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Abstract. Wall Shear Stress (WSS) in the artery is one of the indicators for brain artery disease
progression. WSS is proportional to the viscosity and shear rate of the flowing fluid. In this study,
WSS of cerebral artery with aneurysm was predicted using Computational Fluid Dynamics (CFD).
The effect of non-Newtonian properties of blood will be studied by comparing Power law model
with Newtonian model. Based on the results, maximum value of WSS is 150 Pa for Newtonian
model and for Power Law model is 24 Pa. Newtonian model was found overpredicted the WSS
resulted from Power Law.

Introduction

Aneurysm is one of the cerebrovascular disease which related to disorder in blood vessels of
brain. The implication could leads include to stroke and ischaemic attack. Stroke caused by
destruction of brain cells due to blood supply reduction. Impairment of sight as well as inability to
speak, taste and move is a typical ischaemic attack symptoms. An aneurysm is formed when a blood
vessel becomes dilated or distorted causing the vessel to expand to a size greater than its original
diameter. Aneurysms can occur in a variety of blood vessels though they are most commonly found
in the intracranial arteries. An aneurysm is a localized, blood-filled balloon-like bulge in the wall of
a blood vessels. When the size of an aneurysm increases, there is a significant risk of rupture,
resulting in severe bleeding, other complications or death. The mortality rate is almost 57%][1] for
rupture occurs at a medical facility. Aneurysms can be hereditary or caused by disease, both of
which cause the wall of the blood vessel to weaken[2][3].

When heart is pumping the blood to the vascular network, the artery wall is subjected to
hemodynamic forces. The perpendicular forces resulting from the pressure pulse is responsible for
arterial wall distension. The tangential stress exerted by the blood flow is the frictional force known
as wall shear stress (WSS). Wall shear stress has been proposed as a key parameter to characterize
aneurysm[4]. Measurement of wall shear stress can help predict the areas at risk where aneurysms
can be rupture and this result useful for clinical diagnosis data. This information will assist medical
practitioners to make clinical decision on the appropriate treatment for aneurysm. Wall shear stress
is a function of the fluid mechanics of blood, and therefore the understanding of the development of
aneurysms requires knowledge from the blood flow dynamics. WSS is a function of viscosity. Singh
et al.[5] investigated the effect of smoking and hypertension conditions in aneurysmal artery.
Hypertension and smoking correspond to high blood viscosity. They observed that aneurysm site
increase the area if subjected to high WSS.

In recent years, many computational fluid dynamics (CFD) models have been constructed for
cerebral aneurysms[6]. CFD has the potential to be a useful clinical tool in observing vascular flow
and disease pathology. In CFD, hemodynamic studies employed Newtonian[3,7,8,9] and non-
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Newtonian models[10]. For studies which assume blood is a Newtonian fluid, the viscosity is taken
as a constant value, thus ignoring the shear-thinning behavior of blood.

The objectives of this study is to fundamentally investigate the effect of shear-thinning behavior
of blood WSS of cerebral artery with aneurysm. The flow of blood in aneurysm geometry is
simulated using CFD approach. The 3D geometry dimensions are construction according to the
average size of middle cerebral artery. Power law model is used to represent shear thinning
behavior. The interest of the study is to compare the WSS resulted from Power law model and
Newtonian model.

Methodology
Aneurysm Geometry

In this study, idealized model is constructed and meshing it using Design Modeller in ANSYS
14.0 software. Idealized model construct 3mm for diameter d with length L and maximum diameter
D, 3 and 2 times the diameter[6]. Idealized model shown in Fig.1. Relative to a cylindrical (z-r)
coordinates system centered at the middle of the bulge, the bulge and tube wall are defined by the
function :
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Fig. 1 Schematic idealized model under investigation, showing key dimensions and the cylindrical
(z-r) coordinates. Fluid flows through the interior of the model.

Simulation model

The governing Navier-Stokes equation can be expressed in a vector form[11]:
DV

7] D7 = —Ap + uvV '’V + pS§ (1)
where V is velocity magnitude, p is viscocity of the fluid, p is density of the fluid, and S is body
acting forces. The aneurysm diameter size 3mm is much larger than the size of blood cells ~5um,
hence, the blood can be modeled as a continuum.

Blood is generally accepted as a incompressible fluid with the density, p = 1080 kg/m*[12]. The
vascular wall treated as rigid. Newtonian blood viscosity is taken as, u = 0.0041 kg/m-s[13].
Shear stress for Power Law model can be calculated from equation[13]:
T =10+ K(y)n (2
For Power law, where K = consistency index, n = power law index, T = reference temperature. The
parameters for simulation is summerised in Table 1. In order to calculate the WSS, the following
relationship is used[14][15]:

tw=-wy=-n (3)

or
where 1y, is wall shear stress, p is viscocity of blood, and vy is shear rate.



Table 1 Boundary conditions for Power Law model[16]

Power | Reference | Minimum | Yielding | Consistency
Law [ Temperature | Viscosity | Viscosity Index
Index (K) Limit (kg/m-s) | (kg-s ~n-
(n) (kg/m-s) 2/m)
0.4851 310 0.00125 0.003 0.2073

Inlet velocity which is in the form of pulse flow is shown in Fig. 2. The inlet flow is the average
of velocity in middle cerebral artery of 355 patients[17]. The pulse was set to 1s and the results are

captured at 0.25s interval.

1
03
08
0.7
06
05
04
03

Inflow Velocity (m/s)

0.2
0.1
a

o 0.2

0.4

Time

(s)

0.6 0.8

1

Fig. 2 The figure shows the inflow velocity profile with the time[17]

Results and Discussion

The results of velocity and WSS is analyzed at time t=0.25s, 0.5s, 0.75s and 1s. The pulse is

maximum at t=0.20s.
Velocity Plot

As shown in equation 3, velocity as an important parameter to obtain the WSS. The velocity
resulted from Newtonian and Power law model for each time interval is plotted in Fig. 3.
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Fig. 3 Velocity profile along the anuerysm radius for Newtonian and Power Law model

As indicated in Fig. 3a, the velocity at t=0.25s is at around the peak of pulse flow with velocity of
0.85m/s. There is negative shear gradient in the region after the boundary layer at the artery wall
which due to drag force. Similar velocity profile was observed at t=0.5s and t=0.75s. The magnitude
of maximum velocity is 0.55m/s and 0.32m/s, respectively. The velocity magnitude for Newtonian
and Power law is almost similar. At t=1s, the face of velocity profile is blunted with positive shear
gradient. The maximum velocity for Newtonian model is 0.35m/s and 0.32m/s for Power Law.
Power law predicted maximum velocity of 8.6% lower that Newtonian at this time instant.

Wall Shear Stress
WSS is calculated according to equation 3. The contour of wall shear stress for Newtonian and
Power Law model are shown in Fig. 4 and Fig. 5, respectively.
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Fig. 4 Wall Shear Stress Contour for Newtonian model
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Newtonian model has a peak value of WSS is 150 Pa at t=0.25s which can be observed in Fig.
3a. The location of peak WSS is found prior to aneurysm bulge. The WSS decrease as the velocity
decrease from peak pulse to t=1s. As shown in Fig. 5a, Power Law model has a peak value of WSS
at 24 Pa. The WSS is decrease as the flow is decreased.

The comparison of WSS in axial direction is compared in Fig. 6. In general, high WSS occured
prior entering the anuerysm site. High levels of wall shear stress encourages endhotelial and smooth
muscle cell development in aneurysms, which may enhance the integrity of the wall tissue [12]. The
WSS in anuerysm bulge is the lowest due the sudden increase in area and reduce in velocity. Low
wall shear stress aneurysms exhibited significantly more growth, suggesting that the wall tissue in
the center of the bulge is most susceptible to aneurysm disease progression [12].

In general power law predicted lower WSS value compared to Newtonian model. The highest
difference occured at peak pulse of t=0.25s where WSS for Newtonian model is 6.25 times higher
that Power law model.
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Fig. 5 Wall Shear Stress Contour for Power Law model
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Fig. 6 WSS in axial z-direction at time interval, a. t=0.25s, b. t=0.50s, c. t=0.75s, d. t=1.0s



Conclusion

Blood flow in artery with anuerysm was simulated by considering Newtonian and Power Law
rheological models. Power Law take in to accound the shear thinning property of blood. The
velocity for both results was almost identical, hence it could be concluded that the shear thinning
property is not affecting the magnitude of velocity. However, the peak WSS predicted by
Newtonian model was 150 Pa which is 6.25 times higher than Power law. The results suggest that
the non Newtonian property of blood is important and sensitive to WSS value.
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