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Cardiovascular diseases are the predominant cause of the death globally. It has 
become a challenge for the clinicians to understand the behavior of the stenoses and 
aneurysms at different stages of the growth. A numerical analysis based on a finite 
volume approach is employed for a 2-D axisymmetric, incompressible, laminar flow to 
simulate and compare the pulsatile blood flow in the models of arterial stenosis and 
aneurysm of the same sizes. Two key parameters, Radial velocity distribution and wall 
shear stress (WSS) distribution, have been considered for analyzing and comparing 
stenosis and aneurysm of same sizes of 30% and 50% severity. These parameters have 
been compared using unsteady blood flow of two frequencies: Womersley number 
(W0) of 7.75 and 10. In addition, the extent of the effect of Womersley number (W0) 
has been discussed. A flow input waveform is presented in terms of sinusoid. The 
results implicate that the Womersley number has a little effect on the flow field when 
the sizes were varied, which indicates the dominance of viscous force on the flow field 
of the models considered. It has been observed that the severity of the stenosis or 
aneurysm has significant effect on the flow field and wall shear stress. It has been 
concluded that, for a particular depth of stenosis and aneurysm, with the same flow 
inputs, WSS is significantly high in the stenosis compared to that in aneurysm indicating 
severe risk in stenosis. 
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1. Introduction 
 

Blood flow through artery is indeed complex and investigation of its flow behavior is essential for 
its use in life science and medical technology. Since the hemodynamics hypotheses of atherosclerosis 
were first formulated several decades ago, flow imaging and computing have played an increasingly 
important role in advancing our understanding of how blood really flows in large arteries [1] prone 
to atherosclerosis [2]. Many experimental and CFD analysis have been carried out to investigate the 
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flow disorder due to formation of aneurysm, in human beings leading to the failure of cardiovascular 
system [3-7]. 

Arterial stenosis is an abnormal narrowing of one of the arteries, as defined by the national 
institute of neurological disorders and stroke. Several studies related to hemodynamic characteristics 
of flow around a deformable stenosis were analyzed in various studies [8-10]. Aneurysm is an 
excessive localized enlargement of an artery caused by weakness in the artery wall. The presence of 
a stenosis or an aneurysm in an artery may significantly alter the flow field and consequently the flow 
rate, leading to severe pathological incidences. Stenosis increases the risk for ischaemic stroke as it 
reduces blood flow. The heart then needs to squeeze (contract) harder to pump blood, whereas the 
development of an aneurysm and its continuous dilation may lead to its rupture causing death or 
grave disability. 

The main goal of blood flow simulation in vessels is to evaluate hemodynamic forces which artery 
wall experiences due to different factors e.g. the pulsatile blood flow, the fluid flow geometry and 
the blood rheology behavior (Quasi-Newtonian or non-Newtonian fluid). Besides, it is important to 
know if there is any observable correlation between flow pattern characteristics and abnormal 
biological events and arterial diseases. 

It is proved that hemodynamic parameters play fundamental roles in regulating vascular biology 
and also in assessing of arterial diseases [11]. Most important hemodynamic parameters are -wall 
shear stress, arterial wall strain, particle residence time and recirculation zones. Formations of 
dysfunctions in vascular biology are results of irregular variation of these parameters. 

Several numerical and experimental works have been carried out to observe the blood flow 
behaviors using aneurysm or/and stenosis models considering the flow as pulsatile using both 2D and 
3D approach and also using rigid and flexible wall [12,13]. 

Ojha et al., [14] experimentally investigated flow behavior through arterial stenosis. They used 
photochromic tracer method to find out the velocity profile of pulsatile flow choosing three axial 
locations in a flow channel by applying a 2.9 Hz sinusoidal flow to find out the flow patterns in vessels 
having different degrees of constriction. Türk et al., [15] investigated the behavior of the bio fluid 
through symmetric stenosis of 40% and 60% constriction placed under magnetic source and found 
the flow to be affected by the presence of both stenosis and magnetic field. Mittal et al., [16] studied 
pulsatile blood flow through modeled arterial stenosis with 50% semicircular constriction and 
showed that the flow downstream of the stenosis exhibited all the classic features of post-stenotic 
flow. Womersley number is widely used in transient fluid flow. Womersley number indicates how is 
the transient inertial effect compared to the viscous effects. Modarres et al., [17] computed 
hemodynamic wall parameters at three Womersley numbers and it was found that the time-
averaged reattachment point is maximum for the Newtonian model and minimum for the Power law 
model. Ikbal et al., [18] also carried out investigation using a rheology of blood that is characterized 
by generalized Power law model. Hasan et al., [19] studied the effect of pulsation, stenosis size, 
Reynolds Number and Womersley number for the laminar flow through a model arterial stenosis. Ali 
et al., [20] presented a mathematical study for unsteady pulsatile flow of blood through a tapered 
stenotic artery. The constitutive equation for Sisko model [20] is used to illustrate the rheology of 
blood. The axial velocity of blood, resistance to flow, flow rate and wall shear are significantly 
influenced by blood rheology wall movement, presence of stenosis and degree of taperness of the 
artery. Ishikawa et al., [21] numerically analyzed periodic blood flow through a stenosed tube. They 
concluded that non-Newtonian property reduces the strength of the vortex downstream of stenosis 
and has considerable influence on the flow. Kumar et al., [22] carried out numerical analysis on 
nonlinear axisymmetric pulsatile blood flow. The result shows a significant effect of the presence of 
aneurysm on a number of parameters: wall shear, central axis velocity, pressure gradient, central axis 
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and wall pressures. Miah et al., [23] investigated blood flow behavior in few stenoses of same severity 
but of different lengths and concluded that smaller length stenosis shows high value of wall shear 
stress. 

Husain et al., [24] carried out investigation on pulsatile flow of blood through stenosis and 
aneurysm using four non-Newtonian models of blood. They finally quantified the effects of different 
models and came to the conclusion about which of the models was appropriate over a specified range 
of shear rates. Gopalakrishnan et al., [25] also investigated pulsatile blood flow through aneurysm 
models. They conclude that aneurysm could be viewed as a ‘wave-maker’ and it accounts for the 
disturbances in the flow in the healthy segments of the artery.  

Considerable amount of works has been done to observe the variation of different parameters in 
the blood flow in different modeled stenosis and also aneurysm. Stenosis and aneurysm of different 
shapes and sizes were studied [15,19,22-25,31-32]. Several works have been done on the 
combination of stenosis and aneurysm in the same arterial location [26-29]. However, to the best of 
author’s knowledge, no studies have been attempted to compare the flow behavior for the same 
sized stenosis and aneurysm. In this numerical modeling, the blood flow behavior using the stenosis 
and aneurysm of the same size, or depth, has been studied to investigate the effects of laminar 
sinusoidal flow through the modeled artery. 
 
2. Methodology  
2.1 Mathematical Modelling 
 

General continuity and Navier-Stokes equation for the fluid flow is reduced for axisymmetric flow 
of incompressible, Newtonian fluids. The general continuity equation for fluid flow 

 
𝜕𝜌

𝜕𝑡
+ Δ. (𝜌𝒖) = 0 

 
which for incompressible flow in two-dimensional cylindrical co-ordinate (r, Z) can be reduced to 
 
1

𝑟

𝜕(𝑟𝒖𝑟)

𝜕𝑧
+

𝜕(𝒖𝑧)

𝜕𝑧
= 0 

 
General form of Navier-Stokes equation (with no body force) in the vector form is 
 

𝜌
𝜕𝒖

𝜕𝑡
+  𝜌𝒖. ∇𝒖 = −∇p + ∇2𝒖 

 
which for incompressible flow in two-dimensional cylindrical co-ordinate (r, Z) can be reduced to the 
following.  
Momentum in r direction 
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Momentum in Z-direction 
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Here, r = radial co-ordinate, z = axial co-ordinate locating at the axis of the symmetrical tube, ur = 
total velocity in radial direction, uz = total velocity in axial direction, p=pressure, ρ = density and μ = 
dynamic viscosity 
 
2.2 Two-Dimensional Computational Models of Artery and Stenosis 
 

The stenosis and aneurysm models, as shown in Figure 1, represents the geometry of the stenosis 
and aneurysm used in the simulations, where L=length at the end portion, D=diameter of the 
unaffected tube, 𝜹 = depth of stenosis/aneurysm, Z'=Z/D (normalized distance from the center of the 
models. 
 

 
(a) 

 
(b) 

Fig. 1. Geometry of the (a) stenosis and (b) aneurysm used in the 
simulations, where L=length at the end portion, D=diameter of 
the unaffected tube, 𝜹 = depth of stenosis/aneurysm, Z'=Z/D 
(normalized distance from the center of the models. on the right 
side is the cross-sectional view of models) 

 
Stenosis severity has been defined as 
 

𝑑𝑒𝑝𝑡ℎ 𝑜𝑓 𝑡ℎ𝑒 𝑠𝑡𝑒𝑛𝑜𝑠𝑖𝑠

𝑢𝑛𝑎𝑓𝑓𝑒𝑐𝑡𝑒𝑑 𝑡𝑢𝑏𝑒 𝑑𝑖𝑎𝑚𝑒𝑡𝑒𝑟
 = 

2δ

 𝐷
 = 

δ

 𝑅
  

 
Aneurysm severity has been defined as 
 

𝑑𝑒𝑝𝑡ℎ 𝑜𝑓 𝑡ℎ𝑒 𝑎𝑛𝑒𝑢𝑟𝑦𝑠𝑚

𝑢𝑛𝑎𝑓𝑓𝑒𝑐𝑡𝑒𝑑 𝑡𝑢𝑏𝑒 𝑑𝑖𝑎𝑚𝑒𝑡𝑒𝑟
 = 

2δ

 𝐷
 = 

δ

 𝑅
 

 
For the present numerical simulation in Figure 1, θ1=450, θ2=450 and L=2mm have been 

considered. And for the validation from Ojha et al., [14], in Figure 1 (a), θ1=300, θ2=450 and L=1.5mm 
have been considered for the model. Stenosis and aneurysm models of 30% and 50% severity have 
been considered for the simulation as taken in [16-17,19,23,29-31]. 
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2.3 Grid Independence Test of Stenosis and Aneurysm 
 

Numerical results should be independent of the inlet and outlet lengths of the artery from the 
stenosis or aneurysm. To find the independent inlet and outlet lengths from the stenosis/aneurysm, 
several simulations were carried out. Finally, it was seen that 20D and 60D lengths were sufficient for 
the proximal and distal side of the aneurysm and stenosis respectively. To ensure the accuracy of the 
simulated results, several simulations were carried out with different mesh/gird shapes, several 
calculations were done with different number of elements. Finally, the chosen shape was the 
quadrilateral in 2D space as shown in Figure 2, and different optimized elements for different stenosis 
grids and aneurysm grids were chosen: 50592 for 30% stenosis, 50597 for 50% stenosis, 51648 for 
30% aneurysm, and 52400 for 50% aneurysm. The computational results with quadrilateral shaped 
grid have been shown in the Table 1. 
 

 
Fig. 2. Discretization of the computational domains of (a) 
stenosis and (b) aneurysm 

 
Table 1 
Grid Independency test for Re=575, Wo =7.75 
Stenosis Aneurysm 

30% 50% 30% 50% 

Elements 
number 

Central axial 
velocity 

Elements 
number 

Central axial 
velocity 

Elements 
number 

Central axial 
velocity 

Elements 
number 

Central axial 
velocity 

19035 0.9010 19206 1.480 19440 0.567 19986 0.5689 
28458 0.9180 29244 1.520 32585 0.569 34264 0.5680 
41778 0.9183 41826 1.521 42636 0.569 44426 0.5693 
50592 0.9183 50976 1.521 51648 0.569 52400 0.5693 
65035 0.9182 65632 1.521 66586 0.569 68564 0.5693 

 
2.4 Boundary Conditions in the Present Computation 
2.4.1 At inlet 
 

At the inlet of the computational domain, ‘velocity inlet’ boundary condition is used. The same 
sinusoidal volume flow as Ojha et al., [14] with a phase shift of 1280 (123miliseconds) [19] in Figure 3 
(a). The velocity is found out by dividing the volume flow rate with the area.  
 

Q= 4.3+2.6 sin (
2𝜋𝑡

𝑇
) 
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v𝑖𝑛𝑙𝑒𝑡  =  
𝑄

𝐴𝑟𝑒𝑎
 

 

 
(a) 

 
(b) 

Fig. 3. Volumetric flow at the inlet of the artery in (a) Ojha et al., [14], and (b) present simulation 

 
2.4.2 At outlet 
 

At the outlet, the flow is considered fully developed. Zero normal gradient for all flow variables 
except pressure is considered. ’Outflow’ boundary condition is used which satisfies the following 
equation 

 
𝜕𝒖𝑟

𝜕𝑧
=

𝜕𝒖𝑧

𝜕𝑧
= 0. 

 
2.4.3 At centreline 
 
In the computational domain, x axis has been considered as the axial symmetry condition. 
 
2.4.4 At wall 
 
No slip boundary with no flow (uz = ur = 0) is assumed at the wall section of the computational domain.  
 
2.5 Validation of CFD code 
 

To prove the acceptance of the numerical result for unsteady pulsatile laminar flow in this study, 
the results have been validated with experimental works from Ojha et al., [14]. Time dependent 
centerline velocity distribution at different distal positions of the stenosis: Z′ = 1, 2.5, 4.3 where Z′ is 
taken as the normalized distance from the center of the stenosis and it is expressed as Z′ =Z/D, where, 
D is the diameter and Z is the axial distance of the point from the middle point of the stenosis in axis 
line. The pulsatile flow has a time averaged flow of 4.3 ml/s with a sinusoidal flow of 2.9 Hz frequency 
having amplitude of 2.6 ml/s. 2.9 Hz frequency is equivalent to 345 ms of time period. The fluid 
density of 0.755 g/cm3 and viscosity of 1.43 cP have been used which corresponds to the property of 
Deoderized Kerosen (shell-shol 715) at temperature of 20 0C. For the Newtonian assumption of the 
blood, the flow characteristic of the fluid (Kerosene) will be similar: for the same dimensionless 
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number, Reynolds number. The Reynolds number considers the constriction free inner diameter of 
the artery, time-averaged mean velocity and constant viscosity for Newtonian behavior. Reynolds 
number is expressed as Re =VD/γ. The pulse applied at the inlet of the artery indicates a certain 
Womersley number. Womersley number indicates how is the transient inertial effect compared to 
the viscous effects and this number does not affect the Reynolds number. Here Womersley number 
is 7.75. The applied pulse corresponds to the mean Reynolds Number of 575 with a highest and 
lowest number of 930 and 230 respectively as shown in Figure 3 (a). 

Before comparing velocity distribution at different distal points of the stenosis, centerline time 
varying/time dependent velocity is compared at the inlet of the stenosis, in Figure 4. It can be seen 
that velocities have a minor difference as smooth data has been used in simulation to approximate 
the experimental data. This little difference in the velocity causes discrepancy in the experimental 
and simulated results. 

 

 
Fig. 4. Inlet centerline velocity profile 

 
The experimental time varying velocity at different distal points has been compared with the 

results obtained from the simulation. There is a negligible error at the end of the period and the 
numerical calculation is acceptable. 
 
3. Results  
 

Fluctuating flow, with its effects, through the modeled arterial stenosis and arterial aneurysm will 
be discussed in detail here. Predominantly, the presence of arterial stenosis and arterial aneurysm of 
the same strength will be presented and compared to find the relatively dangerous one. To do so, 
radial velocity distribution at different arterial locations and wall shear stress have been considered 
as the parameters. In each section, the effects are presented for two flow frequencies: Wo=7.75, 
Wo=10. In total, two different sizes of both stenosis and aneurysm are shown: severity of 30% and 
severity of 50%. The model of the stenosis is the same as that of Ojha et al., [14] with slight 
modification. The upstream angle of the stenosis has an angle of 450 and Length of the end portion 
is 2mm. The flow sinusoid is similar to that of Ojha et al., [14] with a slight difference in the flow 
beginning. The present flow has a mean flow of 4.3 ml/s and amplitude of 2.6 ml/s as shown in Figure 
5 and the flow began at angle of 00 whereas, in the model of Ojha et al., [14], the flow started at 1230. 
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(a) (b) 

(c) 

Fig. 5. Centerline axial velocity at (a) Z'=1, (b) Z'=2.5, and (c) Z'=4.3 

 
3.1 Radial Velocity Distribution in Stenosis and Aneurysm 
 

For analyzing the flow in stenosis and aneurysm, four key times- t/T=0, t/T=0.25 (maximum flow), 
t/T=0.50 and t/T=0.75 (minimum flow) have been considered. And, three key points – inlet, throat 
and outlet- have been considered for data presentation. 
 
3.1.1 Radial velocity distribution in 30% stenosis and 30% aneurysm at Wo=7.75 and 10  
 

In Figure 6, for the stenosis and aneurysm strength of 30%, the flow disturbances created in 
different cross sections of the stenosis and aneurysm are presented for Wo=7.75. The axial velocity 
profiles at Inlet section, as shown in Figure 6 (I), are different from the usual parabolic velocity profile. 
Though it is at the inlet section of the stenosis and the aneurysm, the profile/flow is affected as the 
flow is about to contract in stenosis and expand in the aneurysm at smaller and higher flow areas 
respectively. In both of the stenosis and aneurysm, at the beginning of the pulsatile flow, at t/T=0, 
the centerline velocity is slightly higher, about 2.1 times and 1.75 times of the steady flow/mean 
velocity for stenosis and aneurysm respectively. At t/T=0.25, when the flow is maximum, the 
centerline velocities are 3.18 times and 2.6 times of the mean velocity respectively. At t/T=0.50, the 
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centerline velocities are 2.35 times and 2.1 times of the mean flow for stenosis and aneurysm 
respectively. The velocity is always lower in the region close to the wall for both the stenosis and 
aneurysm and this reduction of velocity is higher in stenosis compared to aneurysm. At inlet, the flow 
is slightly restricted because of the upstream stenosis but, for the aneurysm, no such restriction is 
there as the flow is going to be expanded in the upstream aneurysm. At t/T=0.75 for the minimum 
flow, the centerline velocities are 1.22 times and 1.2 times of the mean velocity. In every key point, 
closer to the centerline, the velocities in the stenosis are higher with respect to that of the aneurysm. 
It’s because, for stenosis the flow is about to be narrowed in the stenosis at lower area increasing 
the velocity and for the aneurysm the flow is about to expand in the aneurysm at higher flow area 
reducing the velocity.  

In Figure 6 (II), it shows the velocity distribution at the throat of the stenosis and aneurysm at 
different time steps. In this region, in the stenosis, the fluid accelerates and velocity reaches its 
maximum values, whereas, in the aneurysm, the fluid decelerates, because of the high flow areas, to 
the minimum values. Velocity profile for the stenosis becomes flattened indicating very high values 
compared to the steady velocity distribution. Flattened velocity distribution of the stenosis results in 
the thinning of the boundary layer. But for the aneurysm, the deflated velocity distribution results in 
the widening of the boundary layer. In the stenosis and aneurysm, at the beginning of the pulsatile 
flow, at t/T=0, the centerline velocities are 2.75 times and 1.65 times of the steady flow/mean 
velocity for stenosis and aneurysm respectively. At t/T=0.25 for the maximum flow, the centerline 
velocities are 4.2 times and 2.5 times of the mean velocity respectively. At t/T=0.50, the centerline 
velocities are 2.9 times and 2.05 times of the mean flow for stenosis and aneurysm respectively. At 
t/T=.75 for the minimum flow, the centerline velocities are 1.38 times and 1.15 times of the mean 
velocity. In every key point, the velocities in the stenosis are much higher with respect to that of the 
aneurysm. 

In Figure 6 (III), it shows the velocity distribution at Outlet of the stenosis and aneurysm at 
different time steps. At the outlet of the stenosis, because of the abrupt rise of the area, the flow 
greatly slows down developing a possible boundary layer separation near the wall. But, the velocity 
towards the centerline increases as the flow is concentrated towards the central region. The velocity 
distribution for all the key times shows a region where flow becomes close to zero. This region spans 
30% of the radius of the artery and after this region flattened velocity profile is seen. But the cases 
are completely different for the aneurysm, showing the velocity profiles almost the same as the inlet 
section of the aneurysm. In the aneurysm, the velocity distribution at the outlet did not have any 
considerable change from the velocity distribution at the inlet. And finally, closer to the centerline, 
the velocities are much higher in stenosis than in aneurysm. 

In Figure 7, for the stenosis and aneurysm strength of 30%, with a flow having the Wo=10, the 
flow disturbances created in different cross sections of the stenosis and aneurysm have been shown. 
The velocity profiles observed at different sections are almost the same as that observed in Figure 6 
with a slight variation of the values at different points. Finally, it can be concluded that the flow 
parameters for Wo=7.75 and Wo=10 are almost the same. 
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(a) (b) 
(I) At Inlet 

(a) (b) 
(II) At Throat 

(a) (b) 
(III) At Outlet 

Fig. 6. Instantaneous radial velocity distribution at four key flow times at (I)Inlet, (II)Throat, and (III) 
Outlet of the (a) stenosis and (b) aneurysm at Wo=7.75 
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(a) (b) 
(I) At Inlet 

(a) (b) 
(II) At Throat 

(a) (b) 
(III) At Outlet 

Fig. 7. Instantaneous radial velocity distribution at four key flow times at (I) Inlet, (II)Throat, and (III) 
Outlet of the (a) stenosis and (b) aneurysm at Wo=10 
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3.1.2 Radial velocity distribution in 50% stenosis and 50% aneurysm at Wo=7.75 and 10 
 

In Figure 8 and Figure 9, for both the stenosis and aneurysm strength of 50%, with a flow having 
the Wo=7.75 and 10, the flow disturbances created in different key points have been shown.  
 

(a) 
 

(b) 
(I) At Inlet 

(a) 
 

(b) 
(II) At Throat 

(a) 
 

(b) 
(III) At Outlet 

Fig. 8. Instantaneous radial velocity distribution at four key flow times at (I) Inlet, (II) Throat, and (III) 
Outlet of the (a) stenosis and (b) aneurysm at Wo=7.75 
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It has been observed that the radial velocity distributions are almost same as that in stenosis 

and aneurysm strength of 30% with a slight variation of the velocity values at different points. 

 

(a) (b) 
(I) At Inlet 

(a) (b) 
(II) At Throat 

(a) (b) 
(III) At Outlet 

Fig. 9. Instantaneous radial velocity distribution at four key flow times at (I) Inlet, (II)Throat, and (III) 
Outlet of the (a) stenosis and (b) aneurysm at Wo=10 
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Finally, it can be concluded that change in Womersley number didn’t make any significant change 
in the flow. 
 
3.2 Wall Shear Stress (WSS) Distribution in Stenosis and Aneurysm 
 

Wall shear stress is the determining hemodynamic parameter which will indicate the extent of 
risk of the patients. Wall shear stress at different key points at different key times will be discussed 
here for both stenosis and aneurysm for two flow frequencies. 
 
3.2.1 WSS comparison between 30% stenosis and 30% aneurysm at Wo=7.75 and 10 
 

Dimensionless axial distance is defined as the ratio of z (axial distance) and D (diameter), where 
z/D=0 indicates the mid position of the stenosis and aneurysm. Negative values indicate the locations 
at the left side or upstream side of the stenosis/aneurysm and positive values indicate the 
downstream side of the stenosis/aneurysm. 

Here, in the Figure 10, for the 30% stenosis/aneurysm with a flow having Wo=7.75, the wall shear 
stress distributions along the axial direction in the wall for different key times are presented. It is 
observed that, for the stenosis, the WSS is highest at the inlet sections of the stenosis as the flow is 
hitting directly to the inlet side of the stenosis causing the abrupt increase of WSS, slightly higher 
throughout the stenosis area and finally drops down after the outlet sections. But for the aneurysm, 
the WSS behavior is different from that of stenosis. Here, the maximum WSS is found at the outlet 
sections of the aneurysm as the flow expanding form the inlet sides hits the outlet side creating high 
WSS. For the times when the fluid accelerates, the WSS maintains a bit higher value throughout the 
axial length and finally abruptly reduces and becomes minimum inside the aneurysm as flow is 
relaxed because of the aneurysmal expansion. At t/T=0, maximum WSS for stenosis and aneurysm 
are 18 and 2.4 respectively. At t/T=0.25, when the flow quickly accelerates, the maximum WSS for 
stenosis and aneurysm becomes 35 and 2.6 respectively. At t/T=0.50, the maximum WSS for stenosis 
and aneurysm becomes 15 and 0.5 respectively. At t/T=0.75, maximum WSS for stenosis and 
aneurysm are 3.0 and 0.2 respectively. Out of all times the maximum WSS is found when the flow 
accelerates at t/T=0.25. In all the cases, the maximum WSS developed in the stenosis is much higher 
than that developed in aneurysm. 
 

 
(a) 

 
(b) 

Fig. 10. WSS distribution at four key flow time for (a)stenosis and (b) aneurysm at Wo=7.75 
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In Figure 11, for the 30% stenosis/aneurysm with a flow having Wo=10, the Wall Shear Stress 
distributions along the axial direction in the wall for different times are presented. It is clearly 
observed that the WSS distribution along the walls remains almost the same as that found for 
Wo=7.75 shown in Figure 10 indicating that the change in Womersley number didn’t have any 
significant effect in wall shear stress distribution. 
 

 
(a) 

 
(b) 

Fig. 11. WSS distribution at four key flow time for (a)stenosis and (b) aneurysm at Wo=10 

 
3.2.2 WSS comparison between 50% stenosis and 50% aneurysm at Wo=7.75 and 10 
 

In Figure 12, for the 50% stenosis/aneurysm with a flow having Wo=7.75, the Wall Shear Stress 
distributions along the axial direction in the wall for different times are presented. The shear stress 
distribution pattern in Figure 12 and Figure 13 is same as that in Figure 10 and Figure 11, respectively, 
with the change in values of the Shear Stress. 
 

 
(a) 

 
(b) 

Fig. 12. WSS distribution at four key flow time for (a)stenosis and (b) aneurysm for Wo=7.75 
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(a) 

 
(b) 

Fig. 13. WSS distribution at four key flow time for (a)stenosis and (b) aneurysm for Wo=10 

 
3.3 Effect of Womersley Number  
 

To evaluate the effects of Womersley number, the details of the velocity distribution and the 
change of the WSS for two different Womersley numbers were taken having the same Reynolds 
number. Effects were observed for different depths of stenosis and aneurysm. The Womersley 
numbers taken were 7.75 and 10 for a constant mean Reynolds number of 575 with a highest and 
lowest number of 930 and 230.  

Womersley number is found to have a little effect in the velocity distribution both in the case of 
the stenosis and aneurysm for the particular models of stenosis and aneurysm used. The velocity 
magnitudes are not affected significantly for this change of the Womersley number from 7.75 to 10. 

Because of the slight effect of Womersley number, indicating the dominance of viscous force, on 
the velocity distribution, it has also the same little effect on the WSS found both in the aneurysm and 
stenosis. Both 30% and 50% stenosis and aneurysm were observed and they have shown almost same 
type of effect. Womersley number is the physical interpretation of the effect of the unsteadiness to 
the viscous effect of the flow. Dynamic nature of the flow is greatly dependent on the flow frequency 
of the flow. For the two frequencies of time periods 345 milliseconds and 200 milliseconds it has 
been observed that viscous force is dominant in the flow of the chosen models of stenosis and 
aneurysm. 
 
3.4 Effect of Size/Severity of Stenosis and Aneurysm 
 

It can be said with certainty that size or the severity has great effect on the flow field of the 
constricted tubes of stenosis and less effect on aneurysm for the models considered. For investigating 
the effect of stenosis size/aneurysm size, different stenosis and aneurysm models with two different 
sizes have been studied. In the Inlet section, at t/T=.25 when the flow is accelerating, for the constant 
flow frequency, the centerline velocities of the stenosis and aneurysm are 3.18 and 2.6 times of the 
mean velocity for the 30% severity. Whereas, for 50% severity, centerline velocities are 3.5 times and 
2.6 times of the mean velocities showing a large variation in the stenosis and insignificant variation 
of velocities in the aneurysm for the given models of stenosis and aneurysm. In the Throat, at t/T=.25 
when the flow is accelerating, for the constant flow frequency, the centerline velocities of the 
stenosis and aneurysm are 4.2 and 2.5 times of the mean velocity for the 30% severity. Whereas, for 
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50% severity, centerline velocities are 6.95 times and 2.42 times of the mean velocities showing a 
large variation in the stenosis and small variation of velocities in the aneurysm for the given models 
of stenosis and aneurysm. When the depth of the stenosis is increased the flow area for the stenosis 
decreases and as such the velocity will increase but with the increase of the severity of the aneurysm 
the flow area increases. Though the flow is dependent on the total flow pattern inside the aneurysmal 
sac, the velocity is likely to decrease because of the increase of area. 

As the size/severity has great effect on the velocity distribution of the stenosis and aneurysm, it 
will have great influence on the WSS distribution on the walls of the stenosis and aneurysm. WSS 
developed is maximum when the flow is accelerating that is at t/T=0.25. Maximum shear stresses 
developed in stenosis and aneurysms for the severity of 30% are 35 and 2.5 respectively. Whereas 
for 50% severity, the WSS becomes 95 and 3.0 respectively indicating 170% and 20% increase for 
stenosis and aneurysm respectively. They are measured for the same flow frequency. 

In the aneurysm, with the increase of severity, the radial velocity at the throat has decreased but 
the WSS has increased. In the throat of aneurysm, the flow velocity has decreased as the area has 
increased. But, inside the sac/throat of aneurysm turbulence has increased with the increase of area. 
This turbulence causes the rise in the WSS.  

For the particular models chosen for stenosis and aneurysm, it has been observed that the 
size/severity has great effect on the flow field and WSS. And the effects are much greater in stenosis 
than in aneurysm. 
 
4. Conclusion 

In the present study, a numerical simulation has been presented to investigate the effects of 
laminar sinusoidal flow through the modeled arterial stenosis and aneurysm. For both the models, 
the trapezoidal profile with an angle of 450 has been used to observe the effects on them. The models 
were axisymmetric. Sizes were varied from 30% severity to 50% severity. Inlet flow given was the 
sinusoidal pulsating with a mean Reynolds Number of 575 having maximum of 930 and a minimum 
value of 240. Womersley numbers of 7.75 and 10 with a time periods of 345 milliseconds and 200 
milliseconds respectively were used to see the effect of the change of the flow pulsation. Radial 
velocity distribution and wall shear stress distribution have been observed to see the effects of 
change of Womersley number and sizes of the stenosis and aneurysm. From the numerical 
simulation, the following conclusions can be drawn 

 
i. Variation of Womersley number is found to have a little effect in the velocity distribution both 

in the case of the stenosis and aneurysm for the particular models of stenosis and aneurysm 
used. This implies that the viscous force is dominant on the flow. 

ii. As Viscous force is dominant on the flow, Womersley number has little effect on the WSS 
found both in the aneurysm and stenosis. Both 30% and 50% stenosis and aneurysm were 
observed and they have shown almost same type of effect. 

iii. It can be stated with certainty that size or the severity of the stenosis has great effect on the 
flow field of stenosis while the severity shows a little effect for aneurysm for the particular 
models considered. In the Throat, at t/T=.25 when the flow is accelerating, for the constant 
flow frequency, the centerline velocity of the stenosis for 50% severity is 1.65 times of that of 
30% severity. Whereas, the centerline velocity of the aneurysm for 50% severity is .97 times 
of that of 30% severity.  

iv. As the size/severity has great effect on the velocity distribution of the stenosis, it will have 
great influence on the WSS distribution on the walls of the stenosis. WSS developed is 
maximum when the flow is accelerating that is at t/T=0.25. Maximum shear stresses 
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developed in stenosis and aneurysm of 50% shows 170% and 20% increase than that of 30% 
stenosis respectively. 

v. For a particular depth of stenosis and aneurysm, with the same flow inputs, WSS is 
significantly high in the stenosis compared to that in aneurysm indicating very high risk in 
stenosis. 

vi. It has been observed that, for the stenosis, the WSS is highest at the inlet sections of the 
stenosis as the flow is hitting directly to the inlet side of the stenosis causing the abrupt 
increase of WSS. But for the aneurysm, the WSS behavior is different from that of stenosis. 
Here, the maximum WSS is found at the outlet sections of the aneurysm as the flow expanding 
form the inlet sides hits the outlet side creating high WSS. 
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