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Abstract: In computational Abdominal Aortic Aneurysm (AAA) hemodynamics studies, along with adjusting the 
problem geometry, mesh, transport, turbulence and rheology models; setting up boundary conditions (BC) is also a very 
important step which affect the reliability and accuracy of the hemodynamic assessment. The transient effects of 
physiological flow are well described by the Womersley profile, though its application might be difficult due to the 
complex nature of functions involved. Conversely, in literature, studies utilizing Plug or Parabolic profiles as inlet 
boundary conditions generally requires large entrance lengths to obtain the exact characteristics of the Womersley 
profile. In the current study, the differences arising between those boundary conditions, Womersley, Parabolic and 
Plug, with different entrance lengths, 𝐿"#$	 = D, 3D	and	11D, are examined by comparing the results with a Base 
condition, which is a solution obtained with ensured fully-developed flow before entering the aneurysm sac at two 
physiological flow conditions with mean Reynolds numbers, 𝑅𝑒0 = 340	and	1160. The results reveal that with 
increasing mean flow rate, applying the complex Womersley equation might not be necessary. For the inlet flow 
waveform with 𝑅𝑒0 = 1160, the Parabolic profile can be used instead of the Womersley profile by supplying an 
entrance length 𝐿"#$	 = 	3D. On the other hand, the Plug profile requires an entrance length at least 𝐿"#$	 = 	11D	to 
replicate the Base condition for waveform with 𝑅𝑒0 = 340.  
Keywords: Abdominal aortic aneurysm hemodynamics, Womersley profile, Wall shear stress parameters, Vortex 
identification methods 
 
GİRİŞ HIZ PROFİLİ VE GİRİŞ UZUNLUĞUNUN ABDOMİNAL AORT ANEVRİZMASI 

HEMODİNAMİĞİ SİMÜLASYONLARINA ETKİSİ 
 

Öz: Hesaplamalı Abdominal Aort Anevrizması (AAA) hemodinamiği çalışmalarında problem geometrisi, ağ, taşıma, 
türbülans ve reoloji modellerinin ayarlanması ile birlikte; sınır koşullarının (BC) belirlenmesi de hemodinamik 
değerlendirmenin güvenilirliğini ve doğruluğunu etkileyen çok önemli bir adımdır. Fizyolojik akışın geçici etkileri, 
Womersley profili tarafından iyi bir şekilde tarif edilir, ancak ilgili fonksiyonların karmaşık doğası nedeniyle bu profilin 
uygulanması zor olabilir. Öte yandan, giriş sınır koşulu olarak Plug veya Parabolik hız profilleri kullanan çalışmalar, 
Womersley profilinin tam özelliklerini elde etmek için genellikle büyük giriş uzunlukları kullanırlar. Bu çalışmada, 
Womersley, Parabolik ve Plug hız profilleri ve üç ayrı giriş uzunluğu kullanılarak (𝐿"#$	 = D, 3D	and	11D)  anevrizma 
içerisinde hemodinamik parametreler elde edilmiş ve sonuçlar Base koşul ile karşılaştırılarak incelenmiştir. Base 
koşulu, ortalama Reynolds sayıları 𝑅𝑒0 = 340	ve	1160 olan iki fizyolojik akış koşulunda, anevrizma içine girmeden 
önce sağlanan tam gelişmiş akışla elde edilen bir çözümdür. Sonuçlar, ortalama debi arttıkça, karmaşık Womersley 
denkleminin uygulanmasının gerekli olmayabileceğini ortaya koymaktadır. 𝑅𝑒0 = 1160 olan giriş debi profili  için, 
en az 𝐿"#$	 = 	3D olan bir giriş uzunluğu sağlanarak Womersley profili yerine Parabolik profil kullanılabilir. Öte 
yandan, 𝑅𝑒0 = 340	olan debi profil için, Plug profilinin Womersley profili yerine kullanılması için  en az 𝐿"#$	 = 	11D 
olan bir giriş uzunluğu gereklidir. 
Anahtar Kelimeler: Abdominal aort anevrizması hemodinamiği, Womersley profili, Duvar kayma gerilmesi 
parametreleri, Girdap tanımlama yöntemleri 
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NOMENCLATURE 
 
𝐴𝐴𝐴  = abdominal aortic aneurysm 
𝐼𝐿𝑇  = intraluminal thrombus 
𝑊𝑆𝑆  = wall shear stress [Pa] 
𝑇𝐴𝑊𝑆𝑆 = time-averaged wall shear stress [Pa] 
𝐸𝐶𝐴𝑃	 = endothelial cell activation potential 
                            [1/Pa]  
𝑂𝑆𝐼  = oscillatory shear index 
𝐿B  = bulge length [m] 
𝐿"#$  = entrance length [m] 
𝐿"C  = exit length [m] 
𝑅B  = bulge radius [m] 
𝑢C  = axial velocity component [m/s] 
𝑢E  = radial velocity component [m/s] 
𝑈G               =     mean velocity [m/s] 
𝑇                  =     period of cardiac cycle [s] 
𝜔                 =     frequency of cardiac cycle [1/s] 
𝜈                  =      kinematic viscosity [m2/s] 
𝑅𝑒0			          =     mean Reynolds number [= 𝑈G𝐷/𝜈] 
𝛼                 =       Womersley number [= 0.5𝐷N𝜔/𝜈] 
𝜏P   =       wall shear stress [Pa] 
𝜆RS  =   	𝜆RS-criterion, swirling strength [1/s] 
𝜆RTUUUU       =  time – averaged 𝜆RS-criterion [1/s] 
 
INTRODUCTION 
 
Over several decades, intense research on physiologic 
flow inside the abdominal aortic aneurysms (AAA) have 
been performed. In order to investigate the 
hemodynamics inside the abdominal aneurysms, a vast 
amount of numerical studies is performed (Arzani et al., 
2014; Arzani and Shadden, 2016; Drewe et al., 2017; 
Finol and Amon, 2001). Computational models enable 
researchers to approximate behavior of blood flow 
hemodynamics under realistic conditions. The models 
are generated by defining the conditions on the 
boundaries and numerically solving governing equations 
in the fluid domain. Generation of the problem geometry 
and an appropriate mesh, setting up fluid flow models by 
adjusting boundary conditions, transport and turbulence 
properties are important steps which affect the reliability 
and accuracy of the hemodynamic assessments (Janiga et 
al., 2015; Salman et al., 2019). Since exact replication of 
human cardiovascular system is a challenging issue, 
researchers simplify the problem variables by making 
different assumptions on their computational models in 
order to decrease the cost of the solution procedure, 
which may lead the solutions to be far from the realistic 
hemodynamics. Indeed, the effect of those assumptions 
on the solution, and the degree of discrepancy should be 
examined to guide the researchers during the decision 
making period of their computational model. 
 
One of the most commonly used assumptions is related 
to the inlet velocity profile. The most accurate 
application is utilizing PC-MRI measured patient-
specific velocity profiles as an inlet velocity BC, 
obtained from the human aorta (Chandra et al., 2013; 

Youssefi et al., 2018). However, accessing complete high 
quality patient-specific geometry and inlet profile data is 
not always possible due to lack of imaging facilities 
(Armour et al., 2021). Furthermore, directly measuring in 
vivo inflow conditions is still challenging because of the 
cardiac motion and resolution (Lodi Rizzini et al., 2020; 
Markl et al., 2016). Indeed, in several studies it is 
reported that there is no significant difference between 
profiles obtained from PC-MRI and artificial ones 
(Morris et al., 2006; Wei et al., 2019). Therefore, many 
studies in literature frequently use idealized profiles such 
as Plug (Drewe et al., 2017; Chen et al, 2020), Parabolic 
(Bit et al., 2020; Boyd et al., 2016; Li and Kleinstreuer, 
2005; Bilgi and Atalık, 2020) and Womersley (Arzani et 
al., 2014; San and Staples, 2012). 
 
The Plug profile is the uniform velocity at the inlet, while 
the Parabolic profile obtained from Poiseuille’s 
equation, and therefore, they cannot present all the 
characteristics generated due to transitional effects. 
Although the Womersley profile (Womersley, 1955) is 
necessary to present transient effects especially for large 
𝛼 values, applicability and implementation of the 
Womersley equation as an inlet boundary condition can 
be difficult because of the Bessel functions and 
imaginary numbers that it contains (Campbell et al., 
2012; Impiombato et al., 2021). Therefore, in literature, 
most of the studies utilize Plug or Parabolic profile with 
long entrance lengths to obtain fully developed condition 
(Stamatopoulos et al., 2010), rather than the Womersley 
profile, which increases the computation time. Indeed, 
the necessary entrance length to obtain fully developed 
conditions is also a controversial issue. In general, 
researchers concerned about the inlet velocity boundary 
conditions and to be on the safe side, they tend to extend 
the entrance region to ensure fully developed conditions 
(Madhavan and Kemmerling, 2018). In literature, 
recommended entrance length values to reach the fully 
developed state are significantly large (Durst et al., 2005; 
Salman et al., 2019). On the other hand, Hoi et al. (2010) 
reported that an entrance length at least three diameters 
of the artery is sufficient to avoid negligible errors in the 
hemodynamics of the carotid arteries. However, from a 
different point of view, Madhavan and Kemmerling 
(2018) stated that in the actual human arterial system, 
obtaining the fully developed hemodynamic conditions is 
not realistic due to the orientation of the vasculature, such 
as the thoracic aorta is located immediately distal to the 
heart.  
 
Because the Womersley profile resembles the Parabolic 
form at the systole and nearly Plug patterns at the diastole 
(Womersley, 1955), it might be interesting to observe the 
differences arising from using these three different inlet 
boundary conditions. In 2012, Campbell et al. 
hypothesized that the Womersley and Parabolic inlet 
velocity boundary conditions give nearly the same result 
in carotid bifurcation, where 𝛼 = 4.1 and the average 
radius is 3 mm. However, they highlighted that the results 
are not applicable for large arteries like the aorta, in 
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which 𝛼 is larger than 10, and they require further studies. 
In 2019, Wei et al. stated that no significant difference 
between realistic, Womersley and Parabolic inlet profiles 
while the Plug is notably different that the others for 
Fontan hemodynamics. However, to the author’s best 
knowledge, there is a deficiency in literature to compare 
the effect of ideal velocity profiles on abdominal aortic 
aneurysm hemodynamics, where Womersley number is 
larger than 10, with different entrance lengths. Also, 
comparing the profiles at different Reynolds numbers 
might also be important because the Womersley profile 
shows different patterns for different flow rate values, 
which can be observed in cardiac conditions such as 
exercise and rest. Therefore, the aim of the current study 
is to characterize the behavior of idealized inlet velocity 
profiles at different entrance lengths and mean flow rates. 
For that purpose, Plug, Parabolic and Womersley 
velocity profiles obtained from two mean Reynolds 
number values,	𝑅𝑒0 = 340	and	1160, for the same flow 
waveform pattern for the abdominal aorta are applied as 
inlet velocity BC to an aneurysm geometry with different 
entrance lengths, 𝐿"#$	 = D, 3D	and	11D, where	D is the 
aorta diameter. The results are compared with a fully-
developed Base case to check their applicability.  
 
METHODS 
 
The idealized axisymmetric abdominal aortic aneurysm 
models used in this study are given in Figure 1. 
Geometries are two dimensional axisymmetric, and 
created based on those used in Stamatopoulos et. al.’s 
study (2010). The inlet and exit parts are straight and 
cylindrical, while the aneurysm bulge is elliptical with a 
major radius of 0.034 m. The artery and bulge radii are, 
𝑅 = 9 mm and 𝑅B = 22 mm. The lengths of the bulge 
and exit part are 𝐿B = 62 mm and 𝐿"C = 206 mm, while 
entrance lengths, 𝐿"#$, are different. As presented in 
Figure 1.b, entrance lengths are equal to 𝐿"#$ =
D, 3D, 11D	and	50D, from top to bottom and left to right, 
respectively. At the inlet of the models with 𝐿"#$ =
D, 3D	and	11D, all the velocity profiles, Womersley, 
Parabolic and Plug, are applied. To compare the results 
obtained with three different entrance lengths and 
velocity profiles, a Base condition is generated with the 
model having an entrance length 𝐿"#$ = 50D with only 
the Plug velocity profile at the inlet. The Base condition 
is checked to ensure the fully developed condition at each 
time steps before entering the aneurysm sac. In Table 1, 
the models with applied inlet velocity profiles are also 
presented. The vessel and bulge dimensions of all models 
are consistent with realistic arteries and aneurysms 
(Brewster et al., 2003). Actually, the idealization of the 
aneurysm bulge rather than utilizing patient-specific 
geometry may fail to simulate exact aneurysm 
hemodynamics. However, an idealized axisymmetric 
geometry is sufficient for a comparative parametric study 
to compare the behavior of different inlet velocity 

profiles, which is actually independent of geometric 
details. 
 
Table 1. Aneurysm models with respect to entrance lengths, 
𝐿"#$, and applied inlet velocity profiles. 
 

 
 

At the inlet, Womersley, Parabolic, and Plug profiles are 
specified according to the waveform which is considered 
to be physiologic, as presented in Figure 2a. Plug profile 
is actually the uniform velocity at the inlet, while 
Parabolic and Womersley velocity profiles are defined 
by Eqn. (1) and (2) (Wei et al., 2019, Womersley, 1955), 
respectively 
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where	𝛼# is the nth term of Womersley number, 𝜔#  is the 
nth term of frequency, 𝐽b	and 𝐽g are the Bessel function of 
the first kind of order zero and first, respectively 
(Womersley, 1955). Q is the physiologic flow rate, which 
is presented in Figure 2a. To obtain the Womersley 
profile, it is necessary to write the flow rate, Q(t), in the 
harmonic form as in Eqn. (3) 
 

𝑄(𝑡) = d𝐶#𝑒Spq$
l

#mb

																																																											(3)	 
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Figure 1. Sectional views of flow domains for aneurysm models, which is out of scale. Flow is from left to right. 
 
where 𝑁 is the total number of harmonic coefficients, 
which is equal to 70 in this study (Wei et al., 2019).A 
Fourier series decomposition of the flow waveform 
should be performed to obtain Fourier coefficients, 𝐶#, 
and Fast Fourier Transforms (FFT) of the flow rates in 
Figure 2a are used. For that purpose, Fast Fourier 
Transform (FFT) method is applied to the available flow 
rate data, as presented in Figure 2a. 𝐶b	and 𝐶#’s are the 
Finite Fourier Transform (FFT) coefficients of that flow 
rate, while the term n = 0 corresponds to a steady pressure 
gradient  (Wei et al., 2019). Therefore, in Eqn. (2), the 
first term on the right hand side of the equation is equal 
to the steady Poiseuille equation (Womersley, 1955), 
while the second term is obtained from harmonic 
contribution. 
 
In the current study, simulations are performed at two 
mean flow rates with Reynolds numbers, 𝑅𝑒0 =
𝑈0𝐷/𝜈 = 340	and	1160, based on the mean flow 
velocity, where 𝑈G = 0.065	and	0.22 m/s are the time 
averaged velocities over one period and 𝜈 = 3.14 ×
10tu	𝑚/𝑠\ is the kinematic viscosity. The period of all 
waveform patterns is the same and equal to 𝑇 = 1 s, 
yielding a Womersley number of 𝛼 = 0.5𝐷N𝜔/𝜈 =
12.14, where 𝐷 is the artery diameter, 𝜔 is the frequency 
and equals to 2𝜋/𝑇. The waveform pattern for two flows 
is adapted from the study of Finol and Amon (2001) and 
is the same for both flow patterns as presented in Figure 
2a; however, diastolic flow rate for 𝑅𝑒0 = 1160	 is 
higher. The reason for using two waveforms is to 
investigate the effect of increasing mean flow rate on the 

applicability of Parabolic and Plug inlet velocity 
boundary conditions, rather than the Womersley profile. 
In Figure 2b, Womersley profiles obtained by 
corresponding waveforms at specified time instants are 
demonstrated. As can be seen from figure, with 
increasing flow rate, profiles obtained by Womersley 
formula are very similar to Parabolic form. The cardiac 
cycle is divided into six phases, which are early/mid/late 
systole and diastole. The location of each phase in the 
cardiac cycle is shown in Figure 2a, while time ranges for 
these phases are presented in Table 2.  
 
The wall boundaries are taken as rigid and no-slip 
boundary condition is applied. Excluding the compliance 
effect with utilizing the walls as rigid is quite common 
common (Arzani et al., 2014; Finol and Amon, 2001). 
Reference pressure at the outlet is set to zero, which is a 
frequently utilized approach in literature for 
hemodynamics studies (Qiu et al., 2018; Reza and 
Arzani, 2019). Flow is considered to be laminar (Scotti et 
al., 2008) due to Reynolds number is not sufficient to 
reach turbulent conditions even at peak systolic phase, 
𝑅𝑒x"yz = 2000. In general, blood has non-Newtonian 
characteristics where the viscosity decreases with 
increasing shear rate. However, at shear rates higher than 
100	stg, blood shows Newtonian characteristics, and for 
large arteries, such as the one used in this study, it can be 
assumed as Newtonian (Reza and Arzani, 2019) with a 
kinematic viscosity of 3.45 × 10t|		m\/s, and density of  
1000	kg/mi. 
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Figure 2. a. Physiological inlet flow rate waveforms and mean Reynolds numbers, 𝑅𝑒0 = 	340	and	1160, from left to right, 
respectively, with period 𝑇 = 1 s,  b. Womersley velocity profiles for those waveforms at selected time instants (Finol and Amon, 
2001). 
 

Table 2. Phases of cardiac cycle with period T = 	1 sec. 
 

Number  Phase Time 
interval 

 
1 Late Diastole 0 – 0.18 
2 Early Systole 0.18 – 0.3 
3 Mid Systole 0.3 – 0.4 
4 Late Systole 0.4 – 0.5 
5 Early Diastole 0.5 – 0.76 
6 Mid Diastole 0.76 - 1 
   

 
 
Numerical simulations are conducted by using 
OpenFOAM version 8 (openfoam.org). The governing 
equations are discretized using second order implicit 
discretization in time and second order central 
discretization in space. pimpleFoam solver is selected 
because of enabling automatic control of the time step to 
achieve a given maximum Courant number (𝐶0yC) for 
each case. To select an appropriate 𝐶0yC that can provide 

accurate solutions, five different Courant numbers, which 
are 𝐶 = 0.25, 0.5, 1, 2, and	4 were tested, and higher 
Courant numbers failed to provide stable solutions. For 
all Courant numbers, the same velocity profile was 
obtained, meaning that solutions until 𝐶0yC = 4 give 
accurate results for the current study. However, 𝐶0yC was 
taken as 1 to be on the safe side. 30 iterations are 
performed at each time step, and the solution is 
considered to be converged when residuals for axial 
velocity component and pressure are less than 10t�. To 
ensure convergence, calculations are repeated for six 
cardiac cycles.  
 
To select a suitable mesh, a mesh independence study is 
performed using four structured meshes created, as 
shown in Fig. 3. Figure 4a shows axial velocity profiles 
at the mid-plane of the aneurysm and swirling strength, 
𝜆RS contours obtained by using these meshes at the peak 
systole and early diastole. In Figure 4b, OSI and ECAP 
distributions obtained by those meshes are provided. As 
from those figures, the axial velocity profiles are 
identical and swirling strength contours are very similar 



 164 

for Mesh 3 and 4. Albeit OSI and ECAP distributions are 
very sensitive to the mesh selection, Mesh 3 and 4 obtain 
very similar OSI and ECAP distribution. Therefore, 
Mesh 3 is evaluated to be suitable and used to perform 
the simulations in the present study.  
 

 
Figure 3. Four meshes generated for mesh independency 
check. 
 
Stamatopoulos et al. (2010) have performed an 
experimental and numerical study in axisymmetric 
bulges similar to the ones used in the current study with 
a steady inlet flow. In Fig. 5a, axial velocity profiles 
obtained by Stamatopoulos et al. (2010) are compared 
with those obtained in the current study with a steady 
inlet flow. The validation study is performed using the 
Base case, and the match in the profiles is considered to 
be satisfactory. Ohtaroglu (2020) performed experiments 
with physiological, unsteady inlets using Stamatopoulos 
et al.’s geometry. Figure 5c compares the streamlines 
obtained in those experiments with the current simulation 
results at four different time instants of the physiological 
cycle. Progression of focus points in streamlines which 
are the indication of vortex core movement shows good 
agreement. Considering both spatial and the temporal 
evolution during the cycle, the model predictions are 
considered to be satisfactory. In addition, simulations are 
performed to ensure the validity of 2D axisymmetric 
simplification by comparing results with those of 3D 
simulations. This simplification aims to decrease the 
computation time and is justified by performing a sample 
3D simulation to see whether there are any 3D effects 
altering the overall flow structure inside the aneurysm 
bulge. Considering the velocity profiles plotted at the mid 
plane of the bulge as demonstrated in Fig. 5c, 2D 
axisymmetric and 3D results turn out to be almost 
identical.  
 
WSS Parameters and Swirling Strength 
 
In literature, researchers utilize several physical 
phenomena to predict aneurysm development, 
thrombosis formation and rupture. Generally, wall shear 
stress (WSS) distribution and different WSS descriptors 
are used for this purpose. TAWSS descriptor evaluates 
the total shear stress exerted on the wall throughout a 
cardiac cycle and OSI highlights zones where WSS 

shows directional changes over the cardiac cycle (Pinto 
and Campos, 2016). Mathematical definitions of these 
descriptors are given below (Salman et al., 2019). 
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1
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where 𝑇 and 𝜏P are the cardiac cycle period and the wall 
shear stress, respectively.  
 
Inside the aneurysm sac, there is a vortex ring, which 
evolves throughout the cardiac cycle. 𝜆RS-criterion is a 
velocity gradient based vortex identification criteria, 
which uses discriminant of characteristic equation to 
define a vortex and can be defined as follows (Chen et 
al., 2015) 
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1
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where 𝑢E and 𝑢C are radial and axial velocity 
components, respectively. Around a vortex region, 𝜆RS is 
larger than zero (Chen et al., 2015). 
 
RESULTS AND DISCUSSIONS 
 
In Figure 6, time-averaged axial velocity profiles 
obtained with Womersley, Parabolic, and Plug inlet 
velocity profiles at different entrance lengths for mean 
Reynolds number, 𝑅𝑒0 = 340, are presented and 
compared with the Base condition. The profiles are 
plotted at proximal, mid, distal and exit sections of the 
models, where 𝑥/𝐿B = 0.25, 0.5, 0.75	and	1. At each 
section, results obtained with different inlet conditions at 
different entrance lengths, 𝐿"#$ = D, 3D, and	11D, are 
plotted. For each section and entrance length, the time-
averaged axial velocity profiles for Womersley are the 
same as in the Base case. For Parabolic and Plug, the 
general pattern of time-averaged axial velocity profiles is 
also very close to Womersley and the Base condition for 
𝐿"#$ = 11D. However, for  𝐿"#$ = D	and	3D, the shape 
of the time-averaged velocity profiles and maximum 
velocity values that they obtained are very different from 
the Base condition. In addition, the backflow region, 
which is an important characteristic of the aneurysm 
hemodynamics, is obtained inside the bulge by the 
Womersley and the Base case for all 𝐿"#$ values. 
Especially for 𝐿"#$ = D, Plug and Parabolic fail to have 
an accurate backflow region at those sections. 
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Figure 4. a. Axial velocity profiles, 𝑈C, obtained with four different meshes	at the mid-plane of the aneurysm, 𝑥/𝐿B = 0.5, and 
swirling strength (𝜆RS) contours through the bulge at the peak systole and mid diastole, b. OSI and ECAP distributions of four meshes 
for mean Reynolds number, 𝑅𝑒0 = 	1160. 
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Figure 5. a. Comparison of the normalized axial velocity profile, 𝑈C/𝑈0"y#, of the current study at the mid-plane of the aneurysm, 
𝑥/𝐿B = 0.5, with results of Stamatopoulos et al. (2010) for a steady inlet velocity, b. Comparison of the streamline patterns of 
different time instants for a cardiac cycle; upper halves show the current results and lower halves are from Ohtaroglu (2020), c. 
Comparison of the axial velocity profiles, 𝑈C, of 2D axisymmetric and 3D geometries at 𝑥/𝐿B = 0.5 at 𝑡 = 0.3	sec. 
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Figure 6. Comparison of time-averaged axial velocity profiles, 𝑈C, obtained by different inlet velocity profiles and entrance lengths 
for mean Reynolds number, 𝑅𝑒0 = 340. 
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Figure 7 shows the time-averaged axial velocity profiles 
for 𝑅𝑒0 = 1160 in the same orientation as the Figure 6. 
For this waveform, similar with the previous case, time-
averaged axial velocity profiles for Womersley are nearly 
identical with the Base condition for all entrance lengths. 
Different from the results for 𝑅𝑒0 = 340, Parabolic also 
obtains nearly the same velocity profile with Womersley 
and the Base condition for each sections and entrance 
length, even for 𝐿"#$ = D, for 𝑅𝑒0 = 1160. On the other 
hand, Plug fails to obtain a similar maximum velocity 
and backflow region with the Base case for both 𝐿"#$ =
D	and	3D. For 𝐿"#$ = 11D, although the maximum 
velocity value is different, it can capture the backflow 
region. In addition, time-averaged axial velocity profiles 
for Womersley and Parabolic demonstrate a parabolic 
pattern, while Plug has a velocity profile with a flat 
central part, implying that even 𝐿"#$ = 11D is not 
sufficient for the Plug profile to achieve a fully 
developed condition for 𝑅𝑒0 = 1160. For 𝑅𝑒0 = 340, 
general pattern obtained by Plug is very similar to the 
Womersley and Base condition, while for 𝑅𝑒0 = 1160, 
velocity profiles of Parabolic are nearly the same with 
them, even with 𝐿"#$ = D. For physiological flows with 
a high Womersley number, especially 𝛼 > 10, transient 
inertia forces start to dominate the flow; therefore, 
velocity profiles resemble plug-like forms with a 
flattened central profile, and flow reversal areas are also 
observed due to harmonic contributions coming from 
transient inertial effects (Womersley, 1955). Indeed, this 
phenomenon is not governed only by the Womersley 
number, velocity profiles are also affected by the 
Reynolds number. For small Reynolds number flows, 
profiles have a plug-like form with a flattened central 
profile. With increasing Reynolds number, the effect of 
steady inertial forces starts to be more dominant, 
resulting in velocity profiles that are no longer plug-like, 
but instead more parabolic. Therefore, for 𝑅𝑒0 = 340, 
general pattern obtained by Plug is very similar to the 
Womersley and Base condition, while for 𝑅𝑒0 = 1160, 
velocity profiles of Parabolic are exactly the same with 
them. 
 
In Figures 8 and 9, oscillatory shear index (OSI) and 
endothelial cell activation potential (ECAP) distributions 
obtained with Womersley, Parabolic, and Plug inlet 
velocity profiles at different entrance lengths throughout 
the aneurysm sac are plotted and compared with the Base 
case. For 𝑅𝑒0 = 340 and 𝐿"#$ = 11D, OSI and ECAP 
distributions for all inlet velocity profiles are the same 
with the Base condition. For 𝐿"#$ = D	and	3D, 
Womersley gives the same OSI and ECAP distributions 
with Base condition. Although the maximum velocity 
values obtained by Parabolic at each section inside the 
aneurysm are very different for 𝐿"#$ = 3D, OSI and 
ECAP distributions of Parabolic are very similar with 
Base condition because their backflow regions are 
similar, which affects the WSS parameters considerably. 
Similarly, for 𝐿"#$ = D, in which the backflow region of 
Parabolic and Plug are completely different than the 
Base condition, the WSS parameters are also very 

different. For 𝑅𝑒0 = 1160, Parabolic and Womersley 
obtain nearly the same OSI and ECAP distributions with 
the Base case for 𝐿"#$ = 3D	and	11D. Although their 
results are very similar with each other for 𝐿"#$ = D, a 
deviation from the Base condition is observed. Plug fails 
to provide an accurate OSI and ECAP distribution for 
𝑅𝑒0 = 1160, even with a longer entrance length, 𝐿"#$ =
11D. 
 
In Figure 10, for 𝑅𝑒0 = 1160, instantaneous wall shear 
stress distributions and contours of swirl strength, 𝜆RS, are 
presented for late systole and early diastole phases, t = 
0.49 and 0.73 sec, through the aneurysm bulge. The top 
part of the figure shows the results for 𝐿"#$ = 3D, while 
the mid part is for 𝐿"#$ = 11D. For the top and mid parts, 
contours of swirl strength for Womersley, Parabolic and 
Plug inlet velocity profiles are located, under the 
instantaneous WSS distributions, from top to bottom, 
respectively. Contours of 𝜆RS	 and streamline patterns of 
the Base condition are located at the bottom part of the 
figure to compare the results obtained with idealized inlet 
velocity profiles. From the contours of 𝜆RS	for the Base 
case, at the late systole, t = 0.49 sec, the primary vortex 
structure is translated to distal end, and a new vortex is 
originated from the primary vortex structure, which 
might be labeled as second primary vortex structure. The 
primary and second primary vortex structures are 
enclosed by a closed streamline pattern, but they have 
different vortex cores. At the early diastole, t = 0.73 sec, 
the primary vortex structure still stays the distal end of 
the bulge, but its intensity decreases due to viscous 
diffusion. An additional secondary vortex is generated 
and located between those two vortex cores, which is 
very near the wall and has a smaller swirl strength 
magnitude than the primary vortex. 
  
At each time instant, the contours of swirl strength and 
instantaneous WSS distributions obtained by Womersley 
and Parabolic inlet velocity profiles with 𝐿"#$ = 11D are 
identical with the Base condition. The vortical structures 
obtained by Plug are also similar in terms of location of 
cores of the primary vortex structure and the general 
swirl strength pattern, but the intensity of the contours is 
significantly different especially in the late systolic and 
early diastolic phases, for t = 0.49 and 0.73 sec. Also, 
WSS distributions obtained by the Plug case are different 
than the others at the specified time instants, which is in 
accordance with swirl strength patterns. For 𝐿"#$ = 3D, 
Womersley obtains nearly the same	𝜆RS patterns and WSS 
distributions as in the Base case. Although the WSS 
patterns of Parabolic are also the same with them, there 
is a negligible discrepancy in the intensity of the swirl 
strength contours for t = 0.49 and 0.73 sec. On the other 
hand, Plug obtains completely different results with 
𝐿"#$ = 3D, which is convenient with the differences 
observed in time-averaged axial velocity profiles and 
OSI and ECAP distributions for that inlet condition. 
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Figure 7. Comparison of time-averaged axial velocity profiles, 𝑈C, obtained by different inlet velocity profiles and entrance lengths 
for mean Reynolds number, 𝑅𝑒0 = 1160. 
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Figure 8. Comparison of oscillatory shear index (OSI) distributions obtained by different inlet velocity profiles and entrance lengths 
for mean Reynolds numbers, 𝑅𝑒0 = 340	and	1160, from left to right, respectively. 
 

 

Figure 9. Comparison of endothelial cell activation potential (ECAP) distributions obtained by different inlet velocity profiles and 
entrance lengths for mean Reynolds numbers, 𝑅𝑒0 = 340	and	1160, from left to right, respectively. 
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Figure 10. Comparison of instantaneous wall shear stress (WSS) distributions, contours of swirling strength,	𝜆RS, and streamline 
patterns obtained by different inlet velocity profiles and entrance lengths for mean Reynolds number, 𝑅𝑒0 = 	1160 at t =
0.49	and	0.73	sec.
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WSS distributions at different time instants have a 
correlation with vortex structure movement and swirl 
strength magnitude, which is also observed by Biasetti et 
al. (2011). As can be seen in Figure 10, there is a WSS 
peak around the primary vortex structure which is near 
the wall at each time instants. With increasing the 
intensity and magnitude of  𝜆RS	of the near-wall vortex 
structure, the magnitude of the WSS peak also increases. 
This phenomenon can also be observed in the WSS 
distribution and  𝜆RS	contour of Plug at t = 0.49 sec with 
𝐿"#$ = 3D. For that time instant, primary vortex structure 
with a large |𝜆RS| of the Plug case is not located in 
proximity of the wall at the distal area, and its WSS 
distribution shows a very small peak at that region. 
Moreover, at t = 0.73 sec, primary vortex structure of 
Plug is not dissipated as much as in the Base condition, 
and it shows a high swirl strength intensity and WSS 
magnitude in the distal area, for 𝐿"#$ = 3D. Despite the 
correlation between the primary vortex structure and 
WSS magnitude, the second primary vortex structure has 
no effect on WSS distribution due to the large distance 
between the vortex and aneurysm wall. However, at t = 
0.73 sec, the secondary vortex structure is observed. It 
has an effect on WSS distribution since it is located in 
close proximity to the wall. Because the swirling strength 
magnitude is smaller for the secondary vortex structure, 
its effect on WSS distribution is also small.  
 
In literature, Wei et al. (2019) have reported that there is 
no significant difference observed between the realistic, 
Womersley, and Parabolic inlet velocity profiles, 
whereas the Plug shows significant variations from the 
others for Fontan hemodynamics. Moreover, Campbell et 
al. (2012) have proposed that, in the case of carotid 
bifurcation with 𝛼 = 4.1 and an average radius of 3 mm, 
the Womersley and Parabolic inlet velocity profiles yield 
nearly the same results. However, they have emphasized 
that such findings are not generalizable to larger arteries, 
such as the aorta, where the value of 𝛼	exceeds 10, and 
further investigations are required. In this context, the 
current study compares the Womersley, Parabolic and 
Plug profiles for AAA hemodynamics, where the 
Womersley number is high, 𝛼 = 12.41. The results 
demonstrate that, for large mean Reynolds numbers, the 
hemodynamic parameters obtained by the Womersley 
and Parabolic inlet profiles are identical for each 
entrance length. This might be attributed to the 
phenomenon that the steady inertial forces become 
increasingly dominant with increasing Reynolds number, 
leading to the Womersley profile no longer being plug-
like and assuming more of a parabolic shape, even for 
large Womersley numbers. For carotid arteries, Hoi et al. 
(2010) have reported that an entrance length of  𝐿"#$ =
3D is sufficient to avoid negligible errors. According to 
the present study, for AAA hemodynamics with a large 
mean Reynolds number, 𝑅𝑒0 = 1160, 𝐿"#$ = 3D might 
be adequate for the Womersley and Parabolic profiles to 
obtain similar results as in the Base case. 
 
 
 

CONCLUSIONS 
 
In the current study, the effect of inlet velocity profiles, 
which are Womersley, Parabolic, and Plug, on predicting 
hemodynamics by using different entrance lengths is 
discussed at two different 𝑅𝑒0 using the same 
physiologic flow waveform pattern. Results are 
compared with the Base condition, which has a very long 
entrance length with a uniform flow at the inlet to ensure 
the flow entering the aneurysm sac is fully developed. 
According to the comparisons of time-averaged axial 
velocity profiles at different sections inside the sac, OSI 
and ECAP distributions, instantaneous WSS 
distributions and swirl strength contours, Womersley and 
Parabolic profiles give the same results with Base 
condition, even with a very small entrance length, 𝐿"#$ =
3D. However, for 𝑅𝑒0 = 1160, even the Womersley 
profile could not achieve the same OSI and ECAP 
distributions as the Base case with 𝐿"#$ = D. With 
increasing Reynolds number, entrance length 
requirement of Womersley profile becomes nearly the 
same with Parabolic profile. Therefore, especially for 
high mean flow rates, utilization of Womersley profile 
might not be necessary, which is applicable for the 
physiological flow waveforms having diastolic flow rates 
larger than zero. Therefore, rather than applying complex 
Womersley formulation, utilization of Parabolic profile 
with an entrance length at least 𝐿"#$ = 3D might be 
appropriate. On the other hand, Plug profile cannot 
obtain similar results with Base condition even 𝐿"#$ =
11D for higher mean flow rates, albeit for 𝑅0 = 340, 
using an entrance length 𝐿"#$ = 11D with Plug profile 
can yield the same results as the Base condition.  
 
The present study, being a comparative parametric 
analysis, is subject to several limitations that could 
potentially influence the obtained results. The 
idealization of aneurysm bulge rather than utilizing 
patient-specific geometry may lead to inadequate 
simulation of the exact aneurysm hemodynamics, 
together with omitting the wall compliance, Windkessel 
boundary conditions and shear-thinning behavior of 
actual blood. Therefore, future studies will aim to 
incorporate patient-specific geometries with elastic 
walls, along with Windkessel boundary conditions and 
shear-thinning rheology models to reduce such 
limitations. 
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