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Abdominal Aortic Aneurysm (AAA) is defined as the enlargement of the largest 

artery in the abdominal cavity, the abdominal aorta. The vascular rupture begins to 

pose a risk 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 progression of 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 a significant impact on vascular dilation and rupture. Recently, 

researches focused on understanding the relationship between the wall shear stress 

and the rupture correlated occurrences such as calcification and fat deposits with 

numerical and experimental studies. Due to the difficulties encountered with the 

near-wall measurements in experimental methods, most studies are conducted by 

numerical methods. 

The present study aims to characterize the flow structure in abdominal aortic 

aneurysm and analyze the distribution of the wall shear stress of the AAA by using 

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



 

 

 

vi 

 

terms of proximity to the wall and velocity profile fits in terms of WSS prediction. 

For that purpose, simple and axisymmetric aneurysm geometry and Newtonian blood 

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

and Re=900) and one physiological (Remean ≈ 300 and α=7.17) case. Close-up studies 

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

cases. 

The results indicate that the first PIV data closest to the wall overestimates the 

velocities for the whole field experiment approach. On the other hand, close-up 

studies overestimate multiple data point closest to the wall. However, results of 

close-up studies are obtained by using closer data points to the wall compared to the 

whole field since the spatial resolution of the close-up approach is more superior 

than the whole field. For obtaining accurate WSS estimation, different near-wall 

profiles are investigated, such as second-order polynomial, third order polynomial, 

cubic spline, etc. 3rd order polynomial and cubic spline fits are the two methods that 

give expected results. Using cubic spline fits for the wall shear stress calculation is 

convenient since the spline fit method gives 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 

combination and high risk are observed at distal/proximal edges and regions with 

secondary vortices in case of physiological flow. 
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Hemodynamics, Particle Image Velocimetry 

 



 

 

 

vii 

 

ÖZ 

 

ABDOMİNAL AORT ANEVRİZMA MODELİNDE DUVAR KESME 

GERİLİMİNİN PARTİKÜL GÖRÜNTÜ VELOSİMETRİSİ 

KULLANILANARAK KARAKTERİZASYONU 

 

 

Türk, Semih 

Yüksek Lisans, Makina Mühendisliği 

Tez Yöneticisi: Prof. Dr. M. Metin Yavuz 

 

 Eylül 2021, 120 sayfa 

 

Abdominal Aort Anevrizması (AAA), karın boşluğundaki en büyük arter olan 

abdominal aortun genişlemesi olarak tanımlanır. Bir miktar genişlemeden sonra 

damar, tıpta en kritik vakalardan biri olarak tanımlanan yırtılma riskini taşır. Ayrıca, 

hastalık, en yüksek 14. ölüm oranına sahip olan hastalık olarak belirlenmiştir. Bu 

nedenle, hastalığın ilerleyişini tahmin etmek hasta için hayati önem taşımaktadır.  

Bu alanda yapılan araştırmalar damarın genişlemesi ve yırtılması üzerindeki tüm 

biyolojik ve mekanik faktörleri tanımlamaya ve standartlaştırmaya çalışmaktadır. 

Duvar kesme gerilimi ve onunla ilgili metrikler, damar genişlemesi ve yırtılması 

üzerinde etkin bir faktör olarak öne çıkmaktadır. Son zamanlardaki araştırmalar, 

nümerik ve deneysel methodlar kullanarak duvar kesme gerilmesi ile kireçlenme ve 

yağ birikintileri gibi yırtılmayla bağlantılı olaylar arasındaki ilişkiyi anlamaya 

odaklanmıştır. Ancak deneysel yöntemlerde duvara yakın ölçüm alınırken 

karşılaşılan zorluklar nedeniyle çalışmaların çoğu nümerik methodla yürütülmüştür. 

Bu çalışma, Partikül Görüntü Velosimetrisi (PIV) kullanarak abdominal aort 

anevrizmasının içindeki akışkan mekanizmasını araştırmayı ve duvar kesme 

geriliminin bir dağılımını çıkarmayı amaçlamaktadır. Ek olarak, duvara 

yakınlıklarının PIV verilerini nasıl etkilediği ve hangi hız profil modelinin doğru 

kesme gerilim sonucu verdiği gözlenmektedir. Deneyde teorik ve eksenel simetrik 
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anevrizma geometrisi ve Newton tipi akışkan sıvı kullanılmıştır. Deneyler iki stabil 

(Re=300 ve Re=900) ve bir fizyolojik (Reort ≈ 300 ve α=7.17) akış tipi kullanılarak 

gerçekleştirilmiştir. Ayrıca durağan durumlar için uzamsal çözünürlük artışının 

etkisini görmek için yakın çekim çalışmaları yapılmıştır. 

Sonuçlar, genellikle duvara en yakın olan ilk PIV verilerinin, duvara yakın hızları 

olduğundan yüksek tahmin ettiğini göstermektedir. Bu nedenle, duvara en yakın veri 

noktası yerine yakındaki diğer verilerin kullanılması daha güvenilir sonuçlar 

vermiştir. Duvar kesme gerilimi hesaplamasında duvara yakın verilerin elenmesini 

telafi edebildiği için ve kompleks akış yapılarında daha stabil sonuç verdiği için, 

kübik “spline” fit (4 noktalı) kullanılmıştır. Artan Reynolds sayısının damarın 

proksimal ve distal uçlarında hemodinamik instabiliteye sebep olabileceği 

gözlenmiştir. Düşük duvar kesme gerilimi ve yüksek salınımlı kesme indeksinin 

beraber görüldüğü bölgelerde genişleme yırtılma riski çok yüksektir. Bu çalışmada 

fizyolojik akış kullanıldığında damarın proksimal ve distal uçlarında, ve bunlara ek 

olarak ikincil girdapların görüldüğü yerlerde bu risklerin yüksek olduğu sonucuna 

varılmıştır.  
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CHAPTER 1  

1 INTRODUCTION 

Two main components exist in the human blood circulatory system: the 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 is located 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 presented in Figure 1.1.      

  

 

Figure 1.1: Abdominal Aortic Aneurysm (AAA) presentation  

 

AAA disease is called the 14th disease that results in death; its occurrence is around 

2-3% of the whole population [1]. AAA initiation reason is not certain, but some 

reported correlations exist like family background, old age, gender, etc. In particular, 

smoking is highly correlated with AAA disease. Only 15 % of the AAA disease 
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patients do not relate to smoking; that indicates a strong correlation [2]. 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, tenderness 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 with the 

ruptured vessel are provided by the chart in Figure 1.2. 

 

Figure 1.2: Sign and symptom ratios of patients with ruptured 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 medicine [4]. Rupture 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 predict the rupture. Also, 

it is reported that rupture risk is higher on average for hypertension patients [5]. Thus, 

vessel diameter, growth rate, mechanical conditions of the vessel, etc., should be 

considered as a whole. AAA can be repaired in two ways: endovascular repair and 

open surgical repair, the 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 
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post-processive pain are more 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 it becomes hard to track 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 aorta: tunica intima, tunica media, and adventitia [6]. In the 

case of the disease, these layers become disorganized, and as a result, wall stiffness 

increases with decreasing compliance and distensibility. 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 above, the risk 

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 to rupture 

physically. Wall shear stress results from the internal fluid characteristics inside the 

aneurysm, so the internal flow structure must be investigated to understand the WSS 

dynamics correctly. In addition, abnormal stress, caused by conditions such as 

calcification and fat deposits, also causes the progression of this disease. Not only 

the magnitude of the WSS but also the created metrics like Wall Shear Stress 

Gradient (WSSG), Oscillatory Shear Index (OSI), and Temporal Wall Shear Stress 

Gradient (TWSSG) are crucial to understand the progression of the disease. For 

example, 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, disrupts vessel structure [7],[8]. All of these formations are important in 

understanding and predicting the rupture. Since these mechanisms are directly 

affected by blood flow inside the vessel, the characteristics of blood are essential. 

Blood shows non-newtonian behavior and, more specifically, shear-thinning 

characteristics due to the deformable behavior of the red blood cells inside the blood. 
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In other words, as the shear rate increases, the viscosity of the blood decreases. The 

shear rate - blood’s viscosity relation is significant in small diameter vessels. When 

factors like the complex geometry 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 mortality rate. Predicting 

the time and probability of rupture is a crucial development that directly affects 

human life. For this reason, the physics of fluids affecting these biological structures 

is as essential as 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 

necessary to understand the internal flow characteristics. There are a number of 

studies, both experimental and numerical, examining the flow fields in the 

Abdominal Aortic Aneurysm. Still, especially the studies on wall shear stress are 

numeric rather than experimental. Most studies are numeric-based; because near-

wall measurements have difficulties considering spatial resolution and optical 

constraints, including reflection and refraction during the experimental studies. 

There are also other obstacles exist that may be inherent in the experimental method. 

For this reason, experimental reporting is essential for wall shear stress 

measurement. 

1.2 Aim of the Study 

The aim of this study is to experimentally examine the simple and axisymmetric 

abdominal aortic aneurysm geometry in terms of both flow physics and wall shear 

stress characteristics. The primary purpose is to develop a method for WSS 
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calculation by using PIV. With this, correlate the regions in the aneurysm with 

biological occurrences considering both the WSS and the WSS-related parameters. 

For this experimental study, Particle Image Velocimetry equipment is used mainly 

to extract the velocity field distribution, together with supporting equipment such as 

pressure transducer and flowmeter. Steady and physiological patterns are examined 

with both whole field and close-up 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 bulge portion. The methods include different 

velocity profiles and different initial data points. The comparison is also supported 

with close-up and whole field discussions. Reporting the measurement process is as 

important as the wall shear stress output in the experiment because experimental 

studies on PIV wall shear stress are few compared to numeric studies [9], [10]. Since 

wall shear stress output is not as accessible as in the CFD post-process of the 

experimental data, it is necessary to calculate wall shear stress from PIV 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 where non-biased data cannot be obtained near 

the wall. 

This study determines which parameters (vel fit profile, wall location determination, 

etc.) give the best results and reports the abdominal aortic aneurysm WSS 

measurement process with PIV equipment. Moreover, the study documents how the 

WSS and WSS metric distribution is connected with the general flow field. The study 

also aims to predict the biological occurrences such as endothelial cell proliferation 

and localization of atherosclerotic that may occur with the WSS distribution. 
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1.3 The outline of the Thesis 

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 abdominal aortic 

aneurysm on a medical basis. Furthermore, the studies in the literature on the 

experimental set-up and obtained results are briefly summarized. 

Chapter three presents the experimental set-up, including each experimental 

component such as blood mimicking 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, WSS distributions, 

and the WSS parameters for steady and physiological patterns together with the 

determined methodology for WSS measurement. 

Chapter five provides a detailed summary of the conclusions, including 

recommendations for future work. 
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                                                  CHAPTER 2 

 

2 LITERATURE REVIEW 

The following chapter summarizes the studies in the literature regarding the 

Abdominal Aortic Aneurysm (AAA), Wall Shear Stress (WSS), and related studies 

comprehensively. 

2.1 Abdominal Aortic Aneurysm (AAA) 

The distribution of blood, nutrients, oxygen and other gases and hormones to and 

from the cells are the functions of the circulatory system. Two primary components 

function together in the circulatory system: the heart and the blood vessels [11]. 

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 closed fist [12]. The heart is the 

running power source of the circulatory system, which acts as a pump for blood 

circulation in the vessels. This pump behavior can be considered as two different 

pump actions. One 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 circulation, which contains all blood vessels, including inside and 

outside the organs except the lung, is called systemic circulation. A schematic of 

those circulations can be seen in Figure 2.1. 
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Figure 2.1: Schematic presentation of systemic circulation system [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 to the heart. Arterioles and venules are the smaller sizes of those arteries 

and veins that branch into various body parts. Capillaries are the final and smallest 

branches of the circulation system whose diameters are around 5 – 10 μm [13]. 

Capillaries spread throughout the tissues, and their thin walls permit the 

interchanging of blood and body tissues. Aorta is the biggest artery of the human 

circulation system, with an inner diameter of 2 – 3 cm. Its four main segments are 

ascending aorta, arch of the aorta, thoracic aorta, and abdominal aorta [12]. An 

abdominal aortic aneurysm is a disease in which the aorta vessel weakens. As a 

result, its diameter enlarges for a particular section; therefore, a bulge shape is 

formed in the abdominal aorta, shown in Figure 2.2. This condition is considered a 

disease because it has a number of symptoms and consequences that progress to 

death. 
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Figure 2.2: View of the principal branches of the aorta [12] 

2.1.1 Statistics 

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

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

conducted [14]. AAA disease occurrence is around 2–3 % of the whole population 

[15], [16]. According to Aggarwal et al. (2011), the disease has been identified as 

the 14th fatal disease. After the age of 60, AAA's occurrence is substantially 

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

higher ages [17]. AAA presents 55 per 100,000 men aged 65-74, increasing 112 per 

100,000 for age between 75 – 85 and 298 per 100,000 for 85 and higher age [18]. 

However, occurrence bias is not only related to age but also some other criteria like 

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, it has been 

observed that in people with diabetes, AAA is less common [17]. These are mostly 

uncontrollable factors; besides, there is a significant factor that humans can control 

completely: "smoking" [19]. Smoking not only plays a role in the pathogenesis of 

AAA, but it also plays a role in the growth of bulges and rupture. Not as an example 

of a direct relationship, but as an example of correlation; only 15 percent of AAA 
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patients do not have a history of smoking [2]. Also, a recommendation exists that 

men aged 65 – 75 who have ever been a smoker should be check for AAA by The 

United States Preventive Services Task Force [14].  To sum up, AAA-related risk 

factors include advanced age, male gender, Caucasian origin, a positive family 

background, and smoking [6].    

2.1.2 Rupture 

Rupture is one of AAA's most frightening complications because the mortality rate 

of the rupture situation is reported between 78 – 94 % [4], [6]. In fact, it is described 

as one of the most critical emergencies in medicine, 4 – 5 % of the death in the United 

States is caused by the sudden rupture of AAA. Unfortunately, only 50 % of the 

ruptured AAA patients can reach the hospital alive, and only 50 % of those who 

make it to the hospital alive can survive the operation. That is the reason why factors 

determining rupture should be identified clearly to avoid those emergencies. 

Although many factors affect the rupture mechanism, one of the rupture's useful 

predictors is the diameter of the bulge. When the statistics are examined, it is not 

unreasonable to make the bulge diameter one of the main criteria. Below, there exists 

an evaluation of the annual risk of rupture according to the diameter of the AAA by 

The American Vascular Surgery Association and Vascular Surgery Society [20]: 

• Less than 4.0 cm in diameter – 0%  

• 4.0 cm to 4.9 cm in diameter – 0.5% to 5%  

• 5.0 cm to 5.9 cm in diameter – 3% to 15%  

• 6.0 cm to 6.9 cm in diameter – 10% to 20%  

• 7.0 cm to 7.9 cm in diameter – 20% to 40%  

• 8.0 cm in diameter or greater – 30% to 50% 
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As shown from the above statistics, there is a strong correlation between the bulge 

diameter and rupture. Yet, the diameter factor alone is not enough to thoroughly 

understand the rupture mechanism and foresee the rupture time; since some cases 

contradict these statistics. For example, 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 as high-risk occasions and should be monitored 

regularly. It is also reported that this growth rate is rapid in smokers; on 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 shear stress on the bulge, which is discussed 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 the patient's abdomen, and the bulge 

is repaired directly with a synthetic graft. Besides, endovascular repair is the 

placement of a stent with the help of a catheter over the artery in the groin, shown in 

Figure 2.3. 
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Figure 2.3: Illustration of repair types of AAA (Left: Open repair, Right: 

Endovascular repair) [21] 

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 repair are discovered, and technology is 

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 method that is more suitable for patients in the risky group, less time-

consuming. It requires fewer hospital stays after the operations, but it 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, there are not many results on the long-term effects of the 

two methods because it is difficult to follow-up patients for a long time after the 
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operation. It is also difficult to distinguish between the two methods because the 

patient profile for which the two methods are generally applied is different in terms 

of the risk group.  

Patel et al. (2016) explained the study includes data for the 15 years of follow-up for 

open and endovascular repair patients [23]. Aneurysm-related morbidity and 

mortality percentages for different times are included in Table 1. Fifteen years 

overall morbidity and mortality rates do not show any significant advantages or 

disadvantages for both sides. Short-term results agree with the general opinion that 

endovascular repair 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 because of the secondary rupture caused by endovascular repair-

related occasions. 15% to 52% of the endovascular repairs, endoleaks, or mechanical 

failure of the device is experienced. As a result, most of the endovascular repairs 

require reintervention [15]. For this reason, open repair surgeries are considered as a 

more robust option than endovascular surgery. 

Table 1 Percentages of aneurysm-related deaths over time for two different types of 

repairs [23] 

Aneurysm-

related 

mortality 

> 0 – 6 

Months 

(%) 

>6 months 

to 4 years 

(%) 

> 4- 8 years 

(%) 

> 8 years 

(%) 

 

All 

Patients 

(%) 

 

Endovascular 

Repair 
2 2 3 5 9 

Open Repair 5 1 1 1 7 
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Considering all these factors described above, it is complicated to decide which type 

of operation is more suitable for each patient. 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 aneurysm, the patient's life expectancy, estimated life span, and many 

other factors [24]. 

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 sedimentation rate [25]. 

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, etc. [17]. 

Thirty percent of vascular disease is accidentally discovered through the presence of 

a pulsatile mass during routine physical exams. Some of the cases are also found 

accidentally as a result of ultrasonography (USG), abdominal computed tomography 

(CT), and magnetic resonance imaging (MR) made for other reasons. In addition, 

some X-ray scans may determine calcification and indirectly show the aneurysm. 

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

an adequate calcification [17]. 

The sensitivity of physical examination varies between 22 - 96%. This range is high 

because physical examinations are highly dependent on obesity and abdominal 

distension. For example, while it is easy to identify a large aneurysm in a thin patient, 

it can be challenging to feel a small aneurysm in an overweight patient. Even the 

most experienced physician can miss the diagnosis of an aneurysm in these 

conditions [26]. 
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USG is considered one of the primary methods for discovering aneurysms because 

it has a high accuracy of 95 - 100 % and is low cost and safe. The reasons for this 

probability decrease to 95% are similar to physical examination's misleading causes, 

but at a much higher rate, which is obesity and abdominal gas [17]. CT scan is less 

operator-dependent and screens the abdominal region in more detail than USG. Still, 

it is a more 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]. 

2.1.5 Vessel Structure 

Due to the AAA, the geometry of the vessel alters. Therefore, structure within the 

vessel and flow properties inside change. A healthy abdominal artery consists of 

three layers: the inner layer (tunica intima), middle layer (tunica media), and outer 

layer (adventitia), which together form a thickness of around 0.2 cm [6].  When 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 seen in Figure 2.4. 

 

Figure 2.4: Presentative aorta wall structure imaged by second-harmonic 

generation microscopy (Left: Disrupted, Right: Healthy) [6] 
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As a result, this situation increases wall stiffness while decreasing compliance and 

distensibility. Thus, reducing the vessel’s resistance to systolic pressure and 

deformation pulses creates the vessel's tendency to rupture. Moreover, AAA disease 

and rupture are associated with calcification and fat deposits, which are discussed in 

more detail in upcoming chapters and their relationship to flow structure [6],[28]. 

2.1.6 Rheology 

Blood consists of solid particles such as platelets, red blood cells (erythrocytes), and 

white blood cells (leukocytes), which are suspended in the plasma [29]. It also 

includes proteins, minerals, organic materials, and water. That is why blood is called 

suspension fluid. Also, blood is known to be its non-Newtonian behavior. Non – 

Newtonian behavior is mainly caused by red blood cells' highly deformable 

behavior. 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 viscosity [30],[31]. This behavior is called the 

shear-thinning characteristic. Hematocrit is the red blood cells amount in volume 

percent, and viscosity highly changes with hematocrit. Normal hematocrit value in 

human males is 42 to 45 % and slightly lower in females [29],[32]. In Figure 2.5, 

blood's non – Newtonian (shear thinning) characteristic and hematocrit dependence 

can be observed.  

 

Figure 2.5: Blood viscosity plot as a function of shear rate (with different 

hematocrit values) [29] 
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In Figure 2.5, it can be said that blood shows a constant viscosity behavior after 

around 300 s-1 shear rate. Blood's non-Newtonian behavior can be defined with the 

cross model, which equation can be seen in Equation (2.1): 

 

Where: 

𝜂∞ : viscosity for high shear rates 

 𝜂0 : viscosity for low shear rates 

𝛼 and 𝑞 : constant variables for the viscosity fit 

Blood shows yield strength, which requires a specific stress value for starting to flow, 

and it shows viscoelastic behavior. It 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. Therefore, viscosity is not constant for the blood. That is why 

non – Newtonian characteristics have an effect, but some studies suggest that shear 

thinning on hemodynamics is small and Newtonian assumption is acceptable for the 

large arteries [31],[33],[34]. 

2.2 Experimental Set-up 

2.2.1 Aneurysm Phantom 

There are two fundamental approaches for phantom type in-vivo experiments: 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 geometrical shape. Both 

approaches have advantages and disadvantages. For instance, although the rigid wall 

𝜂(𝛾̇) = 𝜂∞ +
𝜂0 − 𝜂∞
1 + 𝛼𝛾̇1−𝑞

 (2.1) 
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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 physics. Since 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 clearer [31],[35]. On the other hand, the compliance model is 

advantageous in being closer to real-life cases. 

Yazdi et al. (2018) summarized and tabulated the researches on “rigid” and 

“compliant” models in literature in terms of materials used, production technique, 

refractive indices, etc. [36]. In the section below, the table and summaries of Yazdi 

et al. (2018) are used mostly. The most important parameter for the rigid walls is the 

refractive index (RI) since mechanical parameters like 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 refractive index, the surface quality 

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 Glass (RI =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 difference is caused 

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 geometries mostly rather than patient-specific geometries due 

to the limits in the glass model’s production techniques and its nature. 

As mentioned above, silicone materials are generally used in compliant production 

models. Some materials can be listed as follows, Silicone polyurethane, Sylgard184, 

Silicone (T-2 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 mostly, although 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 filled with the working fluid. In this way, a 

flat surface, where the camera lens is faced, is created, and the refraction problem is 

tried to be minimized [37]. Figure 2.6 and Figure 2.7 below show that this method is 

preferred for glass, but this is not needed for the rigid silicone models. The 

production method of rigid silicone is already creating a flat surface by casting it into 

a box. 

 

 

Figure 2.6: Image of a glass vessel model [38] 

 

 

Figure 2.7: Casting box for PDMS with male mold [36] 
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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 

characteristics of the blood. Having a non-Newtonian 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 real-like is important for in-vivo 

studies. In addition to properly stimulating blood, the refractive index is another 

important parameter for accurately determining the flow pattern for optical 

experimental in-vivo studies like PIV, LDA, etc. 

One should avoid optical distortion at the wall since the working 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 possible to each other. The Refractive index 

effect can be observed in Figure 2.8. 

 

Figure 2.8: Presentation of the effect of the refractive index match between fluid 

and phantom model (Left to right filled with: Air – Nearly Matched RI – Optimally 

Matched RI) [39] 

 

Using Newtonian blood mimicking fluid is preferred for large arteries in the 

literature because non-Newtonian fluid also shows behavior close to Newtonian in 
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large arteries where the observed shear rate is above 500 s-1 [40]. However, it is still 

controversial whether using Newtonian blood mimicking fluid is a good approach; 

thus, many studies in the literature uses non-Newtonian fluid.  

Although using only distilled water and salts like NaI and KSCN increases the 

mixture's refractive index, most studies use distilled water and glycerin as a base 

mixture since glycerin increases both the fluid's refractive index and viscosity (for 

matching viscosity of blood). Even some studies use only water and glycerin mixture 

as blood mimicking fluid [41]. Matching the properties like refractive index and 

viscosity only with water and glycerin is challenging, especially with high refractive 

index requirements. It will require a high glycerin ratio in the mixture and result in 

higher viscosity than the blood's viscosity. This case makes it difficult to reach the 

high Reynolds numbers in experimental set-ups. Adding salts like NaI and NaSCN 

to the water - glycerin mixture is more suitable because salt addition makes it 

possible to increase the solution's refractive index with no or little change with 

kinematic viscosity [40]. 

There are some reported situations in salt usage that one should be careful about. In 

mixtures containing NaI salt, a color change that results in darkening, which prevents 

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 situation [42]. Also, the darkening can 

be treated with an additional chemical compound called Sodium Thiosulfate 

(Na2S2O3) [39]. NaSCN can also be used instead of NaI; similar to the NaI; it has 

been reported that mixed NaSCN salt mixture may change its color because it 

contains Thiocyanate ([SCN]-) [43]. Since it can disrupt optical access after a certain 

level, it is necessary to be careful about this color change. Also, salt-containing 

mixtures are challenging in terms of safety. Mixtures containing salt are corrosive; 

they can be harmful to materials used in the experimental set-ups discussed in 

Aneurysm Model and Blood Mimicking Fluid section [44]. 
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Non-Newtonian blood mimicking fluids are better at simulating real-cases, 

especially if the shear rate in the flow is low and pulsatile or oscillatory flow is being 

inspected [45]. In order to give the shear-thinning and viscoelastic characteristics 

and as a result non-Newtonian behavior to the mixture, two substances are generally 

considered; these are xanthan gum (XG) and polyacrylamide [40]. It is stated that 

the glycerin–xanthan gum–water solution has larger elasticity than blood, while their 

shear-thinning properties 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 non-Newtonian characteristics similar to the blood, 

XG can be considered the best substance [45],[46]. 

 

As a footnote for the non-Newtonian mixtures, Long et al. (2005) claims that NaI 

does not affect the viscoelastic properties created by the xanthan gum, but a study 

done by Najjari et al. (2016) claims the differ [47]. Najjari et al. (2016) realize that 

NaI changes viscoelasticity and reduces the shear-thinning property of the non-

Newtonian mixture [40]. The same situation is also observed for NaSCN salt, which 

is an alternative for NaI. Therefore, one should be careful about salt usage for 

adjusting the RI of the mixture; non-Newtonian properties should be checked and 

measured if possible. Table 2 contains mixing ratios offered by Najjari et al. (2016) 

for three different refractive index levels with NaI and NaSCN. Also, in Figure 2.9, 

steady shear viscosity behaviors of the offered mixtures can be seen.  
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Table 2 Composition of non-Newtonian fluids shown in weight percentages 

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

DIW Gly XG NaI NaSCN RI Density(kg/m3) 

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 

 

 

Figure 2.9: Xanthan Gum–Glycerin-Distilled Water - (NaI and NaSCN) mixture’s 

steady shear viscosity properties for different refractive index adjustments (a: NaI, 

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 NaI salt usage, urea is a much more 

cheap, safe, and coloration-free alternative for PDMS refractive index levels. Also, 

urea has the advantage of not changing density compared to NaI; because, although 

NaI does not affect the kinematic viscosity of the mixture, it increases the density by 

about 6.0 kg/m3 per weight percent added, which result in a higher final density of 
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the mixture compared to the blood [44]. So, urea offers viscosity, density, and 

refractive index match simultaneously. For the non-Newtonian mixture, similar 

behaviors are observed with NaI.  

2.3 Wall Shear Stress 

2.3.1 Theory 

In solid mechanics, materials deform to a certain extent under the applied shear 

stress. When the deformation reaches equilibrium with the shear stress, it stops. The 

material remains stable in static equilibrium unless it undergoes creep due to thermal 

or environmental reasons, as shown in Figure 2.10. 

 

Figure 2.10: Shear stress applied to an elastic material [31] 

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 deformation, not the deformation 

[48]. WSS vectors are calculated for each wall point using the equation: 

𝜏 = 2𝜇(𝜀̇. 𝑛⃗⃗) 

Where 𝜀̇ is the rate of deformation tensor, 𝑛⃗⃗ is the inward normal vector (for the 

specific wall point), and 𝜇 is the fluid’s dynamic viscosity. As a result, the below 

matrix is constructed. 
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𝜏 = 2𝜇(𝜀̇. 𝑛⃗⃗) = 2𝜇
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. 𝑛⃗⃗ 

The diagonal elements of the deformation tensor present the deformation for normal 

stresses, and the remaining elements present shear stress deformations. For each 

point on the vessel, the selection of a local coordinate system by employing rotation 

ℛ to the original coordinate is shown in Figure 2.11. 

ℛ[𝑥′ 𝑦′ 𝑧′] = [𝑥 𝑦 𝑧] 

𝑛⃗⃗(𝑥, 𝑦, 𝑧) = [0 0 1]   

 

Figure 2.11: Illustration of the rotation of coordinate axis for aneurysm 

With the assumption of no flow through the vessel wall, i.e., 𝑛⃗⃗ . 𝑉⃗⃗ = 0 at the vessel 

wall, which is valid for large, non-porous vessels [49]. The assumption reduces most 

terms in the equation to zero, and the WSS in the local coordinate system is defined 

by Equation (2.2): 

𝜏𝑤 =  𝜇 [
𝜕𝑢𝑥
𝜕𝑧
 
𝜕𝑢𝑦

𝜕𝑧
 0] 

(2.2) 

 

For 2-D, it reduces to Equation (2.3): 

𝜏𝑤 =  𝜇 [
𝜕𝑢𝑦

𝜕𝑧
 0] (2.3) 
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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 first thing to consider is spatial resolution constraints, but even if the 

resolution is not high enough, it can be improved for the wall shear stress 

measurement. Still, some other reasons exist that cannot be dealt with efficiently 

because those reasons are related to the nature of the measurement technique. For 

example, in near-wall PIV, data near the wall are bias (overestimation mostly) [50] 

because of the cross-correlation algorithm of the PIV where high gradients exist [51]. 

Also, in most cases, seeding particle is inhomogeneous for the near wall, seeding 

particle accumulation can be seen, and light refraction of the wall caused by 

refractive index difference between model and working fluid occurs. These 

situations make it hard to get meaningful data near the wall, which is also valid for 

other optical measurement methods like Laser Doppler Anemometry. For this 

reason, it may be logical to start with the first non-biased data closest to the wall and 

create a velocity profile fit by using the information behind that first data because, 

until the first non-biased data, some distance from the wall can occur. Only the first 

data that can be taken close to the wall may not be sufficient for wall shear stress 

calculations.  

Petersson et al. (2012) investigate three techniques that depend on near-wall velocity 

for calculating WSS. While 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 (Vel-Parabolic). The schematic presentation of the 

aforementioned methods can be seen in Figure 2.12 [52]. 
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Figure 2.12: Overview schematics of the WSS estimation profiles (Left to right: Vel-

Wall method, Vel-LE method, Vel-Parabolic) [52] 

 

Since the Vel-LE method is linear extrapolation-based, it has the advantage of being 

independent of the wall location. This method can be considered for cases where 

wall location is not certain, but it should be noted that it becomes less accurate for 

cases where grids are not aligned with the wall-normal. The other two methods are 

wall location dependent. Petersson et al. (2012) concluded that parabolic (2nd order) 

fit is more accurate than other options [52]. 

Fatemi and Rittgers et al. (1994) stated that the most accurate shear-rate estimation 

could be obtained by four points provided with a third-degree polynomial curve fit 

for a study conducted on wall shear rates, measured by laser doppler anemometry 

with various curve-fitting methods [53]. In the literature, it is observed that parabolic 

velocity fit methods have been used up to the 5th order [49]. 

Apart from the linear and polynomial velocity fitting methods mentioned above, the 

spline velocity fitting method is used. A spline is, by definition, a set of piecewise 

polynomials, so it does not force all fitting points into a single order equation. This 

structure offers a more robust fitting, especially in complex flows [54],[55]. 

DiCarlo et al. (2018) use cubic spline fit for the WSS calculations for the in-vivo 

PIV study because physiological flows are far more complicated, with changing 

boundary layer thickness and flow regimes spatially [31]. Four points are used for 

the cubic spline fit and the "zero" velocity point on the wall with 0.3 mm intervals 

on the wall-normal. "0.3 mm" is not a universal rule for this kind of study; it is 
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determined with grid size, ensuring that interpolation points fall in unique and 

neighboring grids where possible. 

2.3.3 WSS Parameters 

Hemodynamics plays an important role in the physiology of healthy vessels and the 

development of vascular wall diseases. For the vascular wall diseases case, 

hemodynamics is especially important in regions like bulges, curvatures, and arterial 

bifurcations where the flow becomes complicated. It is a common idea that, in large 

arteries, the location of atherosclerosis (plaque builds up inside arteries) is strongly 

related to where flow gets disturbed, which correlates with rupture and vessel growth 

mechanisms [56]. 

There are 5 WSS - based metrics defined in the literature that quantitatively describe 

the interaction between vessel structure and blood flow, that is, the sensitivity of 

local hemodynamics to inflow and outflow boundary conditions, and are used 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). Although none of these metrics' impact on the vessel structure is certain, 

and some conflicting opinions exist on this subject, there are detected correlations 

between those parameters and the state of the vessel. Several other variables have 

been suggested, such as the peak WSS temporal gradient, dominant harmonic, etc. 

[57],[58],[59],[60]. 

➢ TAWSS and OSI 

TAWSS is calculated to present the time average of all the time-varying 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 WSS distributions of each time can be extracted. Low 

TAWSS magnitude is known to stimulate endothelial corruption. On the other hand, 



 

 

 

 29   

high TAWSS can lead to endothelial trauma and hemolysis (destruction of red blood 

cells) [56]. The equation of the TAWSS metric is shown in Equation (2.4) below.  

𝑇𝐴𝑊𝑆𝑆 =  
1

𝑇
∫ |𝜏𝑤| 𝑑𝑡
𝑇

0

 (2.4) 

 

The oscillatory shear index (OSI) is a metric first developed by Ku et al. (1985). OSI 

defines ensemble-averaged local wall shear stress variation, especially for pulsatile 

flow, and is commonly used in numeric and experimental studies [61]. It identifies 

the internal flow's oscillatory impact on the wall during the cardiac cycle.  

OSI values range from 0 to 0.5, presenting the deviation of WSS from the direction 

of the main flow. In other words, in regions with minimal flow disruptions, low OSI 

values occur. High 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 alignment is 

observed [62]. Such areas are generally related to bifurcating flows and vortex 

formation. They are linked to atherosclerotic plaque formation and intimal 

hyperplasia (thickening of intimal cells of the vessel) [63]. The equation of the OSI 

metric is shown in Equation (2.5). 

OSI =  
1

2
[1 − (

|∫ 𝜏𝑤 𝑑𝑡
𝑇

0
|

∫ |𝜏𝑤| 𝑑𝑡
𝑇

0

)] =
1

2
[1 − (

𝜏𝑚𝑒𝑎𝑛
𝑇𝐴𝑊𝑆𝑆

)] (2.5) 

 

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 rupture [60]. Also, these metrics are 

strongly related to intimal hyperplasia [56]. Some of the studies mentioned are for 

human carotid, but similar conditions can be seen and valid for other vascular 

segments such as the 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 plaques [10]. 

As a footnote, although low WSS - high OSI theory is the generally accepted 

connection for atherosclerotic disease, some researchers such as Steinman et al. 

(2002), Gijsen et al. (2007), and Peiffer et al. (2012) could not find any evidence to 

confirm that. The researchers conducted point-to-point comparisons of WSS 

distribution with disease progression, but generally accepted relation (Low 

WSS/High OSI) could not be supported [60]. However, since general acceptance is 

built on low WSS -high OSI theory, results are interpreted by referring to this theory 

in this study. 

➢ WSSG and TAWSSG 

WSSG is used to present the spatial variation 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 Lei et al. (1995) as a 

hemodynamic indicator [57],[60]. It measures the spatial changes in surface 

forces/unit area, which has a high impact on the endothelial cells [64]. 

Lei et al. (1995) state that regions with high WSSG magnitudes are also where the 

fat and minerals accumulated. Furthermore, Lei 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 correlated with the high 

WSSG. These conditions are related to the onset and progression of vascular 

diseases. Lei et al. (1995) and Buchanan et al. (1999) denote that the places where 

the abnormal (non-uniform) hemodynamic is most experienced on a vessel are 

associated with the places where the spatial gradient is high [57],[64]. The equations 

of WSSG and TAWSSG are provided in Equation (2.6) and Equation (2.7) below. 
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𝑊𝑆𝑆𝐺 =
𝜕𝜏𝑤
𝜕𝑡̂

 (2.6) 

𝑇𝐴𝑊𝑆𝑆𝐺 =  
1

𝑇
∫ (

𝜕𝜏𝑤
𝜕𝑡̂
) 𝑑𝑡

𝑇

0

 
(2.7) 

 

➢ TWSSG 

Temporal Wall Shear Stress Gradient (TWSSG) allows the WSS gradient to be 

examined as time variation rather than spatially. According to White et al. (2001), it 

is observed that temporal changes stimulate endothelial cell proliferation and disrupt 

its structure [8]. This situation causes the vessel to be prone to possible vascular 

enlargement or rupture. The equation of the TWSSG metric is shown in Equation 

(2.8) below. 

𝑇𝑊𝑆𝑆𝐺 =
𝜕𝜏𝑤
𝜕𝑡

 (2.8) 

 

Metrics that are calculated in this study and their formulas can be seen in Table 3 

below. 
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Table 3 Table of the WSS parameters calculated in the present study together with 

abbreviations and formulas 

Metric Abbreviation Formulae 

Time Average 

Wall Shear Stress 
𝑇𝐴𝑊𝑆𝑆 

1

𝑇
∫ |𝜏𝑤| 𝑑𝑡
𝑇

0

 

Oscillatory Shear 

Index 
OSI 

1

2
[1 − (

|∫ 𝜏𝑤  𝑑𝑡
𝑇

0
|

∫ |𝜏𝑤| 𝑑𝑡
𝑇

0

)] =
1

2
[1 − (

𝜏𝑚𝑒𝑎𝑛
𝑇𝐴𝑊𝑆𝑆

)] 

Wall Shear Stress 

Gradient 
𝑊𝑆𝑆𝐺 

𝜕𝜏𝑤
𝜕𝑡̂

 

Time Average 

Wall Shear Stress 

Gradient 

TAWSSG 
1

𝑇
∫ (

𝜕𝜏𝑤
𝜕𝑡̂
) 𝑑𝑡

𝑇

0

 

Temporal Wall 

Shear Stress 

Gradient 

TWSSG 
𝜕𝜏𝑤
𝜕𝑡

 

2.4 Previous Studies 

This section summarizes studies that characterize the flow field and wall shear stress 

of the aneurysm. These studies include both numerical and experimental methods 

such as PIV and LDA.   

Finol et al. (2002) – Part 1 [65] and Finol et al. (2002) - Part2 [66] are two-part 

numeric studies that include steady (Part 1) and physiological approaches (Part 2). 

An axisymmetric, double aneurysm geometry is used, which can be seen in Figure 

2.13. Finol et al. (2002) compare the steady numerical results for the range 

10<Re<2265. Below, in Figure 2.13, streamlines for different Re numbers can be 

observed. After the “b” part of Figure 2.13, characteristics behavior for the bulges 

starts that is mainstream flow below and low velocity and recirculating zones above.  
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Figure 2.13: Laminar steady flow streamlines (a: Re=10, b: Re=100, c: Re=500, d: 

Re=1000, e: Re=1750, f: Re=2265) [65] 

Figure 2.14 shows WSS and WSSG distribution for the abovementioned steady Re 

patterns. At the middle of the bulge, smaller negative WSS is observed because of 

the counter-clockwise recirculating zones (low velocity 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 the distal neck.  

 

Figure 2.14: WSS and WSSG distribution for steady, selected Reynolds numbers 

[65] 
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Figure 2.15: Pulsatile flow streamlines (a: Remean = 100, b: Remean = 200, c: Remean = 

300) [66] 

In the second part, Finol et al. (2002) investigated the same aneurysm geometry for 

three different physiological flows with different average Reynolds numbers. The 

notable points explained in these flow patterns are visualized in Figure 2.15 above 

and WSS variations presented in Figure 2.16 below. 

Growth is observed in the recirculating regions at the beginning of the physiological 

pattern due to the negative velocity gradient. Between 0.2 sec < t ≤ 0.31 seconds, the 

flow attaches to the wall, and the regions recirculating with low velocity are 

ejaculated due to the high velocity. Because the deceleration rate is higher at high 

Reynolds values, larger recirculating regions and smaller attached flows are 

observed. In the second acceleration realized in 0.52 < t ≤ 0.7 seconds, it is observed 
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that the small vortex structures partially disappeared. Three vortex structures start to 

be observed with the adverse pressure gradient caused by the deceleration observed 

in 0.7 sec < t ≤ 0.8 seconds. A slight contraction in the vortex structures with a slight 

acceleration and straightening of streamlines are observed with the stabilized flow 

in the rest of the cycle. In general, the WSS and WSSG distribution are similar to the 

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

positive peak. Besides, in the center, low WSS distribution is observed.  

 

 

Figure 2.16: Time average WSS and time average WSSG distribution for 

physiological, selected mean Reynolds numbers [66] 

Bauer et 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 topic [67]. In this study, the MRV results are compared with 

the result coming from LDV and numeric results. Also, for circular pipe (typical 

human aorta) pulsatile flows where analytical solutions exist compared with the 

experimental results. Experimental and numeric studies are also conducted for 

aneurysm geometry in steady flow conditions, including turbulent Re numbers. As 

an aneurysm model, geometry is taken from the studies of Budwig 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 = 2.5 [9],[68],[69].  
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When the LDA measurement volume intersects with the wall partially, resultant data 

give an overestimated velocity information [70]. 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 

data for the first data. But for both measurement techniques, the linear fit between 

used velocity data and wall location (zero velocity, no-slip boundary conditions) is 

used in order to calculate the wall shear stress (WSS). In Figure 2.17, the WSS result 

includes all 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 between the results of Budwig et al. (1993) for peak locations, it is 

explained with the geometry differences. LDV measurements seem in agreement 

with the literature and numerical results, but MRV results underestimate the high 

wall shear stresses due to the spatial resolution. 

 

Figure 2.17: Experimental and numerical normalized WSS results with Budwig et 

al. (1993) comparison [67] 

Bauer et al. (2019) also study turbulent flows. Vicinity of the wall there is a typical 

velocity profile shape when made dimensionless in every turbulent flow. Near the 

wall where viscous forces 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 regions [71]. 

Four different turbulent velocity profile approaches tried written below: 

• Manuel Estimation 

In this method, velocity gradient is determined by visual inspection, and the highest 

gradient is generally preferred. It proceeds independently of the general turbulence 

velocity profiles mentioned above. 

• Musker 

For the second method, velocity data are fitted to a velocity profile written below in 

Equation (2.9) created by Musker (1979). “Musker” method relies on velocity 

profiles mentioned above, and it is valid for viscous sublayer to the logarithmic 

region [72]. 

where: 

𝜅 = 0.41 𝑠 = 0.001093 

 

• DNS Fit 

The third method relies on the velocity profile model extracted from the DNS of a 

numerical pipe flow (Re = 5300) done by El Khoury et al. (2013) [73]. 

• Durst 

In the last method, an equation to be fitted to measurement data, Equation (2.10) 

created by Durst et al. (1996b), is used [74]. 

𝑢 =
𝑢𝜏
2

𝑣
(𝑦 − 𝑦0) + 𝐶2(𝑦 − 𝑦0)

2 + 𝐶4(𝑦 − 𝑦0)
4 + 𝐶5(𝑦 − 𝑦0)

5 (2.10) 

Where: 

𝑑𝑢+

𝑑𝑦+
=

(𝑦+)2

𝜅
 + 
1
𝑠

(𝑦+)3 + (𝑦+)2

𝜅
 + 
1
𝑠

 (2.9) 
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𝐶2, 𝐶4 ,𝐶5 ,𝑢𝜏 and 𝑦0 are free. The equation is available for 𝑦+ < 12 

Bauer et al. (2020) [75] used a similar experimental set-up and methods in the 2020 

study with Bauer et al. (2019), but as a difference, the physiological pattern is used 

for aneurysm geometry. Vector fields and WSS results together with the time 

instances in which data is taken, shown in Figure 2.18. Flow characteristics and WSS 

results found in this study are similar to the Finol et al. (2002) study discussions; 

flow fields findings are not detailed again. Instead, measurement method result 

differences are discussed. 

 

Figure 2.18: WSS variation for different time points with MRV, LDV, and CFD 

results [75] 

Figure 2.18 shows WSS results containing the data taken from MRV, LDV, and CFD 

studies. MRV result seems to underestimate the WSS values, especially for the 

vortex formation region where high temporal changes are observed (x/d = -1.3.) 

Below Figure 2.19, LDV, CFD, and MRV results are taken at the x/d = -1.3 region. 



 

 

 

 39   

As shown in Figure 2.19, MRV results underestimate the peak values because of the 

spatial and temporal resolution inefficiency. 

 

Figure 2.19: WSS variation at x/d= -1.3 with MRV, LDV and CFD results [75] 

DiCarlo et al. (2018) investigate the WSS and some related parameters’ distribution 

(OSI, TAWSS, etc.) on the carotid bifurcation using Particle Image Velocimetry 

[10]. Both Newtonian and Non – Newtonian working fluids are used to spot the 

difference between the two mimicking fluid approaches.  

For the processing, the Fast-Fourier transform cross-correlation 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 

distance from each other are used with “0“ velocity data on the wall (no-slip 

boundary condition). These velocity points are aligned on the wall-normal, and 

between these points, the cubic spline fit is applied to calculate the gradient near the 

wall.  

Figure 2.20 below shows that WSS and OSI contours of the carotid bifurcation can 

be seen for both Newtonian and non – Newtonian blood mimicking fluid experiments 

using WSS calculation methods explained above. 
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Figure 2.20 Comparison of Newtonian and non-Newtonian approaches for TAWSS 

and OSI distributions [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 some low WSS regions. Also, in general, Newtonian fluid predicts 

higher OSI than non - Newtonian fluid. In other words, the Newtonian viscosity 

approach detects low WSS – high OSI regions with higher area coverage. 
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                                                   CHAPTER 3 

 

3 EXPERIMENTAL SET-UP AND MEASUREMENT TECHNIQUES 

This chapter of the thesis covers the details of the experimental set-up and 

measurement techniques.  

3.1 Blood Circulatory System 

The experiments are conducted 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. The images of the experimental set-up are provided in Figure 3.2, 

Figure 3.3, and Figure 3.4 from different perspectives. 
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Figure 3.1: Schematics of the experimental set-up used in the present study 

 

 

 

Figure 3.2: Picture of the data processing section of the experimental set-up 
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Figure 3.3: Picture of the circulatory system with flowrate and pressure 

measurement equipment 

 

 

Figure 3.4: Picture of the pump, filter, and the aneurysm model 
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After the working fluid is drawn from the tank with the help of the gear pump, which 

is driven by an electrical motor, the fluid passes through the filter. Using a filter 

keeps the aneurysm region where the camera is focused, and some optical concerns 

are present clean. To achieve this, the IKRON / HE K45-20.135-AS-SP 025 filter is 

used. The filter 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 a disturbance in the physiological flow pattern. For 

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

is bypassed during the experiment process.  

As shown in Figure 3.1, the fluid passes through three different pressure transducers, 

turbine flowmeter, air release valve, and the aneurysm model. The aim of 

implementing the air release valve is to prohibit bubble occurrence in the system. 

The purpose of utilizing the flowmeter, which is explained in detail in Flow Rate 

Measurement section, is to check the system's calibration regularly. Yet, the 

measurement is valid only for steady flows. Figure 3.1 shows the locations of three 

different pressure transducers; near the pump, aneurysm inlet, and aneurysm outlet. 

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 field is preserved. Finally, monitoring pressure at the outlet of 

aneurysm is for observing the pressure changes before and after the phantom. The 

details of the pressure measurement device are discussed in the Pressure 

Measurement section.  

All the materials used in the experimental system have been selected, considering 

that they do not react with the working fluid. Unplasticized Polyvinyl Chloride (UH 

– 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 computer-controlled gear pump 

combined with a servomotor, which is designed to imitate the pressure waveforms 

and physiological flow. The gear pump utilized to carry out the experiments (Dayton 

4KHH8, Grainger, Inc., Lake Forest, IL) has 400 ml/s maximum continuous output 

flow rate capacity. Similar to the above discussion, all 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 electric BMH0702P16A2A) is 

implemented for driving the gear pump. A servo motor coupling is combined with 

pump shafts to prevent backlash while letting small angular and parallel 

misalignments. 

An “offset” value is entered into the electric motor with the help of the PLC control 

system. The offset value presents the power input provided to the electric motor. For 

the “offset” value, calibration is done in two steps. The density of the working fluid 

is measured in ambient temperature, then flowrate is calculated from the weight of 

the filled bucket by keeping the time. The results of the aforementioned calibration 

process are presented in tabulated form in Table 5.  

3.2 Aneurysm Model and Blood Mimicking Fluid 

The experiments are conducted on the glass AAA model that is transparent, 

axisymmetric and has an elliptic structure in a streamwise direction. The pyrex glass 

model is produced by the glass molding technique, and it has "D/d = 2.5" dilation 

ratio, "L/d=4" elongation ratio, and "d=18.4 mm " inner diameter. The schematic of 

the model is provided in Figure 3.5. The ratios are determined by considering the 

studies of Salsac et al. (2006) and Bauer et al. (2019) [9],[67]. 
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Figure 3.5: Aneurysm model - Above: Schematic of the model, Middle: Image of 

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

Figure 3.5 includes the picture of the aneurysm model used in the laboratory. The 

glass aneurysm is used by placing it into a plexiglass box filled with working fluid 

to obtain optical advantages. To match the refractive index of glass and the working 

fluid, NaI and NaSCN are generally considered. Sample mixtures are created in the 

laboratory to observe the effects of both salts. Firstly, as can be seen in Figure 3.6 

NaI mixture exhibits reddish coloring problems. Sodium Thiosulfate (Na2S2O3) is 

also added to cure the mixture to overcome this problem [39]. Secondly, similar to 

the NaI, NaSCN also causes color change problems which results in yellowish color.  

However, the primary concern of NaSCN arises in contact with iron-based metals. 

When it comes into contact with iron-based 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 does not give desired results with iron-based metals, it is observed that the 

materials such as aluminum, plastic, glass, brass are not affected. Additionally, the 
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fluid itself remains its transparent structure and does not experience coloration. Thus, 

the NaSCN is preferred as blood mimicking fluid since it is more available than NaI, 

and non-reactive materials are present in the experimental set-up.  

 

Figure 3.6: Colorization of NaI mixture 

The mixture ratios used in the experiment are adjusted according to the non-

Newtonian mixture, including NaSCN, suggested in Najjari et al. (2016) [40]. Since 

a Newtonian fluid is used in the current study, the mixture mentioned above is 

prepared without xanthan gum. The viscosity values that change with varying shear 

rates are provided in Figure 2.9 (plot ‘b’) from Najjari et al. 2016 [40]. Since the 

fluid used is Newtonian, it can be seen in Figure 2.9 (plot ‘b’) that the viscosity value 

is approximately equal to the value that the non-Newtonian viscosity curve is 

converged at high shear rates. The viscosity value of the fluid is also measured in the 

experimental set-up by using pressure transducers. Hagen-Poiseuille flow simulation 

is performed while staying in the laminar flow range. The pressure drop is measured 

with two pressure transducers at a distance of 5 meters from each other with the 

known fluid density (measured, 1310 kg/m3), pipe diameter, and flow velocity. Thus, 

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

is measured as 0.012314 Pa.s and 9.4 x 10-6 m2/s, respectively. Thus, it is observed 

that the measurement result gives the same output as in Figure 2.9 (plot ‘b.’) 
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3.3 Particle Image Velocimetry (PIV) 

In this study, in order to obtain the velocity field, Particle Image Velocimetry is used. 

It is a non-intrusive, quantitative, optical flow measuring technique. Depending on 

the PIV type, the method provides a velocity field vector in two-dimensional or 

three-dimensional domains. In this study, planar PIV is utilized to obtain "u" and "v" 

velocity components in the mid-plane of AAA. The basic working principle of PIV 

is taking consecutive camera images of the flow field to trace the seeding particles, 

which are illuminated by a laser sheet. Obtained images are split into small pieces, 

which are coined as interrogation areas (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 velocity vectors. During the calculation process, 

an input taken from the user, ∆𝑡, which is the time gap between consecutive images, 

is used. By dividing the average displacements of particles by ∆𝑡, the average 

velocity vectors can be calculated for each interrogation area (IA).  

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 as dual-pulsed, 15 Hz., Q-

switched Litron Nano L200-15 200mJ Nd: YAG. The laser beam is transformed into 

a laser sheet with the cylindrical lens whose radius is -15 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 

the selection is to illuminate the particles properly and guarantee that the maximum 

seeding particles' displacement is within the laser sheet. Images are taken by a 4-

megapixel (2032 x 2048) high-speed Complementary Metal Oxide Semiconductor 

(CMOS) camera, and the lens attached to the camera is Nikon AF NIKKOR 50mm 

f1.8. To synchronize the laser and camera according to the user-defined inputs TSI 

LaserPulseTM 610036 synchronizer is used.  
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The focus plane of the camera is adjusted to face the laser sheet passing the center 

of the aneurysm at a full 90-degree 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 cross-sectional area is obtained when the laser hits the midplane, checking 

the image for the largest cross-section is also a control method. The experimental 

set-up is explicitly shown in Figure 3.7. 

 

 

 

Figure 3.7: 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 used. For each case, 100 pairs of images are taken and averaged; 

then, these raw images are processed by splitting the region of interest into the 32 x 

32 square pixel interrogation area for whole field images and 64 x 64 square pixels 

for close-up images 50% overlap for both. This difference in interrogation area is 

because particles appear larger as they get closer to the image. In addition, close-up 

measurements give better results if the laser light is weaker due to the small 

diameters in terms of particle reflection. To accomplish the time-average velocity 

field, cross-correlation is carried out by utilizing Fast Fourier Transform (FFT) 

correlator for each pair of images. 

After that, the velocity field data is subtracted from the Tecplot Focus as an ASCII 

format and then is post-processed for the streamlines, velocity contours, and vorticity 

contours with Paraview 5.9.0. For the wall shear stress calculation, MATLAB 2021a 

is used, which is explained in detail in the upcoming WSS Calculation from 

measured data (MATLAB) section. 

Additional to the whole-field study, close-up PIV studies are also conducted. Two 

additional pieces of equipment are used together with the camera to conduct the 

close-up experiments: macro extension tubes and close-up filters (diopters.) An 

extension tube, basically a tube that is placed between the camera and the lens. As a 

result, additional distance is gained between the lens and the 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 placed in front of the camera. 

They are simply magnifying glass that is placed between the subject and the lens. 

With the diopters, focal length decreases; as a result, the spatial resolution of the 

camera increases. The image of both macro-extension tube and diopter can be seen 

in Figure 3.8.    



 

 

 

 51   

  
 

Figure 3.8: Image of the diopter (left) and macro extension tube (right) 

3.3.1 WSS Calculation from measured data (MATLAB) 

In the wall shear stress (WSS) calculation, the first thing to consider is the wall 

location. The wall location is extracted by visual inspection from the PIV image that 

is shown in Figure 3.9. Wall seems as a stratum instead of a single line due to the 

reflection, seeding particle accumulation, and laser thickness. Hence, taking the 

middle of the apparent wall area can be counted as one of the best approaches 

because the area appearing in PIV contains all the infinitesimal planes in this wall 

cloud [76].  
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Figure 3.9: 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 data from PIV by visual inspection ranges from 30 to 40 points. 

However, for WSS estimation, more points are needed for accurate calculation. Even 

though it varies according to aneurysm geometry, approximately 10000 ±

1000 points are used. Using the code, the cubic spline fit is applied to the extracted 

points of the wall, then 10000 points are extracted with equal intervals on the x-axis 

over the spline. After the wall points are prepared, null and masked-out data in the 

region of interest are eliminated. Figure 3.10 presents the elimination process of data 

points for both close-up and whole field approaches. 

The points in the remaining data pools are matched with the wall points on the wall-

normal. Matched data can be the first discrete closest data point on the wall-normal, 

or it can be taken up to the 5th point, according to the parameters explained in the 

next section. Schematics of the match between the wall and data points can be seen 

in Figure 3.10 for both close-up and whole field. 
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Figure 3.10: Data point and initial wall point matching process for both close-up 

and whole field studies 
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Up to this point, the discussion continued over the discrete data. If the linear fit is 

not preferred (single data approach), the discussion continues over the velocity 

vectors behind the initial data points selected for high-order velocity fits. Since the 

subjected geometry is not flat, that is, the discrete data order is not always aligned 

with the normal of the wall; data needs to be converted to a continuous form. The 

"scatteredInterpolant" command of the MATLAB2021a is used to achieve this. After 

the initial data point is selected, PIV grid size movements are made on the normal of 

the wall for each new data point, as shown in Figure 3.11. For every initial point and 

data behind it, different velocity profile fits are applied, which is detailed in the next 

section. 

 

 

 

Figure 3.11: Schematic of multiple point usage for velocity fit profile 
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3.3.2 Calculation Parameters 

In order to calculate wall shear stress properly, four different parameters are 

considered, which are listed below: 

• Velocity Profile Fit Selection 

• Grid Size Selection 

• Wall Location Selection 

• Initial Data Point Selection 

 

1) Velocity Profile Fit Selection 

There are five different velocity profile fit approaches are considered. These are 

linear, second-order polynomial, third-order polynomial, point-to-point (wall 

independent), and cubic spline fit velocity profile.  

a) Linear velocity profile: 

The linear fit is the simplest approach that can be implemented, but underestimation 

can be observed as moving away from the wall. A schematic of the linear velocity 

profile fit can be seen in Figure 3.12. 

➢ V (y) = ay + b 

 

• 1.Point → Wall Point (“0” Velocity) 

• 2.Point → 1.data point 

 

Figure 3.12: Schematic of the linear velocity profile 
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b) Second-order polynomial velocity profile: 

Schematic of the second-order polynomial velocity profile can be seen in Figure 

3.13. 

➢ V (y) = ay2 + by + c 

 

• 1.Point → Wall Point (“0” Velocity) 

• 2.Point → 1.data point 

• 3.Point → 2.data point 

 

Figure 3.13: Schematic of the second-order polynomial velocity profile 

 

c) Third-order polynomial velocity profile: 

Schematic of the third-order polynomial velocity profile can be seen in Figure 3.14. 

➢ V (y) = ay3 + by2 + cy + d  

 

• 1.Point → Wall Point (“0” Velocity) 

• 2.Point → 1.data point 

• 3.Point → 2.data point 

• 4.Point → 3.data point 
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Figure 3.14: Schematic of the third-order polynomial velocity profile 

 

d) Point-to-point (wall independent): 

This method is linear extrapolation based, which means that the wall location 

information is not needed. Although the method is advantageous for wall location 

errors, it gives inaccurate results, especially when wall-normal is not aligned with 

the scattered data points or grids [52]. A schematic of the point-to-point velocity 

profile fit can be seen in Figure 3.15. 

 

➢ V (y) = ay + b 

 

• 1.Point → 1.data point 

• 2.Point → 2.data point 
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Figure 3.15: Schematic of the point-to-point velocity profile 

 

e) Cubic spline velocity profile: 

The cubic spline is a piecewise third-order polynomial; this structure offers more 

robust fitting, especially for the complex flows [54],[55]. A schematic of the cubic 

spline velocity profile can be seen in Figure 3.16. 

➢ V (y) = piecewise third-order polynomials 

 

• 1.Point → Wall Point (“0” Velocity) 

• 2.Point → 1.data point 

• 3.Point → 2.data point 

• 4.Point → 3.data point 

• 5.Point → 4.data point 
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Figure 3.16: 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 

calculation because discrete data points are used. The grid size is around 0.15 mm 

for close-up studies and 0.7 mm for whole field studies.  There is no interpolated 

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

wall-normal, as shown in Figure 3.17; there is no need for interpolated data. 
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Figure 3.17: Schematic of the discrete data usage 

 

For the bulge portion, since the PIV data is not aligned with the wall-normal in 

general, interpolated data is needed. Distance between data points is chosen as PIV 

grid size. As explained in the previous section, scattered data points are interpolated 

using the “scatteredInterpolant” command in MATLAB. Only the first data is 

discrete PIV data; after points are selected from the interpolated region. The 

presentation of data selection can be seen in Figure 3.18. 

 

 

Figure 3.18: Schematic of the interpolated data usage 
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3) Wall Location Selection 

The Wall location is selected as the middle of the wall beam, as shown in Figure 

3.19. The same approach is followed in Nguyen et al. (2010) study [76]. 

 

Figure 3.19: Schematic of the wall location 

4) Initial Data Point Selection 

Because of the reasons like overestimation of the velocity and data quality, some 

points close to the wall are disregarded. Below there is a presentation of the data 

usage for different options on the spline fit approach. It can be the first, second, third, 

fourth, and fifth point closest to the wall. Schematics of 1st and 3rd initial point 

selection are shown in Figure 3.20. 
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Figure 3.20: Schematics of the initial data point (1st and 3rd) 
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After calculating the WSS distributions with the methods mentioned above, the 

WSS-related metrics detailed in the WSS Parameters section are calculated. These 

are Time Average Wall Shear Stress (TAWSS), Oscillatory Shear Index (OSI), 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 in time-varying patterns. The "OSI" 

metric shows the direction change of WSS. Low WSS - High OSI regions are 

associated with intimal hyperplasia and disruption of vascular structure. "WSSG" 

presents the spatial change of the WSS value over the aneurysm. "TAWSSG" shows 

the mean (in terms of time) of the spatial variation in time-varying 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 vessel rupture 

location. Finally, "TWSSG" allows WSS to be examined in terms of time change 

instead of a spatial gradient in time-varying patterns. The metric changes result in 

endothelial cell proliferation (rapid increase in the number of cells.) Equations of the 

metrics are shown in Table 3. 

3.4 Pressure Measurement 

The pressure measurements are conducted using two Mesens MPS.420 and a WIKA 

ECO-1 brand pressure transducer. The whole 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 source feeds the electronic system 

integrated into the power supply ‘MCH – 305D – II’. A 12-bit NI PIC-6024E - 16 

channel DAQ card is employed to digitize the raw data. WIKA brand Eco-1 has a 

maximum pressure measurement limit of 2.5 bar, and its accuracy value is defined 

as ±1%. Additionally, the accuracy value of the Mesens MPS.420 device is  ±0.5%, 

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

±25 mbar and ±20 mbar span values are observed for WIKA ECO-1 and Mesens 
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MPS.420, respectively. Both devices are counted as two-wire type pressure 

transducers with 4-20 mA output current. For increasing the measurement accuracy, 

a resistor of 470 ohms is placed to the connections. The pressure transducers are 

calibrated according to the pressure values read by bourdon gage for specific offset 

values (flow rates) on the same T connection. Table 4 presents the calibration values 

of the pressure measurement tools. 

Table 4 Calibration table of pressure transducers 

Offset 
Flowrate  

(ml/s) 

Bourdon 

Gage  

(bar) 

PT1 

(MPS.420_1) 

(ampere) 

PT2 

(MPS.420_1) 

(ampere) 

PT3 

(WIKA 

ECO-1) 

(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 Sea YF-S201 plastic turbine flow meter. 

A plastic turbine meter is a pulse-type measurement tool, the turbine inside it has a 

magnet. The faster the turbine rotates; the more total pulse values are read in a certain 
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period. For turbine-type flowmeters, the number of pulses received per a certain 

volume is coined as "k-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 measurements due to the low k-factor of the flowmeter. A low k-factor is not 

an obstacle for steady measurements because the accuracy of the total pulse/time can 

be improved by increasing the measured time interval, but a similar interpretation 

cannot be made for physiological (time-varying) 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 flow varying between 1-3 seconds. Being enabled to read only the 

steady flow rate can be tolerated by pressure measurements and the velocity values 

obtained from the PIV data. The calibration data of the flowmeter with the working 

fluid is summarized in Table 5. 

Table 5 Calibration table of flowmeter 

Offset 

Empty  

Weight  

of the 

Bottle  

(gr) 

Total  

Weight  

Measured  

(gr) 

Net  

Weight  

(gr) 

Time  

(sec) 

Volume  

(m3) 

Flowrate  

(ml/s) 

Frequency  

Measured  

(Flowmeter) 

(Hz) 

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 2910.4 2748.2 16 0.0021 131.1164 57.3 

Measured Working Fluid’s Density = 1310 kg/m3 



 

 

 

 66   

3.6 Input Parameters 

Two non-dimensionless input parameters exist in this study; these are Reynolds 

Number (Re) and Womersley Number (𝛼).  

 

Formulae of the Reynolds number can be seen in Equation (3.1): 

 

𝑅𝑒 =  
𝜌 𝑢 𝑑

𝜇
 (3.1) 

Where: 

 

𝜌 : density of the working fluid (kg/m3) 

𝑢 : average velocity inside the circular pipe before the aneurysm (m/s) 

𝑑 : diameter of the circular pipe (m) 

𝜇 : dynamic viscosity of the working fluid (Pa.s) 

 

In this study, the characteristic length is taken 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 accepted. Dynamic viscosity and fluid density are 

taken from the blood, mimicking fluid's properties measured in the laboratory. (𝜌 = 

1310 kg/m3, 𝜇 = 1.2314 x 10-2 kg/m.s) 

 

In biofluid studies, in order to define the oscillatory or pulsatile flow, Womersley 

Number (𝛼) 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 number [77]. Equation of the Womersley number is written below in 

Equation (3.2): 
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Where: 

𝜌 : density of the working fluid (kg/m3) 

𝑅 : radius of the circular pipe (m) 

𝜇 : dynamic viscosity of the working fluid (Pa.s) 

𝜔 : frequency of periodicity (rad/s) 

 

In the present study, a single Womersley number is used in experiments. 

Physiological pattern time in the experiment is 1.1 seconds, and frequency is 

calculated accordingly. Other parameters are accepted as in the Reynold Number 

calculations. 

3.7 Experimental Matrices 

During the study, two different flow patterns are examined: steady and physiological 

flows. To obtain the velocity field, particle image velocimetry (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 flow rate. For the 

steady flow, measurements are taken for Re=300 and Re=900. Close-up 

measurements are conducted for steady flow to observe whether the spatial 

resolution increase changes the WSS results. After the inferences made from the 

steady measurements, phase averaged data are taken from 10 different physiological 

points in a single physiological flow type. The details of the flow pattern are 

presented in Flow Pattern Determination with PIV and Pressure Measurement 

section, and it has Remean ≈ 300 and Womersley=7.17 values. For the whole 

𝛼 = 𝑅√
𝜔 𝜌

 𝜇 
 (3.2) 
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experiment process, the same AAA model and blood-mimicking fluid are used. The 

only variable is the flow pattern. The summary of the experimental matrices is given 

in Table 6 below. 

Table 6 The table of experimental matrices 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Flow Type Whole Field PIV Close – up PIV 

Steady Re=300 Re=300 

Steady Re=900 Re=900 

Physiological 

Remean ≈ 300 

Womersley=7.17 

(for 10 different phase) 

- 
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                                                  CHAPTER 4 

 

4 RESULTS AND DISCUSSIONS 

In this chapter, PIV results are detailed. First, steady flow circular pipe results of the 

whole field and close-up 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 pipe PIV–analytical comparison 

results. (Vel fit profile, data points, etc.) Thirdly, close-up 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 one of 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 

section for close-up 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 close-up studies are conducted with 64x64 pixel interrogation area 

instead of 32x32 pixels, 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 close-up studies. Since the working logic of using this 

equipment is to reduce the focal length, it is necessary to physically approach the 

place where the image is taken with the camera. In close-up experiments, 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 cannot be examined in a single frame. As presented 

in Figure 4.1, it is necessary to proceed step by step, conduct separate experiments 
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for each region, and combine them. From inlet to outlet, 10 images should be taken 

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

Figure 4.1: Close-up images of the bulge for the whole field 

4.1 Analytical Calculations for Steady Flow 

For laminar, fully developed and steady flow (constant cross-section circular pipe 

flow) types are generally called Hagen-Poiseuille flow, or shortly Poiseuille flow. 

The schematic presentation of the Poiseuille flow is provided in Figure 4.2 [78].   The 

analytical solution is available for the velocity profile of these flows; in other words, 

WSS can be calculated with the help of an analytical solution. The analytical 

solutions are used to understand which PIV velocity data overestimates or which 

velocity fit model best approximates the WSS, and the results are compared 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 aneurysm is examined. 
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Figure 4.2: Schematic of Hagen-Poiseuille flow [78] 

The velocity profile equations of the abovementioned flow conditions (steady, 

laminar, circular pipe) are given in Equation (4.1): 

𝑢(𝑟) =  𝑢𝑚𝑎𝑥  [1 − (
𝑟

𝑅
)
2

] and 𝑢𝑚𝑎𝑥 = 2 𝑢𝑚𝑒𝑎𝑛 (4.1) 

Where : 

∗  𝑢(𝑟) = u velocity with respect to radial direction (𝑚/𝑠) 

∗  𝑟 = variable for radial direction  

(𝑟 = 0 / 𝑐enter of the circular pipe,   𝑟 = 9.2 𝑚𝑚 / maximum) 

∗  𝑅 =  radius of the circular pipe = 9.2 𝑚𝑚 

∗  𝑅𝑒 = Reynolds number =  
𝑢 (2 𝑅) 𝜌

𝜇
 

∗  𝑢𝑚𝑒𝑎𝑛 = 
𝑅𝑒 𝜇

(2 𝑅) 𝜌
 

Blood Mimicking Fluid Properties: (are measured at 𝑇 = 22 ± 2 ℃) 

• 𝜌 = density of the fluid = 1310 
𝑘𝑔

𝑚3
  

• 𝜇 = dynamic viscosity of the fluid = 1.2314 𝑥 10−2
𝑘𝑔

𝑚 𝑠
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As a final step, Equation (4.2) is applied: 

𝜏𝑤 =  𝜇 
𝑑(𝑢(𝑟))

𝑑(𝑟)
 where 

𝑑(𝑢(𝑟))

𝑑(𝑟)
= −2 𝑢𝑚𝑎𝑥  

𝑟

𝑅2
 (4.2) 

 

When the calculations are completed, analytical results can be seen in Table 7 : 

Table 7 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 

Before moving on to the "Bulge" portion, calculations are conducted to examine the 

results of the velocity fit methods as mentioned in the Calculation Parameters section 

and compare them with the analytical WSS result. Figure 4.3 shows the examined 

parts for the parameter comparison for both Re=300 and Re=900 cases. The 

difference and the advantage of the straight pipe portion compared to the bulge part 

is that obtained discrete velocity vectors can be used directly. Since the velocity 

vectors are aligned with respect to the wall-normal, interpolated velocity vectors are 

not needed. While calculating the WSS, the data column in the pipe presented in 

Figure 4.3 is taken for both whole field and close-up studies. There is a small 

contraction zone due to the manufacturing method and seeding particle accumulation 

on the side of the straight pipe close to the bulge, as shown in Figure 4.3; by taking 

the column presented, that part is avoided. As a wall location, the middle of the beam 

is taken, and as grid size, since discrete data are used, PIV grid size is applied. Table 

8 includes WSS results and their deviations from the analytical solution with 

different initial data points and velocity profiles for the straight, circular pipe at 
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Re=300 and Re=900. Also, Table 8 includes grid size and distance of initial data 

points information for the whole field and close-up studies.  

 

 

Whole Field 

 
 

Close-up 

  
 

Figure 4.3: Straight portion of the bulge where data is taken 
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Table 8 Table of WSS values for different initial points and velocity fit models 

Initial data  
vs.  

Vel. profiles 
 

(Mag. in 'Pa') 

Re=300, Close-up 
(grid size = 0.15 mm) 

  

Re=900, Close-up 
(grid size = 0.15 mm) 

1st  

data 

2nd  

data 

3rd  

data 

4th  

data 

5th 

data 

1st  

data 

2nd  

data 

3rd  

data 

4th  

data 

5th 

data 

Linear 
(Deviation from 

analytical solution) 

0.96 0.84 0.85 0.88 0.88 4.30 3.20 2.74 2.73 2.70 

 17%  2%  4%  7%  7% 75% 30% 11% 11% 10% 

2nd order poly. 
(Deviation from 

analytical solution) 

1.09 0.81 0.76 0.9 0.92 5.89 4.35 2.76 2.85 2.97 

 33% -1% -7% 10%  12% 139% 77% 12% 16% 21% 

3rd order poly. 
(Deviation from 

analytical solution) 

1.24 0.87 0.55 0.84 0.96 7.00 6.30 2.60 2.57 3.10 

51% 6% -33% 2% 17% 185% 156% 6% 4% 26% 

Point to point  
(Deviation from 

analytical solution) 

0.71 0.87 0.97 0.86 0.82 1.62 1.59 2.71 2.58 2.38 

-13% 6% 18% 5% 0% -34% -35% 10% 5% -3% 

Spline 
(Deviation from 

analytical solution) 

1.28 0.92 0.88 0.82 0.96 7.09 6.88 2.60 2.48 3.07 

56% 12% 7% 0% 17% 188% 180% 6% 1% 25% 

Distance  
from the wall 

(mm) 
0.16 0.30 0.45 0.60 0.75 0.22 0.36 0.51 0.66 0.81 

            

Initial data  
vs.  

Vel. profiles 
 

(Mag. in 'Pa') 

Re=300, Whole Field 
(grid size = 0.7 mm) 

  

Re=900, Whole Field 
(grid size = 0.7 mm) 

1st  

data 

2nd  

data 

3rd  

data 

4th  

data 

5th 

data 

1st  

data 

2nd  

data 

3rd  

data 

4th  

data 

5th 

data 

Linear 
(Deviation from 

analytical solution) 

1.44 0.93 0.87 0.83 0.81 4.12 2.62 2.32 1.96 2.00 

76% 13% 6% 1% -1% 67% 7% -6% -20% -19% 

2nd order poly. 
(Deviation from 

analytical solution) 

1.70 1.02 0.99 0.90 0.95 5.81 3.24 2.94 2.39 2.61 

107% 24% 21% 10% 16% 136% 32% 20% -3% 6% 

3rd order poly. 
(Deviation from 

analytical solution) 

1.88 1.05 1.10 0.81 0.71 7.26 3.56 3.34 2.39 2.34 

129% 28% 34% -1% -13% 195% 45% 36% -3% -5% 

Point to point 
(Deviation from 

analytical solution) 

0.67 0.78 0.71 0.73 0.63 0.92 1.70 1.52 1.44 1.26 

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

Spline 
(Deviation from 

analytical solution) 

1.94 1.04 1.15 0.82 0.63 7.70 3.59 3.42 2.47 2.22 

137% 27% 40% 0% -23% 213% 46% 39% 1% -10% 

Distance  
from the wall 

(mm) 
0.36 1.05 1.75 2.45 3.15 0.77 1.46 2.15 2.83 3.51 
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The closest result to the analytical solution (Re=300 – WSS =0.82 Pa / Re=900 – 

WSS=2.46 Pa) can be selected as 3rd order polynomial or spline fit (4-point) by 

taking 4th closest data point as an initial data point when both Re=300 and Re=900 

cases are interpreted. After it is determined that the 4th initial data is appropriate, the 

5th data is also examined. Since the 5th data deviates more from the analytical solution 

and is further away from the wall, the 4th initial data selection is supported. Moving 

away from the wall is not preferable, which is discussed in WSS Result section. 

Although their grid sizes are different, both approach (close-up and whole field) 

gives the same initial data point number, that is, the accurate results are obtained at 

the different distances according to the wall. For close-up, the average initial point 

distance of 0.63 mm, and for whole-field, an average distance of 2.64 mm gives an 

accurate result. Therefore, this difference between the two methods cannot be 

explained directly with spatial resolution. It can be explained by the overestimated 

and bias data occurrence, especially near the non-constant high velocity gradient 

region in PIV calculations [50],[51]. The velocity profile result is consistent with the 

thesis study of DiCarlo et al. (2018), who used a 4-point spline fit in the PIV WSS 

study for the vessel [31], and with Van Ooij et al. (2015) who stated that spline fit 

provides more robust fitting [55]. WSS distribution in the bulge section is presented 

by utilizing spline fit. Still, initial data point selection can be different caused by the 

gradient change at the bulge portion because bias data occurrence near the wall is 

related to the non-constant, high velocity gradient [51]. That is checked by 

comparing different initial point approaches for both close-up and whole fields 

studies. 

4.2.2 Bulge 

PIV is applied to the region seen in Figure 4.4 below. For steady flow, the experiment 

is conducted for two different Reynold Number (Re) values. It is examined that how 

the increase in Re affects the WSS distribution. Firstly, the flow field is analyzed and 

interpreted with contours like "u velocity," "v velocity," "Velocity Magnitude 
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(Vel_Mag)," and "Vorticity" for Re=300 case. Secondly, the WSS distribution on 

the bulge is extracted with the specified parameters, and it is examined how it 

connects to the flow characteristics inside. 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 aneurysm is interpreted. 

 

Figure 4.4: Whole field image taken from PIV 

4.2.3 Flow Field 

The typical flow characteristic of the abdominal aortic aneurysm is jet flow in the 

middle and weak recirculation part surrounding the jet flow. Flow recirculation bases 

on the separation created by adverse pressure gradient occurring due to the sudden 

increase in the cross-sectional area of the aneurysm [79]. The reattachment region is 

formed at the distal edge of the recirculation zone, which begins with the separation 

at the proximal edge. As shown in Figure 4.5, this basic characteristic is observed in 

the Re=300 case. Figure 4.5 presents the “u vel,” “v vel,” “velocity magnitude 

(vel_mag),” “vorticity magnitude” contour and streamline for the Re=300 case.  
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Figure 4.5: Streamline and contours of “u,” “v,” “vel_mag,” and “vorticity 

magnitude” for Re=300, Steady case 
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4.2.4 WSS Result 

As mentioned in the circular pipe calculations, initial data point selection is 

reevaluated for the bulge portion because geometry and velocity gradient 

characteristics are different. Comparisons are carried out with spline fit velocity 

profile since it gives an accurate result in the circular pipe, and it is known as a robust 

method in the regions with complex flow [55]. Firstly, discussion is focused on the 

close-up studies that are advantageous in spatial resolution compared to whole field 

studies. Two plots containing WSS results for different initial data selection for both 

Re=300 and Re=900 cases are shown in Figure 4.6. 

 

Figure 4.6: WSS distributions for close-up at distal edge (Re=300, Re=900, 

Different initial data points) 

In the literature, the negative peak value ratio to the Poiseuille 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 value to the Poiseuille value disperse 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 general [65],[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=900. When considering Table 10, the peaks of the 1st and 2nd 

initial data point methods give overestimated results while the 3rd and 4th initial data 

point methods highlighted in the table are in the expected range. The observation is 

coherent with the results obtained from the circular pipe that is the 4th initial data 

closest to the wall gives accurate results in the close-up studies.  

Table 9 Distal edge positive peak results for different initial data points (Re=300, 

Re=900) 

Close-up Results 
Re300 WSS 

Peak (Pa) 

Re300 

Peak Ratio 

Re900 WSS 

Peak (Pa) 

Re900 

Peak Ratio 

Circular Pipe 

(WSS Value) 
0.82 1 2.46 1 

1st initial point 

(Positive Peak) 

(Distal Edge) 

6.79 8.29 21.82 8.87 

2nd initial point 

(Positive Peak) 

(Distal Edge) 

3.29 4.01 11.10 4.51 

3rd initial point 

(Positive Peak) 

(Distal Edge) 

2.33 2.84 6.13 2.49 

4th initial point 

(Positive Peak) 

(Distal Edge) 

2.28 2.78 5.86 2.38 

 

Since the results obtained using the 4th initial data point are validated by analytical 

solution in the circular pipe of the close-up study, 4th initial data usage is also selected 

for the WSS calculations in the bulge region, together with the discussions in Table 
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9. The whole field WSS results obtained by spline fit implementation at the distal 

edge for Re=300 and Re=900 are provided in Figure 4.7.  

 

Figure 4.7: WSS distributions for the whole field at the distal edge (Re=300, 

Re=900, Different initial data points) 

 

When Figure 4.6 and Figure 4.7 are compared, it can be concluded that the 4th initial 

point approach in the close-up study that validated for both straight pipe and bulge 

region is consistent with the 2nd initial data point approach in the whole field study. 

For comparison purposes, WSS distributions of the whole field (2nd closest data 

point) and close-up (4th closest data point) are presented in Figure 4.8. 
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Figure 4.8: WSS distributions for close-up (4th initial) and whole field (2nd initial) 

at the distal edge (Re=300, Re=900)  

Taking the 3rd or 4th data for the WSS calculations at the transition region from the 

bulge to the straight pipe can result in misleading calculations for whole field studies. 

As selected data moves away from the wall, the probability of observing misleading 

data increases for the highlighted region below in Figure 4.9, which is located in the 

recirculation zone but not far away from the main flow. For the current case, since 

the recirculation flow direction and main flow direction are opposite, a misleading 

situation may result in underestimated WSS calculation. Moreover, moving away 

from the wall results in an underestimation in general. As shown in the above part of 

Figure 4.9, the total distance used for the calculation is 3.1mm for the second initial 

data approach. This distance contains all the data points used for the spline fit; 

otherwise, only the first data distance to the wall is 1mm. On the other hand, the total 

distance used for the fourth initial point approach is 4.5 mm, and the initial data 

distance is 2.4 mm.  
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Figure 4.9: Presentation of data regions for different initial data points (Above: 

Data points, Below: Streamlines) 

Figure 4.10 contains the WSS distributions for the whole field study with the 2nd and 

4th initial point approach with spline fit model for the Re=300 and Re=900 cases. 

 

Figure 4.10: WSS distributions for the whole field with 2nd and 4th initial data 

points (Re=300, Re 900) 
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As shown in Figure 4.10, the 4th initial data point method gives underestimated 

results compared to the 2nd initial data point method for the whole field approach. 

While close-up (4th initial data point) gives similar results with the whole field (2nd 

initial data point), close-up studies require tremendous effort to conduct. Hence, 

further discussions are reported with the whole field (2nd initial data point, spline fit) 

approach rather than close-up (4th initial data point, spline fit). Figure 4.11 provides 

WSS distribution calculated by 2nd initial data point and spline fit for Re=300 and 

Re=900 steady cases. 

 

Figure 4.11: WSS distribution for Re=300 and Re=900 under the steady flow 

 

Considering the general characteristics of abdominal aortic aneurysm, a negative 

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

negative and subsequently a positive peak are observed in the reattachment region 

for the case of steady flow. The important points in the WSS distribution are listed 

below: 
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• When the WSS graph is analyzed, it is realized that the wall shear stress value 

in the inlet tube is the same as the Hagen- Poiseuille flow [68]. 

• The WSS value rapidly declines to a negative value by passing through the 

“0” WSS at the separation point. 

• After the separation point, WSS converges to close to zero value less than 

20% of the entrance tube WSS magnitude. 

• By passing the “0” value at the reattachment point, WSS experiences a 

negative and positive peak at the distal edge. The positive peak value at the 

distal edge is approximately 2.5 times the entrance tube value. This result is 

similar to the findings of Bluestein et al. (1996) and Budwig et al. (1993) 

studies [80],[68] 

• After the positive peak, it proceeds to converge towards the Hagen-Poiseuille 

flow value. 

• The peak values can be examined as a first step to analyze the WSS 

distribution with changing Re numbers. The negative peak value at the 

proximal edge is observed as "-0.1 Pa" in the case of Re=300 and "-0.62 Pa" 

in the case of Re=900. The WSS values in the recirculating region are 

difficult to see on the plot; they are around "-0.024 Pa" for Re=300 case and 

"-0.12 Pa" for Re=900 case. Finally, the negative and positive peaks at the 

distal edge are "-0.72 Pa" and "2.18 Pa" for Re=300, and "-2.12 Pa" and "5.7 

Pa" for Re=900.  

As a result, with the increasing Re, the proximal edge peak increased by 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 by Lei et al. (1995) [57]. It measures the spatial changes in 

surface forces/unit area, which has a high impact on the endothelial cells [64]. 

WSSG value is calculated with the central differencing approach, as stated in 

Equation (4.3). For the two points at the ends, the forward and backward difference 

approach is used. 

 

When Figure 4.11 and Figure 4.12 are examined, peak WSSG values are encountered 

where the sign of the shear stress has changed. 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 close to “0” are encountered due 

to nearly constant WSS values. When the effect of the Re number 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, hemodynamic abnormality occurs mostly in the proximal and distal end 

of the aneurysm. Yet, the distal end is exposed to abnormality more. 

𝑊𝑆𝑆𝐺 =  
𝜕𝜏𝑤
𝜕𝑥
|
𝑥=𝑥𝑖

= 
𝜏𝑤(𝑥𝑖 + ∆𝑥) − 𝜏𝑤(𝑥𝑖 − ∆𝑥)

2∆𝑥
 (4.3) 
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Figure 4.12: WSSG distribution for Re=300 and Re=900 under the steady flow 

(Absolute) 

4.3 Physiological Flow 

4.3.1 Flow Pattern Determination with PIV and Pressure Measurement 

As described in the experimental set-up section, three measurement methods are used 

for flow rate measurement in the system. A plastic turbine flowmeter is used for 

steady flowrate measurement and pump calibration. Pressure transducer and PIV 

data are used to measure the flow rate in a time-varying pattern. PIV flowrate results 

are available in Figure 4.13. When the pressure patterns in Figure 4.14 are examined, 

it has been observed that they show similar behavior at the vessel inlet (PT2) and 

outlet (PT3) with flow rate measurements taken from the PIV. Considering all these 

factors, the pattern indicated by the PIV flow rate measurements is based on from 

now on. Experiments continue with this pattern since this pattern contains multiple 

accelerations/decelerations and peak points, allowing to discuss the characteristics 

observed in physiological flow. 
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Figure 4.13: Physiological pattern obtained from PIV measurements (Remean ≈ 300) 

 

Figure 4.14: Pressure vs. time graph (Up: PT1, Left: PT2, Right: PT3) 
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4.3.2 Flow Field 

Before moving onto the flow characteristics, it should be noted that the used 

geometry is not axisymmetric completely. Although a slight difference is observed 

in the steady flow, the difference is observed more clearly in a complex flow such as 

physiological flow. While interpreting the flow physics, both sides are interpreted 

considering cumulatively. Figure 4.15 includes streamlines colored by velocity 

magnitude/vector fields, and Appendix A. 1 includes “u” velocity / “v” velocity 

contours for the whole physiological phases examined. All of the discussions below 

about the flow mechanism are based on Figure 4.15 and Appendix A. 1. 

When discussing the flow physics in physiological pattern, t2 is discussed first 

instead of t1 because the flow physics in t1 is the aftermath of the mechanism in t10. 

Thus, t1 is mentioned together with t10. Below, there is an investigation of the flow 

mechanism at time-varying pattern time by time:  

• t2 

While passing from t1 to t2, a slight acceleration occurs. Temporal acceleration 

defeats the negative pressure gradient caused by diverging the wall for the local 

proximal edge region and creates a flow attached to the bulge wall. Thus, the attached 

regular flow collapse with the counter-clockwise rotating circulation zone. However, 

since the acceleration level is low, it could not overcome the circulation zone.  

• t3 

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

bulge increases, and the vortex structure weakens. 

• t4 

For the case of the fourth-time instant, the flow on the top of the bulge becomes fully 

attached. Since this point is a peak, local acceleration already has changed into the 

negative rate and becomes “0”, and the proximal edge of the flow is beginning to be 

disturbed. 
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• t5 

The disturbance at the proximal edge, which starts with the local acceleration being 

“0”, together with the deceleration (increase in the adverse pressure gradient), creates 

a counter-clockwise rotating vortex. The vortex region in the middle of the bulge, 

which is about to fade in t4, shows presence again. In addition, the attached regular 

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

loses its regularity. 

• t6 

Because of the acceleration, the counter-clockwise rotating vortex structure is 

convected to the distal edge with increase in volume. Moreover, it prevents the inlet 

flow from attaching to the wall. Still, the region in the bulge without circulation 

becomes regular and attached again to the bulge wall because of the convective 

acceleration. 

• t7 - t8 - t9 - t10 - t1 

Since the 2nd deceleration rate is not as high as the 1st deceleration, a second vortex 

structure has not been encountered. Instead, with the continuation of the deceleration 

rate in t8 and t9, it is observed that the aforementioned circulation region completely 

dominated the attached region and spread throughout the bulge. Furthermore, the 

pattern encountered in steady flow is observed, especially in t8. Although 

deceleration occurs, the circulation center is moved to the distal edge between t7-t9 

since the flow moves forward. Simultaneously, the attachment point is moved 

forward and hits the distal neck at the t10, causing a small secondary, counter-

rotating (clockwise) vortex region to form. This situation progresses further in t1 and 

takes on a structure with multiple attachment 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. Yet, as they are not clearly separated from the jet flow like the circulation 

regions, these regular flows cover a larger area and compress the high-velocity 
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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 the attached 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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t1
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t7

 
 

t8

  

t9

 
 

t10

  

 

Figure 4.15: Streamlines (vel_mag colored) and vector fields for 10 different time 

increments (Time-varying pattern) / (Above to below: t1 to t10) 
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4.3.3 WSS Result 

Calculation parameters of WSS are kept the same as the method mentioned in the 

steady WSS section. Due to the asymmetry on the wall, WSS distribution is 

calculated only for the upper side of the bulge. Thus, the WSS distribution and flow 

characteristics are correlated with the upper side of the aneurysm. WSS distributions 

from t1 to t10 are separately available in Figure 4.16, and all of the WSS distributions 

are given together in Figure 4.17. 

When the WSS distribution for t1 is examined, firstly, a negative WSS caused by the 

primary vortex rotating in the counter-clockwise direction on the distal edge is 

observed. Secondly, a smaller magnitude positive WSS caused by the clockwise 

rotating secondary vortex located is encountered. There are two attachment points 

from the secondary vortex to the primary vortex and from the primary vortex to the 

jet flow, which are also two points with "0" in the distal edge of the WSS distribution. 

In t2, in addition to the t1, positive WSS values are started to be observed in the 

proximal edge due to the attached regular flow that occurs because of the 

acceleration. The WSS created by the secondary vortex seems to be unaffected by 

the acceleration, yet the WSS created by the primary vortex decreases. At time t3, 

positive wall shear stresses are encountered throughout the bulge due to increased 

acceleration. Since the primary vortex in the distal neck still shows a presence but is 

weakened, much lower negative wall shear stress values are encountered in the distal 

neck before the outlet than the t2 and t1 moments. These values are spread over a 

smaller length due to the area occupied by the vortex is reduced. Since the temporal 

acceleration dominates the adverse pressure gradient, in the t4, a fully attached flow 

is observed in the bulge part. It causes positive WSS values in the entire aneurysm 

region, including the inlet and outlet. Although the WSS values encountered in the 

bulge are smaller than the inlet and outlet part at t4, they are even higher in magnitude 

than the values in the bulge of steady flow in the case of Re=900. 

Negative peak WSS values created by the primary vortex, which started to occur at 

the proximal edge due to deceleration at t5 time, are observed. After the vortex 
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region, positive WSS values are observed after the attachment point where the 

regular flow is presence. With the second acceleration, it is observed that the area of 

the vortex structure formed at the proximal edge at the time of t5 widens, but the 

WSS effect weakens. This change is consistent with the system experiencing 

acceleration at that moment. Starting from the second deceleration, at t7, t8, and t9, 

the power of the recirculating zone increases gradually, and the center is localized at 

the distal neck side. Compared to the moderate values spread over the entire bulge, 

an increase in the magnitude of the WSS is observed that is localized to the distal 

neck side. The collision of the circulation center to the distal neck results in creating 

another counter-rotating (clockwise) vortex structure. That is why, at t10, small 

positive WSS values are observed just before the distal edge negative peak. 

When the WSS distributions are considered as a whole, the highest positive and 

negative peaks in magnitude are observed in the distal neck. The highest positive 

peaks are encountered caused by the attached flow structure in t4 and t6 (acceleration 

peaks.) In terms of magnitude, the highest negative peaks in the distal end are 

obtained from the primary vortex structures being stuck in the distal neck at the t9 

and t10 moments. This observation is consistent with the deduction of Finol et al. 

(2002) [66]. The negative peak in the proximal neck is seen at t5 due to the localized 

primary vortex formed in the proximal neck because of the high deceleration rate. 
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Figure 4.16: WSS distributions from t1 to t10 for physiological pattern 
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Figure 4.17: WSS distribution for all phases of the physiological pattern 

4.3.4 WSS Parameters 

Time-average or time related metric calculations are achieved by linearly 

interpolating the discrete time data. 

➢ TAWSS and TAWSSG 

Equation (4.4) and Equation (4.5) presents the equations of the time average wall 

shear stress (TAWSS) and time average wall shear stress gradient (TAWSSG), 

respectively. 

𝑇𝐴𝑊𝑆𝑆 =  
1

𝑇
∫ |𝜏𝑤| 𝑑𝑡
𝑇

0

 (4.4) 

𝑇𝐴𝑊𝑆𝑆𝐺 =  
𝜕𝜏𝑤̅̅̅̅

𝜕𝑥
|
𝑥=𝑥𝑖

= 
𝜏𝑤̅̅̅̅ (𝑥𝑖 + ∆𝑥) − 𝜏𝑤̅̅̅̅ (𝑥𝑖 − ∆𝑥)

2∆𝑥
 (4.5) 
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Figure 4.18 includes the time average WSS distribution taken for ten different times 

in the physiological pattern (Remean ≈ 300) in which the experiments are carried out 

and steady WSS distribution (Re=300). Considering below plot, the results of the 

physiological pattern are very similar to the steady Re=300 case in terms of both 

pattern and value. A negative and smaller peak on the proximal edge compared to 

the distal edge is observed due to the separation. On the bulge side, WSS values close 

to "0" are observed. Finally, a negative and subsequent positive peak is observed due 

to the reattachment zone and jet flow. This situation shows how reasonable the stable 

flow assumption is when considered as the average time characteristic. 

Positive WSS values encountered before the negative peak at the distal edge due to 

the secondary clockwise rotating vortex structure occurred in some parts of the 

physiological pattern creates a difference between steady and physiological cases. 

Likewise, the TAWSSG distribution in Figure 4.19 is similar to the WSSG 

distribution in the steady Re=300. As in TAWSS, a generally observed difference is 

an additional gradient is created by the secondary vortex in the distal neck. Thus, the 

difference is the gradient peak close to the distal end towards the upstream, which is 

smaller than the proximal and distal end gradient. The region with the most 

hemodynamic abnormality appears to be the distal neck for physiological average. 
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Figure 4.18: Time-average WSS distribution for all phases of the physiological 

pattern and steady WSS (Re=300) distribution 

  

 

Figure 4.19: Time-average WSSG distribution for all phases of the physiological 

pattern and steady WSSG (Re=300) distribution (Absolute)  
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➢ WSSG 

The equation used in the calculation of WSSG is given in Equation (4.6): 

 

𝑊𝑆𝑆𝐺 =  
𝜕𝜏𝑤
𝜕𝑥
|
𝑥=𝑥𝑖

= 
𝜏𝑤(𝑥𝑖 + ∆𝑥) − 𝜏𝑤(𝑥𝑖 − ∆𝑥)

2∆𝑥
 (4.6) 

 

Gradients are calculated by making central differencing, as mentioned in the steady 

part. Forward and backward differencing is applied for the data at the beginning and 

the end. After interpreting the TAWSSG, it is important to examine the PIV data 

separately for each time point since it brings time variability to the hemodynamic 

discussion. Below is the WSSG distribution calculated for each time moment from 

t1 to t10 in Figure 4.20. 

 

Figure 4.20: WSSG distribution for all phases of the physiological pattern 
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When Figure 4.20 is examined, the highest peak is encountered in the proximal edge 

part due to the vortex structure formed by the deceleration-induced separation at the 

t5 moment. The second highest peaks are seen at the proximal edge with the spread 

of the primary vortex to a wider area, formed at the t6 and t7 moments. In t9, a high-

speed vortex structure is observed moving in a counter-clockwise direction at the 

wall edge, as the center of the vortex is being compressed to the distal edge. Thus, 

the highest peak for the distal edge in terms of WSSG is observed at that time since 

there is a transition from a high negative magnitude value to a positive peak. 

The secondary vortex structure formed by the collision of the recirculation center to 

the distal edge at the time of t10 caused an additional and high magnitude gradient 

to be observed a little more upstream than the usually expected location at the distal 

edge. When more than one vortex structure is seen, more than one WSSG peak is 

also encountered. To summarize, when the steady flow condition is considered with 

the physiological moments like more than one vortex structure exist, it has been 

found that there are high gradient values in places where usually “0” WSS is 

observed. In addition, the highest proximal edge peak is found at t5, and the highest 

distal edge peak is at t10, which means that the highest hemodynamic abnormality 

is observed at downstream as always.  

➢ OSI  

The OSI is calculated to present the oscillatory nature of vascular flows. The OSI 

number ranges from "0" to "0.5". "0" means unidirectional flow, while "0.5" means 

fully oscillatory flow. The calculated OSI distribution can be seen in Figure 4.21. 

The importance of the OSI parameter can be better understood together with the low 

shear stress – high OSI theory mentioned in the literature discussions. As mentioned 

in the literature, the atherosclerotic disease is likely to be observed in areas where 

low WSS - high OSI is observed, and the general opinion in the literature supports 

this. For this reason, while examining OSI, places with high OSI magnitude are 

focused, and low WSS - high OSI regions are mainly reported together with the 

TAWSS values.  
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Figure 4.21: OSI distribution of the physiological pattern 

 

OSI values are seen throughout the bulge around 0.25 due to the fact that the bulge 

is sometimes exposed to attached flow and sometimes to recirculation flow. Values 

close to 0.5 in OSI value are observed in 4 points. These are “x = 14 mm”, “x = 60 

mm”, “x = 67 mm” and “x = 78 mm”. The high OSI values observed in “x=14 mm” 

and “x=78mm” are related to several factors. These are the separation point formed 

in proximal edge, reattachment point formed in distal edge, and the forward attached 

flow occasionally observed in physiological flow. High OSI values at "x = 60 mm" 

and "x=67 mm" are observed due to secondary vortices formed by the collision of 

the recirculation center at the distal edge. 

The point “x=78 mm” does not fit the low WSS – high OSI theory due to its high 

WSS value compared to others. The remaining three points are subject to severely 

low WSS and high OSI. Thus, according to the theory, “x=14 mm, x= 60 mm, and 

x=67 mm” points and their surroundings can be considered as a sensitive region to 

localization of atherosclerotic.  
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➢ TWSSG  

The Temporal Wall Shear Stress Gradient (TWSSG) allows the WSS gradient to be 

investigated in terms of change in time rather than spatial change. According to the 

study of White et al. (2001), it is observed that temporal changes disrupt the vessel 

structure by stimulating endothelial cell proliferation [8]. This situation causes being 

prone to possible vascular enlargement or rupture. The equation using in the TWSSG 

metric calculation is provided in Equation (4.7). The calculated TWSSG distribution 

can be seen in Figure 4.22. 

 

𝑇𝑊𝑆𝑆𝐺 =
𝜕𝜏𝑤
𝜕𝑡
|
𝑡=𝑡𝑖

=
𝜏𝑤(𝑡𝑖 + 𝛥𝑡) − 𝜏𝑤(𝑡𝑖 − 𝛥𝑡)

2𝛥𝑡
 (4.7) 

 

 

Figure 4.22: TWSSG distribution of all phases in physiological pattern 
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For ten different time points, TWSSG results are examined. Due to the sudden 

acceleration, the temporal gradients are high for t3 and t4 moments, especially for 

t3. However, it has been observed that the distal end, which always has a high 

gradient characteristic in spatial examinations, is more stable in terms of peaks from 

the time perspective. In the proximal edge, this stability is disrupted by the primary 

vortex caused by deceleration. In terms of time instability, high gradients can be seen 

in the proximal edge at t4 and t5 moments and the distal edge at t3 and t4 moments. 

Thus, these regions become more exposed to endothelial cell proliferation at these 

times.  
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                                                 CHAPTER 5 

 

5 CONCLUSIONS 

This study aims to investigate the flow characteristics inside the abdominal aortic 

aneurysm and construct its wall shear stress distribution by developing methods for 

WSS measurement for PIV. Simplified and rigid aneurysm geometry is used to reach 

the aim. The experiments were conducted at steady flow cases (Re=300 and Re=900) 

to understand Re number's effects and develop a methodology for WSS 

measurement. In addition, experiments also were conducted at the physiological 

pattern (Remean ≈ 300 and α=7.17) to investigate the time-varying characteristics of 

the flow inside the aneurysm. During the experiments, the measurements were taken 

by the turbine flowmeter, pressure transducers, and PIV. Moreover, to examine the 

spatial resolution effect, close-up studies were conducted for steady cases. The 

conclusions inferred from the experimental results discussed in the previous chapter 

are listed below. 

Conclusions about WSS measurement: 

 

• Some portions of the PIV data gave overestimated velocity and WSS results. 

The cross-correlation algorithm of PIV overestimates the velocity 

magnitudes where the high velocity gradient and seeding particle-wall 

interaction exists. Thus, the overestimation of velocity was observed, 

especially near the wall. 

• Initial data point selection is quite critical since taking velocity data close to 

and away from the wall may result in misguided WSS magnitudes. If data is 

taken too close to the wall, overestimated velocity data mislead the results. 

On the other hand, if initial data is away from the wall, the WSS results will 

be misdirected with the change of flow physics. To determine the accurate 
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WSS for both whole field and close-up studies, 1st closest to 5th closest initial 

data points at the straight, circular pipe were compared. Together with the 

initial data points, different velocity profiles (linear, 2nd order polynomial, 3rd 

order polynomial, point to point (wall-independent), and spline velocity) 

were compared for obtaining accurate WSS estimation.  

• The comparison was based on the analytical solution to determine a 

methodology. For this reason, results of different initial point and velocity 

profile combinations were compared on the circular pipe in steady cases 

where analytical solution exists. It was observed that the 4th initial data to the 

wall gave the closest result to the analytical solutions for close-up and whole 

field studies. However, since the spatial resolution of the close-up was 

superior to the whole field, the initial data used in close-up studies was closer 

to the wall than the whole field. Among the velocity profiles, it was observed 

that 3rd order and cubic spline velocity profile methods gave reliable results 

when all cases (Re=300/900 (steady) and whole field/close-up) were 

considered. As a result, spline fit was used by also evaluating the inference 

in the literature that spline fit gives more robust results, especially in complex 

flows. 

• Similar discussions were made in the bulge part with the findings obtained 

from the comparison in the circular pipe. In the interpretation of the results 

in the bulge portion, the WSS results in the literature together with the whole 

field and close-up results were evaluated. At the bulge part, close-up studies 

gave the same accuracy in terms of initial data number with the straight pipe 

portion, which is the 4th initial data point with spline fit velocity profile. On 

the other hand, whole field results with 2nd initial data point and close-up 

results with 4th initial data point gave similar output in terms of WSS. Since 

close-up (4th data) and whole field (2nd data) gave similar results, and close-

up studies took tremendous time to conduct, physiological WSS distributions 

are reported with whole field experiments (2nd closest data, cubic spline 

profile.) 
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Conclusions about flow field and WSS: 

 

• For the steady case, the jet flow was observed in the continuation of the 

circular pipe area. Low velocity recirculation zones were observed in the 

bulge part due to the separation caused by the adverse pressure gradient. 

Negative and close to “0” WSS values were observed in low velocity zones 

at the bulge portion. However, negative and positive WSS peaks were 

encountered in the reattachment region towards the distal edge. An increase 

in the WSS peak magnitudes was observed in the distal edge due to a rise in 

the Re number. The highest spatial gradients were seen at the proximal and 

distal edges. Yet, the distal edge gradient values were higher, and the gradient 

values increased with the increase in Re number. Therefore, the highest 

hemodynamic abnormalities were located to the distal edge at Re=900. 

• The determining factors of the internal characteristics in time-varying (Remean 

≈ 300 and α=7.17) flow were acceleration and deceleration and their rate. In 

general, the weakening of the vortex structures and attached flow was 

observed during acceleration. On the other hand, the strengthening of 

separation and vortex structures occurred in the regions during deceleration. 

Since the flow moves forward, multiple/multi-directional vortex structures 

were encountered in the bulge portion as the recirculation region hits the 

distal neck. During the physiological flow, the WSS patterns very close to 

steady flows’ were occasionally encountered. Yet, sometimes positive WSS 

values that were not observed in steady flows were seen, especially in the 

bulge portion, due to structures such as attached flow and clockwise rotating 

vortex. 

• The time average WSS distribution of physiological pattern had close values 

and patterns to the Re=300 steady flow. The difference was observed 

between the two cases where the attached forward flow and clockwise 

rotating vortex induced positive WSS. The same held for the time average 



 

 

 

 108   

WSS gradient. When the wall shear stress gradient of each phase was 

examined separately, the highest spatial gradient was encountered in the 

distal edge region at t10 (t=1.01 sec). 

• Generally, moderate OSI values close to “0.25” were observed in the bulge. 

However, values close to the maximum OSI, “0.5,” were encountered in three 

regions. These were the separation region, the region where the collision 

occurs, and the reattachment region at the distal edge. Considering the low 

WSS – high OSI theory, only the distal edge region between these three 

regions did not comply with this theory. The remaining regions were 

regarded as risky in terms of localization of atherosclerotic (thickening or 

hardening of the arteries) and intimal hyperplasia. In addition, these regions 

were sensitive to rupture and growth. 

• When the WSS distribution was examined in terms of time gradient, due to 

the high acceleration rate at t3, the time gradient seemed highest among the 

other nine time instants. The distal edge region, which was interpreted as 

sensitive to hemodynamic abnormalities because of the WSS and WSSG, 

appeared to be stable in terms of time. It was also observed that time gradients 

were high at the t3, t4, and t5 moments where high acceleration and 

deceleration rates were encountered at the distal and proximal edge of the 

vessel. These regions were interpreted as where endothelial cell proliferation 

was likely to be observed. 
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5.1 Future Extensions to the Study 

The present study can be further improved for future work with the items listed 

below: 

• By using stereoscopic PIV, third velocity data can be obtained for the plane 

under investigation. With 2D and stereoscopic (3D) multiplane PIV 

measurements, the WSS contour of the investigated geometry can be 

deduced. However, in 2D PIV measurements, it is necessary to conduct 

experiments with both cross and axial planes, while in 3D PIV experiments, 

it is sufficient to perform multiplane studies in one direction. For this reason, 

the amount of experimentation with stereoscopic PIV decreases 

considerably. General flow physics can be investigated with single-plane 

experiments in axisymmetric geometries. On the other hand, the multi-plane 

experiment approach is critical in complex geometries because the physics 

of flow in each plane is different, and each region should be examined 

separately. Multiplane experiment presentation can be seen in Figure 5.1. 

 

 

Figure 5.1: Presentation of multi-plane study [81] 

 

• The wall location determination is important in stress calculations. In the 2D 

single-plane and 2D multi-plane experiments, wall location can be extracted 

by using the PIV camera image. However, in stereoscopic PIV, since a third 

(in-plane) velocity component exists; also in-plane geometry information is 

needed, and it cannot be extracted from PIV camera image. So geometry 

information should be obtained from an additional method such as using an 
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existing CAD model or extracting geometry of the model by using different 

camera angles, etc. 

• Non-Newtonian blood–mimicking fluid can be used in order to see the 

importance of the shear-thinning effect on an Abdominal Aortic Aneurysm 

geometry. 

• PDMS phantom material can be used to improve the precision of geometry 

used. In addition, the use of PDMS material, if preferred, also enables the use 

of patient-specific geometry and compliance models. 

• Experimental set-up can be built on a rigid structure in order to prevent 

unwanted and uncontrolled compliance effects. 
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A. Physiological Contours (10 phases) 
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Appendix A. 1: Contours of “u” and “v” for 10 different time increments (Time-

varying pattern) / (Above to below: t1 to t10) 

 


