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Abstract

An aneurysm is a localized, permanent enlargement (dilation) of the blood vessels more than 1.5 times of the normal
size. It is a cardiovascular health disease that occurs when the aorta becomes weak. The gravity of aneurysm and the
risk of rupture depend on a complex interplay between hemodynamic stresses and biochemical reactions occurring
inside the arterial wall which are affected by blood flow patterns. The Reynolds number (Re) of the flow may be
considered to be one of the important factors which can affect the flow patterns in aneurismal artery. So, the flow
characteristic of the blood passing through an aneurismal artery may have some significant effects on the initiation
and progression of the disease. Therefore, in this work, effects of important hemodynamic parameters like streamline
contour, recirculating bubbles, wall shear stress (WSS) and maximum wall shear stress gradient (WSSG) in the
configuration of aneurismal artery have been investigated with the variation of Re ranging from 100 to 400, for an
aspect ratio of 2.5 and dilation of 2.5. CFD software GAMBIT 2.3.16 and FLUENT 6.3.26 have been used to predict
the flow characteristics of blood passing through rigid, axisymmetric aortic aneurismal artery. The flow has been
assumed to be steady, two dimensional and laminar. The fluid has been considered to be Newtonian and
incompressible. From the study, it has been revealed that the size of the recirculating bubble is increasing with Re.
This condition may promote thrombus formation inside the aneurysm cavity. Regarding the WSS, it is observed that
the WSS decreases rapidly to zero at the separation point, and maintained a negative value along the aneurysm.
Then, the WSS rises sharply to a peak value at the reattachment point. It is also noted that the magnitudes of
negative WSS decreases and of peak WSS increases with Re. A maximum WSSG has been also found at the distal
end, which increases with Re. The elevated level of WSS may lead to damage of endothelium layer of the distal
aneurysm wall. Due to low WSS, the platelets may lead to a prolonged contact with the wall, promoting adhesion to
the wall. From this research, it may be concluded that the flow characteristic of the blood passing through an
aneurismal artery have some significant impacts on the disease aneurysm. If aneurysm grows without treatment, the
bulge progresses and finally, the rupture of the artery may occur. A ruptured aneurysm can lead to uncontrolled
bleeding, causing the possible death of the victim.

Keywords: Aortic aneurysm, Computational fluid dynamics, Streamline contour, Wall shear stress, Wall shear stress
gradient
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Abstract

A numerical simulation is carried out to demonstrate the significant changes of flow behaviour for two different severities of
arterial stenosis. Two stenosis level of 65% and 85% are considered by area. The blood is considered as flowing fluid and
assumed to be incompressible, homogeneous and Newtonian, while artery is assumed to be a rigid wall. The transient analysis is
performed using ANSYS-14.5. The flow pattern, wall shear stress (WSS), pressure contours, and Centre-line velocity distribution
are observed at early-systole, peak-systole and diastole for better understanding of arterial disease. Wall Share Stress distribution
shows that as severity increases, sharing of flow also increases for all cases. Thus maximum stress is exerted in throat region at
peak systole. The pressure distribution demonstrates that at all cases 85% stenotic artery creates more force than 65% stenotic
artery at their pre-stenotic region. Interestingly, a recirculation region is visible at the post stenotic region in 85% stenotic artery
for all cases and recirculation region increases with the decrease of the inlet flow velocity. Analysis indicates that the significant
flow changes happen in the post stenotic region.
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1. Introduction

Cardiovascular diseases are the types of diseases that involve heart or blood vessels (arteries and vain). On the other
hand, stenosis is a constriction in the blood vessels, and causes stroke and even fatal death of human life. We have
limited understanding on this issue. Therefore, studies of stenosis can be helpful better understanding of the
biomechanics of vascular diseases. In general the blood flow should not face any obstacles on the way and the flow
should be regular and smooth. But sometimes due to presence of cholesterol, calcium and other substance in blood,
a fatty substance called plaque develops near the inner wall of the artery. As the time passes this plaque grows
resulting in hardening the arterial wall and narrowing the blood vessels. This can cause severe diseases such as the
development of atherosclerosis. As a result the arterial wall loses its elastic property which limits the area of blood
flow. Therefore, the flow turns to show abnormal behavior in the reduced cross sectional area of the artery as shown
by Khader and Shenoy [1]. The studies suggested that pulsatile blood flow through artery vessel implicated in
several types of hemodynamic forces that could impact in vessel wall structure. These forces caused the
development of vascular pathologies and atherosclerosis. The high shear stress was the harm of the vessel wall and
caused atherosclerosis. Therefore, the vessel with steady blood flow and high shear stress was good for health and
comparatively free of the above diseases as investigated by Li et al. [2].

At present, there is no standard procedure to measure the physical severity of the stenosis. Doctors often judge the
severity of the above diseases based on a patient’s physical symptoms as well as growth rate, constriction size and
pressure drop as stated by Chua, and Shread [3]. However the results of numerical simulation could be an important
technique with others like MR, CT, Ultrasound etc. in analyzing the severity of stenosis. Further the comparison of
stenosed flow behaviour with the normal one can provide the better understanding of underlying mechanism behind
the development of atherosclerosis. The flow behaviour in the stenosed artery is quite different in comparison to the
normal one. On the other hand, stress and resistance to flow are much higher in stenosed artery than one in the
normal artery. Chua & Shread et al [3] proved that the flow through the constricted tube was characterized by high
velocity jet generated in constricted region and flow separation downsream to the stenosis. Khader & Shenoy et al.
[1] found that velocity and stenotic jet length increases with the increase in the severity of stenosis. Young et al. [4]
studied the wall shear stress and pressure gradient in the stenosis and evaluated the cause of plaque rupture. They
founded pulsatile blood flow through the stenosis with elastic wall to observe the lumen movement. According to
their study the peak WSS occurred just before minimum lumen position. Pinto et al. [5] conducted numerical
simulation assuming a physiological pulsatile flow through different models of stenosis. In case of anatomically
realistic stenosed carotid bifurcation subjected to pulsatile inlet condition, the simulation results demonstrated the
rapid fluctuation of velocity and pressure in post-stenotic region as showed by S. Lee et al. [7]. Ahmed and Giddens
[6] studied both steady and pulsatile flow through 25%, 50% and 75% constriction of a rigid tube where Reynolds
number ranges from 500 to 2000 using Laser Doppler Anemometry (LDA). Sinonusoidal pulsatile turbulent flow
through a rigid wall stenotic vessel was numerically modelled using Reynolds Averaged Navier —Stokes equation
approach by Varghese & Frankel [8]. The authors showed that low Reynolds number k — @ turbulence model had
better agreement with the results of Ahmed and Giddens [6].

The above mentioned previous experimental and computational results made the analysis on the flow aspects in
proximal and distal end of stenosis including a detailed observation. Apart from this, an attempt is made in this
study to demonstrate the significant changes of flow behaviour for 65 and 85 percentages severities of stenosis. For
simulation RANS based standard k —@ turbulent model with low Reynolds correction is used. Detailed
investigation of flow parameters like velocity, Wall Share Stress and pressure contours are discussed. The working
domain and the boundary conditions of the geometry are defined in pre-processor software ANSYS Workbench.
The Finite volume analysis is performed using ANSYS Fluent-14.5.

Nomenclature

D diameter of the healthy artery X axial location of the flow field

r radial location of the flow field T time period of the inlet flow cycle
R radius of the healthy artery u instantaneous velocity

U average velocity WSS  wall shear stress
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2. Mathematical model
The Reynolds Averaged Navier-Stokes (RANS) equations are used to solve the problem numerically. The working

fluid is blood which is assumed to be incompressible, Newtonian with constant viscosity and density. The heat transfer in
the blood flow process is not considered. Therefore energy equation is not solved. The system of equations can be given by

M 1)
OX;
au, 0 op 0 2
—+pop—Uy)=——+—(2us; &)
P paxj( jui) ox axj( 15;)
where, the strain-rate tensor S; is given by,
S ] @3)
2| ox;  ox,

Due to constriction, the flow velocity at post stenotic region increases and accordingly the pressure decreases. For
this region, turbulent flow is expected at post stenotic region especially for 85% stenotic artery. The two-equations
low Re k — @ turbulence model of was chosen. Unlike any other model the k — @ model is more acceptable for flow
analysis by Varghese & Frankel [8].

The turbulence kinetic energy k and specific dissipation rate @ of standard k —» model are determined by
following two equations:

The k equation: & 0 _ 0 [ ok B

a (Pl()+axi (pku) = 2, (Fk axiJ“'Gk Y + Sy (4)
The w equation: o o 0 ok
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In these equations, G, represents the generation of turbulence kinetic energy due to mean velocity gradients. G
represents the generation of @ . I\ and r represent the effective diffusivity of K and o , respectively. Y,

and Y, represent the dissipation of K and @ due to turbulence. S, and S are user-defined source terms.

A low Reynolds number correction factor controls the influence on the overall structure of the flow field, depending
upon local conditions, and it is given as
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2.1 Model description

Three dimensional stenotic arteries are used as geometry for this study shown in Fig. 1 (a). For this study, two
geometries of 65% and 85% stenotic artery (by area) are taken. The geometry of generated model in this study has a
diameter (D) of 6 mm and a length (L) of 84 mm, where the length of pre-stenotic, throat and post stenotic region are
4D, 2D and 8D respectively. The wall is considered to be rigid. The flow field mesh consists of 39423 nodes and
82580 elements for 65% stenotic artery and of 40873 nodes and 85777 elements for 85% stenotic artery. Figure 1(b)
shows the mesh in cross sectional inflow plane of a stenotic artery.

Grid dependency study is the first preference of any numerical simulation. For this purpose an extensive test is
carried out with different sizes of mesh such as mesh0 (75511 element), meshl (82580 element) and mesh2 (90227
element) respectively. Fig 1(c) shows the pressure distributions for 65% stenosis artery with mentioned mesh sizes.
In all cases, the pressure distributions are same. It implies that the solution is grid independence.
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Fig 1. (a) Model of stenotic artery; (b) mesh in cross sectional inflow plane of stenotic artery (c) Grid sensitivity study

2.2 Boundary condition

In this study, the unsteady parabolic velocity profile at inlet and the unsteady flat pressure profile at outlet have been
imposed for boundary condition, using the equation (8) and (9) respectively.

u, = (u, +umsin(a)t))(1— yzfzi] (©)
radius

P = P+ Py Sin(at) 9)

Here, U, and U, values are taken according to the flow field Reynolds number which varies from 200 to 1200.
Similarly, pressure varies from 80 mmHg to 120 mmHg. Fig. 2(a) and 2(b) show the unsteady and parabolic inlet
velocity profile. In figure 2(a); a, b, and c represent the positions of early systole, peak systole, and diastole
respectively. Blood is taken as fluid and considered as incompressible and Newtonian. The density and viscosity of
the blood are 1050kg/m?, and 0.004N-sec/m? respectively.

2.3 Numerical Scheme

The numerical simulations are performed by well known software ANSYS Fluent 14.5. A pressure based algorithm
is chosen as the solver type. This solver is generally selected for an incompressible fluid. As there is no heat transfer
in the blood flow process, energy equation is not solved. Since turbulent is expected in 85% stenotic artery at post
stenotic region, a k — @ turbulent model is used throughout the work. In solution methods, the SIMPLE algorithm is
selected for pressure-velocity coupling. First Order Upwind scheme is employed as a numerical scheme for
discretization of the momentum equation. The time step is set to 0.0041 sec with 200 number of total time steps.
Maximum 100 iterations are performed per each time step.
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Fig 2. (a) Time dependent and (b) parabolic inlet velocity profile.



2.4 Validation

Before starting of present investigation, the numerical code validation is needed. For validation, the study of
Varghese & Frankel [8] is considered. For this case, 75% (by area) stenotic artery is taken as geometry, and a
parabolic velocity profile is assumed as inlet boundary condition. The mean inlet velocity corresponds to Reynolds
number 500 and the flow is assumed to be steady. The comparison of velocity profile at 2.5D downstream from the
stenosis throat is shown in Fig.3 and a good agreement can be found with Varghese & Frankel [8]. In spite of little
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discrepancies, the qualitative agreement is found.
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3. Results and discussion

The computational results are conducted to study the influence of stenosis on the flow behaviour. The flow
parameters like velocity, pressure, WSS are observed from transverse and longitudinal contours at specific instants
of pulse cycle for comparing the flow variation. The discussion is categorized with the observations of flow

Fig. 3: Comparison of computed steady velocity profile.

variation starting from early systole, peak systole and diastole, respectively.

3.1 Effect of stenosis on the wall shear stress

Generally, WSS is an important factor to determine the effect of severity of arterial stenosis. It depends on the

viscosity of the fluid and velocity gradient and, is defined as .

velocity gradient.

Fig. 4: WSS in (a) 65% (b) 85% stenotic arteries contour at early systole and (c) comparison of WSS distribution at early-systole
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Fig. 5: WSS in (a) 65% (b) 85% stenotic arteries contour at peak systole and (c) comparison of WSS distribution at peak-systole
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Fig. 6: WSS in (a) 65% (b) 85% stenotic arteries contour at diastole and (c) comparison of WSS distribution at diastole.

Figures, 4(a-b), 5(a-b), 6(a-b) show the contours of WSS in 65% and 85% stenotic arteries and Figs.4(c), 5(c), 6(c)
show the comparisons of WSS in both stenotic artery at early-systole, peak systole and diastole respectively. In both
severities, WSS is uniformly distributed at pre and post stenotic regions. The results reveal that the flow pattern
changes abruptly in all cases at the region of stenosis throat onwards in the downstream whereas no significant
change is observed in the upstream and it is significantly observed that the changes of WSS is due to increase of
severities. Surprisingly a sharp raise of WSS and immediately decline are observed in the stenotic throat. From the
comparisons, our finding is that maximum WSS is observed at peak systole and 85% severity. No mentionable
change is observed at early systole and diastole in both severities.

3.2 Effect on pressure and velocity flow field

Pressure distributions in both stenotic arteries at early-systole, peak-systole, and diastole are shown in Figures 7,
8, and 9 respectively, and Centre-line velocity distribution at early-systole, peak-systole and diastole is shown in
Fig. 10
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Fig. 7: Pressure in (a) 65% (b) 85% stenotic arteries contour at early systole and, (c) comparison of pressure distribution at early systole.
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Fig. 8: Pressure in (a) 65% (b) 85% stenotic arteries contour at peak systole and, (c) comparison of pressure distribution at peak systole.
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Fig. 9: Pressure in (a) 65% (b) 85% stenotic arteries contour at diastole and, (c) comparison of pressure distribution at diastole.

Figures 7(a & b) show the contour of pressure in 65% and 85% stenotic arteries at early-systole. Figure 7(a) clearly
indicates that the pressure is uniform and is varying with a small variation throughout the geometry. High pressure
at pre-stenotic region and sudden decline of the pressure at the throat are characterized in Fig. 7(b). Again, Fig. 7(c)
shows that the pressure at inlet and throat for 65% stenotic artery are 108.55 mmHg and 106.00 mmHg and for 85%
stenotic artery are 115.75 mmHg and 102.84 mmHg respectively. Figs. 8(a) and 8(b) show the distribution of
pressure in 65% and 85% stenotic arteries at peak-systole. Furthermore, it describes almost same interpretation as
figs. 7(a) and 7(b). But, Fig. 8(c) implies that the pressure at inlet and throat for 65% stenotic artery are 122.29
mmHg and 118.46 mmHg and for 85% stenotic artery are 137.42 mmHg and 114.47 mmHg respectively. During
calculation, at first standard condition is taken in pressure boundary condition such as diastolic & systolic blood
pressure as 80 mmHg & 120 mmHg respectively. But From Fig, 8, it is noticed that the systolic pressure at pre
stenotic region for both severities raise from 120 mmHg to 122.29 mmHg & 137.42 mmHg respectively. The results
clearly noticed that 85% arterial stenosis can cause fatal death by blasting the pre stenotic arterial region of the
patient of high blood pressure. Figs. 9(a) and 9(b) show the contours of pressure in 65% and 85% stenotic arteries at
diastole. From Figs. 9(a-b), we observe that, pressure is uniform and changing with a small variation at the throat.
From 9(c), it is observed that, the pressure at inlet and throat for 65% stenotic artery are 80.17 mmHg and 80.00
mmHg and for 85% stenotic artery are 80.66 mmHg and 79.77 mmHg respectively. It is well known that pressure
difference may provide some kind of extra force that may drive blood through the stenosis with high velocity. Since
The pressure difference in 85% stenotic artery is higher than that of 65% stenotic artery for all case. So at every case
85% stenotic artery creates more force than 65% stenotic artery at their pre-stenotic region. In Fig. 10, inlet velocity
in both geometries begins with same magnitude for all case. Velocities at the throat and post stenotic region for all
cases of 85% stenotic artery are relatively higher than that of 65% stenotic According artery. Recirculation region is
observed in 85% stenotic artery at post stenotic region for all cases. In the other hand, velocity is laminar in 65%
stenotic artery at post stenotic region for all cases. The highest velocity is observed in 85% stenotic artery at peak
systole and the lowest velocity is observed in 65% stenotic artery at diastole.
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Fig. 10: Centre-line velocity distribution at early-systole, peak-systole and diastole.

4, Conclusion

A numerical study on pulsatile blood flow through 3-D stenotic artery is performed. Pressure and velocity flow
field, and wall shear stress occurred in the flow field are analysed. The wall share stress distribution shows that as
the stenotic severity increases, share stress of flow increases for all cases. The maximum stress occurs at throat
region at peak systole. The pressure distribution demonstrates that at every case 85% stenotic artery creates more
pressure than 65% stenotic artery at pre-stenotic region and 85% arterial stenosis can cause fatal death by blasting
the pre-stenotic arterial region of the patient of high blood pressure. The results demonstrate that the velocity
increases in throat region with the increase in stenotic severity for all cases. A recirculation region is visible at the
post-stenotic region in 85% stenotic artery for all cases and recirculation region increases with the decrease of the
inlet flow velocity.
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Abstract

Pulsatile flow in an axisymmetric rigid-walled model of an abdominal aortic aneurysm (AAA) has been analyzed
numerically. Physiologically realistic waveform which include Reynolds number between 97 to 407 is used as
pulsatile inflow. A finite volume method is used to solve the governing equations for two dimensional, unsteady,
laminar flow of an incompressible fluid. Comparisons with previously published work were performed and found
to be in excellent agreement. The flow pattern is analyzed by streamline, axial velocity, wall shear stress (WSS),
Wall shear stress gradient, wall pressure, and pressure gradient. Results are observed at five different times, such
as maximum systolic acceleration (point A), maximum systolic velocity (point B), maximum systolic deceleration
(point C), minimum systolic velocity (point D) and maximum diastolic velocity (point E). At point D and point
E vortex is generated near the centre of aneurysm. Centre of vortex moves towards the downstream as the
percentage of dilation increases. Wall shear stress (WSS) becomes maximum at point B, and static pressure
becomes maximum at point C. Results showed that the percentage increase of aneurysm size increases the
maximum value of time average wall shear stress (TAWSS), time average pressure (TAP), time average wall
shear stress gradient (TAWSSG), time average pressure gradient (TAPG), Oscillating shear index (OSI) becomes
higher. These results have significant implications in clinical applications.
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ABSTRACT

A numerical analysis of physiological blood flow in a rigid artery has been performed to observe the variation in
flow pattern and hemodynamic parameters under the influence of double stenoses. A finite volume method has
been employed to solve the governing equations for the two dimensional, unsteady, laminar flow of an
incompressible and Newtonian fluid. The dynamics of flow feature have been studied by wall pressure, streamline
contour, wall shear stress and axial velocity distribution for all models. Besides, for unsteadiness of velocity
profile time average wall pressure and time average wall shear stress have been studied. The interspacing distance
between two stenosis and the degree of stenosis severity have been varied. The pulsatile flow pattern used in the
investigation has a Reynolds number range of 177 to 742. Flow parameters have been observed in five
distinguished point in the velocity profile. It is observed that maximum pressure loss occurs at the point of
maximum systolic velocity and minimum pressure loss occurs at minimum systolic velocity. Pressure loss
increases with increasing stenosis severity and at low stenosis severity pressure loss increases with increasing inter
spacing distance. Wall shear stress becomes maximum at maximum systolic velocity and does not change
significantly with the change of interspacing distance at the region of first stenosis. But wall shear stress strongly
influenced by the change of stenosis severity. It is found that axial velocity magnitude becomes maximum at
maximum systolic velocity and maximum systolic de-acceleration. It is also found that axial velocity increases
with increasing stenosis severity. Time average wall shear stress and time average wall pressure shows no
significant change with increasing interspacing distance. But they tends to increase with increasing stenosis
severity. Streamline contour shows that comparatively more vortex created at maximum systolic velocity and
maximum systolic de-acceleration.
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Abstract

A numerical simulation is carried out to investigate the effect of variation of pulsation on the flow behavior through
an arterial stenosis. A semicircular eccentric stenosis is considered which is more relevant in cardiovascular system
rather than symmetric one. The degree of stenosis has been considered as 50%. The Reynolds number is varied from
200 to 970 during the pulsation while the Womersley number has been kept constant at 7.1 for the time period of
0.7s. Results show significant variation of flow behavior due to the variation of pulsatile flow wave forms. Moreover
vortex rings are developed asymmetrically and the post stenotic areas are severely affected by the vortex rings and a
significant variation of wall shear stress has been observed.

Key words: Pulsatile flow, Stenosis, Wall shear stress.



mailto:*toufiquehasan@me.buet.ac.bd

Blood Flow Dynamics in Cerebral Aneurysm - A CFD Simulation
Shamiul Sarkar Shishir (Bangladesh), Md. Abdul Karim Miah (Bangladesh), A K
M Sadrul Islam (Bangladesh), A B M Toufique Hasan (Bangladesh)

Abstract

In the present study, the dynamics of blood flow in saccular cerebral aneurysms is investigated. The aneurysm is
considered to be located at an arterial bend in human vascular system. The flow field is analyzed computationally by
three-dimensional Navier-Stokes equations for laminar flow of incompressible Newtonian fluid. Circular and elliptical
necks of different sizes along with different dimensions of aneurysm dome are studied. The vascular wall is considered
rigid for simplicity. Hemodynamic parameters such as streamlines, velocity, vortices, wall shear stress and so on are
considered for characterization of flow field. Results showed that the vortex location, stagnation zones and so on are
varied significantly with the geometrical parameter of the aneurysm.
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Abstract

A three-dimensional computational analysis has been carried out to investigate the pulsatile flow through a S-shaped
curved channel which is relevant in biological systems. The numerical study is performed using Reynolds-averaged
Navier-Stokes (RANS) equation. Validation for the present study was performed using unsteady pulsatile conditions
through a simple 90° bend channel. Then the analysis has been extended for a S-shaped curved pipe channel at
Reynolds number of 600 and the time period of pulsation was varied from 5s to 25s. The temporal and spatial
distribution of flow variables such as secondary flow vectors, strength of secondary flow, axial velocity distribution
and wall shear stress have been analysed. The secondary flow streamline patterns at different planes for different time
periods have distinguished the effect of time period on the secondary flow. Two counter rotating vortices, in addition
to the initial vortex have been found in the second bend for different time periods of pulsatile cycle. Fluctuation of
wall shear stress has been observed for different time periods and the position of maximum fluctuation has also been
identified. Time average wall shear stress has been found to decrease with time periods from 5s to 25s.
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