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Abstract 

Perocco, Enrico Luigi Moreira; Nieckele, Angela Ourivio; Ibañez Aguilar, 

Ivan Fernney. Analysis of the blood flow during the cardiac cycle in the 

ascending aorta. Rio de Janeiro, 2022. Número de páginas 148p. Dissertação 

de Mestrado – Departamento de Engenharia Mecânica, Pontifícia 

Universidade Católica do Rio de Janeiro. 

Cardiovascular diseases are responsible for a high number of deaths in 

humans. Many of these pathologies are dependent on the cardiac cycle and are 

located in the aorta, the largest and main artery in our body. Knowledge of flow 

patterns and stress distributions in the walls of the aorta can help in the diagnosis 

and prevention of some of these diseases. Thus, the flow of blood during the cardiac 

cycle was numerically studied in a 3D model of the aorta of a specific patient, after 

TAVI (Transcatheter Aortic Valve Implantation) implantation. The cardiac cycle 

consists of two periods called systole and diastole. During the systole, blood is 

pumped from the heart to the aorta, presenting high flow rates, resulting in a 

turbulent flow. On the other hand, in diastole, with the closure of the aortic valve, 

the blood flows with low velocities in laminar regime. Until today, scientists face a 

challenge in turbulence modeling, as there is no single model that provides 

predictability for all situations involving the turbulent regime, with reasonable 

computational effort. In order to select the most suitable turbulence model for the 

analysis of the flow inside the aorta, in the presence of the transition of flow regimes 

during the cardiac cycle, with a reasonable cost, the methodology based on the 

Reynolds Average was selected. Different models were compared with 

experimental data extracted from the same real-scale aortic model, but a in steady 

state, with flow corresponding to the systolic peak. Finally, the impact of boundary 

conditions and turbulence models during the cardiac cycle on the distribution and 

values of stresses and turbulent quantities in the vascular endothelium were 

evaluated. It was shown that the spatial distribution of the temporal averages of 

tension was qualitatively and quantitatively similar, for the two cardiac cycles 

representative of different patients, but with small local changes for each case. In 
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terms of turbulence models, it was observed that the SAS (Scale Adaptive 

Simulation) model was able to represent the relaminarization of blood flow in the 

diastolic period.  

Keywords 

Ascending Aorta; Blood Flow; Cardiac Cycle; Turbulence Modeling; 

Transitional Flow
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Resumo 

Moreira Perocco, Enrico Luigi; Nieckele, Angela Ourivio; Ibañez Aguilar, 

Ivan Fernney Análise do fluxo sanguíneo durante o ciclo cardíaco na aorta 

ascendente. Rio de Janeiro, 2022. Número de páginas 148p. Dissertação de 

Mestrado – Departamento de Engenharia Mecânica, Pontifícia Universidade 

Católica do Rio de Janeiro. 

Doenças cardiovasculares são responsáveis por um elevado número de óbitos 

em seres humanos. Muitas dessas patologias são dependentes do ciclo cardíaco e 

estão localizadas na aorta, a maior e principal artéria do nosso corpo. O 

conhecimento dos padrões de escoamento e distribuições de tensões nas paredes da 

aorta podem auxiliar no diagnóstico e prevenção de algumas dessas doenças. Dessa 

forma, estudou-se numericamente o escoamento do sangue, durante o ciclo 

cardíaco, em um modelo 3D da aorta de um paciente específico, após a implantação 

de TAVI (Transcatheter Aortic Valve Implantation). O ciclo cardíaco é formado 

por dois períodos chamados de sístole e diástole. Durante a sístole, sangue é 

bombeado do coração para a aorta, apresentado altos valores de vazão, resultando 

em escoamento turbulento. Por outro lado, na diástole, com o fechamento da válvula 

aórtica, o sangue escoa com baixas velocidades em regime laminar. Até hoje, 

cientistas enfrentam um desafio na modelagem da turbulência, pois não existe uma 

única modelagem que forneça previsibilidade para todas as situações envolvendo o 

regime turbulento, com esforço computacional razoável. Para seleção do modelo de 

turbulência mais adequado para análise do escoamento no interior da aorta, na 

presença da transição de regimes de escoamento durante o ciclo cardíaco, com um 

custo razoável, selecionou-se a metodologia baseada na Média de Reynolds. 

Diferentes modelos foram comparados com dados experimentais extraídos do 

mesmo modelo aórtico em escala real, porém em regime permanente, com vazão 

correspondente ao pico da sístole. Por fim, avaliou-se o impacto das condições de 

contorno e dos modelos de turbulência durante o ciclo cardíaco na distribuição e 

valores de tensões e grandezas turbulentas no endotélio vascular. Mostrou-se que a 

distribuição espacial das médias temporais de tensão foram qualitativamente e 

quantitativamente similares, para os dois ciclos cardíacos representativos de 
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diferentes pacientes, porém com pequenas mudanças locais para cada caso. Em 

termos dos modelos de turbulência, observou-se que o modelo SAS (Scale Adaptive 

Simulation) foi capaz de representar a relaminarização do escoamento sanguíneo no 

período diastólico. 

Palavras-chave 

Aorta Ascendente; Fluxo Sanguíneo; Ciclo Cardíaco; Modelagem de 

Turbulência; Escoamento em Transição. 
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1 INTRODUCTION 

Cardiovascular illnesses are among the leading causes of death in humans. 

The most common disorders in this area occur in the human aorta, coronary arteries, 

and heart valves, and these are highly dependent on the cardiac cycle, which is 

composed of systole and diastole (World Health Organization, 2019).  

The cardiovascular system, also known as the circulatory system, is 

responsible for guaranteeing the blood flow that delivers nutrients and oxygen to 

all cells in the body. It consists of the following organs and tissues: 

– Heart: A muscular pump that forces the blood around the body 

– Arteries: Vessels responsible for carrying blood away from the heart 

– Veins: Vessels that bring blood back to the heart 

– Capillaries: Tiny vessels that branch off from arteries to deliver blood to all 

body tissues  

The heart, illustrated in Figure 1.1, consists of four distinct chambers: the two 

upper chambers are called right and left atriums, and the lower chambers are called 

right and left ventricles (LV). A wall separates the atriums and ventricles. The blood 

flow within these chambers is controlled by valves.  
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Figure 1.1 ‒ Human cardiovascular system (Scoville, 2020). 

The blood goes from the right atrium into the right ventricle via the tricuspid 

valve. Following a heartbeat, the ventricle pushes blood into the pulmonary artery 

via the pulmonic valve. This artery transports blood to the lungs, where it picks up 

oxygen before returning to the heart via the pulmonary vein. The oxygenated blood 

enters the left atrium and then descends through the mitral valve into the left 

ventricle. The left ventricle pushes blood through the aortic valve and into the aorta, 

an artery that supplies the rest of the body via a network of blood vessels.  Finally, 

the blood returns to the heart from the body via two large blood vessels called 

superior and inferior vena cava. This blood is poor in oxygen since it is returning 

from the body where the oxygen was used. The vena cava pumps blood into the 

right atrium and then, the cycle starts again.  

During the cardiac cycle, heart pumps blood from the left ventricle to the 

aorta, through the aortic valve. The aortic valve has three leaflets that open and 

close with each heartbeat, allowing a one-way flow of the blood (Komutrattananont 

et al., 2019). 

The cardiac cycle is divided into two phases, systole and diastole. During the 

systole (contraction of the heart), blood flows from the left ventricle of the heart to 

the aorta through the opening of the aortic valve. In contrast, during the diastole 

(heart relaxation) the aortic valve closes, preventing blood to return to the left 

ventricle. Figure 1.2 graphically illustrates the flow rate inside the aorta during the 

systolic and diastolic periods.  
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Usually, the systole last 1/3 of the cardiac cycle, and due to the high flow rate, 

the blood flows in the turbulent regime. However, during the diastole, since the 

aortic valve is closed, low velocities are found inside the aorta and there is a 

transition to laminar flow. 

The duration of a cardiac cycle depends on the number of beats a person has. 

Equation (1.1) can be used to calculate its duration. For example, a person with a 

heart rate of 75 beats per minute has a cardiac cycle that lasts 0.8 seconds, whereas 

a person with a heart rate of 60 beats per minute has a cardiac cycle that lasts 1 

second (Mostafa et al., 2011 & Ostadfar, 2016). On average, the cardiac cycle lasts 

0.8 seconds. 

𝐷𝑢𝑟𝑎𝑡𝑖𝑜𝑛 (
𝑠𝑒𝑐𝑜𝑛𝑑𝑠

𝑏𝑒𝑎𝑡𝑠
)   =

60 (𝑠𝑒𝑐𝑜𝑛𝑑𝑠/𝑚𝑖𝑛𝑢𝑡𝑒)

𝐻𝑒𝑎𝑟𝑡 𝑟𝑎𝑡𝑒 (𝑏𝑒𝑎𝑡𝑠/𝑚𝑖𝑛𝑢𝑡𝑒)
  (1.1) 

 

        

systole (1/3)       diastole (2/3) 

Figure 1.2 ‒ Flow rate during the cardiac cycle. (Borazjani et al., 2010). 

The time variation of pressure at the left ventricle, left atrium and aorta during 

the cardiac cycle, shown in Figure 1.3, is known as the Wiggers diagram. This 

diagram shows that the process of opening and closing the aortic valve occurs due 

to a pressure difference between the aorta and the left ventricle, until the instant of 

approximately 0.25 s when the pressure in the aorta is greater than the pressure in 

the left ventricle. From then on, the pressure in the ventricle exceeds that of the 

aorta, forcing the aortic valve to remain open until 0.5s, when the aortic pressure 
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again exceeds that of the ventricle, forcing the valve to close. 

The cardiac cycle has a direct impact on human health. Several papers have 

been published in the literature that investigate fluid phenomena within the human 

vascular system. Medical simulations of circulatory function provide numerous 

benefits, which are being expanded not only into clinical settings but also into 

health-related fields such as sports medicine and rehabilitation (Lee, 2011). The 

engineering simulation community faces a significant problem in transferring its 

dynamics (CFD) to analyze hemodynamics in vascular systems allows for better 

diagnosis and prognosis (Brown et al., 2012; Almeida et al., 2019).  

 Bessa (2019) & Bessa et al. (2021) studied experimentally the flow inside 

the aorta model of a particular patient, considering steady state regime at the systole 

peak. The same aorta was investigated numerically by Ibanez (2019) & Ibanez et 

al. (2020), who studied the impact of the angle of inclination of a Transcather 

innovations into therapeutic applications. The use of computational fluid  

Aortic Valve Implantation (TAVI) using the 𝜅 − 𝜔 Shear Stress Transport 

(SST) turbulence model and compared some of his results with Bessa (2019).  

 

Figure 1.3 ‒ Wiggers diagram showing the pressures in the aorta, the left 

ventricle, and the left atrium during the phases of the cardiac cycle (Katsi et al., 

2020). 
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Turbulence is a phenomenon difficult to predict, due to the presence of small 

structures and its intermittence. Thus, there are a variety of methodologies with 

different models, which are more adequate for different applications (Pope, 2001). 

CFD simulation methods include direct numerical simulation (DNS), large eddy 

simulation (LES), and Reynolds Average Navier-Stoles (RANS) turbulence 

models. DNS is thought to be the gold standard because it provides numerical 

solutions to the Navier–Stokes equation at all spatial and temporal scales, without 

any modeling. DNS requires a very fine mesh and time step, and therefore, demands 

very high computational cost. LES models only the small scales (smaller than the 

grid size), and it has also high computational costs, although significantly smaller 

than DNS. RANS-based turbulence models all scales. It is less accurate, but 

significantly reduces computational costs. However, this approach fails to predict 

the flow behavior such as transition from laminar to turbulent.  

The best turbulence model to predict the flow inside and aorta is still 

unknown, and different models have been applied in the literature, as it will be 

discussed in the literature review. 

1.1 Objectives  

The goal of this study is to use computational fluid dynamics (CFD) to 

numerically investigate the velocity and stress distributions (pressure and shear) in 

the vascular endothelium during the cardiac cycle in a specific patient's ascending 

aorta. 

To accomplish this, a three-dimensional (3D) model of the aorta is created 

using computed tomography angiography images (CTA) from a patient who 

underwent a Transcather Aortic Valve Implantation (TAVI). 

Different turbulence models are compared to high-quality experimental data 

of Bessa (2019), who analyzed the same aorta model in a full-scale, at steady state 

considering the peak of the systole. In the sequence, the flow prediction during the 

cardiac cycle obtained with a turbulent transitional model is compared with the 

results of Ibanez (2019) employing 𝜅 − 𝜔 SST turbulence model.  Finally, the 

impact of changing the boundary conditions on the flow behavior and stress 

distribution in the vascular endothelium during the cardiac cycle is analyzed and 

discussed. 
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1.2 Organization of the manuscript 

This document is divided into five chapters. The motivation and objective of 

this work was presented in this first chapter. The second chapter presents a literature 

review containing references about the areas of engineering and medicine necessary 

for better comprehending the theme in study, and to identify lacking areas of 

research where the present work can contribute. Chapter 3 reports the mathematical 

and numerical models necessary to obtain the results of the proposed study. Chapter 

4 presents the performance of different turbulence models against experimental data 

of Bessa (2019), for steady state condition, while in Chapter 5 flow parameters 

obtained during the cardiac cycle for different pressure distribution at the aorta inlet 

corresponding to different cardiac cycle length, representing different patients is 

discussed. Finally, in Chapter 6 the conclusion and recommendations for future 

work are outlined. 
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2 LITERATURE REVIEW 

The goal of this chapter is to present the most recent specialized literature on 

aortic anatomy as well as hemodynamic studies in the aortic region using CFD. The 

chapter is structured as follows. First, aorta anatomy-related works are presented. 

Following that, research on the most used turbulence models for analyzing blood 

flow in the ascending aorta is discussed. Finally, a conclusion regarding the 

literature is presented.  

2.1 Cardiovascular Anatomy of the Aorta  

The aorta, shown in Figure 2.1 is the biggest artery in the human body, it 

plays an important role in the blood flow in transporting oxygenated blood to supply 

all organs and cells. The aorta begins at the top of the left ventricle.  

 

Figure 2.1 ‒ The aorta and its divisions (Health Literacy Hub, 2021). 

The aorta is divided into four sections described as follows: 

•  The ascending aorta curves over the heart. The coronary arteries branch off the 

ascending aorta to supply the heart with blood. 

•  The aortic arch curves over the heart, giving rise to branches that bring blood to 
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the head, neck, and arms. 

•  The descending thoracic aorta travels down through the chest. Its small branches 

supply blood to the ribs and some chest structures. 

•  The abdominal aorta begins at the diaphragm, splitting to become the paired iliac 

arteries in the lower abdomen. Most of the major organs receive blood from 

branches of the abdominal aorta. 

The aortic root is the first section of the aorta containing parts of the aortic 

valve and connects the heart to the systemic circulation. As indicated in Figure 2.2, 

the aortic root consists of different parts: the aortic valve leaflets, the leaflet 

attachments, the sinuses of Valsalva, the inter leaflet triangles, the sinotubular 

junction, and the annulus. 

 

Figure 2.2 – The aortic root and its components (Charitos; Sievers, 2013). 

The heart valves play an important role in the circulatory system's operation. 

They open and close during the cardiac cycle due to muscular contractions, ensuring 

one-way blood flow into and out of the heart. (Hutcheson & Aikawa, 2014). 

The aortic valve is collectively called a semilunar valve as it consists normally 

of three semilunar-shaped leaflets that show a gentle concave curvature when 

viewed from above (Hussein et al., 2020). These leaflets are connected at their bases 

to a tubular ring that provides support and approximates the valve geometry close 

to a circumferential shape (Piazza et al., 2008).  

As well as in the aorta, pathological diseases are also present in the aortic 

valve. Aortic stenosis is one of the most common and serious valve disease 

problems. In this type of disease, occurs a narrowing of the aortic valve opening, 
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which restricts the blood flow from the left ventricle to the aorta and may also affect 

the pressure in the left atrium. According to Katsi et al. (2020), aortic valve stenosis 

is characterized by widespread calcification, fibrosis, thickening, and restriction of 

the valve's motion. In extreme situations, this can lead to a reduction in the orifice 

area and, eventually, heart failure symptoms. Although hearth valves have a 

complex shape, many researchers have studied the flow inside the aorta, 

representing the valve as a circular orifice (Almeida, 2019; Brown et al., 2012; 

Gelio, 2021; Ibanez, 2019; Reymond et al., 2013) 

2.2 Numerical studies of blood flow through the Aorta 

Over the years, the power of computer simulation techniques has advanced 

substantially, allowing the determination of flow in complex geometries such as the 

aorta. Thus, in the cardiovascular area, a new research strategy has emerged, i.e.: to 

characterize hemodynamics in selected patients, using the specific anatomical 

geometry of each patient. This type of approach is progressively used and it is 

considered the best representation of clinically relevant models to more reliably 

assess hemodynamic performance (Ibanez, 2019; Reymond et al., 2013). 

Cardiovascular flow simulation is a complex problem that requires extensive 

research and analysis time, as well as significant computational effort to solve 

equations. Other sources of difficulty, in addition to the geometric properties of 

arteries, veins, and other components related to blood flow, include selecting the 

mathematical models that best match the reality of the proposed problem. 

Moreover, the geometric domain in especial, that may or may not have iteration 

between its components and the flowing fluid, as in the case of the aorta with blood 

or only the aortic valve with blood. 

Tang et al (2012) evaluated the stress field in an aorta with dissection in the 

aortic arch numerically using the 𝜅 − 𝜀 turbulence model. They have outlined the 

relevance that low-stress values may have in atherosclerosis development. Later on,  

Simao et al. (2017) discussed the numerical results such as: The relationships 

between vortex formation, low levels of wall shear stresses, and its interaction with 

the atherosclerosis process and aortic wall remodeling, pointing to identify 

hemodynamic patterns in aneurysmal aortas. 
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Two recent studies (Gelio, 2021; Perocco et al., 2021) analyzed the impact in 

the flow inside the aorta of a specific patient after a Transcatheter Aortic Valve 

Implantation whilst considering different simplified models of the aortic valve. 

While Perocco et al. (2021), numerically studied the flow during the peak of systole, 

that is, with the valve fully open, Gelio (2021) analyzed five moments of different 

times, varying the opening of the valve according to the chosen moment. Also, in 

both studies, an orifice analysis was performed and compared with the result for the 

maximum flow instant. Even with these differences, in both cases, it was found that 

the flow pattern obtained with a fully opened or an orifice was very similar. 

According to Gelio (2021), it can be concluded that the aortic valve leaflets have 

the greatest influence in the aortic root region. Once blood flow is diverted away 

from the aortic valve region, the hemodynamic pattern begins to resemble that 

produced by the circular orifice  

The Cardiovascular Engineering Group of the Department of Mechanical 

Engineering at PUC-Rio has been carrying out several numerical studies. Overall, 

four undergraduate final projects, 2 Master and 2 Doctoral theses were completed 

between 2016 and 2021. In this research group it was investigated the flow in the 

ascending aorta, aiming to contribute to a better understanding of the relationship 

between blood flow, aortic aneurysm growth and the impact of representing the 

aortic valve as a orifice or as a three-dimensional body. (Gelio, 2021; Goft, 2020; 

Almeida, 2019; Bessa, 2019; Ibanez, 2019; Kalaun, 2019; Celis, 2017; Pinho, 

2016). 

Gomes et al. (2017) performed experiments in a 3D aorta model to assess 

changes in velocity, shear rate, and vorticity fields in a model based on an aortic 

stenosis patient who underwent to valve implantation surgery. In that study, the 

inclination of the valve prosthesis in relation to the aortic annulus was evaluated at 

various angles, considering steady state. Celis (2017) and Celis et al. (2020) 

investigated  numerically the same case, discussing the impact of prosthetic valve 

orifice positioning on the blood flow, considering different flow rates, but also at 

steady state. After testing different turbulence models and comparing them with the 

experimental measurements from Gomes et al. (2017),  the κ-ω SST model was 

recommended as the more appropriate in order to reproduce experimental results. 

Celis et al. (2020) and Gomes et al. (2017), in their steady state studies, showed 

that small variations in slope angles can modify flow patterns. Celis et al. (2020) 
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discussed that the angle between the direction of the blood jet entering the 

ascending aorta and the brachiocephalic trunk can induce flow recirculation in the 

posterior area, increasing pressure level at the aortic wall, what might lead to 

aneurysm growth. Goft (2020), Kalaun (2019) and Almeida (2019) compared the 

impact of pressure levels and other turbulent quantities on aneurysm growth in the 

aortas of different patients with aortic aneurysm using the 𝜿 − 𝝎 -turbulence model. 

Gelio (2020) and Perocco et al. (2021) employed the same turbulence model to 

evaluate the impact of an aortic valve model in the hemodynamic flow patterns in 

the ascending aorta. It is important to note that all these authors studied the flow 

inside the aorta, assuming steady state at the systole peak. 

Ibanez et al. (2020) performed a numerical study, throughout the cardiac 

cycle, investigating the coaxial positioning of an aortic valve prosthesis, in a 

patient’s aorta model, considered the movement interaction between the aortic wall 

and blood flow. The κ-ω SST turbulence model was employed, and Fluid Structure 

Simulation (FSI) were performed. In this study, the aortic valve was considered as 

a circular orifice. Based on the results, it was suggested that an optimal position for 

the valve prosthesis is when it faces the aortic left wall with an inclination of 4°. An 

experimental study concerning valve positioning, in the same aorta was executed 

Bessa et al. (2021) where a special configuration was designed to allow three-

dimensional flow measurements at different cross-sections of the aorta. The 

velocimetry technique was implemented to generate instantaneous and average 

turbulent flow information for the variables of interest.  

From the literature review, it is observed that the aortic valve is frequently 

modeled as a simple orifice. However, the influence of the leaflets is also discussed 

in the literature (Asri et al., 2014; Becsek et al., 2020; Borazjani et al., 2010; 

Johnson et al., 2020; Gelio, 2021; Perocco et al., 2021). 

Cardiovascular flow depends on the definition of the flow’s inlet and outlet 

conditions. However, those boundary conditions are complicated to measure and 

there is a high cost involved. Furthermore, different patients have different cardiac 

cycle periods, and different variation of pressure and flow rate entering the aorta 

during the cycle (Brown et al., 2012; Alastruey et al., 2016; Lo et al.; 2019; Johnson 

et al., 2020). Beyond that, the boundary conditions of the flow leaving the aorta are 

even harder to measured. According to Madhavan & Kemmerling, (2018) usually 

researchers choose between an outflow condition, in which flowrate is specified at 
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each outlet, and an outlet with a Windkessel model, which  describes the 

hemodynamics of an arterial system in terms of resistance, compliance and 

impedance (Westerhof et al., 2009). Thus, it is important to determine the amount 

of uncertainty introduced by specification of the boundary conditions, in order to 

evaluate the degree to which cardiovascular flow simulations are accurate. Both  

Brown et al. (2012) and Alastruey et al. (2016 ) applied the Windkessel model to 

the outputs of an aortic model and considered a flow rate profile as the input 

condition. While the former, investigated the effects of changing the boundary 

conditions at the outlets, the latter analyzed and compared the results considering a 

FSI simulation, comparing the results between compressible and incompressible 

blood fluid model. Lo et al. (2019) also used the Windkessel model of the coronary 

exits in a model extracted from computed tomography images. Madhavan & 

Kemmerling (2018) investigated the impact of changing the inlet and outlets 

boundaries conditions in the aorta, the author used different inlet profiles of velocity 

while matching each one with the outlet conditions of flow rate and Windkessel. 

Finally, Ibanez et al. (2020) took into account a time-varying inlet pressure profile 

combined with a single flow profile multiplied by the outflow percentages at each 

of the aortic outlets according to recommendation of Alastruey et al. (2016). 

2.3 Flow Regime in the Ascending Aorta 

When inertia dominates, the flow can be classified as turbulent. Generally, 

the blood flow is laminar, since most of the arteries and veins in the human body 

are very small. However, the aorta is a large diameter vase, and at the systole peak, 

the flow behaves as turbulent. As mentioned at the introduction, during the cardiac 

cycle, approximately 1/3 of the period correspond to the systole, which is associated 

with high flow rate, and 2/3 of the period is the diastole, when the aortic valve is 

closed, corresponding to very small flow rate. Thus, the turbulent the regime can be 

disrupted and become laminar due to mass flow rate variations (Klabunde, 2018). 

Turbulence modeling is still a challenge for engineers who want to predict 

fluid flow. Turbulent flow presents many eddies, that always varies in time with 

high frequency, and to capture all the scales and fluctuations without any further 

simplification, Direct Numerical Simulation (DNS) simulation can be used. But it 

requires a significant amount of computational processing, making its application 
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in certain engineering fields impractical. Besides DNS, the flow can be modelled 

with large eddy simulation (LES), and with RANS-based turbulence models. DNS 

is thought to be the gold standard because it provides numerical solutions to the 

Navier–Stokes equation at all spatial and temporal scales. LES predicts the large 

eddies and models the small eddies, smaller than the computational mesh. LES also 

requires a refine mesh and time step, but it is not as restrictive as DNS. Since DNS 

and LES have high computational costs, RANS-based turbulence models have been 

tested as potential alternatives for aortic flow modeling but in many cases this 

approach fails to predict the flow behavior such as transition from laminar to 

turbulent (Drešar et al., 2018).  

In most cases of industrial interest, the engineer's interest is focused on 

medium-term values. This need, summed with the shortest amount of time and 

money has compelled the use of RANS (Reynolds-Averaged Navier-Stokes) 

approach the most widely used in the industry. Most models used in the industry 

assume that the flow is turbulent in the entire domain, yet there may be region where 

the flow is laminar. So, using classic turbulence models may result in significant 

errors to predict the required quantities. To overcome this problem, the 

development of RANS turbulence models that take into account the laminar-

turbulent transition process has been a priority in various research groups (Menter 

et al., 2006).  

Tan et al. (2008) investigated different turbulence models (κ-ε/κ-ω; 

Transitional SST Hybrid κ-ε/κ-ω; Scale Adaptive Simulation (SAS)) to assess 

blood flow in a carotid artery disease. Comparing experimental data, they 

concluded that neither the transitional nor the fully turbulent model were superior 

to another, although, slightly better results were predicted with the transitional 

models. Singh et al. (2016) compared the flow characteristics and hemodynamic 

indices in the aorta before and after the insertion of personalized external aortic root 

support using combined cardiovascular magnetic resonance imaging and CFD, 

employing the Transition SST turbulence model. Later on, Drešar et al. (2018) 

evaluated blood flow in a mechanical bomb, employing two turbulence models, 

SAS SST and κ–ω SST, and compared them to experimental data. They concluded 

that due to the flow intermittency, the SAS-SST was the model that best 

approximated to the experimental data.  
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Concerning the LES simulation in the human aorta, Lantz et al. (2012) 

calculated the distributed flow field and the shear stress (WSS) in a subject specific 

human aorta wall, and Vergara et al. (2017) using large-eddy simulations, analyzed 

the effects of transition to turbulence in abdominal aortic aneurysms. Large-eddy 

simulation (LES) was once again used to simulate the flow through a patient-

specific aorta with aortic valve stenosis (Manchester et al., 2021). 

Despite the existence of theories and models that explain a large portion of 

these phenomena, there is no single theory that provides predictability to a variety 

of situations involving turbulent flow. So, choosing the best turbulence model is 

one of the first steps that should be taken before analyzing a flow. 

2.4 Conclusion 

Cardiac diseases are one of the leading causes of death today. Furthermore, 

the aorta is a critical component for the proper functioning of the human heart, as 

noted in the preceding literature review.  

In terms of numerical simulation of blood in the aorta, there are few studies 

in the literature that model the blood flow and the valve in coupled form employing 

FSI. Most work neglect the aortic compliance, due to the complexity of solving an 

FSI simulation, as well as the extra computational cost and time required for its 

resolution. Thus, one alternative is to only use the CFD technique to analyze blood 

flow, neglecting the aortic compliance, and eliminating the presence of the valve, 

treating the valve as a circular orifice.  

Although the flow through the aorta is periodic in time, several authors only 

analyzed the flow at the systole peak, and/or compared different points in the 

cardiac cycle with and without the aortic valve. From the works examined, the 

impact of boundary conditions during the cardiac cycle on hemodynamic 

parameters in the wall is not well understood.  

Finally, choosing the best turbulence model to simulate blood flow in the 

aorta is critical. The authors must choose the turbulence model that best fits the flow 

under consideration while also producing the most realistic results and being 

numerically solvable given the available hardware and time constraints. Due to the 

transition of regimes during the cardiac cycle, LES models are very attractive. 

However, due to the high simulation costs, URANS models, which incorporated 
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the ability to capture transition are a very attractive alternative.  

From the review presented, one can assess that there are still a few gaps to be 

fulfilled with regards to the prediction of the flow field inside the aorta to assist 

physicians in the diagnosis of potential cardiovascular diseases as well as the 

development of solutions to avoid them. Searching for an accurate, fast and with 

low-cost prediction, the representation of the valve as an orifice seems to be 

reasonable. The most adequate turbulence model is not a consensus with the 

different authors, and the availability of high-quality experimental data can aid in 

this selection. Although several works focus on the systole peak, it is important to 

evaluate the impact of different cycles period and inlet flow/pressure condition in 

the pressure and stress at the aortic wall. 
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3 CASE STUDY MODELING 

The present study is based on the study of the blood flow inside the aorta of 

a particular patient who had a Transcatheter Aortic Valve Implantation (TAVI). 

This research was approved by the ethics committee of the National Institute of 

Cardiology, INC/MS.  

The first step to determine the flow is to define the domain of interest, which 

was determined from a computed tomography angiography (CTA) exam of the 

patient selected for this analysis (Figure 3.1). In the sequence, a mathematical 

model must be selected, and the desired numerical investigation of the flow of blood 

within the aorta during a cardiac cycle can be carried on. In this manner, pressure 

and shear distributions, velocities, and other auxiliary quantities described 

throughout the work can be analyzed. 

In the next section, the steps for obtaining the domain of interest will be 

presented, followed by the mathematical and numerical model to determine the 

blood flow inside the aorta. 

3.1 Modeling the patient´s aorta 

From a series of CTA slices, obtained from the patient exam, the DICOM 

(Digital Imaging and Communication in Medicine) images were transferred to the 

software Mimics (Materialise, Belgium). shows the orthogonal views related to the 

patient's computed tomography angiography (CTA) exam. 

The first step of the pre-processing process consists of segmentation of the 

aortic region, which implies separating the object of interest from the image 

provided by the exam, which in this case is the aorta. After excluding organs such 

as the heart, ribs, end of the thoracic aorta, among others, a three-dimensional model 

of the aorta is generated. Image processing was performed using two software: i) 

FIJI (open-source image processing software based on ImageJ), and ii) Mimics 

(Materialise, Belgium).  
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Figure 3.2 presents the resulting computational domain, corresponding to the 

three-dimensional model of the aorta of the patient under study (Ibanez, 2019). It is 

important to mention that patient's aorta and the aortic valve diameter were obtained 

via the tomography. 

 

Figure 3.1 ‒ Orthogonal views of the computed tomography of the chosen 

patient (Ibanez, 2019). 

 

Figure 3.2 ‒ Aorta computational domain generated. 

3.2 Conservation Equations for the Fluid (Blood) 

According to Pope (2001) flows can be classified based on the level of 

turbulence. Different levels of turbulence can directly impact the velocity and 

DBD
PUC-Rio - Certificação Digital Nº 2012353/CA



Chapter 3. Case Study Modeling                                                                                                       41 

 

temperature and consequently the wall shear stress and pressure. The flow regimes 

are defined as follows and illustrated in Figure 3.3 in the same order are presented. 

• Laminar: is characterized by particles moving in parallel layers, or sheets, 

without interfering with the path of other particles. 

• Transitional: the fluid fluctuates intermittently in a laminar flow, but this is 

insufficient to characterize turbulent flow. 

• Turbulent: A flow in which there are constant fluctuations in the flow and 

particles invade the path of adjacent particles, mixing and moving 

randomly. 

 

Figure 3.3 ‒ Laminar, Transitional and Turbulent flow in (Abraham et al., 

2010) 

The flow field through the aorta is governed by its geometry and by flow 

regime, which depends on the Reynolds number, defined as the ratio of inertial 

forces to viscous forces.  

 
𝑅𝑒 =

𝜌 𝑉𝑖𝑛 𝐷

𝜇
=  

4 �̇�

𝜋 𝐷 𝜇
 

(3.1) 

where 𝑉𝑖𝑛 is the average inlet velocity in the cross section with area 𝐴𝑡, �̇� is the 

mass flow rate, 𝜌 and 𝜇 are the density and dynamic viscosity. 𝐷ℎ is the hydraulic 

diameter, and 𝑃𝑚 is the wetted perimeter.  𝐷ℎ = 𝐷 for a circular cross section pipe.  
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To determine the flow, several hypotheses were defined, which are described 

below: 

• Negligible gravitational force: assumed that they are very small when 

compared to pressure forces. 

• Crossflow transition due to crossflow vortices was neglected. 

• Negligible vascular compliance: variations in the diameter of the aorta were 

neglected due to its small variation (Ibanez, 2019). 

• Incompressible fluid within operating conditions, that is, it was considered 

that blood density 𝜌 is constant (Feijó, 2007). 

• Blood is modeled as a Newtonian fluid (Crowley & Pizziconi, 2005; 

Almeida et al., 2021), and the viscosity 𝜇 was also considered as a constant.  

• Since body temperature is approximately constant the flow was modeled as 

isothermal (Hao, 2010). 

To determine the flow field, considering the hypothesis listed, the following 

conservation equations of mass and momentum must be solved: 

𝜕 𝑢𝑗
∗

𝜕𝑥𝑗
= 0 (3.2) 

𝜕 𝜌 𝑢𝑖
∗

𝜕𝑡
+
𝜕 𝜌 𝑢𝑖

∗ 𝑢𝑗
∗

𝜕𝑥𝑗
= −

𝜕 𝑝∗

𝜕𝑥𝑖
+ 𝜇

𝜕2𝑢𝑖
∗

𝜕𝑥𝑗
2  (3.3) 

where 𝑥𝑗 represents each of the coordinate axes and  𝑢𝑗
∗ the components of the 

velocity vector and 𝑝∗ is the pressure.  

According to Celis, (2017); Davies et al.(1986) and Gomes et al. (2017), the 

flow in the ascending aorta at the systole peak is turbulent. However, during the 

diastole, the flow rate is very low corresponding to laminar flow, therefore during 

the cardiac cycle a transition between regimes occurs.  

Turbulent flow is characterized by multiple scales which fluctuates in times. 

Further, the size of the scales is inversely proportional to the Reynolds number. 

Thus, to predict a turbulent flow, small time step and very fine meshes are 

necessary, which very often is not practical. Therefore, to model the blood turbulent 

flow, it is convenient to solve in an approximate way. Here, it was chosen the 
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approach based on the Reynolds average methodology, which consists of 

considering that all variables can be decomposed into an average variable over time 

𝛷 and its fluctuation 𝜙′, where the time interval Δt to be considered must be large 

enough to eliminate fluctuations, but small enough to capture the temporal variables 

of the average flow. 

         𝜙∗ = 𝛷 + 𝜙′       ;       𝛷 =
1

𝛥𝑡
 ∫ 𝜙 𝑑𝑡 
𝛥𝑡 

 (3.4) 

The conservation equations for the mean flow are obtained through the 

temporal average of each equation, resulting in the URANS methodology (Pope, 

2001). The time-average mass conservation equation or continuity equation, is 

analogous to the instantaneous equation 

𝜕 𝑢𝑗

𝜕𝑥𝑗
= 0 (3.5) 

where 𝑢𝑗  are the components of the time average velocity vector. Using the 

aforesaid hypotheses, the time-average linear momentum conservation equation is 

𝜕 𝜌 𝑢𝑖
𝜕𝑡

+
𝜕 𝜌 𝑢𝑗  𝑢𝑖

𝜕𝑥𝑗
= −

𝜕 𝑝

𝜕𝑥𝑖
+ 𝜇

𝜕2𝑢𝑖

𝜕𝑥𝑗
2  − 

𝜕 𝜌 𝑢𝑗′ 𝑢𝑖′̅̅ ̅̅ ̅̅  

𝜕𝑥𝑗
 (3.6) 

In this equation, −𝜌 𝑢𝑗′ 𝑢𝑖′̅̅ ̅̅ ̅̅  is the turbulent tensor, also called the Reynolds 

stress tensor. Using the Boussinesq approximation (Schmitt, 2008; Pope, 2001; 

Wilcox, 1993), the deviator part of the Reynolds tensor (trace-free) can be modeled 

based an analogy with the viscous stress tensor, the coefficient of proportionality 

being the turbulent viscosity 𝜇𝑡which depends on the flow, such as 

−𝜌 𝑢𝑗′ 𝑢𝑖′̅̅ ̅̅ ̅̅ +
2

3
 𝜌 𝜅 𝛿𝑖𝑗 = 𝜇𝑡 2 𝑆𝑖𝑗    (3.7) 

Here, 𝑆𝑖𝑗 is the strain rate tensor, corresponding to the symmetric part of the 

velocity gradient tensor  

𝑆𝑖𝑗 = 
1

2
[
𝜕𝑢𝑖
𝜕𝑥𝑗

+
𝜕𝑢𝑗

𝜕𝑥𝑖
] (3.8) 

DBD
PUC-Rio - Certificação Digital Nº 2012353/CA



Chapter 3. Case Study Modeling                                                                                                       44 

 

In the Eq. (3.7), the second term, proportional to the turbulent kinetic energy 

of the flow, can be interpreted as a turbulent dynamic pressure 

𝜅 =
1

2
 𝑢𝑘
′  𝑢𝑘

′̅̅ ̅̅ ̅̅ ̅  (3.9) 

Substituting the Reynolds stress tensor model in the momentum equation, we 

obtain  

𝜕 𝜌 𝑢𝑖
𝜕𝑡

+
𝜕 𝜌 𝑢𝑗  𝑢𝑖

𝜕𝑥𝑗
= −

𝜕 �̂�

𝜕𝑥𝑖
+
𝜕 

𝜕𝑥𝑗
[(𝜇 + 𝜇𝑡) (

𝜕𝑢𝑖
𝜕𝑥𝑗

+
𝜕𝑢𝑗

𝜕𝑥𝑖
)] (3.10) 

where �̂� is a modified pressure that includes the turbulent dynamic pressure and is 

given by 

�̂� = 𝑝 +
2

3
𝜌 𝜅 (3.11) 

The URANS methodology presents a large variety of turbulence models, 

depending on the definition of the turbulent viscosity, which is based on a 

characteristic velocity and length, as 

𝜇𝑡 ≈ 𝜌 𝑉𝑐 𝐿𝑐 (3.12) 

The different models differ by the definition of these characteristic variables. 

Several models employ the turbulent kinetic energy 𝜅 to determine the 

characteristic velocity (𝑉𝑐 = √𝜅). The selection of the characteristic length is more 

difficult, giving rise to a large variety of turbulence models. For example, for the κ-

ε (turbulent kinetic energy and its dissipation rate) model, the characteristic length 

is 𝐿𝑐 ≈ 𝜀 𝜅3 2⁄⁄ , where 𝜀 can be interpreted as the power dissipated by an eddy, per 

unit mass (𝜌 𝜀 = 2 𝜇 𝑠𝑖𝑗 𝑠𝑖𝑗; 𝑠𝑖𝑗 is the deformation rate of the fluctuation field). For 

the model κ-ω (turbulent kinetic energy and specific dissipation), the characteristic 

length is 𝐿𝑐 ≈ 𝜔 𝜅1 2⁄⁄  (𝜔 =  𝜀 𝜅⁄ ). 

Celis et al. (2020), who compared the velocity field obtained inside an aorta 

with experimental data of Gomes et al. (2017) recommended the κ-ω SST (κ-ω 

Shear Stress Transport) turbulence model proposed by Menter (1994). This model 

combines the κ-ε (turbulent kinetic energy and the rate of dissipation of turbulent 
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kinetic energy respectively) and κ-ω (turbulent kinetic energy and specific turbulent 

dissipation rate respectively) models. The κ-ε model is used for regions far from the 

walls and the κ-ω model close to the walls. The turbulent viscosity for the κ-ω SST 

model is given by: 

𝜇𝑡 =
𝜌 𝜅

𝜔
 𝜉𝜅−𝜔 (3.13) 

where 𝜉𝜅−𝜔 refers to a blending factor between the κ-ω and κ-ε turbulence models. 

To determine the turbulent viscosity, it is necessary to solve the transport equation 

for the turbulent kinetic energy κ and the specific turbulent dissipation rate 𝜔.  

The κ-ω SST model was designed for turbulent flow, i.e., it is not able to 

capture the transition from laminar to turbulent regime. Therefore, it is going to 

investigate the performance of two additional models, based on the κ-ω SST, 

designed to capture the transition between flow regimes: Transition SST, and SST-

SAS model. These two transitional methods differ among themselves and from the 

κ-ω SST by source terms in the turbulent kinetic energy transport equation.  

The κ-ω SST model blending function is given by 

𝜉𝜅−𝜔 =
1

max (1/𝛼∗ ,   𝑆  𝐹2/ (𝑎𝑡1 ω)
 (3.14) 

where the term 𝑆 represents the magnitude of the strain rate. 

𝑆 =  √2 𝑆𝑖𝑗  𝑆𝑖𝑗 (3.15) 

and the empirical function and variables are 

𝛼∗ =  𝛼∞
∗ (

𝛼0
∗ + 𝑅𝑒𝑡 𝑅𝑒𝜅⁄

1 + 𝑅𝑒𝑡 𝑅𝑒𝜅⁄
)     ;   𝑅𝑒𝑡 =

𝜌 𝜅 

𝜇 𝜔
         (3.16) 

𝛼∞
∗ = 1   ;    α0

∗ =
𝛽𝑖

3
       ;     𝑅𝑒𝜅 = 6  ;   𝛼𝑡1 =0.31 

 (3.17) 

𝛽𝑖 = 𝐹1𝛽𝑖,1 + (1 − 𝐹1)𝛽𝑖,2    ;    𝛽𝑖,1 = 0.075   ;     𝛽𝑖,2 = 0.0828  (3.18) 

𝐹1 and 𝐹2 are damping functions, based on the wall distance 𝑦 and are used to define 

which model to use 
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𝐹2 = tanh(𝛷2
2)     ;     𝛷2 = max [2

√𝑘

0.09 𝜔 𝑦
 ,

500 𝜇

𝜌 𝑦2 𝜔
]  (3.19) 

𝐹1 = tanh(𝛷1
4)     ;     𝛷1 = min {max [

√𝜅 

0.09 𝜔 𝑦 
,
500 𝜇

𝜌 𝑦2𝜔
] ,

4 𝜌 𝜅

𝜎𝜔,2 𝐷𝜔
+ 𝑦2

} (3.20) 

𝐷𝜔
+ = max [

2 𝜌

𝜔 𝜎𝜔,2

𝜕 𝜅

𝜕𝑥𝑗

𝜕𝜔

𝜕𝑥𝑗
, 10−10]  ;    𝜎𝜔,2 = 1.168 (3.21) 

The conservation equations for 𝜅 and 𝜔 are obtained manipulating the 

instantaneous and time-average momentum equations combined with the continuity 

equations, resulting in 

𝜕 𝜌 𝜅

𝜕 𝑡
+
𝜕 𝜌 𝑢𝑗  𝜅

𝜕𝑥𝑗
=

𝜕

𝜕𝑥𝑗
[(𝜇 +

𝜇𝑡
𝜎𝑘
) (
𝜕𝜅

𝜕𝑥𝑗
)] + 𝐺𝜅 − 𝐷𝜅  (3.22) 

𝜕 𝜌 𝜔

𝜕𝑡
+
𝜕 𝜌 𝑢𝑗  𝜔

𝜕𝑥𝑗
= 

= 
𝜕

𝜕𝑥𝑗
[(𝜇 +

𝜇𝑡
𝜎𝜔
) (
𝜕𝜔

𝜕𝑥𝑗
)] + 𝐺𝜔 − 𝐷𝜔 + 2(1 − 𝐹1)

 𝜌 𝜎𝜔2
𝜔

𝜕 𝜅

𝜕𝑥𝑗

𝜕𝜔

𝜕𝑥𝑗
 

 

 (3.23)  

 

where 𝜎𝜅 and 𝜎𝜔 are empirical 𝜅 and 𝜔 Prandtl numbers, given by 

𝜎𝑘  =   [
𝐹1
𝜎𝜅,1

+
(1 − 𝐹1)

𝜎𝜅,2
]

−1

      ;             𝜎𝜔  =   [
𝐹1
𝜎𝜔,1

+
(1 − 𝐹1)

𝜎𝜔,2
]

−1

      (3.24) 

where 𝜎𝜅,1 = 1.176 ;  𝜎𝜅,2 = 1.0; 𝜎𝜔,1 = 2.0; 𝜎𝜔,2 = 1.168.  

𝐺𝜅 and 𝐺𝜔 are generation terms of 𝜅 and 𝜔 and 𝐷𝜅 and 𝐷𝜔 are destrution 

terms of 𝜅 and 𝜔, respectively. These variables depend on the approximations 

employed in the derivation of different models. The source terms of the turbulent 

transport variables of all three models are described next sub-sections. 

3.2.1 𝜿 − 𝝎  SST Model 

The generation and destruction of the turbulent kinetic energy are 

𝐺𝜅 = �̃�𝑘 = min(𝑃𝑘; 10 𝜌 𝛽𝑖
∗ 𝜔 𝜅)          ;          𝐷𝜅 = 𝑌𝜅 = 𝜌 𝛽𝑖

∗ 𝜔 𝜅         (3.25) 

where  
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𝑃𝑘  = −𝜌 𝑢𝑗′ 𝑢𝑖′̅̅ ̅̅ ̅̅  
𝜕𝑢𝑖
𝜕𝑥𝑗

= 𝜇𝑡 2 𝑆𝑖𝑗   
𝜕𝑢𝑖
𝜕𝑥𝑗

 = 𝜇𝑡 𝑆
2           (3.26) 

𝛽𝑖
∗  =   𝛽∞

∗ (
4 /15 + ( 𝑅𝑒𝑡 /  𝑅𝑒𝛽 )

4

1 + ( 𝑅𝑒𝑡 /  𝑅𝑒𝛽 )
4 ) (3.27) 

The generation and destruction of the turbulent specific dissipation are 

𝐺𝜔 =
𝜌 𝛼

𝜇𝑡
𝑃𝑘          ;          𝐷𝜔 = 𝜌 𝛽𝑖 𝜔

2       (3.28) 

with 

𝛼 =   
𝛼∞
 𝛼∗

(
 𝛼0  +  𝑅𝑒𝑡 /  𝑅𝜔
1 +  𝑅𝑒𝑡 /  𝑅𝜔

)       (3.29) 

𝛼∞ = 𝐹1𝛼∞,1 + (1 − 𝐹1)𝛼∞,2        (3.30) 

𝛼∞,1 =
𝛽𝑖,1
𝛽∞,∗

−
k2

𝜎𝜔,1√𝛽∞,∗
 ;    𝛼∞,2 =

𝛽i,2
𝛽∞,∗

−
k2

𝜎𝜔,2√𝛽∞,∗
         (3.31) 

𝛽∞
∗  = 0.09     ;     𝑅𝑒𝛽  =  8   ;  k = 0.41 ;  𝑅𝜔 = 2.95;  𝛼0 = 1/9        (3.32) 

3.2.2 Transition SST Model 

The Transition SST model is based on a modification of the turbulent kinetic 

generation and destruction terms (Eq. 3.25) to account the transition between 

regimes. The generation term is given by 

𝐺𝜅 = 𝛾𝑒𝑓𝑓  �̃�𝑘         ;          𝛾𝑒𝑓𝑓 = max(𝛾, 𝛾𝑠𝑒𝑝)        (3.33) 

where 𝛾 is the flow intermittency, and it is obtain by the solution of its transport 

equation. 𝛾𝑠𝑒𝑝 is introduced to improve the predictions of separated flow transition 

𝛾𝑠𝑒𝑝 = min (𝐶𝑠1max [(
𝑅𝑒𝑉

3.235 𝑅𝑒𝜃𝑐
) − 1]𝐹𝑟𝑒𝑎𝑡𝑡𝑎𝑐ℎ, 2) 𝐹𝜃𝑡   

 (3.34) 

𝐶𝑠1 = 2     ;    𝑅𝑒𝑉 =
𝜌 𝑦2𝑆

𝜇
     ;    𝐹𝑟𝑒𝑎𝑡𝑡𝑎𝑐ℎ = e

−(
𝑅𝑒𝑡
20

)
4

     
(3.35) 

𝑅𝑒𝜃𝑐 is the critical Reynolds number where the intermittency first starts to 

increase in the boundary layer and it can be calculated from the empirical 
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correlation provided by Menter et al. (2006), based on the transition momentum 

thickness Reynolds number of 𝑅�̃�𝜃𝑡, which is obtained by the solution of its 

transport equation. 𝑅𝑒𝜃𝑐 can be determined by 

𝑅𝑒𝜃𝑐 =

{
 
 

 
 
𝑅�̃�𝜃𝑡 − 396.035 × 10

−2 − 120.656 × 10−4𝑅�̃�𝜃𝑡

+ 868.230 × 10−6𝑅�̃�𝜃𝑡
2
− 696.506 × 10−9𝑅�̃�𝜃𝑡

3

+174.105 × 10−12𝑅�̃�𝜃𝑡
4
,  𝑅�̃�𝜃𝑡 ≤ 1870 

𝑅�̃�𝜃𝑡 −

(593.11 + (𝑅�̃�𝜃𝑡 − 1870.0) 0.482),   𝑅�̃�𝜃𝑡 > 1870

 

 (3.36) 

 

The destruction of the turbulent kinetic energy is given by 

𝐷𝜅 = min(𝑚𝑎𝑥(𝛾𝑒𝑓𝑓 , 0.1) , 1.0) 𝑌𝜅 (3.37) 

As described in the previous lines, to determine the source of 𝜅, it is necessary 

to solve two additional transport equations. A transport equation for the 

intermittency 𝛾 and for the momentum thicknesses Reynolds number (𝑅�̃�𝜃𝑡). The 

intermittency determines the percentage of time the flow is turbulent (0 = fully 

laminar, 1 = fully turbulent) and acts on the production term of the turbulent kinetic 

energy transport equation in the SST model to simulate laminar/turbulence flows. 

Its transport equation is 

𝜕 𝜌 

𝜕 𝑡
+
𝜕 𝜌 𝑢𝑗  

𝜕𝑥𝑗
= 𝑃1 − 𝐸1 + 𝑃2 − 𝐸1 +

𝜕

𝜕𝑥𝑗
[(𝜇 +

𝜇𝑡
𝜎

) (
𝜕

𝜕𝑥𝑗
)] (3.38) 

where, 𝑃1 − 𝐸1 are the transition sources defined as: 

𝑃1 = 𝐶𝑎1𝐹𝑙𝑒𝑛𝑔ℎ𝑡 𝜌 𝑆 [𝛾 𝐹𝑜𝑛𝑠𝑒𝑡] 
𝐶𝛾3     ;    𝐸1 = 𝐶𝑒1 𝑃1 𝛾             (3.39) 

where 𝑆 is the strain rate magnitude, 𝐶𝑎1 = 2; 𝐶𝛾3 = 0.5  ;  𝐶𝑒1 = 1; and 𝐹𝑙𝑒𝑛𝑔ℎ𝑡 is 

an empirical correlation  that controls the length of the transition region.  

𝐹𝑙𝑒𝑛𝑔ℎ𝑡

=

{
 
 
 

 
 
 

398.189 × 10−1 − 119.270 × 10−2𝑅�̃�𝜃𝑡 −

132.567 × 10−6𝑅�̃�𝜃𝑡
2
, 𝑅�̃�𝜃𝑡 < 400

263.404 − 123.939 × 10−2𝑅�̃�𝜃𝑡 + 194.548 × 10
−5𝑅�̃�𝜃𝑡

2
−

−101. 695 × 10−8𝑅�̃�𝜃𝑡
3
 , 400 ≤ 𝑅�̃�𝜃𝑡 < 596

0.5 − (𝑅�̃�𝜃𝑡 − 596.0) ×  3.0. 10
−4, 596 ≤ 𝑅�̃�𝜃𝑡 < 1200

0.3188, 𝑅�̃�𝜃𝑡 ≤ 1200  

   

  (3.40) 

https://en.wikipedia.org/wiki/SST_(Menter%E2%80%99s_Shear_Stress_Transport)
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𝐹𝑜𝑛𝑠𝑒𝑡 = max(𝐹𝑜𝑛𝑠𝑒𝑡2 − 𝐹𝑜𝑛𝑠𝑒𝑡3, 0)  ;   𝐹𝑜𝑛𝑠𝑒𝑡3

=  𝑚𝑎𝑥 (1 − (
𝑅𝑒𝑡
25
 )
3

, 0) 

 (3.41) 

𝐹𝑜𝑛𝑠𝑒𝑡2 = min(max(𝐹𝑜𝑛𝑠𝑒𝑡1, 𝐹
4
𝑜𝑛𝑠𝑒𝑡1) , 2.0)  ;   𝐹𝑜𝑛𝑠𝑒𝑡1

= 
𝑅𝑒𝑉

2193 𝑅𝑒𝜃𝑐
      

(3.42) 

𝑃2 − 𝐸2 are the destruction and relaminarization sources defined as:  

𝑃2 = 𝐶𝑎2 𝜌 Ω 𝛾 𝐹𝑡𝑢𝑟𝑏    ;    𝐸2 = 𝐶𝑒2𝑃2 𝛾               (3.43) 

where Ω is the vorticity magnitude  

Ω = √2 Ω𝑖𝑗Ω𝑖𝑗                 ;             Ω𝑖𝑗 = 
1

2
[
𝜕𝑢𝑖
𝜕𝑥𝑗

−
𝜕𝑢𝑗

𝜕𝑥𝑖
] 

 (3.44) 

𝐹𝑡𝑢𝑟𝑏  =  𝑒
−(
𝑅𝑒𝑡
4
 )
4

 
(3.45) 

 

The values for the empirical constants are: 𝐶𝑎2 = 0.06; 𝐶𝑒2 = 50; 𝜎 = 1. 

The transport equation for 𝑅�̃�𝜃𝑡 is: 

𝜕 𝜌 𝑅�̃�𝜃𝑡
𝜕𝑡

+
𝜕 𝜌 𝑢𝑗 𝑅�̃�𝜃𝑡

𝜕𝑥𝑗
= 𝑃𝜃𝑡 + 

𝜕

𝜕𝑥𝑗
[𝜎𝜃𝑡(𝜇 + 𝜇𝑡) (

𝜕𝑅�̃�𝜃𝑡
𝜕𝑥𝑗

)] (3.46) 

where the source term 𝑃𝜃𝑡 is based on the streamwise velocity 𝑈: 

𝑃𝜃𝑡 =  𝑐𝜃𝑡
𝜌
𝑡
(𝑅𝑒𝜃𝑡−𝑅�̃�𝜃𝑡)(1−𝐹𝜃𝑡)  ;   𝑡 =   

500𝜇

𝜌 𝑈2
    

(3.47) 

𝐹𝜃𝑡 =   𝑚𝑖𝑛 (𝑚𝑎𝑥 (𝐹𝑤𝑎𝑘𝑒𝑒
(−
𝑦
𝛿
)
4

, 1.0 − (
𝛾 − 1 50⁄

1.0 − 1 50⁄
)

2

) , 1.0)    
 (3.48) 

𝛿 =   
500 Ω 𝑦

𝑈
𝛿𝐵𝐿   ;    𝛿𝐵𝐿  =   

15

2
 𝜃𝐵𝐿     ;     𝜃𝐵𝐿 =  

𝑅�̃�𝜃𝑡 𝜇

𝜌 𝑈
  

(3.49) 

𝐹𝑤𝑎𝑘𝑒 =  𝑒
−(
𝑅𝑒𝜔
105

)
2

  ;   𝑅𝑒𝜔 =  
𝜌𝜔𝑦2

𝜇
 

(3.50) 

and the constants for the 𝑅�̃�𝜃𝑡 are 𝑐𝜃𝑡 =   0.03; 𝜎𝜃𝑡 = 2.0. The transition onset 

depends on 𝑅𝑒𝜃𝑡, defied by empirical correlation, 𝑅𝑒𝜃𝑡 = 𝑓(𝑇𝑢, 𝜆𝜃), where 𝑇𝑢 is 
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local turbulence intensity and 𝜆 is Thwaites´s pressure gradient coefficient, based 

on the momentum thickness 𝜃 and acceleration 𝑑𝑈/𝑑𝑠 in the streamwise direction. 

𝑇𝑢 =      
100

𝑈
√
2

3
 𝜅    ;     𝜆𝜃 =  (

𝜃2

𝜇 𝜌⁄
)  
𝑑𝑈

𝑑𝑠
 

 

(3.51) 

According to Langtry & Menter (2009), at the wall, the boundary condition 

for 𝑅�̃�𝜃𝑡 is zero flux.  

3.2.3 𝐒𝐀𝐒 − 𝐒𝐒𝐓  Model 

The Scale-Adaptive Simulation model is an improved URANS formulation, 

which allows the resolution of the turbulent spectrum in unstable flow conditions. 

The SAS concept is based on the introduction of the von Karman length scale 

into the turbulence scale equation. The information provided by the von Karman 

length scale allows SAS model to dynamically adjust to resolved structures in a 

URANS simulation, which results in a LES-like behavior in unsteady regions of the 

flow field. At the same time, the model provides standard URANS capabilities in 

stable flow regions (Younsi et al., 2008). A more detailed derivation can be found 

in (Egorov et al., 2010). The source terms of the 𝜅 and 𝜔 transport equations for 

the SST-SAS model as implemented in ANSYS Fluent 2021 manual are: 

𝐺𝜅 = 𝑃𝜅                                  ;          𝐷𝜅 = 𝜌 𝑐𝜇  𝜔 𝜅 (3.52) 

𝐺𝜔 = 𝛼
𝜔

𝑘
𝐺𝑘   + 𝑄𝑆𝐴𝑆         ;         𝐷𝜔 = 𝜌 𝛽 𝜔

2 (3.53) 

The additional source term 𝑄𝑆𝐴𝑆 is 

𝑄𝑆𝐴𝑆 = max [𝜌 𝜂2 𝑘 𝑆
2 (

𝐿

𝐿𝑉𝜅
)
2

− 𝐶
2 𝜌 𝜅

𝜎𝜙
max(

1

𝜔2
𝜕𝜔

𝜕𝑥𝑗

𝜕𝜔

𝜕𝑥𝑗
,
1

𝜅2
𝜕𝜅

𝜕𝑥𝑗

𝜕𝜅

𝜕𝑥𝑗
) , 0] 

(3.54) 

where 𝜂2 = 3.51, 𝜎𝜙  =2/3 and 𝐶 = 2 are empirical constants. 𝑘 = 0.41 is the von 

Kármán constant.  𝐿 is the length scale of the modeled turbulence and 𝐿𝑉𝜅 is a three-

dimensional generalization of the classic boundary layer definition. 

𝐿 =
√𝜅

(𝑐𝜇1/4 𝜔)
    

(3.55) 
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 𝐿𝑉𝜅 = 𝑚𝑎𝑥 (𝑘 |
𝑈′

𝑈′′
| , 𝐶𝑠√

𝑘 𝜂2
(𝛽 𝑐𝜇 − 𝛼 ⁄

 Δ)    ; Δ = ΩCV
1 3⁄

 (3.56) 

𝑈′ = 𝑆   ;  𝑈′′ =  √
𝜕2𝑈

𝜕 𝑥𝑘
2  
𝜕2𝑈

𝜕 𝑥𝑗
2 

(3.57) 

Δ is mesh spacing, Ω𝐶𝑉 is the control volume size. 𝑐𝜇 = 0.09. 

A transition model can be combined with the SAS model to simulate the 

transitional. In this case, the transport equation for intermittency is the following: 

𝜕 𝜌 

𝜕 𝑡
+
𝜕 𝜌 𝑢𝑗  

𝜕𝑥𝑗
= 𝑃


− 𝐸


+

𝜕

𝜕𝑥𝑗
[(𝜇 +

𝜇𝑡
𝜎

) (
𝜕

𝜕𝑥𝑗
)] (3.58) 

where the transitions source term is 

𝑃

=  𝐹𝑙𝑒𝑛𝑔ℎ𝑡 𝜌 𝑆𝛾 (1 − 𝛾)𝐹𝑜𝑛𝑠𝑒𝑡                  (3.59) 

𝑆 is the strain rate magnitude and 𝐹𝑙𝑒𝑛𝑔ℎ𝑡 = 100. 

The destruction source term is  

 𝐸

= 𝐶𝑎2 𝜌 Ω 𝛾 𝐹𝑡𝑢𝑟𝑏(𝐶𝑒2 𝛾 − 1)   ;   𝐹𝑡𝑢𝑟𝑏  =  𝑒

−(
𝑅𝑒𝑡
2
 )
4

 
     (3.60) 

where Ω is the vorticity magnitude, 𝐶𝑎2 = 0.06, 𝐶𝑒2 = 50 and Ω𝛾 = 1.0. 𝐹𝑜𝑛𝑠𝑒𝑡 is 

controlled by the following functions 

𝐹𝑜𝑛𝑠𝑒𝑡1 =
𝑅𝑒𝑉

2.2 𝑅𝑒𝜃𝑐
;   𝐹𝑜𝑛𝑠𝑒𝑡2 =  min (𝐹𝑜𝑛𝑠𝑒𝑡1, 2.0) 

(3.61) 

𝐹𝑜𝑛𝑠𝑒𝑡3 =  𝑚𝑎𝑥 (1 − (
𝑅𝑒𝑡
25
 )
3

, 0)   
(3.62) 

𝐹𝑜𝑛𝑠𝑒𝑡 =  𝑚𝑎𝑥 ( 𝐹𝑜𝑛𝑠𝑒𝑡2 − 𝐹𝑜𝑛𝑠𝑒𝑡3, 0) (3.63) 

𝑅𝑒𝑡  =  
𝜌𝜅

𝜇𝜔
  ;    𝑅𝑒𝑣  =  

𝜌 𝑑𝑤
2𝑆

𝜇
 

(3.64) 

𝑑𝑤 is the wall distance and 𝑅�̃�𝜃𝑐 is a correlation used to trigger the transition model. 

𝑅�̃�𝜃𝑐(𝑇𝑢𝐿 , 𝜆𝜃𝐿) = 𝐶𝑇𝑈1 + 𝐶𝑇𝑈2exp[−𝐶𝑇𝑈3𝑇𝑢𝐿𝐹𝑃𝐺(𝜆𝜃𝐿)] (3.65) 
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In this correlation, 𝑅�̃�𝜃𝑐 is the critical momentum thickness Reynolds 

number. 𝑇𝑢𝐿 and 𝜆𝜃𝐿 are variables defined that approximate the freestream 

turbulence intensity and the pressure gradient parameter, respectively, defined as 

𝑇𝑢𝐿 = min (
100

𝜔 𝑑𝑤
√
2𝜅

3
, 100) 

(3.66) 

𝜆𝜃𝐿 = −0.1111
𝑑𝑉

𝑑𝑦

𝑑𝑤
2

𝜐
+ 0.1875 

(3.67) 

For numerical robustness, 𝜆𝜃𝐿 was bounded as follows 

𝜆𝜃𝐿 = 𝑚𝑖𝑛 (max(𝜆𝜃𝐿 , −10.0) , 10.0) (3.68) 

 

𝐹𝑃𝐺(𝜆𝜃𝐿)

= {
min(1 + 𝐶𝑃𝐺1, 𝜆𝜃𝐿 , 𝐶𝑃𝐺1

𝑙𝑖𝑚), 𝜆𝜃𝐿 ≥ 0

min(1 + 𝐶𝑃𝐺2𝜆𝜃𝐿 + 𝐶𝑃𝐺3min[𝜆𝜃𝐿 + 1.0, 0 ] , 𝐶𝑃𝐺2
𝑙𝑖𝑚) , 𝜆𝜃𝐿 < 0 

  

(3.69) 

With the following constants: 𝐶𝑇𝑈1 = 100  ; 𝐶𝑇𝑈2 = 1000 ;  𝐶𝑇𝑈3 = 1.0 ;  𝐶𝑃𝐺1 =

1.0 ;  𝐶𝑃𝐺1 = −0.5; 𝐶𝑃𝐺3 = 0.0 ; 𝐶𝑃𝐺1
𝑙𝑖𝑚 = 1.5  ;  𝐶𝑃𝐺2

𝑙𝑖𝑚 = 3.0 ;  𝐶𝑆𝐸𝑃 =

1.0 ;  𝐶𝑅𝑆𝐹 = 1.0. 

3.3 Boundary and Initial Conditions 

Figure 3.4 indicates the three types of boundary conditions considered for the 

aorta under study: i) input; ii) outlets and iii) surface of the aorta (wall). To solve 

the conservation equations appropriate boundary and initial conditions must be 

defined at the domain boundaries. To solve the conservation equations appropriate 

boundary and initial conditions must be defined at the domain boundaries. 
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Figure 3.4 ‒ Boundary types 

3.3.1 Inlet 

At the inlet, it is possible to impose along the cardiac cycle mass flow rate or 

pressure, with similar profiles as shown in Figure 1.2 and Figure 1.3. As already 

mentioned, different patients will have different cycles period as well as different 

inlet profiles. When mass flow rate is imposed, the velocity profile is uniform along 

the inlet.  

In this study the same coordinate axis as employed in the experimental setup 

of Bessa (2019) was adopted. It is located at output 1, which is parallel to the to the 

𝑥 − 𝑦 plane and perpendicular to the axial 𝑧 coordinate.  

At the aorta inlet plane, the plane's normal velocity component, based on the 

mass flow rate, is imposed 

𝑉𝑖𝑛 = 
4 �̇�

𝜌 𝜋 𝐷2
 

(3.70) 

The turbulent quantities, 𝜅 and 𝜔 are also considered uniform. The turbulent 

kinetic energy 𝜅𝑖𝑛 is based on the inlet mean flow kinetic energy (or inlet mean 

velocity 𝑉𝑖𝑛) and the turbulent intensity 𝐼  
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𝜅𝑖𝑛 = 
3

2
(𝑉𝑖𝑛 𝐼)

2 
(3.71) 

The specific dissipation 𝜔 is based on the empirical constant 𝐶𝜇 = 0.09 and 

a length scale 𝑙 defined equal to the inlet diameter 𝑙 = 𝐷. 

𝜔𝑖𝑛 =
√𝜅𝑖𝑛

𝐶𝜇
1/4𝑙

 
(3.72) 

3.3.2 Outlet 

At each outlet, it possible to impose, during the cardiac cycle, the time 

variation of mass flow rate or pressure. With respect to the turbulent quantities, a 

null diffusive flow condition was applied 

𝜕

𝜕𝑥𝑛
= 0 

(3.73) 

where 𝑛 is the direction normal to the outlets. 

3.3.3 Wall 

The surface of the aorta is modeled as a “wall”, i.e., no slip condition is 

imposed for the velocities.  

𝑢 = 𝑣 = 𝑤 = 0 (3.74) 

At the aorta wall, 𝜅 is also zero. However, Menter (1994) states that the 

boundary condition for specific dissipation 𝜔 in the walls is given as a function of 

its dimensionless value defined as: 

𝜔+ = 
𝜔𝑤𝑎𝑙𝑙𝜇

𝜌 𝑢∗
 (3.75) 

being 𝑢∗ the friction velocity defined as follows: 

𝑢∗ = √
𝜏𝑤𝑎𝑙𝑙
𝜌

 
(3.76) 

where 𝜏𝑤𝑎𝑙𝑙 is the the normal tangential gradient to the wall and 𝜌 is the density of 

the fluid. 
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The dimensionless specific turbulent dissipation rate can be evaluated 

considering the thickness of the molecular sub layer, characterized as: 

𝜔+ =  min (2500,
6

𝛽∞∗ (𝑦+)2
) 

(3.77) 

being 𝑦+ the dimensionless wall distance  

𝑦+ = 
𝜌𝑢∗𝑦

𝜇
 

(3.78) 

The fluid was defined as being incompressible, hence the pressure level is not 

relevant. The solution is obtained in relation to a reference pressure, defined at the 

inlet. 

3.3.4 Initial condition 

Since the represent study is concerned with a cardiac cycle, which is periodic, 

the initial numerical condition doesn´t affect the overall results after a stable 

solution is reached. Thus, to analyze the solution, a periodic solution must have 

been attained.  

In all simulations performed in this study, the initial values for Pressure, 

Velocity components, turbulent kinetic energy and specific dissipation rate were 

computed from the inlet plane values. The intermittency (𝛾) value chosen was 0.5 

and turbulent intensity (𝐼) was 0.5. 

3.4 Auxiliary Quantities 

In this section, some auxiliary quantities will be defined. These will be a 

useful tool to evaluate the results of this project.  

• Wall shear stress (WSS):  

𝜏𝑤 = 𝜇 
𝜕 𝑢𝑡
𝜕𝑥𝑛

|
𝑤

 (3.79)  

where 𝑢𝑡 is the tangential to the wall velocity component and 𝑥𝑛 is the coordinate 

normal to the wall. 
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• Vorticity Magnitude (𝜉ω):  

𝜉ω = √2 Ω𝑖𝑗Ω𝑖𝑗 (3.80)  

where Ω𝑖𝑗 is the vorticity tensor defined as: 

Ω𝑖𝑗 =
1

2
(
𝜕𝑢𝑖
𝜕𝑥𝑗

−
𝜕𝑢𝑗

𝜕𝑥𝑖
) (3.81)  

• Q Criterion; (Hunt et al., 1988) defined as:  

𝑄 =  
1

2
(Ω𝑖𝑗Ω𝑖𝑗 − S𝑖𝑗S𝑖𝑗) (3.82)  

where S𝑖𝑗 is the strain rate tensor defined in Equation (3.8) 

• Normalized Helicity:  

𝐻 = 𝜉𝑖
𝑢𝑖

(√𝜉𝑘𝜉𝑘√𝑢𝑙𝑢𝑙)
 ; 𝜉𝑖 = 𝜖𝑖𝑗𝑘

𝜕𝑢𝑗

𝜕𝑥𝑖
 (3.83) 

where 𝜉𝑖 is the vorticity, 𝑢𝑙 is the velocity and 𝜖𝑖𝑗𝑘 is the Levi-Civita symbol. 

To aid the analysis of the solution along the aorta an area average in a selected 

region 𝐴𝜁 can be useful 

〈𝜙〉 =
1

𝐴𝜁
 ∫ 𝜙 𝑑𝐴

𝐴𝜁

 (3.84)  

where 𝜙 is any variable of interest. 

Time average during the cardiac cycle is also a useful measure to evaluate the 

solution. The most important are:  

• Time Average Pressure (TAP, Time Average Pressure):  

𝑇𝐴𝑃 =  
1

𝑇
∫ 𝑝 𝑑𝑡
𝑇

0

 (3.85)  
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• Time Average WSS (TAWSS)  

𝑇𝐴𝑊𝑆𝑆 =  
1

𝑇
∫ |𝜏𝑤|dt
𝑇

0

 (3.86)  

where T is the cardiac cycle period. 

• Oscillatory Shear Index (OSI)  (Ku et al., 1985)  

𝑂𝑆𝐼 = 0.5(1 −
|
1
𝑇 ∫ 𝜏𝑤dt

𝑇

0
|

1
𝑇 ∫ |𝜏𝑤|dt

𝑇

0

)  (3.87)  

3.5 Numerical Modeling 

In the present work, the blood flow in the ascending aorta was determined 

with ANSYS tools, from pre-processing, through processing and finally post-

processing. Paraview was also used for post-processing some results. 

To solve numerically the flow field, after the creation of the computational 

domain as describe in section 3.1, the first step is the definition of the mesh 

distribution, which is presented in the next sub-section. Then the methods used to 

discretize the conservation equations are described and finally the convergence 

criteria. 

3.5.1 Mesh 

The computational mesh was created by using identical construction 

parameters for all simulation’s cases. The Patch Conforming algorithm was chosen 

alongside the Tetrahedrons method for refinement and control. As a result, the 3D 

inflation technique could be applied for refining the wall region to better capture 

pressure and velocity variations in the boundary layer. 

The mesh used for all cases was refined near the walls and had an average 

skewness of 0.8 and an element quality above 0.85. Figure 3.5 illustrates an 

example of the generated mesh.  

The mesh for the steady state case was defined based on the mesh study 

performed used by Ibanez (2019) and it consisted on approximately 1.5 million 

elements. However, for the transient cases, following ANSYS Fluent Manual 2021 
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recommendation, to capture the laminar and transitional boundary layers correctly, 

the mesh must have a dimensionless wall distance for the first internal nodal point, 

𝑦+ smaller than 1. Thus, in the present work, for the transient cases, the mesh was 

refined, and 4 million points were employed. 

 

    

Figure 3.5 ‒ Aorta generated mesh. 

The time-step for the transient cases was set equal to 0.01 s, guaranteeing a 

maximum Courant number (𝐶𝑜) of 0.03, defined as 

𝐶𝑜 =  
𝑈Δ𝑡

Δ𝑥
 (3.88) 

where 𝑈 is the maximum characteristic velocity of the system, Δ𝑡 is the time-step 

of the numerical model, and Δ𝑥 is the average the grid spacing (Courant et al., 

1928). 

3.5.2 Discretization method 

The conservation equations implemented in ANSYS-Fluent were discretized 

based on the finite volume method (Patankar, 1980). The method entails dividing 

the computational domain into small control volumes. A node is a reference point 
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within each control volume. The conservation equations are integrated over space 

in each control volume, yielding global balance of each variable of interest.  

All conservation equation can be represented by 

𝜕𝜌𝜙

𝜕𝑡
+ 𝐝𝐢𝐯 (𝑱) = 𝑆𝑐 + 𝑆𝑝 𝜙    ;      𝑱 = 𝜌 𝒖 𝜙 − Γ𝜙 𝐠𝐫𝐚𝐝 𝜙 (3.89) 

where 𝜙 is a variable quantity,  𝑱 is formed by the convective (𝜌 𝒖 𝜙 ) and diffusive 

flux of 𝜙 (−Γ𝜙 𝐠𝐫𝐚𝐝 𝜙), where Γ𝜙 is the diffusion coefficient. 𝑆𝑐𝜙 + 𝑆𝑝𝜙 𝜙 is the 

volumetric source term of 𝜙.  

A second-order approximation was used to treat the transient term (first term 

of Eq. (3.89), where 𝑛 represents the current time instant, the previous instant (𝑛 −

1), and the new time step (𝑛 + 1) (Burden & Faires, 2008). 

∫
𝜕 𝜌 𝜙

𝜕 𝑡𝑑 ∀

𝑑 ∀=
𝜕

𝜕 𝑡
∫ 𝜌 𝜙
𝑑 ∀

𝑑 ∀=
3(𝜌 𝜙 ∀)𝑛+1  −  4(𝜌 𝜙 ∀)𝑛 + (𝜌 𝜙 ∀)𝑛−1

2 𝛥𝑡
 (3.90) 

The Gauss divergence theorem and the fully implicit discretization scheme 

are employed to integrate the liquid flux term, second term of Eq. (3.90) 

∫ 𝐝𝐢𝐯 𝑱 𝑑 ∀
Δ∀

= ∫  𝑱 ∙ 𝒏𝒇 𝑑𝐴𝑓
𝐴𝑓

= ∑  𝐽𝑛𝑓 𝑑 𝐴𝑓
𝑛𝑓

 (3. 91) 

where 𝒏𝒇 corresponds to the unit normal to the faces. All conservation equations 

were discretized with the Second-order Upwind scheme, apart from SST-SAS 

turbulent model.  

According to recommendation of ANSYS-Fluent manual, for SST-SAS 

turbulent model, the Bounded Central Differencing Scheme was selected for the 

momentum equation with the bounded second order implicit method.  

The Pressure-Velocity Coupling was solved using the Coupled scheme. The 

full implicit coupling is achieved by implicitly discretizing the pressure gradient 

terms in the momentum equations, as well as the face mass flux, including the Rhie-

Chow pressure dissipation terms.  

Since the conservation equations are non-linear, sub-relaxation was used to 

decrease the variables variation during the iterative process and guarantee 

convergence. The sub-relaxation parameters considered were: i) pressure (0.5) ii) 
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momentum (0.5); iii) turbulent kinetic energy (0,.6); iv) specific dissipation rate 

(0.6). v) turbulent viscosity (0.75); vi) intermittency (0.6) (when needed). 

The convergence criteria for all cases, consisted in enforcing the residual of 

all discretized equations below 10-6. 
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4 TURBULENCE MODEL EVALUATION 

This chapter presents an evaluation of three turbulence models to predict the 

flow inside the aorta at steady state, with flow rate corresponding to the systole 

peak. For this situation, a high quality data was obtained by Bessa et al. (2021) and 

Bessa (2019), who used the PIV technique to measure the velocity field inside the 

same model employed here of a 3D model of the human aorta. The aorta has the 

following geometrical parameters: aorta average curvature radius, 𝑅𝑐 ≈ 57.4 mm, 

and average radius of the aorta 𝑅𝑎 ≈19.4 mm, aortic valve diameter aortic 𝐷 = 16 

mm.   

The first turbulence models selected was 𝜅 − 𝜔 SST, because it was the 

model employed by Ibanez (2019), who compared his predictions with Bessa 

(2019) measurements. The other two models were selected to predict the regime 

transition: Transition ‒ SST and SAS – SST. However, since in this section the flow 

is in steady state, to save computing time, the intermittence solution was not 

included in the SAS-SST model. 

The aortic model was built using polydimethylsiloxane polymer, with a 

minimum wall thickness of 15 mm, ensuring rigidity of the aortic wall. In the 

experiment, a pipe with 1 meter of length was introduced connected to the aorta 

inlet, to ensure fully developed velocity profile at the inlet (Figure 4.1). Therefore, 

to allow comparison between the numerical results and experimental 

measurements, exactly the same domain as Bessa (2019) and Ibanez (2019) was 

employed, i.e.: i) the aortic wall was considered as rigid wall and ii) a 1 meter pipe 

connected to the aorta inlet was introduced in the computational domain.. Further, 

as already mentioned, the same mesh employed by Ibanez (2019) was defined here. 

To compare the results both qualitatively and quantitatively, six planes were 

created parallel to the brachiocephalic artery (𝑥 − 𝑦 plane), where the system's 

origin is located, exactly as defined in the experiment. These planes are illustrated 

in Figure 4.1b. The first plane is located 124 mm below the origin, similarly, planes 

2; 3; 4; 5 and 6 are located 109 mm; 94 mm; 84 mm; 74 mm and 64 mm below the 
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coordinate axis origin and parallel to 𝑥 − 𝑦 plane, respectively.  

The same fluid used in the experiment was employed in the simulations: 

density (𝜌 =  1157.4 kg/m³) and dynamic viscosity of (𝜇 = 0.00878 Pa s). The 

study was developed at steady state, with imposed volumetric flow rate at the inlet 

corresponding to the systolic peak (∀̇𝑖𝑛= 25 lt/min).  

(a)  (b)  

Figure 4.1 ‒ (a) Aorta numerical domain. (b) Six planes created for the 

numerical-experimental comparison 

For the aorta outputs (Figure 3.4), diffusion was neglected at each one of 

them, and a percentage of the mass inflow was imposed at each one, based on 

Alastruey et al. (2016); Ibanez (2019) and Ibanez et al (2020) as follows: 

Descending aorta (output 1 – 75,0%), brachiocephalic artery (output 2 – 15%), left 

carotid artery (output 3 - 4%) and left subclavian artery (output 4 –  6%).  In the 

following subsections, comparison of turbulence models’ predictions and 

experimental measurements is shown. Bessa (2019) also guaranteed these 

percentage of the mass flow at each outlet in the experiment conducted by him. 

4.1 Velocity (𝒘) component 

The 𝑧 velocity component, 𝑤 (normal to the selected planes) are examined 

here. Figure 4.2 shows the contours of 𝑤 at all six planes selected. Qualitatively, all 
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numerical results are like the experimental measurements. Moreover, the highest 

𝑤 value can be seen near the center of Plane 1, which is located close to the aortic 

inlet and root. For the other five planes, as one moves to the superior planes, due to 

the curvature of the aorta, the center of the jet approaches the aortic wall, with very 

similar contours shape in all numerical and experimental results. Furthermore, the 

order of magnitude of 𝑤 was consistent across all cases with respect to maximum 

and minimum values. However, experimentally higher velocities 𝑤 were measured. 

Among the turbulent models, the SAS model was the closest to the experimental 

data, followed by the 𝜅 − 𝜔, and Transition SST model.  

Similar results were obtained in all cases, indicating that qualitatively the 

results of all analyzed turbulent models agree with the experimental measurements. 

 

 

Figure 4.2 –Velocity 𝑤 (m/s) component contours 

A quantitative comparison was performed to better evaluate the results 

obtained for the z-component of velocity, 𝑤. In this analysis, the 𝑧-velocity 

component profiles were compared along lines parallel to the 𝑥 and 𝑦 axes of each 

plane Figure 4.3 and  Figure 4.4). In the top of each figure, a cross section of the 

corresponding plane is indicated. Figure 4.3 – 𝑤 velocity profiles along the 𝑥 and 

𝑦 axes for Planes 1-3. Figure 4.3 corresponds to the first three planes created, and 

Figure 4.4 illustrates the results for planes 4-6. 
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Analyzing the profiles in Figure 4.3 and  Figure 4.4, it can be seen very similar 

predictions of 𝜅 − 𝜔 SST and Transitional SST in all planes and both axes, since 

the present test corresponds to a turbulent steady state case. In all cases, SAS also 

predicted similar results to the other two turbulence models, but with higher 

maximum 𝑧-velocity than the other two turbulent models, although smaller than the 

measured experimental value. Smaller velocities are observed along the 𝑥-axis for 

planes 3 through 6, and as a result larger difference between the solutions can be 

seen.  

Very good agreement was predicted by all models in Plane 1 (closer to the 

aorta´s inlet) along the 𝑥-axis, however, a displacement of the velocity peak 

occurred along the 𝑦-axis (Figure 4.3). As one moves away from the inlet (planes 

2 and 3 in Figure 4.3 and planes 4 to 6 in Figure 4.4), the positioning of the velocity 

peak was reasonable well predicted by all models. Significant lower velocities are 

seen along the 𝑥-axis, for Planes 3 through 6, with a slightly larger difference 

between the prediction, but with a good prediction of the reverse flow direction. 

                   1 2 3 

   

a) Reference planes 

   

b) Profile along the 𝑥 axis 

   

c) Profile along the 𝑦 axis 

Figure 4.3 – 𝑤 velocity profiles along the 𝑥 and 𝑦 axes for Planes 1-3. 
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Analyzing the qualitative results, it can also be said that all three 

numerical results were very close to each other, mainly in 𝑦 direction at all 

planes, where it is possible to observe a geometric correspondence in all cases, 

regarding the location of the jet. It is important to emphasize that there is some 

uncertainty about the precise location of the local 𝑥 and 𝑦 axes used in the 

experiments and numerical model, due to the data interpolation process to 

obtain a precise correspondence in terms of the location of each axis (numerical 

and experimental). However, with respect to the z-velocity component, it can 

be said that the prediction of SAS model was closer to the experimental data 

than the other two models. 

 

4 5 6 

   

a) Reference planes 

   

 

b) Profile along the 𝑥 axis 

   

c) Profile along the 𝑦 axis 
 

Figure 4.4 - 𝑤 velocity profiles along the 𝑥 and 𝑦 axes for planes 4-6. 

4.2 Velocity components in the transversal planes (𝒖 & 𝒗) 

To complete the evaluation of the prediction of the velocity field with all three 

turbulence models, both velocity components in the transversal plane (𝑥-component 
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𝑢 and 𝑦-component 𝑣) are examined in this section. 

Figure 4.5 shows the comparison of the turbulence models and experimental 

data of the contours for the 𝑥 −velocity component 𝑢 and 𝑦 −velocity 

component 𝑣. Due to the inclination of the planes in relation to the inlet jet (Figure 

4.1), the 𝑥-component is smaller and the 𝑦-component is like the 𝑧-component 

(Figure 4.2). Once again, similar results were predicted by all models, with a greater 

similarity between 𝜅 − 𝜔 SST and Transition SST. As already mentioned, since the 

flow is steady, there is no transition, therefore, fully turbulent flow is predicted by 

all models.  

Good agreement was obtained of all models with the experimental data, for 

the 𝑦-velocity component, with a slightly superior result of SAS model, since it 

presented higher velocities than the other two models, closer to the experimental 

values. Also, due to the smaller velocities, larger differences between the numerical 

and experimental data are seen for the 𝑥-velocity component, although it is possible 

to observe similarities among the results, like the location and size of regions with 

positive and negative values. 

Besides the contours, it was possible to plot the values for 𝑢 and 𝑣 velocities 

components for six planes along the 𝑥 and 𝑦 axis. Figure 4.6  shows these results 

for the 𝑥 −velocity component 𝑢 in all planes, while Figure 4.7 presents the profiles 

for 𝑦 −velocity component 𝑣. 

Analyzing the 𝑥 −velocity component 𝑢 profiles in Figure 4.6 along the 

𝑦 axis, a good adherence to the numerical predictions with the experimental data is 

observed, with a larger discrepancy along the 𝑥-axis, but with the correct trends, 

i.e., with a reasonable prediction of the reverse flow direction, except for Plane 4. 

Better agreement is seen along the 𝑦-direction, with a small superiority of SAS 

prediction.  

Figure 4.7 shows better agreement, for the 𝑦-velocity component 𝑣, between 

the three turbulence models and the experimental data, indicating that the models 

were able to capture the reverse direction of the flow, although larger peak 

velocities were measured   

The larger disagreement between prediction and models, can be attributed to 

small differences in the location of the center of the inlet jet, which can anticipate 

and delay the position of velocity reverse flow.  
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All models are similar among themselves, with greater similarity between the 

two SST models (traditional and transitional). Further, as already mentioned, better 

agreement is seen for the 𝑦-velocity component, with a better representation with 

the SAS model.               
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a) 𝑥-velocity component, 𝑢 b) 𝑦-velocity component, 𝑣 

 

Figure 4.5 – Transversal planes with velocities 𝑥 and 𝑦 components contours 
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1 2 3 4 5 6 

      

a) Reference Planes 

      

b) Profile along the 𝑥 axis 

      

c) Profile along the 𝑦 axis 

Figure 4.6 - 𝑥 − velocity component 𝑢 profiles along the 𝑥 and 𝑦 axes for planes 1-6.     
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1 2 3 4 5 6 

      

a) Reference Planes 

      

b) Profile along the 𝑥 axis 

      

c) Profile along the 𝑦 axis 

Figure 4.7 - 𝑦 velocity component 𝑣 profiles along the 𝑥 and 𝑦 axes for planes 1-6.             
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4.3 Turbulent Kinetic Energy (𝜿) 

The turbulent kinetic energy contour in the six planes is examined in Figure 

4.8, which shows the experiment data and the prediction of the three tested 

turbulence models. 

 

Figure 4.8 -Contours of turbulent kinetic energy 𝜅 (𝑚2/𝑠2) 

Observing the contours, it is seen similar 𝜅 levels between the experimental 

measurements and SAS prediction in the lower planes (Planes 1 – 3), where both 

SST models, over-estimate 𝜅 values, especially the Transitional SST. On the other 

hand, for the planes further apart from the entrance (Planes 4 – 6), both SST models 

results presented a closer agreement with the experimental data then SAS model.  

However, qualitatively the numerical results had a reasonable relationship 

with the experimental results, i.e., the highest value of 𝜅 occurs around the inlet jet, 

at the lower planes. For planes further apart from the inlet, since the jet´s center 

moves closer to the aortic wall, due to the aorta curvature, 𝜅 increases near the wall 

regions.  

As a result, based on the 𝜅 results and the discussion, it is still not possible to 

determine which turbulence model best approximated the experimental result. 
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4.4 Tangential Components of the Reynolds Stress Tensor  

To completely evaluate the Reynolds stress tensor, the tangential components 

𝑢´𝑣´̅̅ ̅̅ ̅, 𝑢´𝑤´̅̅ ̅̅ ̅̅  𝑒 𝑣´𝑤´̅̅ ̅̅ ̅̅  predicted by the three turbulence models and the experimental 

data are presented in Figure 4.9 to Figure 4.11 at all six planes. 

As expected, based on the previous results, both SST once again presented 

very similar results among themselves for the three components, with higher values 

than predicted by SAS in the first planes.  

SAS model predicted a similar 𝑢´𝑣´̅̅ ̅̅ ̅ distribution to the experimental data for 

the three first planes, but it did not capture the increase in its intensity near the 

impinging region at the upper planes (Figure 4.9). Although the SST models 

predicted an increase in 𝑢´𝑣´̅̅ ̅̅ ̅ at the upper planes, its distribution was not 

satisfactory. 

By examining Figure 4.10 and Figure 4.11, one can conclude that no model was 

able to adequately predict the shear Reynolds stress components 𝑢´𝑤´̅̅ ̅̅ ̅̅   and 𝑣´𝑤´̅̅ ̅̅ ̅̅ . 

 

 

Figure 4.9 ‒ 𝑢´𝑣´̅̅ ̅̅ ̅ (m²/s²) contours at the six planes. 
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Figure 4.10 ‒  𝑢´𝑤´̅̅ ̅̅ ̅̅  (m²/s²) contours at the six planes. 

 

 

Figure 4.11 ‒ 𝑣´𝑤´̅̅ ̅̅ ̅̅  (m²/s²) contours at the six planes. 
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4.5 Complementary analysis of the turbulence models results 

From the analysis of the velocity components, turbulent kinetic energy, and 

tangential components of the Reynolds Stress, the best model that came closest to 

the experimental result could not be qualified. Aiming to explore the identification 

of the position of the peak of the 𝑧-velocity component (𝑤) was addressed. To this 

end, a straight line was created passing through the point of maximum value of the 

z-velocity component and the centroid for each of the six selected planes.  

Figure 4.12 illustrates these lines created for all turbulence models at all six 

planes and Table 4.1 show the measured angles between each model’s line and the 

experimental line. Line blue refers to the experimental data, whilst lines red, black 

and green refers to the SAS, 𝜅 − 𝜔 and Transitional SST numerical lines, 

respectively Analyzing these values, the portion of maximum 𝑤 velocity of all 

numerical data is shifted in the same direction in relation to the experimental data, 

with a deviation smaller than ~10o. Some models present a larger deviation than 

others in some planes and other models in subsequent planes. The measured 

deviation obtained in Plane 1 is clearly wrong, since as seen in  Figure 4.2, the iso-

contour lines of 𝑤 are almost concentric and all models present similar result as the 

experimental data. The reason is due to the uncertainty of defining the center of 

maximum velocity. Since it is too close to the centroid position, very small changes 

can lead to significant angles differences. 

Table 4.1 – Deviation of line between maximum 𝑤 velocity and centroid 

Model Plane 1 Plane 2 Plane 3 

κ-ω SST 81.87° 5.71° 13.24° 

Transition SST 63.45° 2.98° 7.12° 

SAS SST 90° 2.98° 10.30° 

  Plane 4 Plane 5 Plane 6 

κ-ω SST 7.08° 5.14° 2.00° 

Transition SST 0.64° 0.50° 5.78° 

SAS SST 4.79° 0.00 8.80° 

 

The z-velocity component profiles along these lines were determined for each 
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model in the six planes and are plotted in Figure 4.13. Figure 4.14 shows the 𝑤 

velocity profile along the lines orthogonal to the centroid-maximum 𝑤 lines, shown 

in Figure 4.12. Once again, all turbulence model prediction were very close to each 

other, particularly in the first three planes. Furthermore, it is possible to identify a 

similarity in the location of the jet for all six planes. In planes 1-3, the 𝜅 − 𝜔 SST 

model outperformed the other two because its higher velocities values allowed it to 

match the experimental data. SAS and Transition SST had a slightly better 

agreement with the experimental data in Planes 4-6, because those had lower 

velocity values that approximated to the experimental profile. Overall, with respect 

to the z-velocity component along the lines that passes through the point of 

maximum value of 𝑤, it can be said that no model was closer to the experimental 

data than the other two models. Figure 4.14 shows that in the first two planes, all 

models are very close to each other, as is the location of the jet. As they approached 

the experimental data in planes 1 and 2, the 𝜅 − 𝜔 and SAS models stood out. The 

SAS model differed significantly from the other models in the upper planes, 

indicating that it was unable to predict well the values of 𝑤 along these lines. When 

analyzing the profiles of 𝑤 along the orthogonal lines (Figure 4.14), it was not 

possible to clearly identify which model 𝜅 − 𝜔 SST or Transition SST stood out in 

the upper planes, making it difficult to pinpoint the best turbulence model.  

To complement the present analysis, the maximum, minimum and average 

value of each velocity component and turbulent quantities predicted by each model 

at each of the six planes are shown in  

Table 4.2 through Table 4.5, where a significant deviation between all models 

can be seen, alternating variable and plane, where one particular property is better 

predicted. At the appendix the mean relative and absolute error of each variable in 

relation to the experimental data at each plane is also listed.  From the present 

comparison, it was not possible to identify a superiority in the prediction of any 

model. This conclusion is similar to the one presented by Tan et al. (2008), who 

also could not identify which model is superior in the prediction of the turbulent 

flow. 
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Plane 1 Plane 2 Plane 3 

   

Plane 4 Plane 5 Plane 6 

   

 

Figure 4.12 – Lines from plane centroid and maximum w position, for all six planes and turbulence models.
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Plane 1 Plane 2 Plane 3 

   

Plane 4 Plane 5 Plane 6 

   

 

Figure 4.13 – 𝑤 component velocity profiles along the lines of maximum and centroid for planes 1-6.
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Plane 1 Plane 2 Plane 3 

   

Plane 4 Plane 5 Plane 6 

   

Figure 4.14 – 𝑤 component velocity profiles along the lines orthogonal to the lines of maximum and centroid for planes 1-6. 

DBD
PUC-Rio - Certificação Digital Nº 2012353/CA



 

 

 

Table 4.2 – Velocity and turbulent kinetic energy data for planes 1-3. 

 
 Plane 1 Plane 2 Plane 3 

 

 

Experi-
mental SAS 𝜿 −𝝎 

Transi-
tional 

Experi-
mental SAS 𝜿 −𝝎 

Transi-
tional 

Experi-
mental SAS 𝜿 −𝝎 

Transi-
tional 

m
ax

 

𝒖 0.0699 0.2418 0.2470 0.1537 0.1307 0.2588 0.3406 0.2843 0.3336 0.3733 0.5172 0.4513 

𝒗 2.1076 1.6896 1.6000 1.6724 2.0643 1.6624 1.5694 1.5883 1.9302 1.5196 1.2841 1.1659 

𝒘 2.6783 2.2714 2.0412 2.0989 2.5713 2.2181 1.9494 1.9435 2.4848 2.1366 1.8500 1.7473 

m
e

an
 

𝒖 -0.0209 -0.0127 -0.0354 -0.0268 -0.0018 -0.0076 -0.0335 -0.0568 -0.0264 -0.0417 -0.0405 -0.0578 

𝒗 0.3111 0.2300 0.3070 0.3111 0.2589 0.1930 0.1760 0.1686 0.2563 0.1054 0.0589 0.0488 

𝒘 0.3111 0.2643 0.2616 0.2559 0.2589 0.2258 0.2248 0.2343 0.2563 0.2680 0.2872 0.2937 

m
in

 

𝒖 -0.1392 -0.2346 -0.2658 -0.2335 -0.1606 -0.3726 -0.5911 -0.5478 -0.5625 -1.0571 -0.9278 -0.7944 

𝒗 -0.1481 -0.2608 -0.1027 -0.1494 -0.1529 -0.3261 -0.5062 -0.4834 -0.1579 -0.5720 -0.6622 -0.5920 

𝒘 -0.1481 -0.3491 -0.5694 -0.5421 -0.1529 -0.5565 -0.5310 -0.5310 -0.1579 -0.3967 -0.4575 -0.4827 

m
ax

 

𝜿 0.1903 0.0694 0.1806 0.3241 0.2202 0.1090 0.2304 0.3348 0.2094 0.1279 0.2542 0.3211 

m
e

an
 

𝜿 0.0106 0.0153 0.0478 0.0967 0.0190 0.0295 0.0736 0.1200 0.0282 0.0341 0.0836 0.1208 
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Table 4.3– Velocity and turbulent kinetic energy data for planes 4-6. 

 
 Plane 1 Plane 2 Plane 3 

 

 

Experi-
mental SAS 𝜿 −𝝎 

Transi-
tional 

Experi-
mental SAS 𝜿 −𝝎 

Transi-
tional 

Experi-
mental SAS 𝜿 −𝝎 

Transi-
tional 

m
ax

 

𝒖 0.4067 0.4219 0.5184 0.4875 0.6155 0.6050 0.5618 0.5282 0.8184 0.8614 0.6479 0.5749 

𝒗 1.2421 1.0772 0.8026 0.6620 0.5339 0.4933 0.3716 0.3361 0.7604 0.4299 0.4729 0.4511 

𝒘 2.5423 2.2150 1.9358 1.7674 2.4606 2.3574 1.9790 1.7603 1.8675 2.3119 1.8532 1.5909 

m
e

an
 

𝒖 -0.0844 -0.1078 -0.0836 -0.0757 -0.0944 -0.0758 -0.0727 -0.0684 -0.0102 0.0079 -0.0045 -0.0036 

𝒗 0.2822 -0.0146 -0.0328 -0.0267 0.3075 -0.1217 -0.1108 -0.1104 0.2756 -0.2082 -0.1878 -0.1973 

𝒘 0.2822 0.3404 0.3469 0.3483 0.3075 0.3908 0.3780 0.3676 0.2756 0.3735 0.3575 0.3449 

m
in

 

𝒖 -1.2112 -1.2807 -0.9453 -0.7854 -1.0584 -1.3129 -0.9056 -0.7373 -0.5768 -1.0057 -0.6195 -0.5203 

𝒗 -0.2153 -0.8476 -0.7154 -0.5841 -0.1251 -1.0215 -0.7554 -0.6218 -0.2369 -1.4343 -1.0271 -0.8500 

𝒘 -0.2153 -0.3558 -0.4105 -0.4511 -0.1251 -0.3864 -0.2243 -0.2684 -0.2369 -0.4473 -0.2275 -0.1533 

m
ax

 

𝜿 1.3763 0.1418 0.2349 0.2922 0.5719 0.1638 0.2116 0.2720 0.4928 0.1681 0.1928 0.2460 

m
e

an
 

𝜿 0.0566 0.0327 0.0806 0.1134 0.0780 0.0313 0.0781 0.1089 0.0704 0.0317 0.0758 0.0987 
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Table 4.4 – Reynolds stress components data for planes 1-3. 

  Plane 1 Plane 2 Plane 3 

  Experi-
mental SAS 𝜿 −𝝎 

Transi-
tional 

Experi-
mental SAS 𝜿 −𝝎 

Transi-
tional 

Experi-
mental SAS 𝜿 −𝝎 

Transi-
tional 

R12 max 0.0025 0.0099 0.0265 0.0585 0.0100 0.0186 0.0388 0.0579 0.0488 0.0194 0.0409 0.0516 

mean -0.0003 0.0000 0.0009 0.0029 -0.0004 0.0006 0.0018 0.0014 0.0002 0.0009 0.0020 0.0022 

R23 max 0.1458 0.0069 0.0120 0.0324 0.1749 0.0093 0.0162 0.0253 0.1488 0.0122 0.0249 0.0382 

mean 0.0057 0.0000 0.0000 0.0007 0.0085 0.0001 0.0001 0.0020 0.0083 -0.0001 0.0021 0.0052 

R13 max 0.0058 0.0157 0.0306 0.0635 0.0161 0.0197 0.0285 0.0573 0.0298 0.0224 0.0319 0.0462 

mean 0.0057 0.0000 0.0000 0.0007 0.0085 0.0001 0.0001 0.0020 0.0083 -0.0001 0.0021 0.0052 

R11 max 0.0150 0.0472 0.1209 0.2022 0.0420 0.0663 0.1424 0.2069 0.2289 0.0784 0.1462 0.1891 

mean 0.0023 0.0102 0.0318 0.0642 0.0058 0.0194 0.0481 0.0795 0.0118 0.0219 0.0540 0.0789 

R22 max 0.2756 0.0669 0.1677 0.2521 0.3097 0.0837 0.1994 0.2427 0.2682 0.1115 0.2130 0.2169 

mean 0.0132 0.0106 0.0340 0.0653 0.0187 0.0204 0.0500 0.0775 0.0254 0.0228 0.0541 0.0765 

R33 max 0.1020 0.0559 0.1293 0.2921 0.1190 0.1064 0.2147 0.3298 0.1281 0.1192 0.2540 0.3201 

mean 0.0057 0.0097 0.0299 0.0637 0.0136 0.0191 0.0493 0.0830 0.0192 0.0235 0.0592 0.0862 
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Table 4.5 – Reynolds stress components data for planes 4-6. 

  Plane 1 Plane 2 Plane 3 

  Experi-
mental SAS 𝜿 −𝝎 

Transi-
tional 

Experi-
mental SAS 𝜿 −𝝎 

Transi-
tional 

Experi-
mental SAS 𝜿 −𝝎 

Transi-
tional 

R12 max 0.1069 0.0157 0.0332 0.0366 0.1745 0.0179 0.0239 0.0233 0.2607 0.0186 0.0154 0.0197 

mean 0.0029 0.0009 0.0023 0.0036 0.0036 0.0011 0.0024 0.0033 0.0013 -0.0001 -0.0014 -0.0013 

R23 max 0.9435 0.0261 0.0466 0.0603 0.0806 0.0452 0.0583 0.0746 0.1261 0.0452 0.0499 0.0535 

mean 0.0012 0.0014 0.0058 0.0105 -0.0200 0.0029 0.0076 0.0116 -0.0183 0.0022 0.0040 0.0057 

R13 max 0.0860 0.0163 0.0276 0.0386 0.0632 0.0220 0.0281 0.0315 0.0895 0.0203 0.0244 0.0238 

mean 0.0012 0.0014 0.0058 0.0105 -0.0200 0.0029 0.0076 0.0116 -0.0183 0.0022 0.0040 0.0057 

R11 max 0.3222 0.0913 0.1413 0.1760 0.4834 0.1097 0.1326 0.1679 0.7360 0.1101 0.1235 0.1560 

mean 0.0211 0.0209 0.0516 0.0727 0.0318 0.0203 0.0505 0.0711 0.0324 0.0207 0.0507 0.0669 

R22 max 0.7927 0.0786 0.1495 0.1740 0.7126 0.0956 0.1358 0.1800 0.6767 0.1362 0.1629 0.2040 

mean 0.0470 0.0215 0.0530 0.0739 0.0701 0.0212 0.0543 0.0754 0.0676 0.0231 0.0560 0.0737 

R33 max 1.9374 0.1355 0.2134 0.2647 0.6320 0.1271 0.1569 0.1992 0.4815 0.0969 0.1076 0.1397 

mean 0.0450 0.0230 0.0566 0.0803 0.0541 0.0210 0.0514 0.0713 0.0408 0.0195 0.0448 0.0568 
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4.6 Conclusion 

The comparison of the prediction of 𝜅 − 𝜔 SST, Transitional SST and SAS 

turbulence model with experimental data obtained in the same configurations, for 

steady state conditions did not indicate a clear superiority of one model in relation 

to the other.  

Since during the cardiac cycle, there are transition from laminar to turbulent 

regime, models that capture the transition are welcome. Further, due to the slight 

better agreement obtained with the SAS model, this model was selected for further 

investigations of the cardiac cycle.  

 

 

 

DBD
PUC-Rio - Certificação Digital Nº 2012353/CA



  84 

 

5 CARDIAC CYCLE ANALYSIS 

This chapter presents an analysis of the blood flow inside the ascending aorta 

during the cardiac cycle. The impact of employing a turbulence model that 

incorporates transition modeling is addressed. Based on the analysis presented in 

Chapter 4, the transition model SAS-SST was selected, coupled with the 

intermittence variable, to better predict the transition flow regime during the cardiac 

cycle.  

The aortic model chosen for the study is based on the studies developed by 

Ibanez (2019) and Ibanez et al. (2020), who evaluated the blood flow in a transient 

regime with and without fluid-structure interaction. The model is basically the same 

as in Chapter 4, but without the 1 m extension at the inlet, as shown in Figure 5.1. 

The aortic valve was considered as a circular orifice. In the present analysis, the 

actual blood properties were defined as: Density 𝜌 = 1054 kg/m³ and dynamic 

viscosity 𝜇 = 0.0035 Pa. s (Gao et al., 2006).  

The prediction of the transition model SAS-SST is compared with the results 

of Ibanez et al. (2020), who employed the 𝜅 − 𝜔 SST model, neglecting compliance 

of the aorta structure, since this effect was not include in the present model. 

 

 

Figure 5.1 – Aorta and coordinate axis origin 
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To visualize the internal velocity fields and evaluate the results qualitatively 

and quantitatively, a plane perpendicular to the inlet was created. (Figure 5.2 a) 

Furthermore, three planes were created parallel to the brachiocephalic artery (𝑥 −

𝑦 plane) where the system's origin is defined. The first plane is located 124 mm 

below the origin, similarly, the other planes are located 94 mm and 74 mm below 

the coordinate axis origin and parallel to 𝑥 − 𝑦 plane, respectively. Additionally, a 

region of interest was defined in the aorta, precisely where the jet impacts the aortic 

wall, which is the region where there is a greater chance for the development of an 

aneurysm because of the blood impact. Figure 5.2 illustrates the aorta with all the 

planes mentioned, as well as the region of interest. 

   

a) Plane perpendicular to inlet b) Planes parallel to 𝑥 − 𝑦 

plane 

c) Region of interest 

Figure 5.2 - Planes and region of interest 

5.1 Case studies 

To represent different patients with different heart beats, two different 

boundary conditions were considerate: 

• Case 1: refers to the boundary conditions employed by Ibanez (2019) and Ibanez 

et al. (2020), corresponding to a cycle with period of 1 s.  

• Case 2: refer to the boundary conditions employed here, based on the work of 

Johnson et al. (2020), considering a cardiac cycle with 0.86 s of duration.  

The boundary conditions selected for this study are based on physiological 

pressure and mass flow rate profiles. At the inlet, pressure profiles were defined 

while for the four outlets in the aorta, total flow rate profiles were imposed, and 

percentage of the total flow rate at each outlet was defined based on 

recommendation of Alastruey et al. (2016), and employed by Ibanez (2019). These 
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values are shown in Figure 5.3: Descending aorta (output 1 – 69.1%), 

brachiocephalic artery (output 2 – 19.3%), left carotid artery (output 3 - 5.2%) and 

left subclavian artery (output 4 – 6.4%). The origin is located on Output 1, where 

the  𝑧-component is perpendicular to its plane, as seen in Figure 5.1. 

 

Figure 5.3 - Percentages of blood flow 

5.1.1 Inlet boundary conditions 

The pressure profile at the inlet of Case 1 was developed by Ibanez (2019), 

based on Crosetto et al. (2011) and Reymond et al. (2013). It is illustrated in Figure 

5.4, and described by: 

𝑝𝑖𝑛(𝑃𝑎)  = 10
3(10, 8 − 37, 4 𝑡 + 837 𝑡2 –  3952 𝑡3 + 7643 𝑡4 − 6642 𝑡5 + 2151 𝑡6 ) (5.1) 

 

Figure 5.4 ‒ Case 1 inlet pressure profile. Ibanez (2019). 
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Case 2 corresponds to the pressure profile, 𝑝𝑖𝑛(t), proposed here, based on the 

work of Johnson et al. (2020), whose the cardiac cycle has a duration of 0.86 s. The 

profile is described by the eight-degree Fourier Series equation using MATLAB as 

an auxiliary. 

𝐹 =  𝑎0 +∑𝑎𝑖 cos(𝑖 𝛼 𝑥) + 𝑏𝑖sin(𝑖 𝛼 𝑥)

𝑛

𝑖=1

  (5.2) 

where 𝑎0 models a constant (intercept) term in the data and is associated with 

the 𝑖 = 0 cosine term, 𝛼 is the fundamental frequency of the signal, 𝑛 is the number 

of terms (harmonics) in the series, and 1 ≤ 𝑛 ≤ 8. The constant values for the 

Fourier series with 8 terms are shown in Table 5.1. 

To evaluate how well the chosen model fits the data. the following quantities 

were evaluated: Sum of Squares Error, SSE=2.053; Root Mean Squared Error, 

RMSE=0.325 and Coefficient of Determination, R2 = 0.997. The small values of 

SSE and RMSE and R2 closer to 1 indicate a good fit. Thus, the values obtained 

indicate that a good fit was achieved. The graph of the adjusted Fourier equation is 

shown in Figure 5.5. 

Table 5.1 – Case 2 - constant values for the Fourier Series for pressure 

profile. 

Fourier Coefficients for pressure profile 

a0 13140 

a1 -769.1 

b1 673.9 

a2 -1351 

b2 -378.3 

a3 720.2 

b3 -595.1 

a4 -129 

b4 141.7 

a5 211.7 

b5 -1.87 

a6 -44.73 

b6 40.77 

a7 24.14 

b7 9.378 

a8 -21.14 
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b8 44.78 

w 7.546 

 

Figure 5.5 - Case 2 inlet pressure profile, based on Johnson et al. (2020). 

5.1.2 Outlet boundary conditions 

For Case 1, the total mass flow rate profile imposed by Ibanez (2019) is given 

by Eq. (5.3), and it is shown in Figure 5.6.  

�̇�𝑟𝑒𝑓 =  56.6 𝑡
6  −   150.8 𝑡5  + 132.9 𝑡4  −  33.2 𝑡3  −  9.8 𝑡2  + 4,4 𝑡 − 0,05   (5.3) 

 

Figure 5.6 – Case 1 mass flow rate profile during cardiac cycle 

The total mass flow rate proposed here, for Case 2, was based on the work of  

Lo et al. (2019), who presented the total volumetric flow rate. Using the density 

value employed in here, it was possible to obtain the total mass flow rate. Also, the 

maximum mass flow rate value was adjusted in order to match as close as possible 

the value from Ibanez et al. (2020). To develop and adjusted profile, the same 

process used for the pressure was used here, so an eight-degree Fourier Series 

equation was developed using MATLAB as an auxiliary. The constant values for 

the Fourier series with 8 terms are shown in Table 5.2. The quality parameters 
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related to the adjustments are SSE=0.00150; RMSE=0.004 and R2 =0.9996, 

indicating the good quality of the fit. The total mass flow rate profile can be 

visualized in Figure 5.7. 

Table 5.2 – Case 2 - constants values for the Fourier Series for the mass 

flow rate profile 

Fourier Coefficients for mass flow rate 

a0 0.08517 

a1 -0.03443 

b1 0.132 

a2 -0.0636 

b2 -0.02072 

a3 -0.01201 

b3 -0.02751 

a4 0.01919 

b4 -0.01905 

a5 0.007674 

b5 0.009546 

a6 -0.0006092 

b6 0.002094 

a7 -0.001467 

b7 -0.000723 

a8 0.002205 

b8 -0.000094 

w 7.149 

 

 

Figure 5.7 - Case 2 mass flow rate during cardiac cycle.  
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5.1.3 Flow regime  

According to Pope, flow through pipes is classified into three main flow 

regimes: 

i. Laminar - 𝑅𝑒 <2000 

ii. Transitional - 4000 > 𝑅𝑒 > 2000 

iii. Turbulent -  𝑅𝑒 > 4000 

To evaluate the flow regime during the cardiac cycle, the inlet Reynolds 

number was determined. Since the flow is incompressible, the total mass flow rate 

profiles for Case 1 and Case 2 were employed. Figure 5.8 is produced by using 

Equation (3.1), blood characteristics, and the aorta diameter 𝐷. Note that the 

maximum Reynolds number at the inlet is approximately 8000, corresponding to 

turbulent regime. 

 

Figure 5.8 ‒ Inlet Reynolds number. 

The aorta’s diameter is larger than the valve diameter (which, here is 

approximated as a constant and equal to the maximum patient valve opening of 16 

mm). Further, the diameter of the aorta varies along its length, increasing in the 

ascending and decreasing in the descending regions. Thus, to estimate the Reynolds 

number inside the aorta, the aorta was considered as a circular pipe, and a mean 

diameter of the aorta equal 38.8 mm was employed. The mean aortic Reynolds 

number is shown in Figure 5.9, with maximum value near 3300. 
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Figure 5.9 – Average Reynolds number. 

Analyzing both Figure 5.8 and Figure 5.9, it can be observed that during the 

period of systole, the regime is turbulent at the entrance of the aorta, passing to the 

transition from 0.35 s onwards and remaining in the laminar regime during the 

remainder of the cardiac cycle. Examining Figure 5.9, it is observed that the average 

Reynolds value did not exceed 3300, indicating that the flow in the interior of the 

aorta is in the transitional regime during systole and laminar in the diastole, 

indicating the need of employing a turbulence model able to model the transition of 

regimes. 

5.2 Periodic regime 

Before analyzing the flow variable for the different cases, it is necessary to 

guarantee that a periodic regime has been numerically attained. To this end, time 

average values of wall pressure (TAP) and wall shear stress (TAWSS) during the 

cardiac cycle, Eqs. (3.85) and (3.86), were determined during different cycles, at 

the region of interest (Figure 5.2c). Case 1 was selected for this test with the SAS 

SST model.  

The data of the first two cycles was discarded and the averages values of the 

third cycle, average of the third combined with fourth cycle and finally the average 

from the third to the fifth cycle were determined. These results are shown in Table 

5.3. It can be seen practically identical results for the time average wall pressure 

and wall shear stress from the third cycle on.  

To better evaluated the difference, the ratio each of these values and the three 

cycles average were determined and they are shown in Table 5.4 and plotted in 

Figure 5.10. It is possible to conclude that the number of cycles for calculating the 
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average quantities did not impact the TAP values. On the other hand, for the average 

and maximum values of TAWSS, the number of cycles slightly impacted the 

values. Thus, for the analysis of the results, the fifth cycle was considered, and all 

mean values were calculated with data from the three last cardiac cycles. 

Table 5.3 - TAWSS and TAP for using 1, 2 and 3 cycles 

 TAWSS (Pa) TAP (mmHg) 

 3° 

cycle 

3° and 4° 

cycle 

3° to 5° 

cycle 

3° 

cycle 

3° and 4° 

cycle 

3° to 5° 

cycle 

Minimum 0.02 0.02 0.02 88.47 88.38 88.44 

Average 1.75 1.74 1.76 88.86 88.80 88.85 

Maximum 5.16 5.31 5.34 89.59 89.52 89.59 

Table 5.4 - Ratio of TAWSS and TAP 

 Ratio of TAWSS (Pa) TAP (mmHg) 

 Minimum Average Maximum Minimum Average Maximum 

1 cycle 1.00 0.99 0.97 1.00 1.00 1.00 

2 cycles 1.00 0.98 0.99 1.00 1.00 1.00 

 

 

Figure 5.10 - Ratio of TAWSS and TAP determined with 1, 2 cycles in 

relation to 3 cycles. 

5.3 Impact of turbulent model during cardiac cycle 

In the previous chapter, the transition models did not present a superior 

prediction of the flow field variables when compared with experimental data, for 
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steady state condition at the systole peak. However, as it was shown in section 5.1.3, 

during the cardiac cycle, the flow inside the aorta is in the transitional regime. Thus, 

in this section, the prediction of the flow variables with the selected transitional 

model SAS SST, with intermittency coupling, is compared with the prediction of 

the 𝜅 − 𝜔 SST, obtained with Ibanez (2019), for Case 1.  

To assess the impact of the turbulence model on hemodynamic patterns 

during the cardiac cycle, the following strategies were used: 

i. Initially, the effects of turbulence models at different moments of the 

cardiac cycle were analyzed, through this way it was possible to identify 

aspects of hemodynamic patterns in terms of turbulence models in specific 

points of the cardiac cycle: beginning of systole period; maximum mass 

flow point in the systolic period; ending of systole period; beginning of 

diastolic period; middle of diastolic period and ending of diastolic period. 

ii. Aiming to identify general behaviors during the cardiac cycle, analyzes of 

temporal averages of quantities of interest were performed: 𝑇𝐴𝑊𝑆𝑆; 𝑇𝐴𝑃 

and 𝑂𝑆𝐼. 

5.3.1 Flow variables at the systole peak 

To begin the evaluation of the impact of the turbulence models in flow 

variables, the time instant corresponding to the systole peak, as illustrated in Figure 

5.11, was chosen. 

 

Figure 5.11 –Cardiac cycle flow rate and pressure. Case 1. Indication of 

time instant of systole peak (𝑡=0.18s). 

In Figure 5.12, the iso-contours of the magnitude of the velocity vector are 

illustrated at the central plane indicted in Figure 5.2a. Qualitatively the flow 

predicted by both turbulence models are similar. The inlet jet entering the aorta 

through the valve (circular orifice) can be clearly seen. As the jet enters the domain, 
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with velocity 𝑉𝑖𝑛= 1.65 m/s, it is decelerated and diffused, presenting a widening of 

its diameter. As the jet approaches the aortic wall, a stronger deceleration can be 

observed. Around the jet, very low velocities can be observed, specially near the 

aortic root, where a flow reverse flow occurs, due to the expansion of the domain, 

since the aorta has a larger diameter than the inlet valve. Quantitatively, the average 

and maximum values of the velocity magnitude, in this central plane, in both cases 

were equivalent, indicating that the turbulence model had little impact on these 

results. This is expected, since at systole peak, the inlet flow is turbulent. 

To complement the analysis, the iso-contours of the velocity vector 

magnitude were plotted along the transverse planes (shown in Figure 5.2b), to allow 

the evaluating of the jet evolution, as we move along the ascending aorta region. In 

Figure 5.13, it is possible to observe once again a great similarity in the two cases. 

At Plane 1, the circular central jet can be seen, and as one advances in the ascending 

region, the maximum values shift to the wall region due to the aorta´s curvature, as 

seen in Plane 2. In the last plane, after the impact of the jet with the aortic wall, the 

blood slows down, resulting in lower velocity values. Only in this plane is it 

possible to identify a region with slightly higher values for the 𝜅 − 𝜔 case, as seen 

by the yellow region, close to the wall. 

SAS SST  𝜅 − 𝜔 SST  

  

|�⃗� |
𝑚𝑒𝑎𝑛

=1.02 m/s |�⃗� |
𝑚𝑎𝑥

=1.78 m/s |�⃗� |
𝑚𝑒𝑎𝑛

=1.00 m/s |�⃗� |
𝑚𝑎𝑥

=1.75 m/s 

Figure 5.12 ‒ Turbulence models impact on the velocity vector magnitude 

on central plane perpendicular to the inlet at the systolic peak. Case 1 
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SAS SST 𝜅 − 𝜔 SST 

 
 

Figure 5.13 ‒ Turbulence models impact on the velocity vector magnitude 

on transversal planes at the systolic peak. Case 1 

Figure 5.14 illustrates streamlines, and a 𝑧-component velocity iso-surface, 

corresponding to 𝑤 =  0.5 m/s obtained with the SAS SST and 𝜅 − 𝜔 SST 

turbulence models. Both variables are colored with the magnitude of the velocity 

vector. The iso-surface visualization is an intuitive way of visualizing the behavior 

of the blood jet that enters the aorta, and the streamlines illustrates the flow 

development along the aorta. Looking at Figure 5.14, the path taken by the blood 

inside the aorta is very similar for both models of turbulence. The iso-surface with 

a value of 𝑤 = 0.5 m/s, indicates that values equal to or greater than 0.5 m/s are 

present inside the surface. In both cases, the iso-surface is similar, with the 𝜅 − 𝜔 

SST model presenting a slightly wider region around the jet with velocity 𝑤 = 0.5 

m/s. The jet impacted the surface of the aorta at nearby points in both cases. At the 

point of maximum flow, the velocity field is maximum in the central region up to 

the point that impacts the wall, from then on it tends to spread inside the aorta until 

the moment it impacts the aortic wall, creating recirculation in the ascending aorta 

region. For the 𝜅 − 𝜔 SST turbulence model, larger recirculation is present, being 

located mainly in the aortic root region. In general, the results are in line with what 

was seen in Figure 5.12 and  Figure 5.13. 
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SAS SST 𝜅 − 𝜔 SST 

  

Figure 5.14 – Turbulence models impact on streamlines and iso-surface of 

the z-velocity component (𝑤=0.5 m/s). Case 1 

The results of the pressure field and shear stress field on the wall (Eq. 3.79), 

at the critical condition of maximum flow is presented in Figure 5.15 and Figure 

5.16, respectively. Such quantities are fundamental to the health of a human being, 

and they can help in medical diagnosis, per example it can aid in identify the impact 

of the growth of aneurysms in the ascending aorta (Almeida et al., 2021). 

Figure 5.15 shows the pressure contours for Case 1, varying the turbulence 

model. It is noticeable that even in a transient situation, at the systole peak, there 

are great qualitative and quantitative similarity with both model’s prediction. Both 

the mean and maximum wall pressure values were identical. The lowest pressure 

occurs in the wall region close to the aortic root (mean pressure values are in the 

order of 100-103 mmHg). At the jet impact region, high pressure can be observed, 

decaying along the flow direction, as expected due to flow friction.  
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SAS SST 𝜅 − 𝜔 SST 

  

𝑃𝑚𝑒𝑎𝑛=104 mmHg 𝑃𝑚𝑎𝑥=107 mmHg 𝑃𝑚𝑒𝑎𝑛=104 mmHg 𝑃𝑚𝑎𝑥=107 mmHg 

Figure 5.15 ‒ Turbulence models impact on pressure contours at the systolic 

peak. Case 1 

SAS SST 𝜅 − 𝜔 SST 

  

𝑆𝑆𝑇𝑚𝑒𝑎𝑛=2.18 Pa 𝑆𝑆𝑇𝑚𝑎𝑥=73.41 Pa 𝑆𝑆𝑇𝑚𝑒𝑎𝑛=2.03 Pa 𝑆𝑆𝑇𝑚𝑎𝑥=74.39 Pa 

Figure 5.16 ‒ Turbulence models impact on WSS contours at systolic peak. 

Case 1 

Examining the wall shear stress distribution in Figure 5.16, obtained at 

systole peak, with both SAS-SST and 𝜅 − 𝜔 SST models, it is possible to see that 

qualitatively, both distributions are similar, with the highest values in the region of 

the ascending aorta, close to the region where the blood jet impacts the wall, and 
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the flow must change direction to flow along the curvature of the aorta. For this 

variable a slight difference can be observed, SAS-SST model presents a smaller 

maximum WSS, but since the area with higher values is larger, high mean WSS 

was obtained. 

Turbulent kinetic energy can be associated with the characteristic eddies’ 

velocity, since in depends on the velocity fluctuations of all three directions (Eq. 

3.9). Its distribution obtained with both models is illustrated over the streamline in 

Figure 5.17. Since turbulent kinetic energy is generated in the region of high shear, 

it is possible to observe that the highest values of 𝜅 occur around the inlet jet. For 

this variable, the model’s selection presented an impact. Lower value of 𝜅 were 

obtained with the transitional SAS SST model (≈ 0.015 m²/s²) than with the 𝜅 − 𝜔 

SST model (≈ 0.025 m²/s²). Although this result corresponds to the systole peak, 

the since the 𝜅 − 𝜔 model considered the entire flow as turbulent, large turbulence 

generation were obtained in the previous time instants, reflecting at the systole peak, 

while for the SAS SST model, with intermittency, transition is modeled and the 

turbulence is damped, when inertia is reduced along the flow.  

SAS SST 𝜅 − 𝜔 SST 

  

Figure 5.17 ‒ Turbulence models impact on streamlines colored by turbulent 

kinetic energy at systole peak. Case 1. 

Next, the 𝑄 criterion (Eq. 3.82) distribution is examined. This variable can 

help to identify coherent structures of the flow and vortices within the aorta. A 

positive value of 𝑄 means that the vorticity magnitude outweighs the strain rate. 

The objective of this analysis is to visualize the coherent structures and mainly the 
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impacts of the turbulence model and boundary condition on it. Together with the 

𝑄-criterion, another important quantity is the normalized helicity normalized 𝐻 (Eq. 

3.83). The helicity measures the degree of connectivity between the flow's vortex 

lines and assesses the tendency of the flow to produce coherent vortices. 

Normalized helicity may help in the identification of valvar and heart problems 

since the helical flow may induce aortic dilatation. The vortex core, which is 

characterized by intense vortex winding, is represented by normalized helicity, 

ranging from -1.0 to 1.0. According to Levy et al. (1990) normalized helicity can 

be used to determine how the velocity vector field is oriented in relation to the 

vorticity vector field for a given flow field, since the normalized helicity is the 

cosine of the angle between the velocity and vorticity vectors. For example, the 

velocity and vorticity vectors tend to align parallel to each other at the center of 

streamwise vortices observed behind ground vehicles, ships, aerodynamic bodies at 

incidence, and in many other flows. As a result, the normalized helicity value at the 

core of the streamwise vortices will be very close to 1.0 or -1.0. This fact is used to 

pinpoint the center of those streamwise vortices. Yet, when velocity and vorticity 

vectors are parallel, the normalized helicity is exactly equal to unity and the 

streamline is locally straight. Therefore, the normalized helicity goes to its 

maximum value on a streamline of minimum curvature.  

Figure 5.18 shows the 𝑄 criterion iso-surface traced with a value equal to 

3.500 s-2, colored by the normalized helicity, ranging from -1.0 to 1.0. This 𝑄 value 

was chosen until a hairpin-shaped structure was found, as interpreted by (Almeida 

et al., 2019), it can have a correlation with growth of aortic aneurysms. 

Analyzing Figure 5.18, it is possible to notice a big difference between the 

turbulence model’s prediction. For the 𝜅 − 𝜔 SST model, the hairpin structure is 

better defined, while for the SAS SST model, the coherent structures are more like 

longitudinal ligaments. Note positive and negative 𝐻 around each arm of the 

hairpin, in the 𝜅 − 𝜔 SST model result, indicating different rotation direction 

around each side. Also note the same sign of 𝐻 around the two longitudinal coherent 

structures predicted by the SAS SST, indicating the same rotation direction around 

the structure. Analyzing the helicity, predicted by both models, the highest values 

of helicity are exactly located in regions of lesser curvature of the ascending aorta. 

The smallest values of helicity, on the other hand, are in the regions of greater 
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curvature of the current lines, indicating that the vorticity and velocity are in 

opposite directions.  

SAS SST  𝜅 − 𝜔 SST  

  

Figure 5.18 ‒ Turbulence models impact in 𝑄 - criterion colored by 

normalized helicity at systole peak. Case 1. 

5.3.2 Flow variables along the cardiac cycle 

In this sub-section, the flow variables are analyzed at different time instants 

along the cardiac cycle. Three points were selected during systole and three points 

during diastole of the cardiac cycle. These time instants are shown Figure 5.19.  

 

Figure 5.19 - Selected points to evaluate the cardiac cycle. Case 1. 

 

At the first- and third-time instants, flow rate is the same, but at the first point, 

the fluid is accelerating, while at the other, equivalent to one third of the cycle, the 

fluid is being decelerated. For the rest of the points, the minimum and maximum 

points of diastole were selected.  
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 Figure 5.20 illustrate the evolution of the magnitude of the velocity vector 

in the central plane in the six-time instants selected for Case 1. The comparison was 

made using the same scale and including the selected points and instants.  

Analyzing Figure 5.20, it is possible to see similar behavior was predicted by 

both turbulence models, i.e., increase of the velocity and subsequent reduction after 

the systole peak. Higher velocities are observed at the decelerating period (t=0.33s), 

although the flow rate is the same at t = 0.07s. It can also be clearly seen the 

significant velocity reduction of the diastole period. Since the same velocity scale 

was selected, no difference between model’s prediction can be observed during the 

diastole. Note however that, the transitional model SAS-SST predicts slightly 

smaller levels of velocity during the decelerating period than the 𝜅 − 𝜔 SST model. 

Iso-surfaces of 𝑤 = 0.5 m/s and streamlines are plotted colored by the velocity 

magnitude, obtained with each model can be visualized in Figure 5.21, along the 

cardiac cycle. It is worth mentioning again that within the iso-surface, the velocity 

values are greater than 𝑤 = 0.5 m/s. In Figure 5.21, a similarity is clearly observed 

between the results obtained with both models, with slight differences at the systole 

peak, as already discussed, and at the decelerating point of the systole (t = 0.33s). 

Initially (t=0.07s), the jet is small, because the flow is beginning to be accelerated. 

As time progresses, the velocity values increase up to the maximum flow point. At 

the third point (0.33 s), when the fluid being pumped is being decelerated, the iso-

surface equal to 𝑤 = 0.5 m/s extends over the entire ascending region of the aorta, 

indicating significant larger velocity than instant 0.07s (with the same flow rate), 

when velocities greater and equal to 𝑤 = 0.5 m/s are restricted to a small region 

near the valve inlet. This occurs because although smaller flow rate is entering the 

aorta, after the peak, the reflection of this reduction hasn´t reached the whole region, 

where faster fluid was present. At points 2 and 3 it is possible to observe some 

recirculation around the inlet jet. However, during the diastole, since the inlet jet is 

not driving the flow, the velocity is significantly reduced and a complex 

recirculation is observable in practically all the aorta, this being present even in the 

superior exits and in the exit of the descending aorta. Due to this deceleration of the 

fluid, there is no longer the presence of the jet with 𝑤 = 0.5 m/s since the fluid 

velocity is on the order of 0.3 m/s, until it reaches rest at the final instant.  
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SAS 

SST 

 

      

𝜅 − 𝜔 

SST  

      

 t = 0.07 s t = 0.18 s t = 0.33 s t = 0.54 s t = 0.75 s t = 0.94 s 

Figure 5.20 - Turbulence models impact in the velocity magnitude contours at center plane during the cardiac cycle. Case 1.       
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SAS 

SST  

 

   
 

  

𝜅 − 𝜔 

SST  

      

 t = 0.07 s t = 0.18 s t = 0.33 s t = 0.54 s t = 0.75 s t = 0.94 s 

Figure 5.21 - Turbulence models impact in the streamlines and iso-surface of the z-velocity component contours at center plane during the 

cardiac cycle. Case 1. 
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To evaluate the impact of the turbulence models in the evolution of the wall 

pressure and wall shear stress during the cardiac cycle, only the systole time instants 

were selected, since during the diastole, the stress levels are lower, and it is the 

highest-pressure and WSS values those physicians and scientist are most concerned 

to assess. 

The wall pressure is shown in Figure 5.22, and the same interval of 10 mmHg 

was defined for each time instant, however, as time increases, the pressure level 

also increases. The main point to be highlighted in this analysis is the qualitative 

similarity between the results obtained with both models, when compared at the 

same time. In the first instant, due to the low velocity values at the inlet, the pressure 

values are low, varying between 70-80 mmHg. As the velocity increases, the 

pressure values also increase as seen at the systole peak (0.18 s), when it is possible 

to clearly observe the region of maximum value, which corresponds to the region 

of impact of the jet on the aortic wall. Note that after the flow rate peak at the systole 

region at 0.18s, the inlet pressure keeps on increasing up to 0.26 s (Figure 5.11), 

and this will reflect in the pressure level observed at the time instant of Point 3 

(0.33s), which is higher than in Point 2. It can be observed that the transitional 

model SAS-SST predicts larger pressure variation along the aorta, during the whole 

cycle, with smaller differences at the systole peak, when the flow is fully turbulent. 

In Figure 5.23, the impact of the turbulence models in evolution of the shear 

stress distribution throughout the cardiac cycle is illustrated. Note that for both 

cases, the first instant the WSS values are very low, mainly due to the low-velocity 

values at the input. For the second instant (systole peak), the results are equivalent 

for both turbulence models, as already discussed. After the impact of the jet, at time 

3, it is observed that the highest values of tension are in the superior region of the 

ascending aorta due to the spreading of the fluid after the impact on the wall. For 

the SAS SST model, a region with slightly higher values was observed than for the 

𝜅 − 𝜔 SST model. 

The impact of the turbulence models in the turbulence quantities during the 

cardiac cycle is examined in Figure 5.24 through Figure 5.26, through the turbulent 

kinetic energy, the turbulent viscosity and the 𝑄 −criteria.  
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SAS 

SST  

 

   

 t = 0.07 s t = 0.18 s t = 0.33 s 

𝜅 − 𝜔 

SST  

   

Figure 5.22 - Turbulence models impact in wall pressure for during the 

systole. Case 1. 

SAS 

SST 

 

   

 t = 0.07 s t = 0.18 s t = 0.33 s 

𝜅 − 𝜔 

SST  

   

Figure 5.23  - Turbulence models impact in the WSS contours during the 

systole. Case 1. 

In Figure 5.24 it is possible to observe that very different results were 

predicted from both models. It is known that the production of 𝜅 is proportional to 

the shear rate, so higher values of velocity are related with high shear rate, which 
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induces higher values of 𝜅. For both models, the value of 𝜅 increases during the 

cardiac cycle until the peak of systole, where its maximum is reached, then, 

𝜅 decreases. It is observed that regions of higher value of 𝜅 are present in the 𝜅 − 𝜔 

SST model solution since the turbulence is not damped in the model with the 

reduction of the flow velocity. With the SAS model, however, it is concluded that 

the effect of turbulence damping is present, because it reduced the production of 𝜅 

to the point where there is no more turbulence at the end instants, and thus the 

formation of regions with higher values of turbulent kinetic energy is nullifying in 

the final instants. 

Examining the turbulent viscosity distribution during the cardiac cycle in 

Figure 5.25, different results obtained with the two models can also be seen. The 

damping of the turbulence by the SAS-SST model can be clearly seen by the 

significant lower turbulent viscosity. The turbulent viscosity, 𝜇𝑡 is proportional to 

turbulent kinetic energy, and inversely proportional to the dissipation. The 

transition models act on the production and destruction of the turbulent quantities 

to reduce the turbulent viscosity during the relaminarization of the flow. Regions 

with higher values of 𝜅 will have higher values of turbulent viscosity. Thus, the 

results presented are equivalent to those shown in Figure 5.24. For the SAS SST 

model, the turbulent viscosity increases as 𝜅 increases and it decreases with 

decreasing velocity and 𝜅. For the 𝜅 − 𝜔 SST model, there are larger regions with 

high turbulent viscosity, since for this model the generation of 𝜅 is not reduced. It 

grows along the cardiac cycle and starts to decrease during the deceleration of the 

flow, although still high results remain due to high values of turbulent kinetic 

energy. 

In Figure 5.26, different 𝑄 values were selected for each time instant in order 

to visualize the formation of vortices and hairpin. The chosen values are indicated 

next to each time instant. It is noticeable that in both cases at the initial instant the 

number of vortices is small, in a toroidal format. For the SAS SST model, it is more 

difficult to identify the formation of the hairpin at the instant of maximum mass 

flow, while for 𝜅 − 𝜔 SST, it can be visualized as previously presented. At the end 

of the systole, beginning of the diastole (t=0.54s), no coherent structure was 

observed for the 𝜅 − 𝜔 SST model, although a few complex structures can be 

visualized in the results of the SAS SST model. 
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SAS SST  

 

      

𝜅 − 𝜔 SST  

      

 t = 0.07 s t = 0.18 s t = 0.33 s t = 0.54 s t = 0.75 s t = 0.94 s 

Figure 5.24 - Turbulence models impact in the turbulent kinetic energy during cardiac cycle. Case 1. 
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SAS SST 

 

      

𝜅 − 𝜔 SST  

      

 t = 0.07 s t = 0.18 s t = 0.33 s t = 0.54 s t = 0.75 s t = 0.94 s 

 

Figure 5.25 - Turbulence models impact in the turbulent viscosity during cardiac cycle. Case 1.
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SAS SST 

 

 Q = 1675 s-2  Q = 3500 s-2  Q = 3750 s-2  

 t = 0.07 s t = 0.18 s t = 0.54 s 

𝜅 − 𝜔 SST 

 Q = 1675 s-2 Q = 3500 s-2  Q = 3750 s-2 

 

Figure 5.26 - 𝑄 - criterion evolution for Case 1
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5.3.3 Time average variables 

In this section, the cycle time average values of wall pressure and WSS are 

analyzed, as well as the oscillatory shear index, defined in section 3.4, obtained 

for Case 1, with both turbulence models are examined. 

Figure 5.27, shows the values of TAP for Case 1 for the 𝜅 − 𝜔 SST and 

SAS SST turbulence models. It is easy to notice that both qualitatively and 

quantitatively the results are similar. For the 𝜅 − 𝜔 SST model, the average value 

was higher than the SAS SST, while the maximum value is higher for the SAS 

SST. Visibly, the region of high values is concentrated in the ascending region, 

close to the point of jet impact. A larger region with high values for the 𝜅 − 𝜔 

model is consistent with the highest average value for this case. Thus, it can be 

concluded that the turbulence model had some impact on TAP values in the region 

of interest at the aortic wall.  

SAS SST 𝜅 − 𝜔 SST 

  

𝑇𝐴𝑃𝑚𝑒𝑎𝑛=88.85 

mmHg 

𝑇𝐴𝑃𝑚𝑎𝑥=89.59 

mmHg 

𝑇𝐴𝑃𝑚𝑒𝑎𝑛=88.93 

mmHg  

𝑇𝐴𝑃𝑚𝑎𝑥=89.57 

mmHg 

Figure 5.27 – Turbulence models impact in TAP. Case 1 

The impact of the turbulence model in the time-average of WSS (TAWSS), 

are shown in Figure 5.28, where it was observed that qualitatively there was also 

not much difference in the TAWSS field in the aorta, and the highest values, as in 

the case of TAP, were found in the region of the ascending aorta, close to the jet 
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impact region. However, quantitatively, there were some differences in the 

average values and mainly in the maximum value in the region of interest. In this 

region the SAS turbulence model presented a maximum value higher than the 𝜅 −

𝜔  This fact indicates that the turbulence model does not have a negligible impact 

in the TAWSS values in the region of interest.  

SAS SST 𝜅 − 𝜔 SST 

  

𝑇𝐴𝑊𝑆𝑆𝑚𝑒𝑎𝑛=1.76 

Pa 

𝑇𝐴𝑊𝑆𝑆𝑚𝑎𝑥=5.34 

Pa 

𝑇𝐴𝑊𝑆𝑆𝑚𝑒𝑎𝑛=1.56 

Pa  

𝑇𝐴𝑊𝑆𝑆𝑚𝑎𝑥 = 4.68  

Pa 

Figure 5.28 – Turbulence models impact in TAWSS. Case 1 

In addition to the quantities TAP and TAWSS, it is also interesting to 

evaluate the Oscillatory Shear Index (OSI) (Eq. 3.87), as shown in Figure 5.29. 

According to Gabriel et al. (2016), there is widespread use of the OSI metric 

spatiotemporal quantification of oscillatory flow in cardiovascular flow patterns 

studies. Besides that, high OSI values may facilitate the beginning of the 

atherosclerosis disease (Harloff et al., 2010).  

Examining the distribution of OSI obtained with the two turbulence models 

for Case 1 in Figure 5.29, it is possible to observe that for both turbulence models, 

high values of OSI were found in the aortic wall. These higher OSI values are in 

the aortic root, aortic arch and in the middle and end of the descending aorta. As 

described by Ibanez  (2019), it is possible to observe that the TAWSS and OSI 

values are inversely proportional, concluding that high OSI values imply low WSS 
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values and these can facilitate the onset of atherosclerosis. 

SAS SST 𝜅 − 𝜔 SST 

  

Figure 5.29 - Turbulence models impact in OSI. Case 1. 

5.4 Impact of boundary conditions 

The evaluate the impact of different boundary conditions during the cardiac 

cycles (Figure 5.30), in the flow field, representing different patients with different 

hear beats, corresponding to Case 1 and Case 2, the turbulence transitional model 

SAS SST with intermittence was selected. 

              Case 1                                                                Case 2 

                                     

                                  

Figure 5.30 – Inlet pressure and total mass flow rate. During the cardiac 

cycle. Case 1 and Case 2. 

Note in Figure 5.30, that although both cases present the same maximum 

mass flow rate and maxim inlet pressure, Case 1 remains during a long period of 
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time with higher flow rate than Case 2. Note also, that in both cases, the pressure 

peak occurs at approximately at the same time instant, after the mass flow rate 

peak. However, the minimum pressure of Case 2 is higher, and the cycle is shorter. 

In this section the same strategy presented in the previous section is 

employed, i. e., first, it was evaluated the impact of the boundary conditions in 

specific time instants of the cardiac cycle; then the mean temporal study was 

performed. 

5.4.1 Flow variables at the systole peak. SAS-SST 

Figure 5.31 presents the velocity data for Case 1 and Case 2 at systole peak. 

The velocity vector magnitude is shown in the central and transversal planes, as 

well as streamlines and the 𝑤 =0.5 m/s iso-surface. Analyzing the flow in Figure 

5.31, the jet is significantly longer for Case 1 than Case 2, and it also is wider. 

This occurs, because for Case 1 there is a long period of time with high flow rate 

entering the domain. However, the streamlines are similar for both cases, with a 

small recirculation near the inlet jet. A consequence of the shorter jet, the 

velocities are smaller at the upper planes. 

In both cases, it is possible to notice lower values of velocity in the region 

of the aortic root and values of the order of 0.75 m/s in the middle of the center 

plane. In quantitative terms, the results of Case 1 presented the highest average 

value in the plane, on the other hand, Case 2 presented a higher value of maximum 

velocity in the central plane. Such a case indicates that the boundary condition had 

a strong impact on the values of this comparison.  

Pressure and shear stress at the systole peak can be examined Figure 5.32 

for the two cases. In case 2, the point of maximum pressure, that is, where the jet 

impacts the aortic wall, is much lower than in Case 1.  At the same time, there is 

a region of low-pressure values for Case 2 in the aortic root region, a fact that 

occurred due to the concentration of the highest velocity values in this region. For 

Case 1, these lower values are more spread out in the ascending aorta, due to the 

greater prolongation of the jet and greater distribution of the fluid in this region. 

Finally, it is important to mention that Case 2 presented a much higher scale of 

values than Case 1, since the range of inlet pressure is higher for Case 2 than for 

Case 1. 
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                 Case 1                                                       Case 2 

       |�⃗⃗� |
𝑚𝑒𝑎𝑛

=1.02 m/s     |�⃗⃗� |
𝑚𝑎𝑥

=1.78 m/s                        |�⃗⃗� |
𝑚𝑒𝑎𝑛

=0.72m/s      |�⃗⃗� |
𝑚𝑎𝑥

=1.99 m 

                        

                      
/s 

                 

Figure 5.31 ‒ Velocity vector magnitude on central and transversal planes, 

𝑤=0.5 m/s iso-surface and streamlines,  at the systolic peak for Case 1 and 2. 

SAS-SST.         
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It can also be seen that the impact of the boundary condition in the WSS 

distribution is significant. For Case 1, as already discussed, the highest values are 

along the ascending aorta, close to the jet impact region. For Case 2, as for the 

pressure distribution, the highest values are close to the aortic root region, forming 

a kind of ring. This ring of high values is located exactly in the region of higher 

pressure, indicating that there is a correlation between these two variables and 

their corresponding extreme values. 

                 Case 1                                                       Case 2 

        

𝑃𝑚𝑒𝑎𝑛=104 mmHg            𝑃𝑚𝑎𝑥=107 mmHg            𝑃𝑚𝑒𝑎𝑛=120 mmHg            𝑃𝑚𝑎𝑥=123 mmHg 

     

𝑊𝑆𝑆𝑚𝑒𝑎𝑛=2.18 Pa       𝑊𝑆𝑆𝑚𝑎𝑥=73.41 Pa      𝑊𝑆𝑆𝑚𝑒𝑎𝑛=2.19 Pa    𝑊𝑆𝑆𝑚𝑎𝑥 = 80.20Pa 

Figure 5.32 – Wall pressure and WSS at the systolic peak for Case 1 and 2. 

SAS-SST. 
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                 Case 1                                                      Case 2 

                

                 

Figure 5.33 - Streamlines colored by turbulent kinetic energy and 𝑄 – 

criterion colored by normalized helicity for Case 1 and Case 2. SAS-SST. 

Turbulent quantities can be examined in Figure 5.33, where the turbulent 

kinetic energy is plotted on the streamlines, and the normalized helicity is plotted 

with the 𝑄 – criterion. Note that for Case 2, smaller values of 𝜅 were predicted in 

relation to Case 1. At the same time, the values of 𝜅 in Case 2 are in a smaller 

region, close to the aortic root, a fact already expected due to the results presented 

in Figure 5.31, since the jet is concentrated at the inlet region. For Case 1, higher 

values are observed both in the aortic root and above it. Such results agree with 

the jets shown in Figure 5.31, indicating that larger values of 𝜅 are present along 

the respective jets. The 𝑄 - criterion predicted for Case 2 has the shape of a circular 

toroid, which are in the region of the aortic root. In Case 1, the structures are more 

spread out, not forming a hairpin. Note that the locations of these coherent 

structures are located exactly in the region of highest WSS values in the aortic 

wall for both Case 1 and Case 2.  This result is expected since higher WSS values 

induce higher vorticity values and consequently higher helicity values. That is, 
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where there is a greater value of WSS, there is a greater value of helicity.  

5.4.2 Flow variables along the cardiac cycle. SAS-SST 

Aiming to evaluate the results at different times of the cardiac cycle, Figure 

5.34 shows the time instants selected for Case 1 and Case 2, employing the same 

strategy used in the previous analysis. In diastole, the three selected points present 

practically zero flow and were selected so that they are equidistant in the cycle. 

                 Case 1                                                       Case 2 

 

Figure 5.34 - Selected points for Case 2 

Figure 5.35 and Figure 5.36 can be examined together, since the magnitude 

of the velocity vector is shown in the central plane in the former and w=0.5 m/s 

iso-surface and streamlines in the later. Note that an interesting fact happened at 

Points 2 and 3 of each case. It is possible to notice that for Case 1, the jet strikes 

the aortic wall in 0.18 s and decelerates from there, as indicated at the instant of 

0.33 s. On the other hand, for Case 2, at the instant of maximum flow, the fluid 

has not yet reached the wall, and the same happened only in 0.29 s. If we look at 

the flow graphs in each case, it is easy to see that more fluid volume has already 

entered the aorta for Case 1 than for Case 2, thus explaining this difference 

between Points 2 and 3 of each case. Finally, during diastole, it is possible to 

observe that the results are qualitatively similar, where the fluid starts to decelerate 

reaching very low velocities values at the last selected moment. 

For the streamlines and jet the comparison between Cases 1 and 2, there is 

a difference in the systole points as seen in Figure 5.36. For case 1, at the instant 

of maximum flow (0.18 s), the jet impacts the wall and spreads inside the aorta 

with a deceleration (0.33 s), however, for Case 2, at the instant of maximum flow 

(0.21 s) the jet has not yet reached its maximum size for impact on the wall, the 

impact only occurs at the instant of 0.29 s where, due to the impact, it is possible 
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to observe the appearance of more recirculation zones, as seen in Case 1 for the 

time instant of 0.33s. For the first instant of diastole (0.54 s), for Case 1 it is 

observed that the fluid starts to decelerate strongly, to the point that the jet with 

the selected value is no longer present. On the other hand, in Case 2, at the same 

time instant, there is still the presence of the jet, indicating that there is still fluid 

with a velocity greater than or equal to 𝑤 = 0.5 m/s. For both cases, it is possible 

to notice great recirculation inside the aorta at Point 4. For the two following 

moments, for Case 1, it is observed that the fluid continues to decelerate with great 

recirculation in practically the entire aorta with very flow velocity. In Case 2, the 

fluid also decelerates with recirculation, but this is more present in the region of 

the ascending aorta, in the superior outlets and in the aortic arch. 

In Figure 5.37, it is possible to observe the impact of the boundary condition 

on the pressure field. Note that Case 2 presents higher pressure values at all chosen 

moments, since the inlet pressure range is higher. At the same time, at the instant 

of maximum flow, it is possible to observe that for Case 1 the jet has already 

impacted the wall, while in Case 2 the jet is still developing, reaching the wall 

only at t= 0.29 s, where the largest pressure values are seen, as indicated by the 

redder region in the ascending aorta. As in the section where the impact of the 

turbulence model was evaluated, here it can be seen that the pressure values 

increase as the cardiac cycle progresses, since the pressure peak occurs after the 

flow rate peak. 

In Figure 5.38 it is possible to verify that Case 2 presents higher WSS values, 

which are concentrated in the aortic root region, because the flow has not yet 

reached its peak flow and the fluid has not traveled through most of the ascending 

aorta. For time instant 2, as already observed, Case 1 presents a region of higher 

values more spread out near the region of impact of the jet on the wall, while in 

this case, the jet has not yet fully impacted the wall. Thus, the highest values are 

still close to the aortic root region, forming a kind of ring of maximum values. For 

time instant 3, in Case 1, the blood jet has already covered a good part of the 

ascending aorta, creating a larger region with higher values of WSS. In Case 2, 

the jet impacts the wall at instant 3, resulting in a wider region than in the previous 

instant, with high values close to the point of impact of the jet. Thus, we can 

observe a certain delay for the impact of the jet on the wall for Case 2 when 

compared to Case 1. 
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Case 1 

 

      

 

t = 0.07 s t = 0.18 s t = 0.33 s t = 0.54 s t = 0.75 s t = 0.94 s 

Case 2 

      

 t = 0.15 s t = 0.21 s t = 0.29 s t = 0.50 s t = 0.70 s t = 0.86 s 

  

Figure 5.35 - Velocity contours during the cardia cycle for Case 1 and Case 2. SAS.SST.
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Case 1 

 

   
 

  

 

t = 0.07 s t = 0.18 s t = 0.33 s t = 0.54 s t = 0.75 s t = 0.94 s 

Case 2 

      

 t = 0.15 s t = 0.21 s t = 0.29 s t = 0.50 s t = 0.70 s t = 0.86 s 

Figure 5.36 – Streamlines and iso-surface for Case 1 and Case 2
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Case 

1 

 

   

 

t = 0.07 s t = 0.18 s t = 0.33 s 

Case 

2 

   

  t = 0.15 s  t = 0.21 s t = 0.29 s 

Figure 5.37 - Pressure contours during the systole for Case 1 and Case 2. 

SAS-SST. 

Case 

1 

 

   

 

t = 0.07 s t = 0.18 s t = 0.33 s 

Case 

2 

  

 

 

  t = 0.15 s  t = 0.21 s t = 0.29 s 

Figure 5.38 - WSS contours during the systole for Case 1 and Case 2. SAS-

SST.
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The effect of the boundary condition on 𝜅 during the cardiac cycle, in shown 

in Figure 5.39. For Case 1 and Case 2, the initial instants are very similar to each 

other. However, in the following points there are great differences. While in Case 

1 at time 3, there is a larger region with high values of 𝜅, in Case 2, this region is 

still small because the fluid jet is still growing as can be seen in Figure 5.36. For 

the following time instants, for Case 1, with the decrease in velocity, the 𝜅 values 

also decrease. For Case 2, at these time instants, higher values of 𝜅 are perceived, 

since at these instants the velocity inside the aorta is higher, as seen and discussed 

earlier (Figure 5.36). It is only at the final time instant that there is practically no 

value of 𝜅, since in both cases the fluid is practically at rest. 

The behavior of turbulent viscosity throughout the cardiac cycle (Figure 5.39) 

is similar as for 𝜅. For Case 1, there are higher values of viscosity in the first three 

chosen instants, since velocity is high, as well as 𝜅, causing regions with higher 

values of turbulent viscosity. On the other hand, in the subsequent time instants, 

Case 2 presents regions with greater turbulent viscosity, since in these moments 

there are still regions with higher values of velocity (Figure 5.36), generating 

greater turbulent kinetic energy and consequently greater 𝜇𝑡. Finally, it is important 

to mention that even in the final moments, for Case 2 there are still values between 

0.01 and 0.03 Pa.s of turbulent viscosity while for Case 1, the values are in the range 

of 0 to 0.01 Pa.s, indicating that in Case 2, the flow still presents a little turbulence 

when compared to Case 1. 

In Figure 5.41, the  𝑄-criterion evolution is shown for both cases at the 

different time instants. At the initial, the beginning of the hairpin formation can be 

seen for Case 1, while for Case 2, it presents only a small structure in the shape of 

a toroid. For time instant 2, Case 1 already illustrates coherent structures with high 

values of normalized helicity because of high values of WSS (Figure 5.38). At the 

final time instant, with the pressure drop for Case 1, the coherent structures 

disappear, while in Case 2, the highest values of WSS present at that instant (Figure 

5.38) are related to higher values of normalized helicity and more structures in the 

inside. 
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Case 1 

 

      

 

t = 0.07 s t = 0.18 s t = 0.33 s t = 0.54 s t = 0.75 s t = 0.94 s 

Case 2 

      

 t = 0.15 s t = 0.21 s t = 0.29 s t = 0.50 s t = 0.70 s t = 0.86 s 

Figure 5.39 - Turbulent Kinetic Energy evolution for Case 1 and Case 2. SAS-SST.
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Case 1 

 

      

 t = 0.07 s t = 0.18 s t = 0.33 s t = 0.54 s t = 0.75 s t = 0.94 s 

Case 2 

      

 t = 0.15 s t = 0.21 s t = 0.29 s t = 0.50 s t = 0.70 s t = 0.86 s 

  

Figure 5.40 - Turbulent Viscosity Evolution for Case 1 and Case 2. SAS-SST.
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Case 

1 

 

 

Q = 1675 s-2 

Q 

= 3500 s-2 

 Q 

= 3750 s-2  

 

t = 0.07 s t = 0.18 s t = 0.33 s 

Case 

2 

 

Q = 1675 s-2 

 

Q = 3500 s-2 

 

Q = 3750 s-2 

  t = 0.15 s  t = 0.21 s t = 0.29 s 

  

Figure 5.41 – 𝑄-criterion evolution for Case 1 and Case 2. SAS-SST. 

5.4.1 Time average variables. SAS-SST 

Concerning to the mean temporal study, the results for the TAP, TAWSS and 

OSI are shown in Figure 5.42, Figure 5.43 and Figure 5.44, respectively. In this 

comparison, it is possible to notice a qualitative and quantitative difference in the 

results of TAP on the wall (Figure 5.42). For Case 2, there are few regions with 

high values, which are concentrated in the ascending aorta. On the other hand, as 

already described, in Case 1 the values extend over almost the entire middle and 

upper part of the ascending aorta, indicating a greater distribution of maximum 

values. Quantitatively, the average and maximum values of Case 2 are much higher 

than those of Case 1, in the order of 10 mmHg. The higher value in case 2 is 

explained by the higher inlet pressure values along the cardiac cycle for case 1. 

Observing Figure 5.30, the values during systole are equivalent, ranging from 80 
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mmHg to 120 mmHg, however, after the middle of the cycle, in the period of 

diastole, Case 2 has higher pressure values, which are reflected in higher pressure 

values on the wall. Case 2 presented a region of values greater than in Case 1, 

although its maximum value was close to Case 1. The higher average value in the 

region of interest in Case 2 was mainly due to the larger area with higher values.  

The impact of the boundary condition in the WSS was smaller than in the 

pressure, as can be seen in Figure 5.43, which shows equivalent distributions of 

TAWSS for both boundary conditions, with equivalent maximum TAWSS. 

However, Case 2 presents a higher average value.  

Case 1 Case 2 

  

𝑇𝐴𝑃𝑚𝑒𝑎𝑛=88.85 𝑇𝐴𝑃𝑚𝑎𝑥=89.59 𝑇𝐴𝑃𝑚𝑒𝑎𝑛=98.70  𝑇𝐴𝑃𝑚𝑎𝑥=99.39 

Figure 5.42 – TAP (mmHg) for Case 1 and Case 2. SAS-SST. 

The OSI distribution for both boundary conditions are shown in Figure 5.44. 

Note that the OSI values are inversely proportional to the TAWSS values. In this 

case, it is worth highlighting the highest OSI values for the Case 2, which in this 

case are more prominently present throughout the aorta, showing a more significant 

impact of boundary condition in the OSI distribution, obtained with the SAS SST 

model. 
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Case 1 Case 2 

  

TAWSSmean=1.76 TAWSSmax=5.34 TAWSSmean=1.87  TAWSSmax = 5.35 

Figure 5.43 – TAWSS (Pa) for Case 1 and Case 2. SAS-SST. 

 

Case 1 Case 2 

  

Figure 5.44 - OSI for Case 1 and Case 2. . SAS-SST.
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6 FINAL REMARKS 

The main objective of this work was to apply CFD to numerically evaluate 

the distribution of stresses (pressure and shear), velocity and turbulent quantities 

during the cardiac cycle, in the aorta of a patient who underwent TAVI. To achieve 

this, the present work was basically divided into two main parts. 

The first part consisted of selecting a turbulence model capable of accurately 

predicting the flow field inside an aorta. To this end, different turbulence models 

were compared to high-fidelity PIV experimental data of Bessa et al. (2021), 

obtained for the same real scale aorta, during steady state, in the condition of 

maximum mass flow, employing exactly the same fluid properties and boundary 

conditions. The aorta model was created from tomography angiography images of 

the patient exam. Bessa et al. (2021) measured the velocity components and 

determined their mean values, as well as their fluctuations at six different planes 

parallel to the brachiocephalic artery (𝑥 − 𝑦 plane), where the system's origin was 

located. 

Aiming to analyze the cardiac cycle, which is formed of two parts, systole 

(with high flow rate) and diastole (very low flow rate), the turbulence model must 

be capable of capture the transition from laminar to turbulent flow. Thus, two 

transitional models based on the URANS methodology were selected: Transitional 

𝜅 − 𝜔 SST and SAS SST models. These model’s prediction was also compared 

with the solution obtained with the κ-ω SST turbulence model employed by Ibanez 

et al. (2020). To select the most adequate turbulence model, velocity components, 

as well as turbulent quantities, like the turbulent kinetic energy (𝜅) and the 

components of the Reynolds tensor were evaluated. From the analysis performed, 

no model indicates a clear superiority in relation to the others. As the goal is to 

simulate and identify the impact of the laminar to turbulent transition and the 

relaminarization, the SAS-SST model was selected for further investigations of the 
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cardiac cycle, due to the slightly better agreement obtained with the experimental 

data. 

In the second part of this work, the blood flow in the ascending aorta was 

analyzed during the cardiac cycle, employing real blood properties, in the same 

aorta model. As mentioned, the SAS-SST model with intermittence was employed 

to predict the flow during the cardiac cycle. The flow parameters were only 

analyzed after a periodic regime had been attained. It was shown that three cycles 

were sufficient. However, to improve the quality of the results, all properties 

examined were obtained with the average of the data from the third to the fifty 

cycles.  

The analysis of the cardiac cycle was subdivided into two sub steps. The first 

one was aimed to evaluate the impact of the SAS SST transitional model versus the 

κ-ω SST model on the results. For this step, there are no experimental data 

available, thus the objective was to verify the performance of the transitional 

turbulence model to damp turbulence and identify this impact in relevant flow 

parameters in relation to the κ-ω SST, previous examined by Ibanez et al (2020).  

The impact of the turbulence models in the flow field was performed through 

the analysis of the magnitude of the velocity vector, the 𝑧-velocity component, 

streamlines, as well as wall pressure and wall shear stress (WSS). Turbulence 

quantities, like turbulent kinetic energy, 𝑄-criterion and normalized helicity were 

also compared. These variables were examined at different time instants during the 

cardiac cycle. Further, time average variables within the cardiac cycle were 

examined (wall pressure, WSS and oscillatory shear index).  

From the results obtained, it was shown that the transitional SAS SST model 

did not present any impact in the flow variable at the systole peak, when compared 

with the prediction of the κ-ω SST model. However, during the flow deceleration 

in the systole region and diastole, the transitional model damped the turbulence and 

significant differences were observed in all turbulent variables. The turbulent 

viscosity as well as 𝜅 were significantly reduced, and different coherent structures 

were obtained. However, qualitatively the flow behavior during the cycle was very 

similar. Because of the turbulence damping due to transition to laminar flow, 

significant impact was observed for the time average WSS (13% smaller) and for 

the oscillatory shear index, although approximately the same time average pressure 

was obtained with both models. 
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The last part of this work consisted in analyzing the impact in the flow field 

of different boundary condition, representing patients with different heart beats, 

consequently different cycles period, and different pressure and flow rate along the 

cycle. The SAS SST transitional model with intermittence was employed and two 

sets of boundary conditions varying with time were defined, based on physiological 

profiles. In both cases, pressure profile was prescribed at the inlet, with a total 

outflow mass flow rate profile, with the same percentage of distribution through the 

4 outlets of the aorta. Case 1 was based on the work of Ibanez et al. (2020), while 

Case 2, was based on Johnson et al. (2020). In the selection of the boundary 

condition, care was taken so that both cases presented the same maximum flow rate 

and maximum pressure. In both cases, the pressure peak occurred after the mass 

flow rate peak. Case 2 presented an average pressure along the cycle higher than 

Case 1. Besides different period length, the cases presented different acceleration 

and deceleration along the systole. At the diastole period, smaller mass flow rate 

was imposed for Case 2 than for Case 1. 

Examining the results obtained for both cases, it was clear that although the 

evolution of the flow is similar, the boundary conditions impacted on the evolution 

of the flow during the cycle. As the inlet jet enters the domain, during the 

acceleration period of the systole, a centered strong jet can be observed, with 

recirculating flow around it. The flow impacts at the aorta wall, resulting in peak of 

pressure. However, it was observed a delay of the flow development, i.e., different 

time instant of jet impact at the wall and resulting wall pressure and wall shear 

peaks. This delay of the flow development impacted directly on the turbulent 

quantities. Significant differences were observed with relation to the 𝑄-criteria, and 

normal helicity distribution, resulting in different coherent structure for each case. 

With respect to the impact of the boundary conditions in the time average quantities, 

it was observed similar TAWSS, with almost the same maximum value and with a 

mean value only 5% higher for Case 2. As a result of the different time evolution 

of the flow during the cycle, Case 2 presented several small regions along the 

ascending aorta with high values of the OSI. The largest impact of the boundary 

conditions was in the time average pressure level, what was expected due to the 

higher inlet pressure values imposed during the cycle. However, the variation of the 

pressure level in relation to its mean value between both cases was negligible.  
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As a conclusion, it can be said that the selection of the SAS SST model with 

intermittency was positive, as it was able to demonstrate the transition effects of the 

flow. The flow distribution for different patients (represented by the different 

boundary condition) is qualitatively similar, but with different time evolution. The 

absolute values of the velocity, pressure and turbulence quantities presents a 

significant dependency on the prescribe boundary values. The largest impact was 

in the formation of the coherent structures.  

From the analysis performed, it can be suggested, that this type of analysis 

must be personalized. However, with respect to time average results, normalization 

of the prediction may help to generalize the findings. 

As suggestions for future works, it would be interesting to evaluate the impact 

of a better representation of the aortic valve, considering a realistic 3D model. A 

more realistic definition of the outflow boundary condition, employing the 

Windkessel model (Westerhof et al, 2009) can also improve the quality of the 

predictions. Further, simulating the same flow in the same domain with other 

turbulence models such as 𝜅 − 𝜔 with intermittency, LES and DNS would be of 

great value. Another suggestion is to evaluate the effects of aortic compliance 

through an FSI simulation, what would bring the results even closer to reality. 

Finally, the flow inside the aorta of different patients, with other combinations of 

boundary conditions can corroborate the findings of the present work. 
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APPENDIX 

This appendix contains additional results from Chapter 5 of this work, where 

comparison of three turbulence models with experimental data was presented. The 

mean relative and absolute error of plane average values of the velocity vector 

components and for the six components of the Reynolds tensor of each model in 

relation to the experimental data are shown in the following tables. 
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Table A.1 - Relative error for mean quantity for planes 1-6 

 Relative Error  - Plane 4 Relative Error  - Plane 5 Relative Error  - Plane 6 

Quantity SAS κ-ω Transitional SAS κ-ω Transitional SAS κ-ω Transitional 

umean 28% -1% -10% -25% -29% -34% -178% -56% -65% 

vmean -105% -112% -109% 353% 344% 343% -176% -168% -172% 

wmean 21% 23% 23% 21% 18% 15% 36% 30% 25% 

kmean -42% 43% 101% -150% 0% 99% -55% 8% 40% 

R12mean -68% -21% 23% -216% -108% -24% -107% -209% -201% 

R23mean 14% 371% 750% 801% 968% 1107% -112% -122% -131% 

R13mean 14% 371% 750% 801% 968% 1107% -112% -122% -131% 

R11mean -1% 145% 244% -57% 92% 194% -36% 56% 106% 

R22mean -54% 13% 57% -230% -74% 25% -66% -17% 9% 

R33mean -49% 26% 78% -157% -13% 82% -52% 10% 39% 

Average -24% 86% 191% 114% 217% 291% -86% -59% -48% 

 Relative error - Plane 1 Relative error - Plane 2 Relative error - Plane 3 

Quantity SAS κ-ω Transitional SAS κ-ω Transitional SAS κ-ω Transitional 

umean -39% 69% 28% 317% 1741% 3023% 58% 53% 119% 

vmean -26% -1% 0% -25% -32% -35% -59% -77% -81% 

wmean -15% -16% -18% -13% -13% -10% 5% 12% 15% 

kmean 44% 352% 814% 55% 287% 531% 21% 197% 328% 

R12mean -105% -448% -1180% -230% -516% -413% 420% 1008% 1125% 

R23mean -100% -101% -87% -99% -99% -77% -101% -75% -38% 

R13mean -100% -101% -87% -99% -99% -77% -101% -75% -38% 

R11mean 352% 1302% 2734% 237% 734% 1280% 85% 357% 568% 

R22mean -20% 157% 395% 9% 167% 315% -10% 113% 201% 

R33mean 70% 426% 1021% 40% 262% 509% 23% 208% 349% 

Average 6% 164% 362% 19% 243% 505% 34% 172% 255% 
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Table A.2 - Absolute error for mean quantity for planes 1-6 

 Absolute error - Plane 1 Absolute error - Plane 2 Absolute error - Plane 3 

Quantity SAS κ-ω Transitional SAS κ-ω Transitional SAS κ-ω Transitional 

umean 1% 1% -1% -1% -3% -6% -2% -1% -3% 

vmean -8% -12% -14% -7% -8% -9% -15% -20% -21% 

wmean -5% -9% -9% -3% -3% -2% 1% 3% 4% 

kmean 0% 2% 6% 1% 5% 10% 1% 6% 9% 

R12mean 0% 0% 0% 0% 0% 0% 0% 0% 0% 

R23mean -1% -1% -1% -1% -1% -1% -1% -1% 0% 

R13mean -1% -1% -1% -1% -1% -1% -1% -1% 0% 

R11mean 1% 2% 5% 1% 4% 7% 1% 4% 7% 

R22mean 0% 1% 4% 0% 3% 6% 0% 3% 5% 

R33mean 0% 1% 4% 1% 4% 7% 0% 4% 7% 

Average -1% -1% -1% -1% 0% 1% -2% 0% 1% 

 Absolute error - Plane 4 Absolute error - Plane 5 Absolute error - Plane 6 

Quantity SAS κ-ω Transitional SAS κ-ω Transitional SAS κ-ω Transitional 

umean -2% 0% 1% 2% 2% 3% 2% 1% 1% 

vmean -30% -32% -31% -43% -42% -42% -48% -46% -47% 

wmean 6% 6% 7% 8% 7% 6% 10% 8% 7% 

kmean -2% 2% 6% -5% 0% 3% -4% 1% 3% 

R12mean 0% 0% 0% 0% 0% 0% 0% 0% 0% 

R23mean 0% 0% 1% 2% 3% 3% 2% 2% 2% 

R13mean 0% 0% 1% 2% 3% 3% 2% 2% 2% 

R11mean 0% 3% 5% -1% 2% 4% -1% 2% 3% 

R22mean -3% 1% 3% -5% -2% 1% -4% -1% 1% 

R33mean -2% 1% 4% -3% 0% 2% -2% 0% 2% 

Average -3% -2% 0% -4% -3% -2% -4% -3% -3% 
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Table A.3 - Relative error for maximum quantity for planes 1-3 

 Relative error –Plane 1 Relative error - Plane 2 Relative error - Plane 3 

Quantity SAS κ-ω Transitional SAS κ-ω Transitional SAS κ-ω Transitional 

umax 246% 253% 120% 98% 161% 117% 12% 55% 35% 

vmax -20% -24% -21% -19% -24% -23% -21% -33% -40% 

wmax -15% -24% -22% -14% -24% -24% -14% -26% -30% 

umin 69% 91% 68% 132% 268% 241% 88% 65% 41% 

vmin 76% -31% 1% 113% 231% 216% 262% 319% 275% 

wmin 136% 284% 266% 264% 247% 247% 151% 190% 206% 

kmax -64% -5% 70% -51% 5% 52% -39% 21% 53% 

R12max 303% 980% 2286% 87% 289% 482% -60% -16% 6% 

R23max -95% -92% -78% -95% -91% -86% -92% -83% -74% 

R13max 174% 431% 1003% 22% 77% 255% -25% 7% 55% 

R11max 214% 704% 1245% 58% 239% 393% -66% -36% -17% 

R22max -76% -39% -9% -73% -36% -22% -58% -21% -19% 

R33max -45% 27% 186% -11% 80% 177% -7% 98% 150% 

Average 69% 197% 394% 39% 109% 156% 10% 42% 49% 
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Table A.4 - Relative error for maximum quantity for planes 4-6 

 Relative Error  - Plane 4 Relative Error  - Plane 5 Relative Erro  - Plane 6 

Quantity SAS κ-ω Transitional SAS κ-ω Transitional SAS κ-ω Transitional 

umax 4% 27% 20% -2% -9% -14% 5% -21% -30% 

vmax -13% -35% -47% -8% -30% -37% -43% -38% -41% 

wmax -13% -24% -30% -4% -20% -28% 24% -1% -15% 

umin 6% -22% -35% 24% -14% -30% 74% 7% -10% 

vmin 294% 232% 171% 717% 504% 397% 505% 333% 259% 

wmin 65% 91% 110% 209% 79% 115% 89% -4% -35% 

kmax -90% -83% -79% -71% -63% -52% -66% -61% -50% 

R12max -85% -69% -66% -90% -86% -87% -93% -94% -92% 

R23max -97% -95% -94% -44% -28% -7% -64% -60% -58% 

R13max -81% -68% -55% -65% -56% -50% -77% -73% -73% 

R11max -72% -56% -45% -77% -73% -65% -85% -83% -79% 

R22max -90% -81% -78% -87% -81% -75% -80% -76% -70% 

R33max -93% -89% -86% -80% -75% -68% -80% -78% -71% 

Average -20% -21% -24% 32% 4% 0% 8% -19% -28% 
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Table A. 5 - Absolute error for maximum quantity for planes 1-3 

 Absolute error - Plane 1 Absolute error - Plane 2 Absolute error - Plane 3 

 SAS κ-ω Transitional SAS κ-ω Transitional SAS κ-ω Transitional 

umax 17% 18% 8% 13% 21% 15% 4% 18% 12% 

vmax -42% -51% -44% -40% -49% -48% -41% -65% -76% 

wmax -41% -64% -58% -35% -62% -63% -35% -63% -74% 

umin -10% -13% -9% -21% -43% -39% -49% -37% -23% 

vmin -11% 5% 0% -17% -35% -33% -41% -50% -43% 

wmin -20% -42% -39% -40% -38% -38% -24% -30% -32% 

kmax -12% -1% 13% -11% 1% 11% -8% 4% 11% 

R12max 1% 2% 6% 1% 3% 5% -3% -1% 0% 

R23max -14% -13% -11% -17% -16% -15% -14% -12% -11% 

R13max 1% 2% 6% 0% 1% 4% -1% 0% 2% 

R11max 3% 11% 19% 2% 10% 16% -15% -8% -4% 

R22max -21% -11% -2% -23% -11% -7% -16% -6% -5% 

R33max -5% 3% 19% -1% 10% 21% -1% 13% 19% 

Average -12% -12% -7% -15% -16% -13% -19% -18% -17% 
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Table A 6 - Absolute error for maximum quantity for planes 4-6 

  Absolute error - Plane 4 Absolute error - Plane 5 Absolute error - Plane 6 

  SAS κ-ω Transitional SAS κ-ω Transitional SAS κ-ω Transitional 

umax 2% 11% 8% -1% -5% -9% 4% -17% -24% 

vmax -16% -44% -58% -4% -16% -20% -33% -29% -31% 

wmax -33% -61% -77% -10% -48% -70% 44% -1% -28% 

umin -7% 27% 43% -25% 15% 32% -43% -4% 6% 

vmin -63% -50% -37% -90% -63% -50% -120% -79% -61% 

wmin -14% -20% -24% -26% -10% -14% -21% 1% 8% 

kmax -123% -114% -108% -41% -36% -30% -32% -30% -25% 

R12max -9% -7% -7% -16% -15% -15% -24% -25% -24% 

R23max -92% -90% -88% -4% -2% -1% -8% -8% -7% 

R13max -7% -6% -5% -4% -4% -3% -7% -7% -7% 

R11max -23% -18% -15% -37% -35% -32% -63% -61% -58% 

R22max -71% -64% -62% -62% -58% -53% -54% -51% -47% 

R33max -180% -172% -167% -50% -48% -43% -38% -37% -34% 

Average -49% -47% -46% -28% -25% -24% -30% -27% -26% 
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