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Hemodynamics in highly proximal neck of abdominal aortic aneurysm (AAA) was
investigated in an idealized case by using computational fluid dynamics (CFD)
technique. The steady and pulsatile flow simulations were carried out and compared.
The three-dimensional model was constructed using CAD software and boundary
conditions were adopted from the literature based on experimental studies. Grid
independency study was performed to test the computational mesh used. Blood was
considered as incompressible and Newtonian fluid in steady and transient regimes with
no-slip and rigid aortic wall. Finite volume method based on ANSYS Fluent was used to
solve the CFD governing equations. The results acquired from CFD post-processing for
velocity distributions and flow rate during steady and transient (t = 0.25 s and t =0.55
s) flow states. Furthermore, velocity distributions showed significant differences
between the two cases (steady and transient) in the idealized angulated neck AAA
model. During the steady state, the flow was concentrated in the middle of aorta while
in transient (a systolic phase) the flow was more pronounced and distributed near the
wall and tortuous areas more than in a diastolic phase. Flow rate at iliac artery outlets
showed different values in both states and slight variance in the right and left iliac
arteries. The steady and pulsatile flow comparison using CFD were crucial to
understand and investigate the hemodynamic in angulated neck of abdominal aortic
aneurysm model.

Copyright © 2019 PENERBIT AKADEMIA BARU - All rights reserved

1. Introduction

An aneurysm is an abnormal localised enlargement of a part of artery. This morphological
abnormality is occurred when the aortic wall becomes vulnerable and weak. It is generally a non-
symptomatic disease [1,2]. Yearly, there are more than 15,000 cases of death in the United States
from the rupture or dissection of abdominal or thoracic aortic aneurysm [1]. The major reason for
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the formation of abdominal aortic aneurysm (AAA) is associated with so-called Marfan’s Syndrome
or Ehlers Danlos Syndrome along with risk factors such as hypertension, smoking, age and
atherosclerosis [3,4]. If aneurysm is kept untreated, it tends to grow at a rate of 0.08 cm/year and
might be ruptured if the diameter of aneurysm reaches 6 cm or larger [5]. The conventional
procedure of aneurysm treatment is an open surgery, however, in recent years more non-invasive
methods have been introduced including stent grafts and endovascular sealings [6,7].

From biomechanical points of view, the rupture of aneurysm perhaps thought as the failure of
material. The traditional determinant of rupture is the maximum diameter of lumen, but it has been
found inadequate in several cases. Therefore, determining and understanding the actual rupture’s
factors clinically are still uncertain. Therefore, to ensure a proper biomechanical analysis for the risk
of rupture, hemodynamics and stress state at the lesion and weak wall should be taken into account.
Since blood flow exerts both regular and shear forces on the inner wall surface of artery, then those
forces can influence the condition of artery wall [8]. Vasava et al., [9] reported that the complex
anatomic structures of arteries are mostly influenced by abnormal flow dynamics and distribution of
stress, while Dabagh et al., [10] and Towfiq et al., [11] studies have illustrated that the change of
aorta size is due to blood pressure.

The recent advanced imaging technologies have been extensively used in cardiovascular system
for the visualization of blood flow and demonstration of the flow patterns in order to unveil the
pathophysiology of the circulatory system. Computational fluid dynamics (CFD) has proven to be an
effective tool and made the simulations of complex systems in industry and academic research
feasible [12-14]. CFD plays a significant standard method for the visualization and the analysis of flow
in different cases such as blood in arteries, as well as the wall shear stress [15, 16]. Few studies
reported that more than 35% of AAA’s patients were ineligible for endovascular treatments due to
the complexity of AAA morphology such as aortic angulation and proximal short neck of aneurysm
[17-19]. Moreover, to measure all the hemodynamic parameters in living human-beings accurately is
very difficult because of the cardiac cycles which cause a natural pulsatile flow [20]. Therefore, for
these reasons, it is difficult to do in vivo experiments. To overcome this challenge, it is beneficial to
simulate blood flow through a computational modelling.

In this study, we have constructed a three-dimensional (3D) angulated neck AAA model which
adopted from the literature. The idealized aorta model consists of proximal angular neck, aneurysm
sac and iliac bifurcations arteries. The steady and pulsatile flows of blood through the 3D angulated
neck AAA model with incompressible Navier-Stokes equations were simulated. The boundary
conditions along with governing equations are solved by the finite volume method (FVM) in ANSYS
Workbench V19.1. Due to the crucial effect of hemodynamic change, geometry’s curvature of AAA
and flow rate in arteries, the blood flow through proximal neck and aneurysm sac is studied.

Therefore, the velocity flow across different cross-sections for steady and unsteady conditions
within angulated neck AAA model are investigated. In this present work, we also investigated the
variances between steady and transient flow conditions through idealized and highly angulated neck
abdominal artery aneurysm with rigid walls using CFD tools.

2. Methodology
2.1 Geometry

The geometry used in this study was built using a CAD software (Siemens NX 11, Texas, USA). The
construction of geometry was a resembling of a fusiform shape of angulated neck of AAA. The
geometry was designed with 20 mm inlet, 55 mm aneurysm sac and 11 mm and 10 mm for both
outlet iliac arteries as well as the lengths are shown in Figure 1. The angle of the proximal neck was
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selected to be 80°, representing a severe neck angulation of abdominal aorta as reported by Hobo et
al., [21] that a proximal neck angle greater than 60° is considered to be risky for endovascular repair.
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\ 55mm

% o Outlet

Fig. 1. 3D model of severe angulated neck of idealized AAA. Six
selected planes are indicated by black lines (A-F). A and B are
upper are lower neck sections, Cis mid-sac sectionand Dto F
are lliac bifurcation sections

2.2 Grid and Simulation Design

The computational mesh for the geometry was carried out using ANSYS Workbench v19.1 (ANSYS
Inc., Canonsburg, USA). The meshes were generated using tetrahedral cells with five boundary layers
of total thickness of 0.2 mm. In order to achieve an optimal mesh, the grid independency study was
performed for five different numbers of elements as presented in Table 1. Smoothing and quality
checks were carried out to satisfy the refinement of the elements as presented in Figure 2. In this
CFD simulation, ANSYS was employed to simulate the blood flow behavior in the angulated neck of
idealized AAA. 3D finite volume method was implemented to solve Navier-stokes equations of
momentum conservation and continuity for incompressible and Newtonian fluid [22]. These
equations are expressed as Eq. (1) and Eq. (2).

p (%) + p(u-V)u =—-VP + uv?u (1)
3
a—lz+ V-(pu) =0 (2)

where u, P and V denote velocity vector, pressure, and divergence, while p and p for density and
dynamic viscosity of fluid.
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Table 1
Number of elements used for
grid independency test

Mesh Elements No
Case 1l 55,304

Case 2 71,379

Case 3 391,306
Case 4 972,832
Case 5 1,029,702

Sac view

Inlet view

0015 0045

Fig. 2. Mesh view of computational idealized AAA model

2.3 Assumptions and Boundary Conditions

The CFD simulations were performed under steady and transient conditions. Blood was assumed
to be laminar, incompressible and Newtonian fluid with a dynamic viscosity of 0.0035 Pa-s at 45%
haematocrit and a density of 1,060 kg/m?3 [14,23]. For steady-state simulation; the velocity of 0.28
m/s was used for the inlet velocity and outlet pressure of zero. In contrast, for pulsatile simulation; a
user-defined function (UDF) code for time-dependent velocity and pressure waveforms were
imposed at the inlet and outlet boundaries. Both waveforms were adopted from the experimental
study of Olufsen et al., [24] for an abdominal aorta region as shown in Figure 3. The artery wall was
assumed as rigid and no-slip condition in both cases.
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Fig. 3. Inlet velocity and outlet pressure waveforms applied for a pulsatile
simulation
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2.3 Computation

CFD simulations were carried out using commercial finite volume solver, ANSYS FLUENT CFD
v19.1 (ANSYS Inc., Canonsburg, PA, USA). Pressure was calculated by pressure-velocity coupling
method using a SIMPLE algorithm. A 2" order upwind with a pressure-based solver was used for the
momentum spatial discretization. Convergence criteria was assigned to 10 for velocity and
continuity residuals [25]. For transient simulation, the calculation was fixed to 0.01 s with 282
iterations for each time-step.

3. Results and discussion
3.1 Mesh Independency Study

The purpose of this sub-study is to obtain the minimal cell size of tetrahedrons for a grid
independency flow simulation. The maximum velocity obtained from the five meshes simulations
was shown in Figure 4. The plot shows that when elements increase the maximum velocity becomes
higher. For the case 4 (972,832 elements) and case 5 (1,029,702 elements), the velocity trends show
to be similar. Therefore, the mesh with 972,832 elements was used in this computational study.
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Fig. 4. Grid independency study based on velocity profile

3.2 Velocity Distributions

For better understanding of the expected flow behaviors in an angulated neck AAA, the analysis
of solutions to steady and transient conditions using velocity and pressure waveforms are calculated
and visualized. For pulsatile flow analysis, the velocity contours were obtained at 0.25 s (peak
systole), 0.55 s (early diastole) of a cardiac cycle. In order to obtain the details of velocity flow through
the proximal neck, aneurysm sac and bifurcations arteries, velocity profile across six different cross-
sectional regions were captured. These regions are (A) neck angle, (B) proximal aneurysm, (C) middle
of aneurysm sac, (D) bifurcation arteries and iliac artery outlets (E and F) as illustrated in Figure 5.
The axial velocity profiles for steady simulation are presented in Figure 5. The velocity at section A
showed a skewness of flow towards the inner side of aorta. The angular neck bending induces fluid
motion as shown at sections B and C. Therefore, the flow velocity near the wall of proximal and
aneurysm aorta is forming C-shaped of velocity distribution directed towards the inner side of aorta
at both sections B and C, respectively. It is also can be noticeable that the flow of blood is
concentrated clearly near and around the aneurysm sac wall. For planes D, E and F, the velocity
distributions suggest notable disturbances and significant increase up to 0.7 m/s at bifurcation area
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and iliac arteries. This is occurred because of flow bifurcating together with the pressure gradient at
iliac arteries [9].
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Fig. 5. Velocity profiles at selected planes for the steady state simulations

For the transient simulation, the dynamics of blood flow were investigated at two-time frames:
maximum velocity (t = 0.25 s as peak systole) and minimum velocity (t = 0.55 s as early diastole).
Figure 6 illustrates the velocity contours of pulsatile simulation results at the two time-points in a
cardiac cycle. These time-frames were selected because they are considered as critical cardiac
phases. The locations of cross-sectional planes can be referred to Figure 1. It is noticed that the blood
flow in at systolic phase (t =0.25 s) is increased during it flows downward to iliac arteries as presented
in the planes. The velocity increases until maximum value of 0.72 m/s at the outlet regions which
estimated to be approximately 50%. The reasons of the flow differences and the significant increase
at regions (D, E and F) are influenced by the high pressure and anatomical structure of AAA model
e.g. the aneurysm sac and arterial bifurcation. These results show an agreement with previous study
by Algabri et al., [25] and Soares et al., [26]. On the other hand, the flow at a diastolic phase (t = 0.55
s) showed a distinct changed behavior from the flow at a systolic phase. These changes can be clearly
seen three ways: the decrease of velocity magnitude to almost 25-30 %, the flow direction towards
wall side and aneurysm sac (see sections B and C) and forming a circular-shaped of flow near the wall
as seen in sections E and F. From Figure 5 and Figure 6 especially at regions of D, E and F, we can
observe high velocity. This phenomenon shows a consistency with prior study of Liu et al., [27], this
can be caused by high pressure at these regions.
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Fig. 6. Velocity profiles at cross-sectional planes for two time-frames
3.3. Flow Rate

The flow rate was calculated for both steady and transient flow at outlets of iliac arteries as
presented in Figure 7. The flow rate (Q) was calculated based on Eq. (3) [23].

Q=Vv-A (m3/s) (3)

where v is velocity and A is the outlets area (Right and left iliac arteries). The graph illustrates the
flow rate variance between steady and transient (t = 0.25 s and t = 0.55 s) flow conditions at both
outlet of iliac arteries for a highly angulated neck of AAA model. It is noticed that high flow rate
occurred at steady and transient (t = 0.25 s) states, this due to the maximum velocity imposed at inlet
boundary. On other hand, flow rate seems to be less at diastolic phase (t = 0.55 s).

Furthermore, the flow rate for each outlet (right and left) of iliac arteries appears to be slightly
different in both steady and transient flow conditions. However, it observed that the flow rate at left
iliac appears to be higher than in right iliac outlet. This difference could be referred to the influence
of proximal neck of AAA, anatomical curvature of model and pressure at these regions. It is proper
to mention that a possible limitation might influence the study results such as assuming blood as
Newtonian fluid. It is known that blood exhibits a non-Newtonian behavior. However, Newtonian
assumption has been considered acceptable since minor differences in the basic flow characteristics
are introduced through the non-Newtonian hypothesis [28].
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Fig. 7. Flow rate at both iliac artery outlets for steady and transient states
4. Conclusion

Computational fluid dynamics simulations for 3D idealized severe proximal neck of AAA model
were performed based on patient hemodynamic parameters obtained from previous experimental
study. The main aim of this work was to investigate and assess the differences between the steady
and transient flow behaviours within proximal neck, aneurysm sac and iliac arteries for abdominal
aortic aneurysm. In order to achieve this aim of study, CFD tools were adopted under the steady and
transient simulations. High velocity was observed to be higher in the planes of D, E and F in both
steady and transient models. In transient phase (t = 0.25 s), the velocity at outlets was increased up
to 0.72 m/s and flow rate at the outlet of iliac arteries was higher compared with the steady
condition. The investigated parameters have shown pronounced differences in the transient case
more than in the steady case. The changes in velocity and flow pattern through the aneurysm and
bifurcated arteries will be useful for the understanding of cardiovascular disease intervention.
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