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5.1 INTRODUCTION

Chalouhi et al. (2013) defined Cerebral aneurysms (CAs) are
characterized by localized structural deterioration of the
arterial wall, with loss of the internal elastic lamina and
disruption of the media. While Meng et al. (2014) defined CAs
or Intracranial Aneurysms (lAs) in simple way, they said
intracranial aneurysm are pathologic outpunching of the
arterial wall. Boussel et al. (2008) stated evolution of
intracranial aneurysmal disease is known to be related to
hemodynamic forces acting on the vessel wall. However,
Taylor et al. (1995) stated that cerebral arterial aneurysms
are common in the general population and their rupture is a
catastrophic event. Chalouhi et al. (2013) studied that 3% to
5% of cerebral aneurysm occur in general population. In fact,
the most dreaded complication of CAs is rupture, the
likelihood of which is related to several modifiable and
nonmodifiable risk factors (Chalouhi et al., 2013). Taylor et
al. (1995) reported the role of systemic hypertension in
aneurysm formation and rupture has been especially
controversial. Patients’ gender and race are not significant
predictors of aneurysm rupture. Hypertension is an
independent risk factor due to rupture of aneurysm in patient
with unruptured cerebral aneurysm as their primary
diagnosis.

With advances in computer technology, the behaviour of the
rupture tendency in complex cerebral arterial models have
been observed with aid of the computational fluid dynamics
(CFD) technique. Thus, the aim of this study is to investigate
the impact of various blood pressure condition to the flow
behavior inside the aneurysm and the rupture risk.
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5.2 METHODOLOGY

521 Image remodeling and meshing

In this study, a patient-specific model of middle cerebral artery
(MCA) aneurysm is remodeled using computational aided
design (CAD) software, SolidWork and used to ensure good
accuracy of the results. Figure 5.1 shows the meshed geometry
before boundary conditions are set to the model with about
600,000 nodes.

Figure 5.1: Meshed cerebral aneurysm geometry model

5.2.2 Numerical Modelling and Boundary Condition

The numerical simulation was carried out using ANSYS
Fluent 19 software in steady state condition. In this study,
blood properties were considered an incompressible
Newtonian fluid with a density of 1056 kg/m?® and a dynamic
viscosity of 0.0035 kg/ms. To ensure the accuracy of the
numerical results, a grid independence test was conducted,
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and the optimal mesh count was selected for the final
simulations. The turbulence model adopted for this study
was the k-w model. The MCA aneurysm model will be
simulated with three different blood flow velocities as the
inlet based on the findings of Azhim et al. (2011), while a
free-flow condition was applied at the outlet. The specific
blood pressure and flow velocity conditions are tabulated in
Table 5.1.

Table 5.1: The blood pressure conditions and the blood flow velocity

values.
Blood pressure Normal Pre- Hyperten
condition Hypertension sion
Blood flow 0.92 0.95 0.72
velocity (m/s)

523 Analysis of Hemodynamic Parameters

There are three hemodynamic parameters analyzed in this
study: velocity, wall shear stress, and pressure. These
parameters are crucial in understanding the influence of
blood flow dynamics on aneurysm stability under different
physiological conditions, including normal (NML), pre-
hypertension (PHP), and hypertension (HBP). Velocity
distribution provides insight into flow patterns, vortex
formation, and stagnation points within the aneurysm. Wall
shear stress is essential for evaluating the forces exerted by
blood flow on the arterial walls, which can affect endothelial
function and aneurysm progression. Pressure distribution,
particularly on the aneurysm wall, helps determine stress
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accumulation, which may contribute to aneurysm growth
and rupture risk.

v=vi+ vi+v? (1)

where v,?, 173% and vZZ are the velocity components in the x,

y and z directions, respectively. The flow structure was
classified as complex, characterized by continuous
recirculation at the bottom of the dome artery and flow
separation toward multiple outlets. When observed from
different angles, multiple vortices were evident around the
aneurysm dome, further highlighting the intricate nature of
the hemodynamic environment. WSS plays a crucial role in
aneurysm progression, as low or oscillatory shear stress
may contribute to endothelial dysfunction and wall
weakening. The pressure acting on the aneurysm wall was
analyzed using the pressure distribution computed directly
in ANSYS Fluent post-processing. Regions of high-pressure
concentration on the aneurysm wall indicate areas of
increased mechanical stress, which may contribute to
aneurysm expansion and rupture. By analyzing these
hemodynamic factors, this study aims to provide a better
understanding of the biomechanical factors influencing
aneurysm stability and potential complication.

5.3 RESULTS AND DISCUSSION

This section presents the findings and analysis of the key
hemodynamic parameters: velocity distribution, wall shear
stress (WSS), and pressure variations within the aneurysm.
These parameters were evaluated under three physiological
conditions normal (NML), pre-hypertension (PHP), and
hypertension (HBP) to investigate their impact on aneurysm
stability and potential rupture risk.
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531 Velocity Distribution

This section explains the velocity distribution under three
conditions: normal, pre-hypertension, and hypertension. In the
normal condition, blood flow remains stable with smooth
velocity profiles and minimal turbulence. Under pre-
hypertension, the flow velocity increases slightly, indicating
elevated pressure effects on the vessel wall. In the
hypertension condition, the velocity becomes significantly
higher with stronger flow impact and disturbed patterns,
suggesting increased hemodynamic stress within the
aneurysm region. Figure 5.2 shows the velocity of blood flow in
normal condition (0.92 m/s) in form of streamline. The red
colour represent highest velocity, while dark blue colour
represent lowest velocity. As shown in figure the blood flow
velocity increasingly in inlet and in outlet instead of blood flow
velocity decreasingly when in dome. In dome artery, blood flow
keeps recirculating in low velocity before moving to outlet.
Figure 5.3 and Figure 5.4 showed detailed streamline and
contour of flow velocity at the middle cross plane.
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Figure 5.2: Blood flow velocity distribution at (a) Streamline in
overall view; (b) Streamline on middle plane;(c) Velocity contour on
middle plane during normal condition.

Figure 5.3 shows the velocity of blood flow in a pre-
hypertension condition (0.95 m/s) in the form of streamlines.
This pre-hypertension condition has the highest blood flow
velocity compared to the other two conditions (normal and
hypertension). As seen in the streamline figure, the highest
velocity of blood flow is observed at the inlet and outlets. This
is because blood flow increases as it enters the inlet and exits
through the outlets. The streamline pattern of the highest
velocity is more distinct compared to the high-velocity flow in
normal and hypertension conditions. Meanwhile, the lowest
blood flow velocity is mostly observed in the dome region,
particularly at the bottom of the dome and in the artery between
the dome and the parent artery. The blood continues to
recirculate within the dome before moving into the outlets.
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(b) ()

Figure 5.3: Blood flow velocity distribution at (a) Streamline in
overall view; (b) Streamline on middle plane;(c) Velocity contour
on middle plane during pre-hypertension condition.

Figure 5.4 shows the velocity of blood flow in a hypertension
condition (0.72 m/s) in the form of streamlines. This
hypertension condition has the lowest blood flow velocity
compared to the normal and pre-hypertension conditions. As
seen in the figure, only a few streamlines indicate high velocity
values at the left outlet. The remaining streamlines appear
green at the inlet and right outlet. Green-colored streamlines
represent lower velocity values compared to yellow, orange,
and red, which indicate progressively higher velocities. In the
dome area, the velocity is at its lowest as the blood flow
continues to recirculate before eventually moving out through
the outlets.
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(b) (c)

Figure 5.4: Blood flow velocity distribution at (a) Streamline in

overall view; (b) Streamline on middle plane;(c) Velocity contour
on middle plane during hypertension condition.

53.2 Wall Shear Stress

This section explains the wall shear stress (WSS) distribution
under normal, pre-hypertension, and hypertension conditions.
In the normal condition, WSS remains within a physiological
range, indicating stable flow and minimal stress on the vessel
wall. Under pre-hypertension, WSS increases moderately,
reflecting higher flow velocity and pressure. In the hypertension
condition, WSS rises sharply, especially near the aneurysm
neck and dome, suggesting elevated hemodynamic stress that
may contribute to vessel wall weakening and potential rupture
risk. Next, Figure 5.5, shows wall shear stress at normal blood
pressure condition in the form of a contour. Red colour
indicates highest wall shear stress while dark blue colour
indicates lowest wall shear stress. This figure shows the front
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view of the geometry. By looking at the geometry, the inlet and
the outlet are red, which means the inlet and the outlet are the
highest wall shear stress region. While at the upper side of the
dome shows a dark blue region, the lowest wall shear stress.

(c) (d)

Figure 5.5: Wall shear stress distribution at (a) front view; (b) back
view; (c) bottom view and (d) upper view for normal condition

For Figure 5.5 (b), it shows wall shear stress of geometry from
the back view in the form of a contour. The inlet and outlet are
red, which is at the highest wall shear stress region. While the
lowest wall shear stress region is in the dome area, such as a
small area at the right upper dome, a few spots at the left upper
dome, and a slightly bigger region at the middle of the dome.
Figure 5.5 (c) shows the wall shear stress of geometry in the
form of a contour from the upper view. The upper part of the
dome clearly shows the lowest wall shear stress regions. As
shown in the figures, the lowest wall shear stress is found at

88



Applications of Computational Fluid Dynamics in Mechanical Engineering —
Series 6

the upper dome, a slightly larger area at the right beside the
inlet, and a few small spots left beside the inlet. The highest
wall shear stress regions are still located at the inlet and both
outlets. In Figure 5.5 (d), the geometry seen from bottom view
in the wall shear stress measured, in the form of a contour. As
seen in the figure, most of the bottom area, including outlets, is
in the highest wall shear stress. However, the small spot area
of lowest wall shear stress was generated and it is most
noticeable because it was surrounded by high wall shear stress
regions. The rupture tendency of aneurysms occurs in the
lowest wall shear stress regions. Compared to the whole area
in geometry, the dome area has a large area of low wall shear
stress.

In Figure 5.6, the geometry illustrates the measurement of wall
shear stress in the form of a contour from the front view.
Compared to the normal condition, the area of lowest wall
shear stress has slightly increased at the upper dome region.
Additionally, a small spot at the left outlet has expanded,
indicating a larger area of low wall shear stress. The inlet, most
of the outlet region, and the bottom part of the dome remain
areas of highest wall shear stress.

2 rocevon
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(c) (d)
Figure 5.6: Wall shear stress distribution at (a) front view; (b)

back view; (c) bottom view and (d) upper view for pre-
hypertension condition

Figure 5.6 (b) presents the wall shear stress distribution from
the back view. In the pre-hypertension condition, at the highest
blood flow velocity, the lowest wall shear stress area in the
dome region has slightly increased compared to the normal
condition. The low wall shear stress area at the upper right of
the dome has also expanded, with a few additional spots
increasing in size. Blood flow velocity, influenced by blood
pressure conditions, affects the wall shear stress in both the
artery and the aneurysm regions. The areas in red remain
indicative of the highest wall shear stress. Figure 5.6 (c) shows
the wall shear stress distribution from the upper view. In the
pre-hypertension condition, the regions with the lowest wall
shear stress have increased in size. The dark blue spots,
representing low shear stress areas, have also expanded. This
occurs due to the increase in blood pressure from the normal
to the pre-hypertension condition. Only the inlet and most of the
outlet regions maintain high wall shear stress. Figure 5.6 (d)
also displays the wall shear stress distribution from the upper
view, reinforcing the findings from Figure 5.6(c). As in the pre-
hypertension condition, the lowest wall shear stress regions
have expanded, with dark blue spots increasing in size. This
change is a result of rising blood pressure from the normal to
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pre-hypertension condition. The inlet and most of the outlet
regions continue to exhibit high wall shear stress.

Figure 5.7 shows the wall shear stress distribution in the form
of a contour from the front view. As blood pressure increases,
the area of lowest wall shear stress expands, spreading from
the upper dome region to the upper area near the left outlet.
Meanwhile, the inlet and the remaining outlet regions maintain
the highest wall shear.

(c) (d)

Figure 5.7: Wall shear stress distribution at (a) front view; (b)
back view; (c) bottom view and (d) upper view for hypertension
condition.

Figure 5.7 (b) shows the wall shear stress distribution in the
form of a contour from the front view. As blood pressure
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increases, the area of lowest wall shear stress expands,
spreading from the upper dome region to the upper area near
the left outlet. Meanwhile, the inlet and the remaining outlet
regions maintain the highest wall shear stress. Figure 5.7 (c)
illustrates the wall shear stress distribution from the upper view.
It is clearly visible that the lowest wall shear stress region
continues to expand, spreading widely around the upper dome
area and extending to the neck between the lower part of the
inlet and the upper part of the dome. This hypertension
condition has a significant impact on the aneurysm. Figure 5.7
(d) presents the wall shear stress distribution from the bottom
view. In both normal and pre-hypertension conditions, a small
dark blue spot was already present. However, in the
hypertension condition, this spot becomes noticeably larger
compared to the previous conditions. This small spot forms due
to the recirculation of blood flow within the dome and is referred
to as the stagnation point. The stagnation point indicates a
region with a higher tendency for rupture due to the presence
of low wall shear stress. Low wall shear stress negatively
affects endothelial cells and may contribute to local arterial wall
remodeling. Meanwhile, high wall shear stress is represented
by the red-colored regions.

5.3.3 Pressure During Normal, Pre-Hypertension and
Hypertension Condition

Figure 5.8 (a) shows the pressure distribution in a cross-
sectional plane of the geometry in the form of a contour for the
normal condition. As clearly shown in the figure, the highest
pressure occurs at the inlet entrance as blood begins to flow
into the artery. Additionally, there is slightly higher pressure at
the bottom of the dome area due to blood recirculating before
moving into the outlets. As the blood passes through the
outlets, the pressure gradually decreases as it exits the artery.
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Figure 5.8(b) presents the pressure distribution in a cross-
sectional plane for the pre-hypertension condition. Compared
to the normal condition, the pre-hypertension condition exhibits
higher pressure in the same areas, particularly at the inlet
entrance and the bottom part of the dome. The red contour
indicates a spike in pressure compared to the normal condition.
This occurs because the blood flow velocity in pre-hypertension
is higher than in the normal condition. Meanwhile, the pressure
remains low at the outlets. Figure 5.8(c) shows the pressure
distribution in a cross-sectional plane for the hypertension
condition. As seen in the figure, there are no significantly high-
pressure areas in this condition. Only bright green regions
appear at the inlet entrance and the bottom of the dome,
indicating slightly elevated pressure. In contrast, yellow,
orange, and red colors, which represent higher pressure, are
absent. In the hypertension condition, blood flow velocity is
lower than in both the normal and pre-hypertension conditions.
Meanwhile, the outlets remain at the lowest pressure as the
blood flows outward.
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(b) (c)

Figure 5.8: Contour of pressure in a plane cross area during
each timestep

5.4 CONCLUSION AND RECOMMENDATIONS

The distribution and magnitude of wall shear stress (WSS) play
a critical role in the structural integrity of intracranial
aneurysms, influencing their stability and potential for rupture.
Higher WSS is typically associated with unruptured aneurysms,
particularly in regions with high-velocity blood flow, whereas
lower WSS is strongly correlated with rupture-prone areas,
especially at the aneurysm dome. Computational fluid
dynamics (CFD) analysis has demonstrated that a widespread
low WSS region across the dome significantly increases the
likelihood of aneurysm rupture. Studies have further
emphasized that hemodynamic factors, particularly WSS, are
as crucial as morphological features in assessing rupture risk.
Notably, the WSS at the rupture point aligns with the minimum
WSS observed at the dome, indicating that persistent low WSS
contributes to the degenerative weakening of the aneurysmal
wall. The rupture points are primarily located on the aneurysm
dome, where WSS is at its lowest and blood flow velocity is
significantly reduced. This localized decrease in blood flow
velocity can result in flow stagnation, leading to endothelial cell
apoptosis, inflammatory responses, and the release of
biochemical mediators that contribute to aneurysm wall
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degradation. Flow dynamics within the aneurysm exhibit
complex patterns, characterized by multiple vortices and
recirculation zones near rupture-prone regions, where vector
velocity is lower than in other areas. These findings suggest
that both low WSS and intricate flow structures play a crucial
role in aneurysm rupture mechanisms. Understanding these
hemodynamic behaviors provides valuable insight into
aneurysm progression, emphasizing the need for WSS-based
assessments in rupture risk evaluation.

This study suggests that blood pressure conditions play a
significant role in aneurysm development and may influence
the likelihood of rupture by altering key hemodynamic
characteristics, such as complex flow patterns and markedly
low wall shear stress (WSS). The findings demonstrate a clear
correlation between regions of low WSS and aneurysm
progression in intracranial aneurysms. These insights could be
valuable in predicting the potential location and timing of
aneurysm growth, aiding in therapeutic decision-making and
surgical planning to improve patient outcomes.
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