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ABSTRACT

Intracranial aneurysms are abnormal dilatations of the
cerebral arteries that are, in case of a rupture, highly life
threatening. Numerical investigations carried out to supp
clinical physicians are commonly assuming laminar flow
conditions. However, especially in diseased arteries- tran
sition to turbulence has been observed.

To identify a possible transition, the effect of geome-
try as well as of blood cells were investigated in the present
work. Therefore, hemodynamic simulations were carried
out under realistic flow conditions in an idealized basilar t
aneurysm. In addition, the impact of blood cells is exam-
ined using DNS with a pseudo-spectral code, adding La-
grangian spherical particles (using a point force apprpach
mimicking the suspension.

The statistical analyses revealed that even under nor-
mal flow conditions fluctuations are observed during the
cardiac cycle. These appear at relatively high frequencies
around 100 Hz. Additionally, the particulate phase signifi-
cantly influenced the flow stability.

Hence, the results indicate that transitional effects
might indeed play a role to understand hemodynamics and
rupture of intracranial aneurysms, and should be accord-
ingly taken into account.

INTRODUCTION

According to the Dorland Medical Dictionary a cere-
bral aneurysm is an abnormal bulge or ballooning in a blood
vessel supplying the brain. Intracranial aneurysms can rup

ture and bleed into the area between the brain and the sur-

rounding membrane. A noticeable percentage of the hu-
man population, typically 2 to 5% depending on the coun-
try, harbors a cerebral aneurysm, but only abad®® of
those aneurysms rupture annually (Kaminogo et al., 2003).
However, the rupture of a cerebral aneurysm leads in
up to 90% of all cases to a subarachnoid hemorrhage (SAH).
More than 50% of the patients affected by SAH die within
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the first 6 months. These facts emphasize the importance
of a careful investigation of the blood flows in cerebral
aneurysms in order to understand and prevent rupture us-
ing appropriate treatments (Seshadhri et al., 2011; Jaiga
al., 2012).

In order to obtain accurate three-dimensional and time-
dependent flow information in cerebral aneurysms, an enor-
mous computational effort is required. Hence, several sim-
plifications are usually employed to decrease model com-
plexity and therefore the computational costs. The non-
Newtonian behavior of blood is often neglected since shear-
thinning effects first appear at small vessel diameters (Ce-
bral et al., 2005). Almost systematically, blood flow is as-
sumed to be laminar with constant flow properties, which
is up to now commonly accepted for intracranial vessels.
However, a few groups have recently shown the existence of
fluctuating flow structures within the human vascular sys-
tem (Antiga and Steinman, 2009; Valen-Sendstad et al.,
2011), which could be interpreted as a transition to tur-
bulence followed by relaminarization after peak systole.
These fluctuations were found in idealized as well as in
patient-specific intracranial aneurysms (Ford and Piamell
2012).

Non-laminar flow behaviour was observed especially
in the case of diseased arteries (e.g., caused by a steno-
sis) or around strong bifurcations, although diameteetas
Reynolds numbers Re 500 were calculated (Khanafer et
al., 2007; Lee et al., 2008). Transitional effects occugrin
around peak systole might have a significant impact on the
weakened vessel layers and should be further investigated
as a possible explanation for rupture.

In order to save computational costs, it is also com-
monly accepted to treat blood as a pure liquid. But it is
indeed a thick suspension. Blood contains several cellu-
lar components that may influence the flow behaviour and
hence have a significant impact on the flow stability. The
stability of laminar particle-laden flows has been investi-
gated in many works, for instance in the seminal paper by
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Saffman (1961). This paper considered a plane parallel
flow with two different particle configurations: very fine
particles and coarse particles. Using the Orr-Sommerfeld
equation he concluded that the fine dust destabilizes the gas
whereas the coarse dust stabilizes the continuous flow. Sim-
ilar results have been found for mixing layer using DNS and
the Orr-Sommerfeld equation by Tong & Wang (1998). In
spite of numerous studies, many issues are still poorly un-
derstood in such two-phase flows, in particular concerning
transition and relaminarization. For instance, Klinkeigbe

et al. (2011) and Klinkenbergt al. (2013) recently exam-
ined the stability and transition for particle-laden chelinn
flows.

To investigate transition or stability, high-resolution
techniques are necessary. For a computational study, this
means relying on Direct Numerical Simulation (DNS).
DNS requires high accuracy solvers. In the present case,
a pseudospectral technique is employed.

The hemodynamic flow in intracranial aneurysms in-
volves different typical features: strong time-dependent
variations, large-scale vortical structures, shear fletin-
pacting the wall, additionally with a possible impact of the
cell loading. A transition to turbulence can in principle
happen due to two reasons: due to the geometry of the
aneurysm in connection with a time-dependent boundary
condition, or due to the impact of the blood cells (two-phase
effect). Of course, a combination of both is also possibie. |
the current paper we try to obtain a clear picture about how
each of them contributes to a possible transition and relam-
inarization. Therefore, laminar but time-dependent sanul
tions are carried out at high resolution in an idealizedlbgasi
tip aneurysm, considering blood as a pure liquid. Analyz-
ing the resulting inflow jet into the aneurysm sac, a stapilit
analysis becomes possible. Regarding now the impact of
blood cells, possible instabilities are examined that migh
be caused by the particulate phase. For this purpose, DNS
is carried out with point force Lagrangian spherical parti-
cles as a first model for the blood cells, investigating modi-
fications of the turbulent features. Combining both studies
the validity of the classical assumption (laminar flow con-
ditions) can be checked.

METHODS
In this section, the employed numerical/computational
techniques and configurations will be discussed.

Vascular Geometry and Spatial Discretization

Since the present study was first motivated by the work
of Ford and Piomelli (2012), a similar computational do-
main was reproduced as in their publication. The surface of
an idealized basilar tip aneurysm was generated using the
CAD software Solid Edge V. 18 (Siemens PLM Software,
Plano, Texas, USA). It contains one feeding and two out-
flow pipes, respectively, which represent the basilar prter
as well as the left and right posterior cerebral artery. The
corresponding geometric parameters are based on the inlet
diameter D), which was chosen to be@mm. In order to
satisfy Murray’s law that describes the physiological prn
ple of minimum work, both outlets have a diameter &D.
The aneurysm itself possesses a diametebDoff@nally, all
three vessels are D4in length. Figure 1 shows the model
from three directions as well as an isometric perspective.

The generated aneurysm model was spatially dis-
cretized using tetrahedral and prismatic elements. AN-
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Figure 1. Representation of the idealized basilar tip
aneurysm visualized from four perspectives. The spheres
indicate the probes used for later statistical analyseashepr

1 (red), probe 2 (blue), probe 3 (green), probe 4 (yellow).

SYS ICEM-CFD 14.0 (Ansys Inc., Canonsburg, PA, USA)
served as meshing software. Thereby, three stages of refine-
ment were chosen, classified as coarse, intermediate and
fine. The corresponding meshes contained approximately
109 000, 589 000 and.4 million elements, respectively.
Local refinement was applied in regions of high curvature,
e.g. the aneurysm neck, and especially in the transition be-
tween the feeding artery and the bulb. In order to resolve the
velocity gradients close to the arterial wall, up to fourspni
layers were inserted. Their initial height ranged from 97 to
33 um and a growth ratio of .2 was defined. A previous
study of Berg et al. (2012) showed that mesh-independent
solutions are achieved at this level of refinement.

Single-Phase Blood Flow

The generated meshes were used to carry out several
hemodynamic simulations with the open-source software
package OpenFOAM 2.1.x (ESI Group, Paris, France). To
solve the integral formulation of the governing Navier-
Stokes equations for continuity and momentum conserva-
tion, the unsteady solver pimpleFoam was chosen.

Here, blood is simply treated as an isothermal, incom-
pressible p = 1050 kg/n¥) and Newtonian fluid with a con-
stant dynamic viscosity) = 4.265- 102 Pas. Although
the viscosity of blood can show a clear shear dependency, a
comparison with the typically used Carreau-Yasuda model
showed no significant difference in the velocity profiles for
the present range of vessel diameters.

In contrast to analytically described inflow conditions,
which are based on numerous assumptions, flow rates ex-
tracted from 7-Tesla MRI measurements of a healthy vol-
unteer were implemented at the inlet of the basilar artery.
The time-dependent values were extracted from the raw im-
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age data using EnSight 9.2 (CEI, Apex, NC, USA) and a
post-processing tool developed by Staleteal. (2008). All
arterial walls were assumed to be rigid and no-slip bound-
ary conditions have been applied. In contrast to signifi-
cant vessel wall motions in the aortic arch, the radial di-
latation of intracranial arteries does not increase maaa th
5% of the diameter (Valencia et al., 2008). Since it is at
present impossible to measure patient-specific wall prop-
erties, fluid-structure interaction processes cannot be ac
counted for. The only possibility would be to assume homo-
geneous and isotropic material properties as well as a con-
stant wall thickness, which is completely unrealistic. Ac-
curate wall and wall properties information must become
measurable before such aspects are taken into account in
future simulations.

For both outlets a constant pressure value was defined,
assuring an equal outflow. This standard approach was cho-
sen due to the lack of knowledge regarding the pressure
variation in the different vessel branches.

The cardiac cycle had a length = 0.85 s. A con-
stant time step size was chosen &5410~° s, according
to the stability condition (Courant number 1), which was
estimated in advance. Therefore, each simulation cordtaine
20 000 time steps, which were discretized by a second-order
implicit Crank-Nicholson scheme. Convergence was ob-
tained when the scaled residuals of pressure and momentum
decreased below a value of Thwithin each time step. Due
to the high number of elements the computational domains
have been decomposed in advance in order to simulate in
parallel using 8 CPUs (AMD Quad Core 2.1 GHz).

Since the Reynolds numbers of the measured flow rates
were in the range of 189-254 and since previous works de-
tected fluctuations at Re around 500 (e.g. Ford and Piomelli
(2012)), the implemented flow rates were doubled in a sec-
ond simulation in order to test the effect of a higher inflow.
Finally, six unsteady simulations (two different flow rates
three different grids) were carried out without any turbu-
lence model.

The statistical analyses were performed in the third car-
diac cycle, discarding the first two in order to reach pedodi
solutions. The post-processing for the laminar simulation
contained cut plane visualizations of the velocity as well
as data analysis at four different probes (shown in Fig. 1).
These were chosen to be located close to the neck of the
aneurysm, before the bifurcation, directly within the bulb
as well as close to the aneurysm wall (outside of the inflow
jet). For spectral analyses, 20000 time steps have been con-
sidered at each probe.

Mathematical Description of the Particulate
Flow

Many previous studies have revealed that small solid
spherical particles enhance the turbulence intensity- (Fer
rante and Elghobashi, 2003; Abdelsamie and Lee, 2012;
Abdelsamie and Lee, 2013). Additionally, it is known that
fine dust may destabilize a laminar flow (Saffman, 1961).

In the present study, a Eulerian-Lagrangian approach
is used to compute the coupled dynamics of fluid and par-
ticulate phase by DNS. As a first, crude representation of
blood cells, solid spherical particles are considered whos
diameter,d, is smaller than the smallest flow length scale
(as defined in the next section). These particles are release
in an incompressible, isotropic flow. The governing equa-
tions for the carrier-phase are the Navier-Stokes equstion
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where the alternating tenserjx represents the cross prod-
uct between the fluid velocity and vorticityw. In Eq.(1)p

is the fluid pressurgg andv are the fluid density and kine-
matic viscosity, respectively. Furthermorg,is the force
per unit mass due to the two-way coupling which is oppo-
site of that applied to the particles by the fluid such that:

f(xB) 6(X—xp). ®)

whered(X) is a three dimensional Dirac delta functidty

is the number of dispersed particles in a unit volume of the
fluid, and fi“ is the force exerted on the particle calculated
from the particle’s equation of motion as follows:

dv!
o) = mo ()
an —yn
_ Mp (u1|_ Vi ) 7 ()
p
dxi.
& = (5)

Here, v,mp andxp; are the particulate phase velocity,
mass and-th component of its position vector.

Numerics for DNS of Particulate Flow

In order to scale the current problem, we have retained
the smallest time scale ag = (v/€)%/2 and the smallest
length scale ak = (v3/£)Y4. For homogeneous isotropic
turbulence those scales would properly degenerate back to
the standard Kolmogorov scales, wheris the dissipation
rate of the flow kinetic energy:

£=2v < §jSj > (6)

Sj = (0ui/0xj +du;j/dx)/2. 7

Before introducing the particles, a quasi-laminar initial
flow field was obtained starting from a well-prescribed tur-
bulence, after letting it decay from a Taylor Reynolds num-
ber R, =42 (initial value) to R = 3 (just before introduc-
ing the particles). The main purpose of this approach is to
keep suitable reference scales and start from a flow field
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Figure 2. Peak-systolic velocity magnitude and iso-
surface (® m/s) shown for the highest mesh resolution:
patient-specific flow rate (left), doubled flow rate (right).

with well-defined and statistically reproducible propesti

As needed for DNS, all physical scales are resolved during
the simulation. Using the pseudospectral solver described
in detail in Abdelsamie and Lee (2012), %#egular grid
points are placed in a periodic cubic domain. The numeri-
cal representation of the particles in the DNS relies on the
point force approach. In this approach the variables were
interpolated from Eulerian space to Lagrangian space using
4th order Hermite interpolation, whereas they were inter-
polated back from Lagrangian to Eulerian using a 3-point
approximation of the Dirac delta function.

RESULTS AND DISCUSSION

In order to evaluate the impact of the geometry and of
the resulting flow structures, cut planes were positioned at
one symmetry plane of the aneurysm model. In all cases
it was noticed that a symmetrical inflow occurred, directed
towards the dome of the aneurysm. This behaviour is ex-
pected for laminar flow conditions. Due to the widening
of the geometry the velocity magnitude decreases rapidly
and shows relatively small values in areas close to the
aneurysm wall (Fig. 2), as cleary shown by corresponding
iso-surfaces. A threshold of ®m/s was chosen to indicate
the regions where higher velocities change to slower ones.
Results with the finest grid resolution are shown in Fig. 2
for the really measured as well as for the artificially dou-
bled Reynolds numbers. Regarding mesh density, signifi-
cant fluctuations in pressure and velocity were present only
when using the finest mesh, with almost no effect for the
coarse and intermediate ones (not presented here in the in
terest of space). Therefore, further statistical analys=e
carried out only for the finest resolution. This is again a
proof that a very high resolution in space and time is indeed
needed to capture the true physics of the process.

The spectral analysis of the time-dependent velocity as
well as the pressure revealed different phenomena at the dif
ferent probes. High oscillations at frequencies largen tha
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Figure 3. Power spectrum for velocity corresponding to
the case with measured flow rates.
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Figure 4. Power spectrum for pressure corresponding to
the case with measured flow rates.

40 Hz can be observed especially in probe 1 and 2 (see
Figs. 3 and 4). Probe 3 shows a similar behaviour but at fre-
quencies in arange from 20 to 90 Hz, while at higher values

the power spectrum decreases monotonically. This effect
can be seen for probe 4 as well, which is located close to the
aneurysm wall and experiences nearly no fluctuation at all.

Therefore, a laminar flow could be assumed in this region.

However, fluctuations can be observed at high frequencies
at all probes in the pressure power spectrum (Fig. 4).

Combining these observations, the simulations indicate
that oscillations are particularly strong within and ndse t
jet of the feeding artery. High fluctuations are seen at the
neck of the aneurysm that decrease in areas close to the
aneurysm wall. Therefore, the inflow jet seems to show
some instability that might be associated with transitiona
effects. Overall, these findings are in a good agreement with
those of Ford and Piomelli (2012).

However, we repeated the simulations in a straight pipe
(same diameter, 3D in length) with a time-dependent in-
flow condition corresponding to Reynolds numbers ranging
from 120 to 250. The corresponding FFT analyses resulted
in similar fluctuations of the power spectra at the inletlitse
as well as for several probes within the pipe domain. In con-
trast, constant spectra (no fluctuations) were achieved for
steady conditions at the inflow. This may suggest that the
observed oscillations are mainly caused by the unstealines
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Figure 5. Flow kinetic energy.

of the boundary condition implemented in OpenFOAM and
are not only a result of transitional effects. Further stadi
will be needed to clarify this issue.

In the second part of this section the impact of parti-
cles mimicking blood cells is investigated. The statistts
four different cases are examined in this section, based on
particle mass fraction/loading in the flowg,{ = 0%, 12%,
25% and 50%), wheres, =0% means a particle-free flow
(pure liquid). Stokes number based on the smallest time
scale, St 1p/Ty, is in the order of M5 (Tp is the particle
relaxation time). Since 99% of the cellular components in
blood are red blood cells, the haematocrit and therefore the
solid phase consists mainly of erythrocytes. In healthy per
sons, haematocrit values can be found in a range between
40 to 50%. Therefore, the highest mass load used in DNS
represents a realistic situation.

Figures 5 and 6 show temporal flow kinetic energy
(k= 0.5(u?)) and its dissipation rateg, respectively t
represents initial time and) represents the spatial aver-
age). They reveal that the flow kinetic energy enhances
monotonically with mass loading (Fig. 5). In other words,
the decaying rate of the kinetic energy reduces monoton-
ically with increasing particle mass loading. At the same
time, the dissipation rate of the kinetic energy enhances
monotonically with mass loading (Fig. 6).

A plausible physical interpretation for the previous ob-
servations is as follows. Since the presence of particles en
hances the flow kinetic energy, the particles work as kinetic
energy source. Due to their inertia, they do not lose the en-
ergy which they earned from the flow as fast as the flow
itself (note that the particles are initially injected witte
local flow velocity). Therefore, the particles add addi&ibn
energy to the flow, which will cause a reduction in the de-
caying rate. This additional energy should be dissipated du
to viscosity effects, which increases the dissipation ste
the flow small length scaldy) and time scalet(), as it can
be seen from Figs. 7 and 8, respectively.

Using the definitions given in the previous section, the
small scales of the flow depend on the kinetic energy dis-
sipation rate. Therefore, the smallest flow length and time
scales decrease monotonically with mass loading (Figs. 7
and 8). These observations all document a destabilization
of the flow associated to mass loading. Adding more and
more particles, the flow shows turbulent features longer and
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stronger than for the same flow without particle loading.

Consequently, considering the effect of the blood cells in
hemodynamics might be important to understand transition
and relaminarization in cerebral flows.

CONCLUSION

The investigation of the impact of a basilar tip
aneurysm on the intracranial hemodynamics indicates that
non-laminar effects are present, at least when a clear inflow
jet into the aneurysmal sac is observed. Strong fluctuations
in the power spectra indicate flow oscillations that might
have an impact on rupture prediction. Therefore, a suitable
resolution in space and time is absolutely necessary to cap-
ture the full physics. Since not all cerebral aneurysms are
located at bifurcations, high frequency oscillations migh
not always exist. Further cases need to be evaluated in or-
der to clarify whether the current findings hold in general or
not or if the fluctuations in the spectra are mainly caused by
the unsteadiness of the implemented boundary condition.

Using DNS it was observed that the particulate phase
has a significant influence on flow transition and relaminar-
ization. Therefore, any investigation pertaining to tueot
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Figure 8. Flow smallest time scale.

fluctuations in cerebral flows should consider the two-way
coupling between the flow and the particulate phase. First
results show that the particles reduce and delay relaminar-
ization. The impact of non-spherical and, ultimately, de-
formable particles will be considered in the future.
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