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Abstract
This numerical study consists of two different phases. In phase I, the blood flow is numerically simulated in a pipe with 
a diameter of 3.5 mm and a length of 61.6 mm with a vascular dilation (d/D) range from 1 to 2.6 (0–160%) where d is 
the dilation diameter and D is the straight cylindrical vessel diameter. In phase II, the simulations are performed on two 
models built based on the computed tomography angiography of the actual case of a patient-specific abdominal aorta 
fusiform aneurysm and a healthy case of the abdominal aorta. This numerical study aims to investigate the blood flow 
behavior and wall shear stress distribution in vascular dilations, focusing specifically on abdominal aortic aneurysm 
cases. Computational fluid dynamics simulations are performed on benchmark geometries and two computed tomog-
raphy angiography-based models of abdominal aortic, one from a 54-year-old woman with abdominal aortic aneurysm 
and another from a healthy 43-year-old woman. The simulations utilize Ansys Fluent package software with boundary 
conditions obtained from patient data via ultrasonography. The results reveal distinct flow regimes in vascular dilations, 
including stable flow, critical flow, transient flow, and stable flow with recirculation. In abdominal aortic aneurysm cases, 
reduced blood velocity and complex flow patterns with recirculation zones are observed within the aneurysm zone. 
Wall shear stress distribution varies throughout the cardiac cycle, with higher values during systole and at bifurcations, 
highlighting the importance of fluid-wall interactions.

Keywords  Hemodynamics · Abdominal aortic aneurysm · Computational fluid dynamics · Flow recirculation · Flow 
regimes · Wall shear stress

1  Introduction

Hemodynamic analyses of the vascular system in patients have proven to be of significant value in understanding and 
treating associated diseases [1, 2]. These analyses play a crucial role in assessing conditions such as vascular system 
stenosis [3, 4], aneurysms [5] including fusiform types [6, 7] and saccular types [8, 9] as well as false and dissection types 
[10]. Computational fluid dynamics is a robust tool employed to investigate various hemodynamic wall parameters, 
including wall pressure, and wall shear stress, along with analyzing blood flow behavior such as flow structure and 
flow vortex [11–13]. Xiang et al. [14] conducted a study on the influence of hemodynamics on the rupture of saccular 
intracranial aneurysms. The findings demonstrated that computational fluid dynamics simulations have the capability to 
accurately assess the risk of intracranial aneurysms, provided an actual database is available [8, 15]. Moreover, it serves as 
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an invaluable tool for comprehending vascular disorders both prior to and following treatment [16, 17]. Wang et al. [18], 
numerically examined the thrombosis risk associated with fusiform coronary artery aneurysms. The findings suggested 
that the risk of thrombosis is influenced not only by the diameter of fusiform coronary artery aneurysms but also by the 
wall parameters. As a result, numerical simulations were conducted on various diameters of fusiform coronary artery 
aneurysms to investigate their impact on hemodynamic parameters. The results demonstrated a decrease in the wall 
shear stress as the aneurysm diameter increased.

The abdominal aortic aneurysm is characterized by the dilation of the lower portion of the vessel due to weakness in 
the arterial wall. The prevalence of the aneurysm cases varies from 0.5 to 6.0% of the global population [19–21]. In gen-
eral, the aneurysm typically leads to a 50% increase in vessel diameter when compared to that of a healthy abdominal 
aorta [22]. Salman et al. [23] proposed a computational fluid dynamic procedure and experimental setup to explore the 
underlying causes of aneurysm rupture. Through computational and experimental investigations, the study revealed 
that several parameters, including wall shear stress, flow recirculation, and wall pressure, have a significant impact on 
the aneurysm rupture. Scotti et al. [24] employed numerical simulations to investigate the impact of aneurysm and wall 
thickness on blood flow patterns and wall hemodynamic parameters. The abdominal aortic aneurysm was created using 
five idealized fusiform aneurysm ratios. The presence of an aneurysm with asymmetric regional variations was found to 
increase the risk of rupture and result in higher mechanical stress compared to symmetric fusiform aneurysms. As the 
aneurysm ratio increased about 0.2, a flow vortex appeared, generating recirculation that moved towards the proximal 
end of the aneurysm.

In the field of cardiovascular computational fluid dynamics, both benchmark models and Computed Tomography 
Angiography (CTA)-based models are commonly employed [1, 25]. These models serve as essential tools for studying 
and analyzing the hemodynamics of the cardiovascular system. By utilizing these approaches, researchers gain valu-
able insights into the flow behavior, pressure distribution, and other hemodynamic parameters, contributing to a better 
understanding of cardiovascular diseases and their treatments. In Algabri study [26], a three-dimensional simulation 
was conducted to analyze the blood flow patterns in angular neck abdominal aortic aneurysms. Simplified computa-
tional domains were created based on a patient-specific abdominal aortic aneurysm with a variable angular neck. The 
simulation was performed under steady-state conditions using the commercial software package ANSYS FLUENT. The 
findings revealed that an increase in the aorta neck angle resulted in a decrease in the flow vortex within the aneurysm. 
Furthermore, regions of higher velocity were observed near the middle of the aorta, particularly in the contours of veloc-
ity streamlines. Petuchova [27] conducted a comprehensive study utilizing simulations to investigate the hemodynamic 
characteristics of ascending aortic aneurysms compared to healthy cases. The research involved constructing vascular 
system models based on CTA data, with one model representing a healthy individual and the other representing a 
patient with an ascending aortic aneurysm. The simulations provided valuable insights into various parameters, includ-
ing maximum velocity and wall shear stress, allowing for a detailed comparison between the two cases. The blood can 
be described as an incompressible Non-Newtonian fluid [28, 29].

This paper aims to study the flow patterns and hemodynamics of aortic abdominal fusiform aneurysms through 
numerical simulations, providing insights into their fluid behavior: Section ‎3 provides a problem description and intro-
duces the system of incompressible Navier-Stokes equations, which are discretized using a fully implicit finite element 
method. The validation of the numerical approach is also discussed in relation to existing literature. In Section ‎33, the 
numerical simulations are performed using Ansys Fluent to analyze various flow parameters, including wall shear stress, 
wall pressure, and flow recirculation. The simulations are conducted on simplified benchmark geometries of abdominal 
aortic aneurysm. Additionally, a realistic abdominal aortic aneurysm geometry reconstructed from CTA data is considered 
and compared to an CTA-based model of a healthy abdominal aorta. Finally, Section ‎4 concludes with some key remarks.

2 � Numerical methods

2.1 � Problem identification

The numerical simulations in this paper consist of two different phases. In phase I, the blood flow is numerically simu-
lated in a pipe with a diameter of 3.5 mm and 61.6 mm as a length with a vascular dilation (d/D) range from 1 to 2.6 
(0–160%) where d is the dilation diameter and D is the straight cylindrical vessel diameter as it is shown in Fig. 1. These 
simplified models are called benchmarks. In phase II, the simulations are performed on two models built based on the 
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CTA of the actual case of a patient-specific abdominal aorta fusiform aneurysm and a healthy case of the abdominal 
aorta, as shown in Fig. 10.

2.2 � Governing equations and boundary conditions

The blood motion governed by Navier–Stokes equations in the laminar flow condition is definedas in [30]:
Continuity Equation (Mass Conservation):

Momentum Conservation:

The stress tensor (τ) can be represented as follows:

where u , v , and w are the blood flow velocities in x, y, and z coordinates, respectively. It is assumed that blood can 
be described as an incompressible Non-Newtonian fluid with a four-parameter viscosity model (Carreau model), blood 
density � of 1063 kg∕m3 , and g is the constant gravitational acceleration. In our work, the body force was neglected ( g = 
0 m∕s2 ). The wall of the blood vessels is assumed to be rigid with no slipping ratio, as described in Table 1 for the blood 
properties and carreau model [31, 32]. The carreau fluid model is a four-parameter law that describes the behavior of 
fluids. At low shear rates, carreau fluids behave as Newtonian fluids, while at high shear rates, they behave as Non-
Newtonian fluids that follow the power-law fluid behavior. Therefore, the carreau model is recommended for simulating 
blood flow in arteries and achieving accurate predictions [33]. The equations for the carreau model can be expressed 
as in [34], where:

The model equation incorporates several parameters: �∞ (= 0.035), which represents the infinite viscosity of blood; �0 
(= 0.436), the viscosity at zero shear rates; � (= 3.3), the characteristic time of the fluid; and

n (= 0.36), the power-law index, and 𝛾̇ is the shear rate ( s−1).
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Fig. 1   Schematic diagram of 
the benchmark computational 
domain
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Table 1   Blood flow properties 
used for phase I, (Luo et al. [1])

Properties Value Unit

Blood density � 1063 kg∕m3 
Entrance velocity vin 10.525 cm∕s 
Outlet pressure P 11,999 (90 mmHg) Pa 
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The simulations conducted in this study aim to solve the system governing laminar flow within a three-dimensional 
computational domain, focusing on Reynolds numbers (Re) below 2300. To ensure accurate results, second-order upwind 
schemes are employed for all conservation equations. The coupling of pressure and velocity fields is achieved through a 
coupled scheme, where the momentum equations and pressure-based continuity equations are solved simultaneously. 
This integrated approach facilitates a comprehensive analysis of the flow behavior. In order to achieve convergence, a 
pseudo-transient scheme is implemented, utilizing a pseudo-transient coefficient of 0.7 for fluid zones and 1.0 for solid 
zones. This scheme is particularly effective in ensuring strong convergence, which is crucial for capturing the intricate 
dynamics of blood flow. By gradually transitioning towards a steady state, the pseudo-transient scheme enables the 
solution to reach a robust and reliable state, providing valuable insights into the complex flow characteristics.

2.3 � The computational grids and time‑step

2.3.1 � Mesh independence study

To ensure accurate computational results, a mesh independence study is conducted to generate a suitable meshing, as 
shown in Figs. 2 and 3.

I.	 Benchmarks

Table 2 shows different Meshes (Mesh 1, Mesh 2, Mesh 3, Mesh 4, and Mesh 5) at different dilation ratios d/D (= 1.0, 
1.2, 1.6, 2, 2.4, and 2.6). These grid sizes were chosen to ensure an accurate representation of the flow phenomena 
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and behavior within the benchmarks at different dilation ratios, as shown in Table 2. Overall, the findings of the mesh 
independence study indicate that using Mesh 4 strikes a suitable balance between accuracy and computational 
efficiency for the simulations. Figure 2a illustrates the relationship between the pressure difference and the number 
of elements in different meshing systems. The results reveal that there is no significant impact on the pressure dif-
ference when the number of elements exceeds 987,648 for the benchmarks with d/D = 1, N = 1,021,949 for d/D = 
1.2, N = 1,051,678 for d/D = 1.6, N = 1,156,945 for d/D = 2, N = 1,232,550 for d/D = 2.4, and N = 1,341,626 for d/D = 2.6.

	 II.	 CTA-based models

The CTA-based models were simulated using different grid sizes. For the aneurysm case, the grids consisted of 
76,145, 135,987, 765,148, 1,298,197, and 3,175,761 elements. The healthy model was simulated with grids contain-
ing 68,745, 140,568, 648,954, 1,058,792, and 2,897,456 elements. Figure 2b illustrates the relationship between the 
total wall pressure and the number of elements in the different meshing systems. The results indicate that there is 
no significant impact on the wall total pressure when the number of elements exceeds 1,298,197 for an aneurysm 
case at 1,058,792 elements for the healthy model. Accordingly, the fourth mesh was selected in the current numeri-
cal simulation for both models.

2.3.2 � Time‑step independence study

A comprehensive time-step ∆t independence study was performed on the CTA-Based models to examine the influ-
ence of varying the time step on the total wall pressure. The four values of ∆t is selected, 0.001s, 0.005s, 0.01s, and 
0.1s, respectively. The results demonstrated that the total wall pressure remained relatively unchanged at ∆t > 0.005, 
for both aneurysm and healthy cases, indicating that further decreasing the time step did not significantly affect the 
total wall pressure. This observation is depicted in Fig. 4. Overall, the findings of the study suggest that utilizing a time 
step of ∆t = 0.005 provides a suitable balance between accuracy and computational efficiency for the simulations.

Table 2   Grid sizes for 
different dilation ratios of the 
benchmark

Dilation Ratio 
(d/D)

Mesh 1 Mesh 2 Mesh 3 Mesh 4 Mesh 5

1 51,476 168,478 687,942 987,648 2,561,458
1.2 52,489 171,456 668,941 1,021,949 2,129,887
1.6 52,798 169,875 678,941 1,051,678 2,356,987
2 54,689 172,469 689,745 1,156,945 2,347,954
2.4 58,976 175,489 701,598 1,232,550 2,249,761
2.6 61,357 178,456 746,984 1,341,626 2,287,941

Fig. 4   Time-step independ-
ence study for the CTA-based 
models
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3 � Results and discussion

3.1 � Phase I: the simplified abdominal aorta fusiform aneurysms benchmark

A comprehensive investigation of the hemodynamic parameters is introduced using a steady simulation with the bound-
ary conditions presented in Table 1.

3.1.1 � The flow structures

The presence of the aneurysm has a significant impact on the appearance of the flow recirculation and the behavior of the 
flow. In Figs. 5 and 6, four regimes of flow can be observed. Regime 1 occurs at small values of d/D where 1 ≤ d∕D < 1.4 . 
This regime represents stable flow without the appearance of flow recirculation. Moving to Regime 2, identified as the 
critical flow regime, we observe flow behavior for 1.4 ≤ d∕D < 1.8. In this regime, there is an uneven distribution of flow 
recirculation along the z-axis of the aneurysm. This uneven distribution arises from flow interaction and separation at the 
edges of the aneurysm, which increases the risk of vascular vessel rupture (see Figs. 7 and 8). Transitioning to Regime 3, 
also known as the transient flow regime, we consider 1.8 ≤ d∕D < 2.2 . This regime represents a transitional state between 
the critical flow regime (Regime 2) and the stable reticulation flow regime (Regime 4). Finally, in Regime 4, characterized 
as the stable reticulation flow regime, we have d∕D ≥ 2.2 but less or equal to 2.6. In this regime, an even flow recircula-
tion along the z-axis of the aneurysm is observed. The formation of a pillow-like structure prevents flow interaction with 
the edges of the aneurysm, resulting in decreased hemodynamic wall parameters (see Figs. 7 and 8). These flow regimes 
highlight the complex and dynamic nature of flow behavior within aneurysms, emphasizing the significance of consider-
ing the aneurysm diameter-to-vessel diameter ratio in understanding the hemodynamic characteristics and potential 
risks associated with aneurysm development.

3.1.2 � The pressure variation

The effect of the vasodilation ratio (d/D) on the artery pressure drop is illustrated in Fig. 7. It is observed that increasing 
the vasodilation ratio leads to a higher pressure drop across the vessel dilation, indicating an increased flow energy loss 
through the aneurysm. In the first regime and at the beginning of the second regime, the pressure drop rises as the d/D 
ratio increases. However, as the transition from the critical regime to the transient regime occurs, the pressure drop starts 
to decrease. Ultimately, in the stable reticulation flow regime, the pressure drop stabilizes at an approximately constant 
level. These findings demonstrate the significant impact of the vasodilation ratio on the flow characteristics and energy 
dissipation in the aneurysm.

Figure 8 presents the wall pressure distribution along the benchmarks. It is observed that the wall pressure exhibits 
a homogenous decrease both before and after the dilation. Within the dilation section, a sudden decrease in wall 
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pressure is observed at the beginning of the dilation, followed by an increase along the z-axis of the aneurysm, as 
depicted in Fig. 8g. This increase in wall pressure is attributed to flow separation at the edges of the dilation. Nota-
bly, the wall pressure values are significantly higher in the critical flow regime compared to the other flow regimes. 
These findings highlight the complex behavior of wall pressure and its variation along the aneurysm, particularly in 
the dilation region.

(a) 

1 1.2 1.4 1.6 1.8 2 2.2 2.4 2.6

Regime 1 Regime 2 Regime 3 Regime 4

(b) (d) 

(c) (e) 

Fig. 6   a Flow pattern map of the flow regimes due to the change of d/D, b Regime 1: stable flow without flow recirculation, c Regime 2: 
Critical flow, d Regime 3: Transient flow, and e Regime 4: stable reticulation flow
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the output and the input of 
the fusiform aneurysm bench-
marks at different d/D
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3.1.3 � The wall shear stress

Figure 9 presents the investigation of wall shear stress around the vascular dilation. The distribution of wall shear stress 
exhibits a qualitative similarity to the wall pressure distribution shown in Fig. 8. Along the z-direction, the wall shear stress 
generally decreases, except at the end zone of the dilation. At the beginning of the dilation, there is a sudden decrease 
in wall shear stress, indicating reduced flow contact with the vessel wall. Moreover, a significant increase in wall shear 
stress is observed at the end of the aneurysm zone, attributed to flow separation at the edges where the flow contacts 
the edges. Notably, the wall shear stress reaches its maximum value in Regime 2 compared to Regimes 3 and 4. In the 
stable recirculation flow regime, there is a sudden decrease in wall shear stress (Compared to Regime 2) at the end of the 
dilation due to the formation of a pillow, which reduces flow interaction with the bulge outlet edge.

3.2 � Phase II: CTA‑based models

Unsteady computational fluid dynamics simulations are performed on realistic models of actual abdominal aortic aneu-
rysm for a 54-year-old woman and a healthy case of a 43-year-old woman. The models are constructed from CTA images 
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using SimVascular [35], as depicted in Fig. 10. The simulation process involves several steps. Firstly, the medical images 
depicting the examined part are carefully selected. Key points at the center of the artery and its main branches are iden-
tified and connected to create path lines. In the second step, the artery is segmented based on these points. In the third 
step, the 3D modelling of the CTA-based model is generated after the segmentation process using the modelling tool, 
as shown in Figs. 10b and 11. The aneurysm size is characterized by a dilation ratio of 2.48 compared to the inlet of the 
main vessel, as depicted in Fig. 11 which was the reason to use the range of d/D values from 1 to 2.6 with the benchmarks.

The setup for Phase II is similar to Phase I, with the difference being the use of transient simulation. In Phase II, the 
boundary conditions are obtained through ultrasonography of the patient, providing us with the velocity profile at the 
inlet and the pressure profile at the outlet, as depicted in Fig. 12 [25]. The velocity and pressure profiles are represented 
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as periodic transient table to be interpolated using the Fluent software at each time step. The simulation is done for 5 
cardiac cycles with taking the results in the 4th one to make sure there is no numerical error due to the initialization.

3.2.1 � The flow structure

The presence of aneurysm case has a significant impact on the flow behavior, particularly in terms of flow recirculation. 
In Fig. 13, a comparison of the flow streamlines between aneurysm and the healthy cases at different time periods of 
pulsations is depicted. The findings demonstrate that within the aneurysm zone, the magnitude of blood velocity is 
lower compared to the healthy case. This reduction is attributed to the increased cross-sectional area of the blood ves-
sel caused by the presence of the aneurysm. In the case of a fusiform aneurysm, where the dilation extends around the 
entire circumference of the artery, the flow patterns can become highly intricate. The presence of the aneurysmal sac 
creates a region of disturbed flow, leading to the formation of recirculation zones where blood can flow backward or 
create eddies within the aneurysm. By investigating the flow behavior in the aneurysm case as shown in Figs. 14 and 
15. During the early diastole phase, the velocity within the aneurysm experienced a significant reduction. Specifically, 
it decreased from a maximum value of 0.096 m/s to 0.011 m/s at the midpoint of the aneurysm. This reduction corre-
sponds to approximately 8.727 times the velocity at the inlet, as depicted in Figs. 14 and 15b. The velocity streamlines 
observed in this case exhibited a predominantly unidirectional flow pattern within the core of aneurysm, with stagnant 
fluid regions surrounding the core, as shown in Fig. 15d. The presence of stagnation in these regions minimizes the 
interaction between the fluid and the aneurysm wall. The evenly distributed flow reduces the fluid-wall interactions with 
the outlet edges, thereby mitigating the risk of rupture and lowering the hemodynamic wall parameters. This outcome 
is desirable in terms of minimizing the likelihood of the aneurysm rupture. In the systolic phase, the maximum velocity 
within the aneurysm core experiences a reduction of 7.095 times compared to the maximum velocity observed at the 
inlet. Specifically, it decreases from 0.149 to 0.021 m/s, as illustrated in Figs. 14 and 15b. As we move radially towards 
the wall of the aneurysm, the velocity gradually decreases until it reaches 0 m/s, as depicted in Fig. 15c and d. The veloc-
ity streamlines within the aneurysm zone generally exhibit a predominantly unidirectional flow pattern, indicating a 
smooth and continuous flow. However, in the vicinity of the inlet, particularly on the side of aneurysm, the flow behavior 
deviates from this unidirectional pattern, as illustrated in Fig. 14. In this region, the flow may exhibit more complex and 
turbulent characteristics, possibly due to the presence of flow disturbances caused by the aneurysm. The appearance 
of recirculation flow can be attributed to the velocity difference between the inlet velocity and the blood velocity near 
the wall. This velocity difference gives rise to a local vortex near the inlet wall, which becomes more pronounced when 
there is a higher velocity disparity between the two streams. The high velocity at the outlets of the aneurysm enhances 
the interaction between the fluid and the edges, resulting in increased wall hemodynamics. This heightened interaction 
poses a risk for aneurysm rupture and is considered undesirable.

At the deceleration phase, there is a noticeable decrease in flow velocity through the aneurysm case. This sudden 
reduction in velocity creates fluid instabilities within the aneurysm, as depicted in Fig. 14. The velocity within the aneu-
rysm core is reduced by a factor of 4 compared to the inlet velocity, as shown in Fig. 15b. However, the magnitude of 
velocity reduction during the late deceleration phase is relatively smaller compared to that observed during the early 

Fig. 12   The velocity profiles 
imposed on the artery inlet 
and the pressure profiles 
imposed on the artery outlets
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diastole and systolic phases. The reason behind the fluid instabilities during late deceleration is the sudden decrease 
in velocity, which causes variations in the surrounding fluid and converts potential energy into kinetic energy. These 
kinetic energy fluctuations contribute to the development of fluid instabilities throughout the aneurysm, as illustrated 
in Fig. 15c and d. It is important to note that despite the smaller risk compared to the systolic phase, the high velocity 
at the outlets of the aneurysm still leads to undesirable wall hemodynamics features, posing a risk of rupture. While the 
risk of rupture is lower during the late deceleration phase compared to the systolic phase, it remains higher than during 
the early diastole phase.

Late deceleration 

Systolic peak

Early diastole

Aneurysm caseHealthy Case

( ) 

( ) 

( ) 

( ) 

( ) 

( ) 

Fig. 13   The velocity streamlines for the aneurysm case and the healthy case at the early diastole, systolic peak, and late deceleration
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3.2.2 � The wall shear stress

The wall shear stress experienced in cardiovascular vessels is influenced by multiple factors. These include blood 
flow velocity, vessel diameter, and geometry [36], blood viscosity, endothelial health, and vessel wall properties, as 
well as flow patterns and disturbances [2]. Higher blood flow velocities result in increased wall shear stress, while 
narrower vessels tend to have higher wall shear stress. The thickness or viscosity of the blood also affects wall shear 
stress, with higher viscosity leading to higher wall shear stress. The condition of the endothelial lining and the elas-
ticity of the vessel wall can impact wall shear stress distribution. Disturbed flow patterns, such as recirculation zones 
or turbulent flow, can further affect the distribution of wall shear stress. The wall shear stress plays a critical role in 
regulating endothelial function, vascular remodeling, and overall vascular health, impacting processes like nitric 
oxide production, inflammation, thrombosis, and the development of atherosclerosis [37].

The presence of flow recirculation through the aneurysm has a significant impact on the wall shear stress. In Fig. 16, 
a comparison of the wall shear stress between the aneurysm case and the healthy case at different time periods of 
pulsations is depicted. The results reveal that the magnitude of wall shear stress within the aneurysm zone is lower 
compared to the healthy case, particularly at the outlets of the aneurysm. This decrease in wall shear stress can be 
attributed to the presence of flow instability, which leads to increased velocity values in those regions. Consequently, 
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the interaction between the high-velocity flow and the wall edges is intensified. As a result, the aneurysm case 
exhibits higher vulnerability to failure compared to the healthy case.

During the early diastole phase, the wall shear stress values are relatively lower compared to the systolic phase and 
late deceleration, as shown in Fig. 17. This is attributed to the lower velocity and the predominantly unidirectional flow 
along the artery during this phase. However, at the bifurcations of the artery, such as the first and second bifurcations, 
the wall shear stress values are significantly higher. This is due to the complex flow interaction at the bifurcation edges. 
At the second bifurcation inlet, there is a notable increase in wall shear stress as the fluid divides from the mainstream 
to the inlets. Additionally, at the outlets of the aneurysm, increase due to the interaction between the high-velocity 
flow and the outlet edges, as mentioned earlier. These findings highlight the variations in wall shear stress distribution 
throughout the cardiac cycle and the influence of fluid-wall interactions at bifurcations and the aneurysm outlets. During 
the systolic phase, the wall shear stress values reach their maximum due to the higher velocity of the flow, as depicted 
in Fig. 17. At the first and second bifurcations, the wall shear stress area at the bifurcation edges is larger compared to 
the early diastole phase, reaching up to 7 Pa. Particularly at the second bifurcation inlet, there is a significant increase in 
wall shear stress as the fluid divides from the mainstream to the inlets, especially in the upper region of the artery bend-
ing where the fluid reflects from the wall and continues within the main flow stream. Furthermore, at the outlets of the 
aneurysm, the wall shear stress values also reach their maximum, particularly at the bifurcation side edges, compared 
to other time periods. These observations highlight the impact of flow velocity and fluid behavior on the distribution of 
wall shear stress throughout the systolic phase, as well as the specific flow patterns and interactions occurring at bifurca-
tion regions and aneurysm outlets.

During the deceleration phase, the fluid instabilities within the aneurysm have a significant impact on the wall shear 
stress, as illustrated in Fig. 17. Those instabilities (local vortex) lead to an increase in the value of the wall shear stress at 
the outlets of the aneurysm. The variation of wall shear stress is considered indicative of the potential location of aneu-
rysm rupture. Research studies have indicated that regions characterized by wall shear stress high values variation are 
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more susceptible to rupture [38]. Specifically, the systolic phase poses a high risk of rupture due to the elevated levels of 
wall shear stress. Although the risk decreases during the deceleration phase compared to the systolic phase, it remains 
considerably higher than during the early diastole phase. These findings underscore the importance of monitoring 
and comprehending hemodynamic conditions, particularly the distribution of wall shear stress, to evaluate the risk of 
aneurysm rupture.

3.2.3 � The pressure variation

The measurement of wall pressure in a fusiform aneurysm provides valuable information regarding its impact on hemo-
dynamic parameters. It serves as an indicator for assessing factors such as blood flow patterns, wall shear stress, and 
vessel wall mechanics. By analyzing the distribution and magnitude of wall pressure, valuable insights can be gained 
regarding the stress exerted on the aneurysm’s walls, which in turn affects the risk of rupture or further expansion. Addi-
tionally, the assessment of wall pressure helps identify flow disturbances, turbulence, and regions of high shear stress 
within the aneurysm. Overall, the examination of wall pressure aids in evaluating the hemodynamic conditions and their 
implications for the progression and management of a fusiform aneurysm. Throughout all phases, the wall pressure in 
the aneurysm case is consistently higher compared to the healthy case. This can be attributed to the presence of flow 
instabilities and disruptions in the aneurysm case, which are absent in the healthy case, as illustrated in Fig. 18. Specifi-
cally, during the early diastole phase, the aneurysm case demonstrates higher wall pressure compared to the healthy 
case. The average wall pressure in the aneurysm case is approximately 86.3 mmHg, whereas in the healthy case it is 
around 85.35 mmHg. The aneurysm case exhibits higher wall pressure, particularly at the bifurcations, compared to the 
healthy case. The healthy case shows a uniform distribution all over the wall at low pressure. At the systolic peak phase, 
the wall pressure in the aneurysm has an average value of approximately 104.76 mmHg, while the healthy case exhibits 
an average value of approximately 104.15 mmHg. The elevated wall pressure in the aneurysm case can be attributed to 
the flow instabilities present in the aneurysm, particularly at the bifurcations where the flow patterns are significantly 
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Fig. 16   The wall shear stress magnitude for aneurysm case and the healthy case at the early diastole, systolic peak, and late deceleration
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disturbed. In the deceleration phase, the wall pressure at the aneurysm is notably higher compared to the healthy case. 
The average wall pressure is approximately 95.5 mmHg for the aneurysm case, while in the healthy case, it is approxi-
mately 94.1 mmHg. This elevation in wall pressure within aneurysm case is particularly prominent at the bifurcations, 
where the pressure values are significantly higher compared to the healthy case. In contrast, the healthy case exhibits a 
more uniform distribution of wall pressure throughout the arterial system, indicating a more stable flow pattern and lower 
pressure fluctuations. The observed differences in wall pressure between aneurysm and the healthy case underscore the 
impact of the aneurysm on the hemodynamic conditions within the arterial system. The higher wall pressures for the 
aneurysm case, occurs at the bifurcations, suggest an increased risk of complications and highlight the importance of 
monitoring and managing aneurysmal conditions to mitigate the potential risks associated with elevated wall pressures.

4 � Conclusions

Numerical simulations of the blood flow and wall shear stress distribution in vascular dilations, specifically on the 
abdominal aortic aneurysm are conducted. By employing advanced computational fluid dynamics simulations on 
both benchmark geometries and CTA-based abdominal aortic aneurysm models. This study has yielded significant 
insights into the flow characteristics and wall properties associated with these vascular conditions. One of the key 
findings of this study is the identification of distinct flow regimes within vascular dilations. We have observed various 
flow patterns, including stable flow, critical flow, transient flow, and stable flow with recirculation. These findings 
shed light on the complex dynamics occurring within vascular dilations, contributing to a deeper understanding of 
their behavior. The investigation of abdominal aortic aneurysm cases using the CTA-based models further expanded 
our knowledge of these specific vascular dilations. The simulations revealed a notable reduction in blood velocity 
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within the aneurysm zone, indicating the altered flow dynamics present in these cases. Additionally, complex flow 
patterns were observed, with the presence of recirculation zones, which play a crucial role in the hemodynamics of 
abdominal aortic aneurysm.

The results demonstrated significant variations in wall shear stress distribution throughout the cardiac cycle, with 
higher values observed during systole and at bifurcations. In the stable recirculation flow regime, there is a sudden 
decrease in wall shear stress (Compared to Regime 2) at the end of the dilation due to the formation of a pillow, which 
reduces flow interaction with the bulge outlet edge. The aneurysm size is characterized by a dilation ratio of 2.48 com-
pared to the inlet of the main vessel. Although the risk decreases during the deceleration phase compared to the systolic 
phase, it remains considerably higher than during the early diastole phase. These findings underscore the importance of 
monitoring and comprehending hemodynamic conditions, particularly the distribution of wall shear stress, to evaluate 
the risk of aneurysm rupture. In the deceleration phase, the wall pressure at the aneurysm is notably higher compared 
to the healthy case. The higher wall pressures for the aneurysm case, occurs at the bifurcations, suggest an increased 

late deceleration systolic peakEarly diastole

Fig. 18   Comparison of wall pressure between aneurysm and healthy case during early diastole, systolic peak, and late deceleration
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risk of complications and highlight the importance of monitoring and managing aneurysmal conditions to mitigate the 
potential risks associated with elevated wall pressures.
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