCN

to the water- glycerin mixture is more suitable because salt addition makes it
possible to increase theolution's refractive indexvith no or little change with
kinematic viscosity4Q].

There are some reported situations in salt usage that one should beataefuh
mixtures containing Nal salt, a color change that results in darkening, whicgmps
optical accessibility, can be observed and may be prevented by minimizing the
interaction of the oxygen with the fluid. If a color change occurs, it has been reported
that reheating helps to recover this unwanted situdigln Also, the darkening can

be treated with an additional chemical compound called Sodium Thiosulfate
(NaS03) [39]. NaSCN can also be used instead of Nal; similar to theiNaas

been reported that mixed NaSCN salt mixture may change its color because it
contains ThiocyanatgSCNJ) [43]. Since it can disrupt optical access after a certain
level, it is necessary to be careful about this color change. Alse;osa#ining
mixtures are challenging in terms of safety. Mixtures containing salt are corrosive;
they can be harmful to materialsad in the experimental seps discussed in
Aneurysm ModebndBlood Mimicking Fluidsection[44].
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Non-Newtonian blood mimicking fluids are better at simulating|-ceses
especially if the shear rate in the flow is low and pulsatile or oscillatory flow is being
inspected 45]. In order to give the shedininning and viscoelastic characteristics
and as a resution-Newtonian behavior to the mixture, two substances are generally
considered; these are xanthan gum >&@d polyacrylamid¢4Q]. It is stated that

the glyceriii xanthan gurnwater solution has larger elasticity than blood, wititsr
sheatthinning propeties match. In addition, the elasticity is much greater for the
polyacrylamide solutions than in blood, which creates considerable differences in
fluid dynamics.Thus, to obtain noiNewtonian characteristics similar to the blood,
XG can be considered the besbstancg45],[46].

As a footnote for th@on-Newtonianmixtures, Long et al.2005) claims that Nal

does not affect the viscoelastic properties created by the xanthan gum, but a study
done by Najjari et al2019 claims the diffe[47]. Najjari et al.(2016 realize that

Nal changes viscoelasticity and reduces the sii@aming property of thenon-
Newtonian mixturg40]. The same situatiois also observed for NaSCN salt, which

is an alternative for Nal. Thereforene should be careful about salt usage for
adjusting the RI of the mixture; névewtonian properties should be checlkeul
measured if possibl@able2 contains mixing ratios offered by Najjari et 2016

for three different refractive index levels with Nal and NaS@&M0,in Figure2.9,

steady sheariscosity behaviors of the offered mixtures can be seen.
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Table2 Composition of nofiNewtonian fluids shown in weight percentages

equivalent to grams ahaterialsn 100g of final fluid[40].

DIW Gly XG Nal NaSCN RI Density(kg/m?)
67.94 32 0.060 0 0 1.373 1050
49.69 23.4 0.044 26.87 0 1.417 1280
33.97 14 0.030 50.0 0 1.477 1657
30.26 14.25 0.028 55.46 0 1.495 1678
53.45 25.18 0.047 0 21.32 1.417 1165
37.5 17.66 0.033 0 44,81 1.470 1285
30.95 14.57 0.027 0 54.45 1.495 1351
a e 0.0% Nal, RF1.373 b T e 0.0% NaSCN, RI-1.373

— = = RealBlood (Thurston 1979) ~ = = Real Blood (Thurston 1979)
10° = —+=+=-~ Quemada Model Hematocrit 40% M

Kinematic Viscosity (m*/s)
Kinematic Viscoslty (m*/s)

1
10 10" 10° 10' 10 10* 10° 10” 10° 10° 10 10
Shear rate (1/s) Shear rate (1/s)

Figure2.9: XanthanGuni GlycerinDistilled Water- (NalandNa SCN) mi xt ur e €
steady sheariscosityproperties for different refractive index adjustments (a: Nal,
b: NaSCN [40]

Recently for the vessel phantom, Polydimethylsiloxane (PDMS) material becomes
more common, and as a result, a new mixture alternative emerges. A study done by
Brindise et al.(2018 claims that instead of Nal salt usage, urea isuch more

cheap, safe, and coloratitree alternative for PDMS refractive index levels. Also,
urea has the advantage of not changing density compared to Nal; because, although
Nal does not affect the kineatic viscosity of the mixture, it increases the derisyty

about 6.0 kg/m3 per weight percent addehlich result in a higher final density of
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the mixture compared to the blogd4]. So, urea offers viscosity, densjtand
refractive index match simultaneously. For the -hNawtonian mixture, similar

behaviorsareobserved with Nal.
2.3  Wall Shear Stress

2.3.1 Theory

In solid mechanics, materials deform to a certain extent uhe@eapplied shear
stressWhen the deformation reaches equilibrium with the shear stress, it taps
material remains stable in static equilibrium unless it undergoes creep due to thermal
or environmental reasons, as smaw Figure?2.10.
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Figure2.10: Shear stress applied to an elastic mat¢&]

On the other hand, fluids continue to deform as long as shear stress is applied, so
fluids cannot compensate for the shear stress in terms of static equilibrium. For this
reason, shear stress in fluids is related to the rate of deformatidine migformation

[48]. WSS vectors are calculated for each wall point using the equation:
P ¢ -&B

Where- is the rate of deformation tensap,is the inward normal vectaffor the
specific wall point) and‘ ist h e fdinamicyigcasity. As a resultthe below

matrix is constructed.
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The diagonal elements of tdeformationtensor present thdeformation fomormal
stresses, and the remaining elements present streas deformationg-or each
point on the vssel, the selection aflocal coordinate system by employing rotation
T to the original coordinates shown inFigure2.11.
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Figure2.11: lllustration of the rotation of coordinate axis reurysm

With the assumption of no flow through the vessel wall, ®&B T at the vessel
wall, which is valid for large, neporous vesselgl9]. The assumptioneduces most
terms in the equation to zero, and the WSS in the local coordinate system is defined
by Equation(2.2):
To 10 (2.2

T rara”

For 2D, it reduces t&quation(2.3):

o0 g (23)
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2.3.2 Velocity Fit Profiles

For the experimental wall shear stress studies, different kinds of velocity fit models
are needed. It is caused by the technical characteristics of the measurement
equipment. The firghingto consider ispatial resolution constraints, but even if the
resolution is not high enough, it can Improved for the wall shear stress
measurement. Still, some other reasons exist that cannot be dealt with efficiently
because those reasons are relatettiémature of the measurement technique. For
example, in neawall P1V, data near the wall are bias (overestimation mof5g)
because of the cros®rrelation algothm of the PIV wheraigh gradientexist[51].

Also, in most cases, seeding patrticle is inhomogeneous foretrewal)] seeding
particle accumulation can be seen, and light refraction of the wall caused by
refractive index difference bseen model and working fluid occurs. These
situations make it hard to get meaningful dagar the wall, which ialso valid for

other optical measurement methodse Laser Doppler Anemometry. For this
reason, it may be logical to start with the firsh+imased data closest to the wall and
create a velocity profile fit by using the information behind that first data because,
until the first nonbiased data, some distance from the wall can occur. Only the first
data that can be taken close to the wall matybe sufficient for wall shear stress

calculations.

Peterson et al. (2012)nvestigatehree techniquethatdepend omearwall velocity

for calculating WSSWhile the first method utilizes linear interpolation together with
the wall position(Vel-Wall method), the second method uses linear extrapolation
(Vel-LE method). Moreover, the third method utilizes parabolic fitting together with
the wall's position (VeParabolic). The schematic presentation of the

aforementioned methods can be sedrigure2.12[52).
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Figure2.12: Overview schematgof the WSS estimatioprofiles(Left to right: Vel
Wall method, VelLE method, VelParabolic)52]

Since theVel-LE method is linear extrapolatidrased, it has the advantage of being
independent of the wall location. This method can be considerezh$es where

wall location is not certain, but it should be noted that it becomes less accurate for
cases where gis are not aligned with the walbrmal The other two methods are
wall location dependent. Pesson et al. (2012) concluded that paraboli¥ (2der)

fit is more accurate than other optidbg).

Fatemi and Rittgerst al (1994 stated that the most accurate shade estimation
could be obtained by four points provided with a thatelgree polynomial curve fit
for a study conducted on wall shear rategasurd by laser doppler anemometry
with various curvditting methodg53]. In the literature, it is observed that parabolic

velocity fit methods have been used up to therBler[49].

Apart from the linear and polynomial velocity fitting methods mentioned above, the
spline velocity fitting method is used. A spline is, by definition, ao§gtiecewise
polynomials, so it does not force all fitting points into a single order equation. This

structure offers a more robust fitting, especially in complex fl&5[55].

DiCarlo et al. (2018) use cubic spline fit for the WSS calculations for tves/m
PIV study because physiological flows are far more complicated, chidimging
boundary layer thickness and flow regimes spatidly. Four points are used for
the cubic spline fiendthe "zero" velocity point on the wall with 0.3 mntenvals

on the walnormal. "0.3 mm" is not a universal rule for this kiafistudy; it is
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determined withgrid size, ensuringthat interpolation points fall in unique and

neighboringgrids where possible.

2.3.3 WSS Parameters

Hemodynamics plays an importaote in the physiology of healthy vessalsdthe
development of vascular wall diseasé®r the vascular wall diseases case,
hemodynamics is especially important in regions like bulges, curvatures, and arterial
bifurcations where the flow becomes compichlt is a common idea that, in large
arteries, the location of atherosclerosis (plaque builds up inside arteries) is strongly
relatedto where flow gets disturbed, which correlatath rupture and vessel growth

mechanism§56)].

There are 5 WSSbased metrics defined in the literature that quantitatively describe

the interaction between vessel structure and blood flow, that is, the sensitivity of
local hemodynamic®tinflow and outflow boundargonditions andareused in this

study. Those basic parameters are Time Average Wall Shear Stress (TAWSS), Time
Average Wall Shear Stress Gradient (TAWSSG), Wall Shear Stress Gradient
(WSSG), Oscillatory Shear Index (OSI), and Temporal Wall Shear Stress Gradient
(TWSSG). Alhough none of these metrics' impact on the vessel structure is certain,
and some conflicting opiniorexiston this subject, there are detected correlations
between those parameters and the state of the vessel. Several other variables have

been suggesteduch as the peak WSS temporal gradient, dominant harmonic, etc.
[57],[58],[59],[60].
i TAWSSandOSI

TAWSS is calculated to present the time average of all thewangng patterns for
examinations. It is a convenient indicator since the vessel is constantly subjected to
the averaged physiological pattern. Yet, if WSS is desired to examine in terms of
time separately, spatial WS@stributiors of each time can be extracted. Low

TAWSS magnitude is known to stimulate endothelial corruptimthe other hand,
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high TAWSS can lead to endothelial trauma and hemolysis (destruction of red blood
cells)[56]. The equation of the TAWSS metric is showrEiquation(2.4) below.

“YO d)“Y“Y,,EY st sQo (2.4)

The oscillatory shear index (OS$)a metric first developed by Ku et §.985) OSI
defines ensemblaveraged local wall shear stress varigtespecially for pulsatile
flow, and is commonly used in numeric and experimental st{iiigsl|t identifies
the internal flow's oscillatory impact on the wall during the cardiac cycle.

OSl values range from 0 to Ofiresentinghe deviation of WSS from the direction

of the main flow. In other words, in regions with minimal flow disruptions, @8\
values occurHigh OSI values are encountered in case of rapid WSS changes (in a
directional manner) from the main flow for a cardiac cycle. Furthermore, a
correlation between the high OSI values and perturbed endothelial aligiment
observed[62]. Such areas are generally related to bifurcating flows and vortex
formation They arelinked to atherosclerotic plaque formation and intimal
hyperplasia (thickening of imhal cells of the vesse[p3]. The equation of the OSI

metric is shown ifequation(2.5).

p - T Q0o p T
c c (2.5)

P Tgeas <P NBaY

Several studies indicate that particularly low WSS and high OSI correlated spatially
with the localization of atherosclerotic (thickening or hardening of the arteries)
disease, which is highly correlated with the rupti6€]. Also, these metrics are
strongly related to intimal hyperpladid6]. Some of the studies mentione@ &or
human carotid, but similar conditions can be seen and valid for other vascular

segments such dse Abdominal Aortic Aneurysm (AAA)60]. However, plaque
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sensitivity may be connected to excessive wall shear stress (WSS), which is

commonly present on the proximal side of existing plaflLés

As a footnote, although loWVSS - high OSI theory is thegenerally accepted
connectionfor atherosclerotic disease, some researchech as Steinman et al.
(2002), Gijsen et al. (2007), and Peiffer et al. (2012) could not find any evidence to
confirm that. The researchexonducted pointto-point comparisons of WSS
distribution with disease progressipnbut generally accepted relation (Low
WSS/High OSl)could not be supportd®0]. However,since general acceptance is
built on low WSShigh OSI theoryresults are interpreted by referring to this theory

in this stug.

0 WSSGandTAWSSG

WSSG is used to present the spatalation of the WSS distribution. The TAWSSG
metric is also calculated to see the general spatial variation characteristic in cases
with time-varying patterns WSSG is first proposed by L&t al. (1995)as a
hemodynamic indicato[57],[60]. It measures the spatial changes in surface
forces/unit area, which has a high impact on the eedletitells[64].

Lei et al. (1995)%tate that regions with high WSSG magnitudes arevaltsoe the

fat andminerals accumulated. Furthermot&i et al. (1995)also mentioned that

high WSSG is correlated with intimal thickening. In addition to the intimal
thickening, cell dysfunction, excessive release of growth factors, smooth muscle cell
proliferation (rapid increase), platelet aggregation is also correlatédtivé high
WSSG. These conditions are related to the onset and progression of vascular
diseaseslLei et al. (1995) an@uchanaret al.(1999 denote that the places where

the abnormal(nontuniform) hemodynamicds most experienced on a vessel are
associaté with the places where the spatial gradient is figh[64]. The equations

of WSSG and TAWSSG are providediquation(2.6) andEquation(2.7) below.
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W YYO (2.6)

Yo o YYS, Qo 2.7)

0 TWSSG

Temporal Wall Shear Stress Gradient (TWSSG) allows the WSS gradient to be
examined as time variation rather than spatially. Accordiyhde et al. (2001)it

is observed that temporal changes stimulate endothelial cell proliferation and disrupt
its stricture [8]. This situation causes the vessel to be prone to possible vascular

enlargement or rupture. The equation of the TWSSG metric is shoquiation
(2.8) below.
Yo Y'Y G— (2.8)

Metrics thatare calculated in this study and their formulas can be sedmble3

below.
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Table3 Tableof theWSSparameters calculated in the present study together with

abbreviations and formulas

Metric Abbreviation Formulae
Time Average . )
YO w"Y"Y =, S sQo
Wall ShearStress Y
Oscillatory Shear I 3) P Tt Qo p t
Index C . st sQo G P Ve ay
Wall Shear Stresg . Tt
] 0 YYO —
Gradient eaY
Time Average -
p s
Wall Shear Stresy TAWSSG — — Qo0
. Yo T
Gradient
TemporaWall
Shear Stress TWSSG %
Gradient

2.4 Previous Studies

This sectionsummarizes studies that characterize the flow field and wall shear stress
of the aneurysmThese studiesiclude both numerical and experimental methods
such alV and LDA.

Finol et al.(2002) 1 Part 1[65 and Finol et b (2002)- Part2[66] are twepart
numeric studies that include steadyil) and physiological approaches (Part 2).
An axisymmetric, double aneurysm geomesryised which can be seen ifigure
2.13. Finol et al. (2002)compare the steady numerical results for the range
10<Re<2265. Below, ifrigure 2.13, streamlines for different Re numbers can be
observed. Aftethe fbo part of Figure2.13, characteristics behavior for the bulges

starts that is mainstream flow below and low velocity and recirculating zones above.
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Figure2.13. Laminarsteadyflow streamlines (a: Re=10, b: Re=100, c: Re=500, d:
Re=1000, e: Re=1750, f: Re=2266}]

Figure2.14 shows WSS and WSSG distribution for the abovementioned steady Re
patterns. At the middle of the bulgemaller negative WSS is observed because of
the counteiclockwise recirculating zones {lovelocity region)compared to peak
values. At the proximal edge, where boundary layer separation appears, changes in
the sign of the WSS (stagnation point) can be encountered. A similar pattern also

happens in thdistalneck.
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Figure2.14: WSSandWSSGdistributionfor steadyselected Rgnolds numbers
[65]
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Figure2.15; Pulsatile flowstreamlinega: Renean= 100, b: R@ean= 200, C: RRean=
300)[66]

In the second part, Finol et al. (2002) investigated the same aneurysm geometry for
three different physiological flowwith different average Reynolds numbefse
notable pointexplainedin these flow patternarevisualized inFigure2.15 above

and WSS variationgresentedn Figure2.16 below.

Growth is observed in the recirculating regions at the beginning of the physiological
pattern due to the negative velocity gradi@stween 0.2ec< t 00.31secondsthe

flow attachesto the wall, and the regions recirculating with low velocity are
ejaculated due to the high velociBecause the deceleration rate is higher at high
Reynolds values, larger recirculating regions and smaller attached flows are

observedIn the second actaration realized in 0.52t O0.7 seconds, is observed
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that the small vortegtructuregartially disappeared hree vortex structures start to

be observed with the adverse pressure gradient caused by the deceleration observed
in 0.7sec<t 00.8 seonds.A slight contraction in the vortex structures with a slight
acceleration and straightening of streamlines are observed with the stabilized flow
in the resof the cycleIn general, the WS8nd WSSGlistributionaresimilar to the

steady pattern, wita negative peak at the distal end, followed by a sharp rise and a

positive peakBesides,n the centelow WSS distribution is observed.

0 ? : e ¥
3 I 8 9 Streamwise direction (cm)
Streamwise direction (cm)

Figure2.16: Time average WSS and time average W8&8ibutionfor

physiological, selectecheanReynoldsnumberq 66]

Baueret al. (2019) use Magnetic Resonance Velocimetry (MRV), Laser Doppler
Anemometry (LDA), and numerical simulations in order to calculate Wall Shear
Stress on the aneurysm wall since measuring the wall shear stress in the best way is
an open and contentious top&]. In this study, the MRV resulerecompared with

the result coming from LDV and numeric results. Also, for circular pipe (typical
human aorta) pulsatile flows where ariglgl solutions exist compared with the
experimental results. Experimental and numeric studresalso conducted for
aneurysm geometry in steady flow conditions, including turbulent Re numbers. As
an aneurysm modelgeometry is taken from the studies aidsvig et al. (1993),
Peattie et al. (2004), and Salsac et al. (2006) with d=26 mm, L=104 mm, and D=65
mm corresponding L/d = 4 and D/d = 29%,[68],[69].

35



When theLDA measurement volume intersects with the wall partially, resultant data
give an overestimated velocity informatipr0]. For the WSS calculation, the first
velocity data closest to and fully isolated from the wall is used for the LDV
measurements. On the other hand, for MRV calculations, the second data point
closest to the wall is used because the partial volume effects can cause misleading
datafor the first dataBut for both measuremem¢chniquesthe linear fit between

used velocity data and wall location (zero velocitystip boundary conditions) is

used in order to calculate the wall shear stress (WS$)glme2.17, the WSS result
includesall the techniques used in this study for the steady (Re = 1998) case with
Budwig et al. 1993 result for the same case and geometry. Although there seems to
be a difference betweedheresults of Budwiget al.(1993 for peak locations, it is
explained with he geometry differences. LDV measurements seem in agreement
with the literature and numerical results, but MRV results underestimate the high

wall shear stressehie tothe spatial resolution.

—-—-Budwig et al. (1993)
numeric simulation r

T/ Tuy (-)

Figure2.17: Experimentabnd numericahormalized WSS results with Budwig et
al. (1993) comparisof67]

Bauer et al. (2019%lso study turbulent flow/icinity of the wall there is a typical
velocity profile shape when made dimensionless in every turbulent flow. Near the
wall where viscous faes dominate, the velocity profile is linear. Further away from

the wall, a logarithmic velocity profile is observed. There is also the buffer region
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between the linear and logarithmic layers, softly connecting the two refgiths

Four different turbulent velocity profile approachasd written below:

I Manuel Estimation

In this method, velocity gradient is determined by visual inspection, and the highest
gradient isgenerally preferred. It proceeds independently of the general turbulence

velocity profiles mentioned above.
1 Musker

For the second method, velocity data are fitted to a velocity profile written below in
Equation (2.9) created by Muske(1979). iMuskeib method relies on velocity
profiles mentioned above, and it is valid for viscous sublayeghedogarithmic
region[72].

(2.9)

where:

I m@p i MWInNpnwo

1 DNS Fit

The third method relies on the velocity profiteodel extracted from the DNS of a
numerical pipe flow (Re = 5300) done by El Khoury et al. (20Z3).

9 Durst
In the last method, an equation to be fittedrteasurement dat&quation(2.10)
created by Durst et al. (1996b), is u§éd|.
6 —d & 6o @ 6 W W 6 ® W (2.10)

Where:
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0,0 ,0 ,6 andw are free. The equation is available for p ¢

Bauer et al(2020)[75] useda similar experimental saip and method# the 2020
studywith Bauer et al. (2019)ut as a difference, the physiological patterasisd

for aneurysm geometry. Vector fielagsxd WSS results togethewith the time
instances in which data is takehownin Figure2.18. Flowcharacteristis and WSS
results found in this study are similar to the Fietlal. (2@2) study discussions;
flow fields findings arenot detailed again. Instead, measurement method result

differencesarediscussed.

(a) (b) (c)
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(m
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é
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—— MRV e LDV ——CFD O primary vortex A secondary vortex

Figure2.18: WSSvariationfor different time poird with MRV, LDV, and CFD
results[75]

Figure2.18shows WSS results contag the data taken fromlRV, LDV, and CFD
studies. MRV result seems to underestimate the WSS values, especially for the
vortex formation region where high temporal changesobserved(x/d =-1.3.)
Below Figure2.19, LDV, CFD, and MRV results arakenatthe x/d =-1.3 region.
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As shown in Figure2.19, MRV results underestimate the peak values because of the

spatialand temporal resolution inefficiency

0.4

xz/d = —1.3 (vortex formation)

0.2}

0.2
0.4 —— MRV
— LDV
0.6 . ——CFD
0 02 04 06 08 1

t/T (-)
Figure2.19: WSS variation at x/d=1.3 with MRV, LDV and CFD resultg’5]

DiCarloetal(2018i nvesti gate the WSS and some r el
(OSI, TAWSS, etc.) on the carotid bifurcation using Particle Image Velocimetry
[10]. Both Newtonian and Noii Newtonian working fluids are used to spot the

difference between the two mimickifigid approaches.

For the processing, the Fa&burier transform crossorrelation algorithm is used.
Interrogation area is chosen 64x64 to 16x16 pixel with 50% overlap. As a result, 0.3
mm grid spacing is obtained. For the velocity fit model, 3 data points at 0.3 mm
distarce from each otheareu s e d  w ivdlohity diata fon the wall (nslip
boundary condition). These velocity points are aligned on theneathal, and
between these points, the cubic spline fit is applied to calculate the gradient near the

wall.

Figure2.20 below shows that WSS and OSI contours of the carotid bifurcation can
be seen for both Newtonian and riddewtonian blood mimicking fluid experiments

using WSS calculation methods explained above.
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Figure2.20 Comparison of Newtonian ambr-Newtonian approadsfor TAWSS
and OSldistributions[10]

Considering these results and the experiments performed in other branching ratios,
it is observed that the Newtonian approach underestimates the WSS value in general
and overestimates someM®/SS regions. Also, in general, Newtonian fluid predicts
higher OSI thamon - Newtonianfluid. In other words, the Newtonian viscosity
approach detects low WSSigh OSI regions with higher area coverage.
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CHAPTER 3

EXPERIMENTAL SET -UP AND MEASUREMENT TECHNIQUES

This chapter of the thesisoves the details of the experimental sgi and

measurement techniques

3.1 Blood Circulatory System

The experiments areonducted in a flow circulatory system placed in the Fluid
Mechanics Laboratory of the Mechanical Engineering Department of Middle East
Technical University. The circulatory mock loop model used in the study can be seen
in Figure 3.1. Theimagesof the experimental setip are provided inFigure 3.2,

Figure3.3, andFigure3.4 from different perspectives.
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Figure3.1: Schematics of the experimental-s@tused irthe present study

Figure3.2: Picture of the data processing section of the experimentapset
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Figure3.3: Picture of the circulatory system with flowrate and pressure

measurement equipment

Figure3.4: Pictureof the pump, filterand the aneurysm model
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After the working fluidis drawn from the tank with the help of the gear pump, which

is driven by an electrical motor, thikid pases through the filterUsing a filter
keepsthe aneurysm regiowhere the camera is focused, and some optical concerns
are present cleaimo achiee ths, the IKRON / HE K4520.135AS-SP 025 filteris
used.Thefilter is removed from the system after ten minutes of filtration due to the
reactivity of the working fluid. Furthermore, as observed from the pressure
measurements, the filter creates dutizance in the physiological flow patteffor

this reason, after the system is filtered and isolated from the environment, the filter

is bypassed during the experiment process.

As shown inFigure 3.1, thefluid passes through three different pressure transducers,
turbine flowmeter air release valyeand the aneurysm modelThe aim of
implementing the air release valve is to prohibit bubble occurrence in the system.
The purpose of utilizing the flowmeter, whichexplained in detail ifFlow Rate
Measurementsection is to check the system's calibration regulariet, the
measurement is valid only for steady flowggure 3.1 shows the locations of three
different pressure transducengar the pump, aneurysm inlahd aneurysroutlet.

In this order of settlement, the aim of the pressure measurement at the pump outlet
is to observe the flow pattern created by the pump. Additionally, the pressure
transducer placed in the aneurysm entrance aims to monitor whether the flow pattern
near the PIV data fielts preservedFinally, monitoring pressure at the outlet of
aneurysm is for observing the pressure changes before and after the pAdmgom.
details of the pressure measurement dewace discussed inthe Pressure

Measuremensection

All the materials used in the experimental system have been selected, considering
that they do not react with tlveorking fluid. Unplasticized Polyvinyl Chlade (UH
i PVC) is preferred for the connections of pressure transducers, while connections

made of brass material are utilized when smaller and rigid connections are required.
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The circulation in the system is driven by a computertrolled gear pump
comhbned with a servomotomhich isdesigned to imitate the pressure waveforms
and physiological flow. The gear pump utilized to carry out the experiments (Dayton
4KHHS8, Grainger, Inc., Lake Forest, IL) has 400 ml/s maximum continuous output
flow rate capacity. Similar to the above discassiall materials used in the pump

are selected to avoid reactions with working fluid. The effect of downstream pressure
on the output flow is minimal due to the positive displacement property of the gear
pump. A triple-phase servo motor (Schneider electBMHO702P16A2A)is
implemented for driving the gear pumf servomotor coupling is combined with
pump shaftsto prevent backlash while letting small angular and parallel

misalignments.

An fioffse value is enteredhto the electric motowith the help othe PLC control
system. The offset value presents the power input provided to the electrickootor.

t he #nAof f alibrationisdomd itwo, ste@T he density of the working fluid

is measured in ambient temperature, then flomstalculated fom the weight of
thefilled bucket by keeping the time. The results of the aforementioned calibration

process are presented in tabulated formahleb.

3.2  Aneurysm Model and Blood Mimicking Fluid

The experiments are conducted on tjlass AAA model that is transparent,
axisymmetric and has an elliptic structur@astreamwise direction. Thegyrexglass
model is produced by the glass molding technique, and it has "D/d = 2.5" dilation
ratio, "L/d=4" elongation ratio, anttl=18.4mm "inner diameter. Thechematiof

the model is provided ifigure 3.5. The ratios are determined by considering the
studies ofSalsac et al. (2006) and Bauer e{2019)[9],[67].
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Figure3.5: Aneurysm model Above: Schematic of the model, Middle: Image of

the model Empty box), Below: Image of the modeTlie box full of working fluid)

Figure3.5 includesthe picture ofthe aneurysm model used in the laboratory. The
glass aneurysm is uség placing it into a plexiglass bdikled with working fluid

to obtain optical advantageBo match the refractive index of glass dhd working

fluid, Nal and NaSCN are generaltgpnsidered. Sample mixtures are created in the
laboratory to observe the effects of both salts. Firstly, as can be seguia3.6

Nal mixture exhibits reddish colimg problems. Sodium Thiosulfate (M¥ga0s3) is

also added to cure the mixture to overcome this prop8&in Secondly, similar to

the Nal, NaSCN also causes color change problems which results in yellowish color.
However, the primary concern of NaSCN arises in contact withdesed metals.
Whenit comes into contact with irebhased metals, it damages the metal and turns
the mixture color into a dark red. These NaSCN effects are undesirable for an
experiment fluid whose optical properties are crucially important. Although the
NaSCN desnot give aksired results with irebased metals, it is observed that the

materials such as aluminum, plastic, glass, brass are not affaditionally, the
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fluid itself remains its transparent structure and does not experience coloration. Thus,
the NaSCN is prefeed as blood mimicking fluid since itisore availablé¢hanNal,

andnonreactive materials afgesent in the experimental sed.

Figure3.6: Colorization of Namixture

The mixture ratios used in the experiment are adjusted according teothe
Newtonian mixtureincluding NaSCNsuggested in Najjagt al. (2016]40]. Since

a Newtonianfluid is used inthe currentstudy, the mixture mentioned aboise
prepared without xanthan gum. The viscosity values that change with varying shear
rates are provided irFigure2.9 ( p | o fromd\bjjarjet al.2016[40Q]. Since the

fluid used is Newtonian, it can seen irFigure2.9( p | o that thebvidcpsity value

is approximately equal to the value that the -hmwtonian viscosity curve is
converged at high shear rat&he viscosity value of the fluid alsomeasured in the
experimental setip by using pressure transducétagenPoiseuile flow simulation

is performed while staying in the laminar flow range. The pressureisimeasured

with two pressure transducers at a distance of 5 meters from each other with the
known fluid density(measured, 1310 kgAn pipe diameter, arftbw velocity. Thus,

the viscosity of the fluids calculated.The fluid's dynamic and kinematic viscosity

is measured as 0.012314.#and 9.4« 10°® m?/s, respectivelyThus, it is observed

that themeasurement result gives the sayagut as irFigure2.9( pl 0)6 0 b
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3.3  Particle Image Velocimetry (PIV)

In this study, m order taobtain the velocity fieldParticle Image Velocimetry is used.

It is a nonintrusive,quantitative, optical flow measuring technique. Depending on
the PIV type, the method providesvalocity field vectorin two-dimensional or
threedimensional domains. In this stugbfanar P1V is utilized to obtain "u" and "v"
velocity components in theidiplane of AAA The basic working principle of PIV

is taking consecutive camera images of the flow field to trace the seeding patrticles,
which are illuminated by a laser sheet. Obtained images are split into small pieces,
which are coined as interrogati@rea (IA). Hence, the output of PIV is the
estimation of displacement vectors for each interrogation area (IA) by comparing the
positions of the seeding particles in successive images. The entire flow field can be
obtained by calculating the average e#lpvectors. During the calculation process,

an input taken from the uséf), which is the time gap between consecutive images,

is used. By dividing the average displacements of particle¥chyhe average

velocity vectors can be calculated for eaafeirogation area (lA).

TSI PIV is used as hardware to conduct the experiments on flow measurement, and
Insight4G is utilized as software to collect the data for upcoming processes. The
technical properties of the laser can be summarized aspdisad 15 Hz., Q-
switched Litron Nano L20Q5 200mJ Nd: YAG. The laser beam is transformed into

a laser sheatith the cylindrical lens whose radius-t5 mm and the spherical lens
whose focal point is 1000 mm. The lens combination is selected by taking the
maximum possible velocity in the flow field into consideration. The reason behind
theselection igo illuminatethe particles properly anguarantee that the maximum
seeding particles' displacement is within the laser sheet. Images are taken by a 4
megapixel 2032 x 2048) higispeed Complementary Metal Oxide Semiconductor
(CMOS) camergand the lens attached to the camera is Nikon AF NIKKOR 50mm
f1.8. To synchronize the laser and camera according to thedaeieed inputs TSI

LaserPulseTM 610036 synchronizsiused.
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The focus plane of the cameasaadjusted to face the laser sheet passing the center
of the aneurysm at a full 9legree angle. The hit of the laser in the middle of the
aneurysm is checked by both inspection and PIV camera image. In other words, since
the largest crossectional area isbtained when the laser hits the midplane, checking
the image for the largest cressction is also a control method. The experimental

setup is explicitly shown irFigure3.7.

. WORKING
Top View / FLUID

\/

ANEURYSM MODEL

ND YAG LASER

CMOS
CAMERA

CMOS
CAMERA

,. ’\ . .
ANEURYSM MODEL ’ \

’’’’’

............................. ... LASER ......(:...“,......... LASER SHEET
SHEET \ /

,
______

\,
Side View Right View\
WORKING WORKING
FLUID FLUID

Figure3.7: Schematics of laser and camera configuration
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In this study, Dantec Dynamics Silver Coated Hollow Glass Spheres type 10 microns
seeding particle is useHor each case, 100 pairs of imagestaken and averaged;
then, these raw imageseprocessed by splitting the region of interest into the 32 x
32 square pixdhterrogation area for whole field images and 64 x 64 square pixels
for closeup images0% owerlap for both. This difference in interrogation area is
because particles appdarger as they get closer to the image. In addition, alpse
measurements give better results if the laser light is weaker due to the small
diameters in terms of particleflection. To accomplish the timaverage velocity

field, crosscorrelation is carried out by utilizing Fast Fourier Transform (FFT)

correlator for each pair of images

After that, the velocity field datis subtracted from the Tecplot Focus as an ASCII
format and thers postprocessed for the streamlines, velocity contours, and vorticity
contours with Paraview 5.9.0. For the wall shear stress calculation, MATLAB 2021a
is used, whichis explained in detail in the upcoming/SS Calculation from
measured data (MATLABSection

Additional tothe wholefield study, closaup PIV studiesarealso conductedl'wo
additional pieces of equipment are used together with the camera to conduct the
closeup experimentsmacro extension tubes and clage filters (diopters.) An
extension tube, basically a tuttetis placedbetweerthe camera and the len8s a
result,additional distancés gained betweethe lens andthe camera sensor. The
additional distance allows the camera to get closer to the subject resulting in greater

magnification.

On the other hand, diopters are special optical gadgets praftedt of the camera.
They are simply magnifying glass that is plhdeetween the subject and the lens.
With the diopters, focal length decreasas a resultthe spatial resolution of the
camera increase$he image of both macrextension tube and diopter can be seen

in Figure3.8.
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Figure3.8: Image of the diopter (left) and macro extension tube (right)

3.3.1 WSS Calculation from measured data (MATLAB)

In the wall shearstress (WSS)alculation, the first thingo consideris the wall
location. The wall location is extracteg visual inspectiofrom the PIV image that
is shown inFigure3.9. Wall seems aa stratum instead of a single limkie to the
reflection, seeding particle accumulatiand laser thicknes#Hence, taking the
middle of the apparent wall area can be countdre of the best approaches
because the area appearing in Pbhtainsall the infinitesimal planes in this wall
cloud[76].
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Figure3.9: Wall location extraction from INSIGHT 4G Software

In the MATLAB code, after extracting the wall location as a pixel value, it is
transformed to the location by using the spatial calibration value of the camera. The
number of extracted dateom PIV by visual inspectiomanges from 30 to 40 points
However for WSSestimationmore points are needed for accurate calculaieen
though it varies according to aneurysm geometry, approximgtety 1t 1t

p 1 Tpaints are usedJsing thecode, the cubic spline fis applied to the extracted
pointsof the wall, therlO000 points are extracted with equal intervals on thrix

over the splineAfter the wall points are prepared, null and mas&atidata in the
region of interest are eliminatdeigure3.10 presents thelimination process of data

pointsfor both closeup and whole field approaches.

The points in the remaining data pools are matched with the wall points on the wall
normal.Matchel datacan be the first discretdosestdata point on the watormal,

or it can be taken up to tH& point, according to the parameters explained in the
nextsection Schematics of the match between the wall and data maintbe seen

in Figure3.10for both closeup and whole field.
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Figure3.10: Data point and initialvall point matcing processdr both closaup
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Up to this point, the discussion continued over the discrete data. If the linear fit is
not preferred(single dataapproach) the discussion contingever the velocity
vectors behind hinitial data points selected for higitder velocity fits. Since the
subjected geometry is nbat, that is, the discrete dataderis not always aligned

with the normal of the wall; data needs to be converted to a continuous form. The
"scatteredInterpolantommand of the MATLAB2021a is usealachieve thisAfter

the initial data point is selecteldlV grid size movements are made on the normal of
the wall for each new data paijmts shown ifrigure3.11. For every initial point and

data behind it, different velocity profile fits are appliedhichis detailed in the next

section

Data Points (Selected) and Wall Points
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_32, fl | i
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Figure3.11: Schematic of multiple point usafm velocity fit profile
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3.3.2 Calculation Parameters

In order to calculate wall shear stress properly, four different paramaters

consideredwhich ardlisted below

Velocity Profile FitSelection
Grid Size Selection

Wall Location Selection
Initial Data Point Selection

= =4 -4 A

1) Velocity Profile Fit Selection

There arefive different velocity profile fit @proachesare considered. These are
linear, seconerder polynomial, thirebrder polynomial, pointto-point (wall

independent)and cubic spline fit velocity profile.

a) Linear velocity profile

The inearfit is the simplesapproactthat can be implementebiut underestimation
can be observed as moving away from the .wakchematic of the linearelocity
profile fit can be seen iRigure3.12.

u Vv =ay+b

A 1PointA Wall Point (A006 Velocity)
A 2.PointA 1.data point

Gradient at

the wall
calculatbed 4Wall Point (“0” velocity)
Vel Fit Profiles
-42Y .
points used
44 - l linear(single point;
46 1%t data point
-48
E-50
E
>-52

0 0.05 0.1 0.15 0.2 0.25 0.3 0.35
u (m/s)

Figure3.12: Schematic of the linear velocity profile
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b) Secondorder polynomial velocity profite

Schematic of thesecondorder polynomial velocity profilean be seen ifrigure
3.13

U V(y)=ay+by+c

A 1.PointA Wal |l Point (@A00 Velocity)
A 2.PointA 1.data point
A 3.PointA 2.data point

Gradient at
the wall

calculated Wall Point (“0” velocity)

Vel Fit Profiles
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i / \‘ —second order|
-46 - : ) ]

15t data point 2" data point

" L L I
0 0.05 0.1 0.15 0.2 0.25 0.3
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Figure3.13: Schematic of the secoraider polynomial velocity profile

c) Third-order polynomial velocity profite

Schematic of théhird-orderpolynomialvelocity profile can be seen Figure3.14.

U V(y)=ay+by+cy+d

A 1.PointA Wal |l Point (@A00 Velocity)
A 2.PointA 1.data point
A 3.PointA 2.data point
A 4.PointA 3.data point
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Figure3.14: Schematic of the thirdrder polynomial velocityprofile

d) Pointto-point (wall independert)

This method is linear extrapolation basetiich means that the wall location
information is not neededlthough tre method is advantageots wall location
errors,it gives inaccurate resujtsspeciallywhenwall-normal is not aligned with
the scattered data points or grjd2]. A schematic of thg@oint-to-point velocity
profile fit can be seen iRigure3.15.

u Vv =ay+b
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A 2.PointA 2.data point
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Figure3.15: Schematic of the poirtb-point velocity profile

e) Cubic splinevelocity profile

The abic spline is a piecewise thiatder polynomiglthis structure offers more

robust fitting especially for the complex flonj®4],[55]. A schematic of theubic

splinevelocity profilecan be seen iRigure3.16.

i
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Figure3.16. Schematic of the cubic spline velocity profile

2) Grid Size Selection

The distance between data points is already PIV grid size for straight, circular pipe
calculationbecause discrete data points are u$ée. gid size is around 0.15 mm

for closeup studies and 0.7 mm for whole field studié&here is no interpolated

data usage for the circular pipe calculation because data points are aligned with the

wall-normal asshown in Figure3.17; there is no need for interpolated data.
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Figure3.17. Schematic of the discretiata usage

For the bulge portion since the PIV data is not aligned with the wadkrmal in
general interpolated dates needed. Distance between data pasthosen as PIV
grid size. As explained in the previosesction scattered data points aredrpolated
usingtheiscatteredl nt ein MATILABNn Only the dinstndata i@
discrete PIV dataafter points are selected from the interpolated regibhe

presentation of data selection can be sedfigare3.18.
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Figure3.18: Schematic of the interpolated data usage
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3) Wall Location Selection

The Wall location is selected @se middle of thewvall beam asshown in Figure

3.19. The @ame approacls followedin Nguyen et al. (2010) study6).

Figure3.19: Schematic of the wall location

4) Initial Data Point Selection

Because of the reasons like overestimabbthe velocity anddataquality, some
points close tahe wall aredisregardedBelow there is a presentation of the data
usage for different options on thplinefit approachit can be the first, second, thjrd
fourth, and fifth point closestd the wall Schematics of Stand 3¢ initial point

selection are shown frigure3.20.
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Figure3.20: Schematics of the initial data poinfi{(dnd3™)

62



After calculating the WSS distributions with the methods mentioned above, the
WSSrelated metrics detailed in tM¢SS Parametersection are calculated. These

are Time Arerage Wall Shear Stress (TAWSS), Oscillatory Shear Index (OSl), Wall
Shear Stress Gradient (WSSG), Time Average Wall Shear Stress Gradient
(TAWSSG), and Temporal Wall Shear Stress Gradient (TWSSG). "TAWSS"
presents the time average of the WSS value ie-tianying patterns. The "OSI"
metric shows the direction change of WSS. Low WS8igh OSI regions are
associated with intimal hyperplasia and disruption of vascular structure. "WSSG"
presents the spatial change of the WSS value over the aneurysm. "TAMEBGE"

the mean (in terms of time) of the spatial variation in firagying patterns. The
spatial gradient is responsible for the thickening and hardening of the vascular cells
and fat and mineral deposition. These occasions are indicative of the vessed ru
location. Finally, "TWSSG" allows WSS to be examined in terms of time change
instead of a spatial gradient in tiraarying patterns. The metric changes result in
endothelial cell proliferation (rapid increase in the number of cells.) Equations of the
metrics are shown imable3.

3.4 Pressure Measurement

The pressure measurements@meducted usingvo Mesens MPS.420 and a WIKA
ECO-1 brand pressurgansducerThe whde acquisition system consists of four
components: pressure transducer, power supply, the connection between power
supply and data acquisition (daq) card, and the connection between the pressure
transducer and daq card. A 24V external electric sdeausthe electronic system
integrated into the power suppdyICH i 305D7 [I1& A 12-bit NI PIC-6024E- 16
channel DAQ card is employed to digitize the raw data. WIKA brandlEcas a
maximum pressure measurement limit of 2.5 bar, and its accuracy valusedldef

as p b Additionally, the accuracy value of the Mesens MPS.420 deviceus bh

and its maximum pressure measurement limit is recorded as 4 bar. Consequently,

¢ umbar and ¢ ™mbar span values are observed for WIKA EC@nd Mesens
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MPS.420, respectaly. Both devices are counted as twive type pressure
transducers with-20 mA output current. For increasing the measurement accuracy,
a resistor of 470 ohms is placed to twnectionsThe pressure transducers are
calibrated according to the pressustues read by bourdon gage for specific offset
values(flow rates)on the same T connectiofiable4 presents the calibration values

of the pressureneasurement tools.

Table4 Calibration table of pressure transducers

PT3
Bourdon PT1 PT2
Flowrate (WIKA
Offset Gage (MPS.420_1) | (MPS.420_1)
(ml/s) ECO-1)
(bar) (ampere) (ampere)
(ampere)

0 0.00 0.12 4.40 4.44 4.63

10 5.67 0.17 4.42 4.45 4.64

20 19.64 0.21 4,71 4,74 5.13

30 33.61 0.32 5.15 5.18 5.83

40 47.58 0.45 5.68 5.71 6.68

50 61.55 0.60 6.29 6.31 7.68

60 75.52 0.77 6.95 6.97 8.70

70 89.48 0.95 7.68 7.68 9.84
80 103.45 1.48 8.47 8.46 11.08
90 117.42 1.90 9.32 9.28 12.38
100 131.39 2.43 10.22 10.18 13.83

3.5 Flow Rate Measurement

Flowrate measurement is carried out using Se&¥#1 plastic turbine flow meter.
A plastic turbine meter is a puksgpe measurement tool, the turbine inside it has a
magnet. The faster the turbiretatesthe more total pulse values are read in a certai
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period. For turbingype flowmeters, the number of pulses received per a certain
volume is coined as “factor,” and it gives an idea about the capacity of the
flowmeter.The flowmeter is only used to check the offset vs. flowrate calibration in
steady neasurementdue to the low Kactor of the flowmeterA low k-factoris not

an obstacle for steady measurements because the accuracy of the tdtahpudaa

be improved by increasing the measured time interval, but a similar interpretation
cannot be m@e for physiological (tim&arying) flow. Even in steady flow at the
flowrate values studied in the laboratory, the acquirement of consistent data begins
with a time interval of approximately 4 seconds. Thus, it is not possible to capture a
physiological fow varying between -B seconds. Being enabled to read only the
steady flow rate can be tolerated by pressure measurements and the velocity values
obtained from the PIV datdhe calibration data of the flowmeter wittne working

fluid is summarized imableb.

Table5 Calibration table of flowmete

Empty
_ Total Frequency
Weight _ Net _
Weight _ Time | Volume | Flowrate Measured
Offset | of the Weight
Measured (sec) (m3) (ml/s) (Flowmeter)
Bottle (gn
(an (Hz)
(an
10 154.4 1196.3 | 1041.9|173.18| 0.0008| 4.5926 1

20 158.8 2648.1 | 2489.3| 94.93 | 0.0019| 20.0172 9.5
30 161.2 3475.5 | 3314.3| 74.26 | 0.0025| 34.0695 16.8
40 161.2 4040.3 | 3879.1| 61.58 | 0.0030| 48.0861 24
60 161.5 4980.1 | 4818.6| 48.59 | 0.0037| 75.7012 36.5
80 160.6 4585.3 | 4424.7| 32.71 | 0.0034 | 103.2600 46.5
100 | 162.2 29104 | 2748.2| 16 0.0021 | 131.1164 57.3

Measured Working FIl uli doéos Deri
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3.6 Input Parameters

Two nondimensionless input parametegsist in this studythese are Reynolds
Number (Re) and Womersley Numbg).(

Formulaeof the Reynolds number can be seekquation(3.1):

" 670
vQ —— (3.1)

Where:

” : density of thevorking fluid (kg/m)
0 : average velocity inside the circular pipe beforeaheurysmm/s)
‘Q: diameter of the circular pipen)

‘. dynamic viscosityf the working fluid(Pa.s)

In this study, the characteristic lengghaken as the diameter of the aorta, not bulge
diameter, to match with the normal human body, the Reynolds number calculating
accordingly. As the characteristic velocity magnitude, averaged velocity at the inlet
of the aneurysm is calculated and accefdigthamic viscosity andluid density are
taken from the bloodnimicking fluid's properties measured in the laboratdry= (

1310 kg/md, * = 1.2314 x 16 kg/m.s)

In biofluid studies, in order to define the oscillatory or pulsatile flow, Womersley
Number( ) is used. It presents the ratio between unsteady inertial forces to viscous
forces. High Womersley numbers mean high oscillator behavior in the flow. It is
observed that disturbance in fluid path highly correlated with the increase in
Womersley numbef77]. Equation of the Womersley number is written beliow
Equation(3.2):
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| Y — (3.2

Where:

” : density of theworking fluid (kg/m®)

'Y : radius of thecircularpipe (m)

‘ : dynamic viscosityof the working fluid(Pa.s)

1 :frequency of periodicityrad/9

In the presentstudy a single Womersley numbeis used in experiments.
Physiological pattern time in the experiment is 1.1 seconds, and freqigency
calculated accordingly. Other parametars accepted as in the Reynold Number

calculations.

3.7  Experimental Matrices

During thestudy, two differenflow patterns are examinesteady and physiological
flows. To obtain the velocity field, particle image egimetry (PIV) equipment is
employed in this experiment. Measurements are conducted by flowmeter and
pressure transducers to check the flow rate and flow pattern. In addition to the
flowmeter and pressure transducer, PIV is also used to check the flowoatbe
steady flow, measurements are taken for Re=300 and Re=OBeup
measurementare conductedfor steady flow to observe whether the spatial
resolution increasehanges th&VSS results. After the inferences made from the
steady measurements, phaveragédataaretaken from 10 different physiological
points in a single physiological flow typ&he details of the flow pattern are
presented inFlow Pattern Determination with PIV and Pressure Measurement

section and it has Rgand 3 @@ Womersley=7.17 values. For the whole
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experiment process, the same AAA model and blmadicking fluid are used. The
only variable is the flow patterifthesummary of the experimental matrices is given

in Table6 below.

Table6 The table of experimental matrices

Flow Type Whole Field PIV Closei up PIV
Steady Re=300 Re=300
Steady Re=900 Re=900

Réneand 300
Physiological Womersley=7.17 -

(for 10 different phase
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CHAPTER 4

RESULTS AND DISCUSSIONS

In this chapter, PIV results are detailed. First, steady flow circular pipe results of the
whole field and closep studies are compared with the analytical results. In that
comparison, different initial data points and different velocity profile fits are
considered in order to understand the best approach for the calculation. Secondly,
the bulge region is examined using the circular pipei Bi¥lytical comparison
results. (Vel fit profile, data points, etc.) Thirdly, clage studies at the distal neck
where negative and positive peaks are observed are compared with the whole field
studies. Finally, flow fields in the aneurysm region are detailed in order to connect

the WSS and WSS parameter variations with those characteristics.

Spatial resolution is on&f the most important criteria while measuring the WSS. To
check whether the spatial resolution is adequate for the whole field image
experiments, the equipment (diopter and macro extension tube) mentioned in the PIV
sectionfor closeup images is used to increase spatial resolution. Employing the
combination of diopter and macro extension tube, pixel/mm value has improved ten
times. Since the closgp studies are conducted with 64x64 pixel interrogation area
instead of 32x3ixels, grid sizes approximately change five times. In other words,
while the distance between the grids is around 0.7 mm in whole field experiments, it
is around 0.15 mm in cloagp studies. Since the working logic of using this
equipment is to reducedhfocal length, it is necessary to physically approach the
place where the image is taken with the camera. In-tip®xperiments, the camera
sees an area of 9.3 mm x 9.37 mm, so the whole bulge field that requires
approximately 90 mm x 90.7 mm cannotb@mined in a single frame. As presented

in Figure4.1, it is necessary to proceed step by step, conduct separate experiments
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for each region, and combine them. Fronetrib outlet, 10 images should be taken

and merged in total. This process prolongs the total experiment time considerably.

“ & B 4 ~ ~
... o ...

9.3 mm

Approximately 90 mm in total
(10 images)

Figure4.1: Closeup images of the bulge for the whole field

4.1  Analytical Calculations for Steady Flow

For laminar, fully developed and steady flow (constant esession circular pipe

flow) types are generally called HagBoiseuille flow, or shortly Poiseuille flow.

The schematic presentation of the Poiseuille flow is providEdjire4.2[78]. The
analytical solution is available for the velocity profilethese flows; in other words,
WSS can be calculated with the help of an analytical solution. The analytical
solutionsare used to understand which PIV velocity data overestimates or which
velocity fit model best approximates the WSS, and the reardtsompared with

each other. The comparison needs to be done on a straight, circular pipe with optical
access. For this reason, the straight portion just before the anesigsamined.
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Figure4.2: Schematiof HagenPoiseuille flow[ 78]

The velocity profile equations of the abovementioned flow conditions (steady,
laminar, circular pipe) are given Equation(4.1):

0l 0 p - ando o (4.2
Where :
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As a final stepEquation(4.2) is applied

T ‘ where co — 4.2

When the calculationsrecompleted, analytical results cha seenn Table7 :

Table7 The table of analytical results of WSS for Re=300 and Re=900

Re Number Wall Shear Stress (Pa)
Re = 300 0.82
Re =900 2.46

4.2  Steady Flow

4.2.1 Straight Pipe

Beforemoving on to the "Bulge" portion, calculatioaseconducted to examine the
results of the velocity fit methods as mentioned inGhakulation Parametesgction

and canpare them with the analytical WSS reskigure 4.3 shows the examined
parts for the paranber comparison for botliRe=300 and Re=90@ases The
difference andhe advantage of the straight pipe portion compared to the bulge part
is that obtaing discrete velocity vectors can be used directly. Since the velocity
vectors are aligned with respect to the waldtmal, interpolated velocity vectors are
not needed. While calculating the WSS, the data column in the pipe presented in
Figure 4.3 is takenfor both whole field and closep studies Thereis a small
contraction zone due to the manufacturing method and seeding peatiateulation

on the side of the straight pipe close to the budgeshow in Figure4.3; by taking

the column presented, that part is avoidesia wall bcation themiddle of the beam

is takenand as grid sizesince discrete data are usBdV grid size is appliedlable

8 includes WSS results and their deviatiors from the analytical solutiorwith

different initial data points andelocity profiles for the straightcircular pipe at
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Re=300 and Re=90@®&lso, Table 8 includes grid sizeand distance of initial data

points informatiorfor thewhole field and closeip studies

Data Points (Masked) and Wall Points
. R Wall Points
Wh0|e F'eld 20 Data Points (Masked)
-30
-40
E 50
=
-60
-70
-80
0 20 40 60 80
X (mm)
C|Oseup Data Points (Masked) and Wall Points
0 " | wall Points
Data Points (Masked
-1 | /
-2
-3
Ea4
;-5
-6
TF
8
2 4 6 8 10
x (mm)

Figure4.3: Straigt portion of the bulge whereath istaken
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Table8 Table of WSS values for differeititial points andvelocity fit models

Initial data Re=300, Closep Re=900, Closep
VS. (grid size = 0.15 mm) (grid size = 0.15 mm)
Vel. profiles st | ond | g | g gth 1st ond 3rd 4th 5th
(Mag. in 'Pa) | data | data | data | data | data data | data | data | data | data
Linear 0.96 | 0.84| 0.85| 0.88 0.88 430|320 274 273| 2.70
(Deviation from
analytical saition) | 17% | 2% | 4% | 7% | 7% 75% | 30% | 11% | 11% [ 10%

2" orderpoly. | 1.09( 0.81|0.76| 0.9 | 0.92 589 4.35]| 276 | 2.85| 2.97

(Deviation from
analytical solution) 33% | -1% 1% | 10% | 12% 13%% | 7% 12% 16% 21%

39orderpoly. | 1.24]| 0.87| 0.55| 0.84| 0.96 7.00| 6.30| 2.60| 2.57 | 3.10

(Deviation from
analytical solution) 51% 6% | -33% | 2% 17% 18%% | 156% | 6% 4% 26%

Point to point | 0.71| 0.87 | 0.97| 0.86 | 0.82 162|159 | 2.71| 2.58 | 2.38

(Deviation from

analytical solution) | -13% | 6% | 18% | 5% | 0% 34% | -35% | 10% | 5% -3%
Spline 1.28( 0.920.88| 0.82] 0.96 7.09 | 6.88| 2.60 | 2.48 | 3.07

(Deviation from

analytical solution) | 56% | 12% | 7% 0% | 17% 188% | 180% | 6% 1% | 25%
Distance

from thewall | 0.16 | 0.30| 0.45| 0.60 | 0.75 0.22]10.361 0.51]| 0.66( 0.81
(mm)

Initial data Re=300, Whole Field Re=900, Whole Field
VS. (grid size = 0.7 mm) (grid size 9.7 mm)

Vel profiles 1st 2nd 3rd 4th 5th lst 2nd 3rd 4th 5th

(Mag. in 'Pa") | data | data | data | data | data data | data | data | data | data
Linear 1.44]1 093] 0.87| 0.83| 0.81 4,12 2.62| 2.32| 1.96 | 2.00

(Deviation from

analytical solution) | 76% | 13% | 6% 1% | -1% 67% | % 6% | -20% | -19%

2 order poly. | 1.70| 1.02] 0.99] 0.90| 0.95 581|324 294|239 2.61

(Deviation from
analytical solution) | 10 | 24% | 21% | 10% | 16% 130% | 32% | 20% | 3% | 6%

3“order poly. | 1.88| 1.05| 1.10| 0.81 | 0.71 7.26 | 356 | 3.34| 2.39| 2.34

(Deviation from
analytical solution) 12% | 28% | 34% | -1% | -13% 195% | 45% 36% -3% -5%

Point to point | 0.67 | 0.78 | 0.71| 0.73| 0.63 092 1.70| 1.52| 1.44| 1.26
(Deviation from
analytical solution)

-18% | -5% | -13% | -11% | -23% -63% | -31% | -38% | -41% | -49%

Spline 1941 1.04]1.15| 0.82( 0.63 770 3.59| 3.42| 247 | 2.22

(Deviation from

analytical solution) | 1376 | 27% | 40% | 0% | -23% 213% | 46% | 39% 1% | -10%
Distance

fromthewall | 0.36| 1.05| 1.75] 2.45]| 3.15 0.77] 146 | 215 2.83 | 3.51
(mm)
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The closest result to the analytical solut{@®e=300i WSS =0.82 Pa / Re=900
WSS=2.46 Papan be selected ag’®rder polynomial or spline fit (oint) by
taking 4" closest data point aminitial data pointwhen both Re=300 and Re=900
cases are interpreteffter it is determined that thé"4nitial data is appropriate, the
5t data is also examined. Since tH&data deviates more from the analytical solution
and is further away from the wall, td& initial data selection is supported. Moving
away from the wall is not preferable, which is discussew/BS Resultsection.
Althoughtheir grid size are different, bth approach (closep and whole field)
gives the same initialatapoint number thatis, the accurate results are obtained at
the different distanseaccording to the wallFor closeup, the averaganitial point
distanceof 0.63 mm and for wholefield, anaveragalistance o2.64 mm givesn
accurate resultTherefore, this difference between the two methods cannot be
explained directly with spatial resolutioht.can be explainelly the overestiméed
and biasdataoccurrenceespecially neathe norrconstant highvelocity gradient
region in PIV calculatiog[50],[51]. Thevelocity profile results consistent witthe
thesis study oDiCarlo et al.(2018) who useda 4-point spline fit in the PIV WSS
study for the vessgB1], and with Van Ooij et al2015 who stated that spline fit
provides more robust fittingh5]. WSSdistributionin the bulge sectiors presented
by utilizing spline fit Still, initial data point selection can bidferentcaused byhe
gradient changat the bulgeportion becauséias dataoccurrencenear the walls
related to the nonconstant high velocity gradient [51]. That is checked by
comparingdifferent initial point approachefr both closeup and whole fields

studies.

4.2.2 Bulge

PIV is applied to the region seenkigure4.4 below. For steady flow, the experiment
is conducted for two different Reynold Number (Re) values. It is examined that how
the increase in Re affedtse WSS distribution. Firstly, the flofield is analyzed and

interpreted with contours likeu"velocity,” "v velocity,” "Velocity Magnitude
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(Vel_Mag)" and "Vorticity" for Re=300 caseSecondly, the WSSistributionon

the bulgeis extracted with the specified parameters, ant ixamined how it
connets to the flowcharacteristicsnside. Lastly, with the WSS results, the Wall
Shear Stress Gradient (WSSG) metric associated with aneurysm growth and rupture

is calculated, and their distribution on the aneurysimterpreted.

Figure4.4: Whole field imagdaken from PIV

423 Flow Field

The typical flow characteristic of tr@ldominalaortic aneurysm is jet flow in the

middle and weak recirculation part surrounding jet flow Flow recirculation bases

on the separation created by adverse pressure gradient occurring due to the sudden
increase in the crosectional area of the aneury$i®]. The eattachment region is
formed at the distal edge of the recirculation zone, which begins with the separation
at the proximal edge. As shownkigure4.5, this basic characteristic is observed in

the Re=300case Figure 4.5 presents thdu vel, @v vel, dwvelocity magnitude

(vel_mag), dvorticity magnitud® contour and streamline ftine Re=300 case
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424 WSS Result

As mentionedin the circular pipe calculations, initial data point selection is
reevaluated for the bulge portion because geometry \&lidcity gradient
characteristics are different. Comparisa@rs carried out with spline fit velocity
profile since it gives an accuearesult in the circular pipand it is known as a robust
method in the regions with complex flg®5]. Firstly, discussions focused on the
closeup studies that are advantageous in spatial resolution compared to whole field
studies.Two plots containin§VSS results for different initial daiselection for both
Re=300 and Re=900 casa® shownn Figure4.6.

Close-up

?Wall Shear Stress Distribution (Steady, Close-up, Re=300, Distal Edge) ) Wall Shear Stress Distribution (Steady, Close-up, Re=900, Distal Edge)
1% initial s 1% initial
6} 2™ initial 2" initial
3 initial 20 3% initial
5t 4™ iniial 4" initial
15
o T
£ <
w3 10
3 3
= 2l =
5
1
1]
0
-1 -5
13 14 15 16 17 18 19 20 21 14 15 16 17 18 19 20 21 22 23

x (mmy) X (mm)

Figure4.6: WSS distributios for closeup at distal edge (Re=300, Re=900
Different initial data points

In the literaturethe negative peak value ratio to the Poiseulille value at the distal edge
is sensitive to geometry (dilation ratio, elongation ratio) and Re number. On the other
hand,the ratio of positive peak valuéo the Poiseuille valudisperse on a smaller

interval which ranges from 1.7 to 2.9. Although this range includes various Reynolds

numbers and aneurysm geometries, it is important for developing foresight to
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understand the data in geneféb],[67],[68],[80]. Table 9 below contains the
positive peak values at the distal edge and their ratios to circular pipe WSS values
for Re=300 and Re=90@Vhen considering Table 10, the peaks of tHenid 2

initial data point methods give overestimated results whéeStrand 4" initial data

point methodsighlighted in the tablare in the expected range. The observation is
coherent with the results obtained from the circular pipe thidieid" initial data
closst tothewall gives accurate results in the clagestudies.

Table9 Distal edge positive peak results for different initial data points (Re=300,
Re=900)

Re300 WSS| Re300 | Re900 WSS Re900

Closeup Results _ _
Peak (Pa) | Peak Ratio| Peak (Pa) | Peak Ratio

Circular Pipe

0.82 1 2.46 1
(WSS Value)
1%tinitial point
(Positive Peak) 6.79 8.29 21.82 8.87

(Distal Edge)

2"initial point
(Positive Peak) 3.29 4.01 11.10 4,51
(Distal Edge)

3initial point
(Positive Peak) 2.33 2.84 6.13 2.49
(Distal Edge)

4™ initial point
(Positive Peak) 2.28 2.78 5.86 2.38
(Distal Edge)

Since the results obtainesingthe 4" initial datapoint arevalidated by analytical
solution in the circular pipe of the clesp study, 4 initial datausagéds also selected
for the WSS calculations in the bulge region, together with the discussidable
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9. The whole field WSS results obtained by spline fit implemeoriagitthe distal
edge for Re=300 and Re=98fkprovided inFigure4.7.

Whole Field

\glall Shear Stress Distribution (Steady, Whole field, Re=300, Distal Edge) 1!{’Vall Shear Stress Distribution (Steady, Whole field, Re=900, Distal Edge)

1* initial 1* initial

\ 2% initial 12 2" initial

3 tial 10 3 tial

s 4 al . 4" initi |
g2 E ¢
@ o 4

3, 3
= 22
0 0
2
-4
2 -6
8 10 12 14 16 18 20 22 24 26 10 15 20 25

x (mm) x(mm)

Figure4.7: WSS distributions fothewhole field atthedistal edge (Re=300,
Re=900, Different initial data points)

WhenFigure4.6 andFigure4.7 are compared, it can be concluded that thmiial
point approach in the cloag study that validated for both straight pipe and bulge
region is consistent witthe 2" initial data point approach in the whole field study.
For comparison purposes, WSS distributionghafwhole field (29 closest data

point) and closeup (4" closest data point) are presentedFigure4.8.
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Wall Shear Stress Distribution (Steady, Re=300, Distal Edge) Wall Shear Stress Distribution (Steady, Re=900, Distal Edge)
2" initial (Whole field) ' 2" initial (Whole field)
4" initial (Close-up) 4" initial (Close-up)

WSS (Pa)

. .
14 15 16 17 18 19 20 21 22
X (mm)

. .
10 " 12 13 14 15 16 17 18 19 20 21
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Figure4.8: WSS distributions for closap (4" initial) and whole field (2 initial)
atthedistal edge (Re=300, Re=900)

Taking the §' or 4" data for the WSS calculations at the transition region fiwen
bulge tathestraight pipe can result in misleading calculatifemsvhole field studies

As selected data mes away from the wall, the probability of observing misleading
data increses for the highlighted region belowkigure4.9, which is located in the
recirculation zone but not far away from the main flow. For the current siase,

the recirculation flow direction and main flow direction are oppositaisleading
situation mayresultin underestimated WSS calculatidloreover moving away
from the wall results imnunderestimation in general. Akown in the above part of
Figure 4.9the total distance used for the calculation is 3.1mm for the second initial
data approachThis distance contains all the data points used for the spline fit
otherwiseonly the first data distance to the wall is 1mm. On the other hiaathal
distance used for the fourth initial point approai.5 mm andthe initial data

distance is 2.4 mm.
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Figure4.9: Presentation of data regions for different initial data points (Above
Data points, Below: Streamlines)

Figure4.10 contains the WSS distributions for the whole field study wi#2"? and
4™ initial point approactwith spline fit model for the Re&800 and Re900 cases.

WSS Distribution (Steady, Re=300, Whole field, 2" and 4*" initial point) WSS Distribution (Steady, Re=900, Whole field, 2" and 4*" initial point)
2" initial N 2" initial
2 4" initial 5 4" initial
Aneurysm Model 4 Aneurysm Model
3
1 2
< g’
0
8o (18
= =1
2
-1 3
4
5
2 6
0 10 20 30 40 50 60 70 80 0 10 20 30 40 50 60 70 80
x (mm) x (mm)

Figure4.10: WSS distributions fothewhole field with 29 and 4" initial data
points (Re=300, Re 900)
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As shown in Figure 4.10, thé" initial data pointmethodgives underestimated
results compared to thé%nitial data pointmethodfor the whole feld approach.
While closeup (4" initial data point) gives similar results with the whole fiel8%(2
initial data point), closeip studis require tremendous effort to condudence,
further discussions are reported witiewhole field (29 initial data point, spline fit)
approach rather than clesg (4" initial data point, spline fit)Figure4.11 provides
WSS distribution calculated by'®initial data point and spline fit for Re=300 and

Re=900 steady cases.

Wall Shear Stress Distribution (Steady, Re=300 and Re=900)

® 1 Re=300

5 - Re=900

4! Aneurysm Model

3.

2 I
el
0 0 — - -
w
=-1]

2

-3

-4

-5

0 10 20 30 40 50 60 70 80
X (mm)

Figure4.11: WSSdistribution for Re=300 and Re=900 under tteady flow

Considering the general characteristicsaloflominal aortic aneurysm, a negative

peak at separation region, WSS values close to "0" in the recirculation region, and a

negative and subsequently a positive paaobserved in the reattachment region
for the case of steady flow. The important points in the WSS distributidistee

below:
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1 When the WSS graph is analyzed, it is realized that the wall shear stress value
in the inlet tube is the same as the Hadiseuille flow[68].

1 The WSS value rapidly declines to a negative value by passing through the
A0O WSS at the separation point.

1 After the separation point, WS®nverges to close to zero value less than
20% of the entrance tube WSS magnitude.

1 By passing the¥0 value at the reattachment point, WSS experigrce
negative and positive peak at the distal edge. The positive peak value at the
distal edge is approximately 2.5 times the entrance tube valuereBhisis
similar to the findings of Bluesteinet al. (1996 and Budwiget al. (1993
studieq80],[69]

1 After the positive peak, it proceeds to converge towards the Hagjeruille
flow value.

1 The peak values can be examined as a first step to analyze the WSS
distribution with changing Re nurats. The negative peak value at the
proximal edge is observed af.1 Pa" in the case of Re=300 ard.62 Pa"
in the case of Re=900. The WSS values in the recirculating region are
difficult to see on the plot; they are arounfl.024 Pa" for Re=306aseand
"-0.12 Pa" for Re=90@ase Finally, the negative and positive peaks at the
distal edge are-0.72 Pa" and "2.18 Pa" for Re=300, ar2l12 Pa" and "5.7
Pa" for Re=900.

As a result, with the increasing Re, the proximal edge peak gextbg 6.2 times

the recirculation zone value increased by five times, the distal edge negative peak
increased 2.94 times, and the proximal edge positive peak increased 2.62 times. The
rate of increase at the distal edge is half that of the proximal edge.

4.2.5 WSS Parameter

The steady flow does not have a time parameter; therefore, the metric that should be

examined is Wall Shear Stress Gradient (WSSG), which is first proposed as a
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hemodynamic indicator blyei et al (1995)[57]. It measures the spatial changes in

surface forces/unit area, which has a high impact on the endotheligbdglls

WSSG valueis calculated with the central differencing approach, as siated
Equation(4.3). For the two points at the ends, the forward and backward difference
approach is used.

Tt T o Yo t o Yo

@"YY'0 —
@ <Y

(4.3)

WhenFigure4.11andFigure4.12are examined, peak WSSG values are encountered
where the sign of the shear stress haasngbd. These locations are where the
separation and reattachment occur, namely the proximal and distal edge of the
aneurysm. In the middle of the bulge, WSSG values cla¥@tare encountered due

to nearly constant WSS values. When the effect of theurebar on the WSSG
distribution is examined, there is a change in the WSSG peak values with an increase
of more than two times in the peak value. Additionally, considering the WSSG graph
individually, hemodynamiaebnormalityoccus mostly in the proximal and distal end

of the aneurysm. Yet, the distal end is exposebtmrmalitymore.
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Wall Shear Stress Gradient Distribution (Steady, Re=300 and Re=900)
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Figure4.12: WSSGdistributionfor Re=300 and Re=900 under the steady flow
(Absolute)

4.3  Physiologicd Flow

431 Flow Pattern Determination with PIV and Pressure Measurement

As described in the experimental-sgtsection, three measurement methods are used
for flow rate measurement in the systeinplastic turbine flowmeter is used for
steady flowrate measurement and pump calibration. Pressure transdud¢di/and
data are used to measure the flow ragetime-varying patternPIV flowrate results

are available ifrigure4.13. When the pressure patterng-igure4.14 are examined,

it has been observed thiiey show similabehavior at the vessel inlet (PT2) and
outlet (PT3) with flow rate measurements taken from the Bhnsidering all these
factors, the pattern indicated by the PIV flow rate measurements is based on from
now on. Experiments contiewvith this patterrsincethis pattern contains multiple
accelerations/decelerations and peak points, allowing to discushateteristis

observed in physiological flow.
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Re Number vs Time (Physiological, PIV Data, Mean Re~=300)
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Figure4.13: Physiological pattern obtained from PIV measnentgReneana 300
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Figure4.14: Presswe vs. time graph(Up: PT1, Left: PT2, Right: PT3)

87



432 Flow Field

Before moving onto the flowcharacteristicsit should be noted that the used
geometryis not axisymmetricompletely Although a slight difference is observed

in the steady flow, the difference is obserwaare clearly in a complex flow such as
physiological flow. While interpreting the flow physics, both sidesinterpreted

considering cumlatively. Figure 4.15 includes streamlines colored by velocity
magnitude/vector fields, anflppendix A.1i ncl udes AhAuvd velocity
contours for the whole physiological phases examiA#af the discussions below

about the flow mechanisare basedn Figure4.15andAppendix A.1.

When discussing the flow physics in physiological patternist@iscussed first
instead of t1 because the flow physics in t1 is the aftermath of the mechanism in t10.
Thus, tlis mentionedagether with t10. Below, there is an investigation of the flow

mechanism dime-varyingpattern time by time:
1 t2

While passing from t1 to {2a slight acceleration occurs. Temporal acceleration
defeats the negative pressure gradient caused by divetgngatl for the local
proximal edge region and creates a flow attached to the bulge wall. Thus, the attached
regular flow collapse with the countelockwise rotating circulation zone. However,

since the acceleration level is low, it could not overcomeiticalation zone.
M1 t3

As the acceleration increases dramatically, the volume of the attached flow in the

bulge increases, and the vortex structure weaken
1 t4

For the case of the fourtime instant the flow on the top of the bulge becomes fully
attached. Since this point is a peak, local acceleration alfesmthanged into the
negative rate and becom@®, and the proximal edge of the flow is beginning to be
disturbed.
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1 t5

The disturbance at the proximal edge, which starts with the local eattaiebeing

f00, together with the deceleration (increase in the adverse pressure gradient), creates
a counteiclockwise rotating vortex. The vortex region in the middle of the bulge,
which is about to fade it#, showspresenceagain In addition, the aached regular

region between the mentioned vortex region and the proximal edge is disturbed and

loses its regularity.
1 t6

Because of theacceleration, the countetockwise rotating vortex structure is
convected to the distal edgath increase in volumeéMoreover, it prevents the inlet
flow from attaching to the wallStill, the region in the bulge without circulation
becomes regular and attached again to the bulge wall because of the convective

acceleration.
M t7-t8-19-t10-t1

Since the ¥ deceleration rate is not as high as tfieldceleration, aecond vortex
structure has not been encountered. Instead, with the continuatiedet#ieration

rate in t8 and t9, is observed that the aforementioned circulation region completely
dominded the attached region and spread throughout the bulge. Furthermore, the
pattern encountered in steady flow is observedpecially in t8. Although
deceleration occuyshe circulation center is moved to the distal edge betweth t7
since the flow movedorward Simultaneously, the attachment point is moved
forward and hits the distal neck at the t10, causing a small secondary, €ounter
rotating (clockwise) vortex region to form. This situation progresses further in t1 and
takes on a structure with multgphttachment points and three vortexes. The pattern
is repeated throughout the physiological flow. Moreover, attached regular flows
caused by acceleration are at low speed in the bulge region like the circulation
regions. Yetas they are not clearly septad from the jet flow like the circulation

regions, these regular flonsver a larger area and compress the -liglbcity
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region in the jet flow. To illustrate, the jet flow region is flat despite the complex
multi-vortex structures in time t1, but thiéaehed flow structures in t4 compress the
high-velocity zone in the jet flow from the middle of the bulge. In addition, the
attached region, which collides at the distal edge in t6, compresses the jet flow on

the distal edge.
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