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SUMMARY
High fidelity Lattice Boltzmann method based direct numerical simulations were conducted on 12 in-
tracranial aneurysms previously studied in order to explore the critical Reynolds number at which the
flow regime transitions from laminar to the one that exhibit high frequency fluctuations in aneurysms.
The outcomes of an in-depth space-time refinement study were taken as a basis for the employment
of appropriate resolutions. The characteristics of the transitional flow are quantified at resolutions
below Kolmogorov micro-scales, and the critical Re is explored for both time-dependent and time-
independent inflow. The results within the studied cohort characterize the aneurysm morphology as
an initiator of transitional flow, and suggest that the peak systolic conditions of the middle cerebral
artery (MCA) are at the border of transition threshold.
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1 INTRODUCTION

An intracranial aneurysm is a pathological dilatation of a cerebral blood vessel. Rupture of intracra-
nial aneurysms results in stroke which is a major cause of morbidity and mortality in the modern
world. Computational Fluid Dynamics (CFD) has evolved as an important tool for the modeling of
hemodynamics in intracranial aneurysms, and provide improved rupture risk estimators to the clin-
icians. The complex aneurysmal flow was recently shown to exhibit high frequency fluctuations in
recent Finite Element method (FEM) based simulations of reasonable resolutions [1, 2]. The occur-
rence of transition in physiological flows has been inadequately addressed, probably because the CFD
techniques need to be appropriately tailored in order to capture transition, and high resolutions are
needed to describe the nature of transitional flow as was recently recommended e.g. for blood flow
in heart [3]. The present work revisits the issue of transition in aneurysms by performing highly re-
solved Lattice Boltzmann method (LBM) based direct numerical simulations (DNS) on 12 aneurysms
previously studied in [1].

The focus of the study is to explore the critical Re at which the flow transitions from a laminar
regime to the one that exhibits high frequency flow fluctuations, and to characterize if the aneurysm
morphology itself is the initiator of fluctuations, and whether the critical Re changes when a time
independent inflow is replaced by an idealized waveform. The aforesaid goals are assisted by a
simultaneous space-time refinement study that establishes the suitable resolutions required to capture
the desired characteristics of transitional flow and increase the confidence on the accuracy of the
explored critical Re.
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2 METHODOLOGY

12 aneurysms previously studied in [1] were re-simulated with LBM, using the open-source frame-
work Musubi [4, 5]. The space and time resolutions were kept to 32µm and 1.8µs respectively. An
in-depth space-time refinement study was carried out on two aneurysms - one with laminar and transi-
tional flow each. Spatial and temporal resolutions ranged from 128−8µm and 29−0.1µs respectively
yielding up to ∼ 109 compute cells and ∼ 9 × 106 time steps per second; those results are reported
elsewhere [8]. The quality of the spatial and temporal resolutions was assessed by calculating l+

and t+, which are quantified in terms of viscous length scales, and are proportional to the respective
Kolmogorov micro-scales η and τη.

The blood was modeled as a Newtonian fluid with ρ = 1.025g/cm3 and ν = 0.035 Poise. A uniform
velocity profile with a mean of 0.5m/s was prescribed at the inlet for most part of the study whereas
a zero pressure was maintained at the outlet. Initial conditions were set to zero velocity and pressure,
and all vascular walls were assumed to be rigid. Average parent artery Re based on the velocity and
diameter at inflow was 292 (range: 201-398).

The critical Re was explored by performing two sets of simulations– Firstly Re based on time in-
dependent inflow waveform was varied in steps of δRe = 10 for all 12 cases. Secondly a pulsatile
waveform, generalized from the MCA segment was prescribed at the inflow with peak systolic Re at
inlet varying in steps of δRe = 10.

The flow was spatially averaged over ∼ 200 evenly spread point probes inside the aneurysm to ac-
count for the spatial variations in flow properties expected in transitional flow in complex geometries.
Phase averages were gathered for 12 seconds after the damping out of the effects of initial conditions
to statistically describe the flow characteristics namely velocity and turbulent kinetic energy (TKE).

3 RESULTS

The results of LBM simulations on 12 aneurysms complied with [1] i.e. the same aneurysms (5&7)
had transitional and laminar flow regime. The space-time refinement study revealed errors up to 20%
at δx = 128µm, which reduced to ∼ 1% at resolutions of δx = 32µm. The l+ reached ∼ 1.0 at this
resolution whereas t+ was always< 1.0, which instituted the use of this resolution for further analysis
of critical Re [8]. The simulations to explore the critical Re required ∼ 4 hours of execution time each
on 4096 cores of the SuperMUC. Figure 1 shows the velocity colored Q-isosurfaces(Q=0.6) and the

Figure 1: Velocity colored Q-isosurfaces (Q=0.6) at peak systole for Re = 200, 250, 300 and 351 (L-R top row). Volume rendering of
vorticity magnitude (L-R) bottom row.

volume rendering of vorticity magnitude at peak systole of the 12th cardiac cycle for 4 different Re.
The plots in figure 2 depict the velocity profile inside aneurysm dome, averaged over 200 probes and
phase-averaged for 12 cardiac cycles whereas the red line represents the peak systole. Plots of power
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Figure 2: Spatio-temporal averaged velocity variations for Re=200, 250, 300 and 351 (L-R top row) where red line indicates peak
systole. Power spectrum of the TKE computed by discrete Fourier transform (bottom row); the red line displays Kolmogorov −5

3
decay

for reference.

spectral density (PSD) of TKE are shown in the bottom row of figure 2 for each Re where red line
represents the Kolmogorov −5/3 decay.

The velocity magnitude and the frequency of fluctuation exhibits an increasing trend with Re where
peak systolic velocities range from 120 to over 600 mm/s. The fluctuations at Re=200&250 are lim-
ited to the peak systolic conditions and the flow relaminarizes during deceleration. For Re=300&351
fluctuations are observable even during deceleration. Frequency components above 103 Hz have a
PSD below 10−15 for Re=200&250. The PSD is revamped with each successive Re, and it resembles
the Kolmogorov −5/3 energy decay only at Re=351. Table 1 lists the Kolmogorov microscales.

Re l+ t+ η(µm) τη(µs) uη(mm/s)

200 0.76 0.0655 0.046 6.23 74.01
250 0.88 0.1488 0.031 2.74 111.55
300 1.10 0.18 0.025 1.84 136.23
351 1.23 0.215 0.02 1.72 154.20

Table 1: The ratio of spatio-temporal scales (l+, t+) in the simulation and the Kolmogorov microscales for
different Re

The flow characteristics varied from one cycle to another for all the Re. The variations were most in-
tense during peak systole as the magnitude of velocity differed by up to ∼ 10% with each subsequent
cardiac cycle. These variations persisted for 8 cardiac cycles for Re up to 300 and for 12 cycles at
Re=351.

The critical Re for each of the 5 aneurysms with transition was close to the Re at which the simulations
were conducted in [1] i.e. corresponding to peak systole of MCA. No transition occurred in the
7 sidewall aneurysms for Re up to 550. The transition threshold remained conservative upon the
prescription of time independent inflow, though the influence of pulsatile flow can not be neglected
as discussed in the following.

4 DISCUSSION

The flow became transitional in the aneurysm (fig. 1) after the inflow jet collided with the upper
aneurysmal wall. This, and the presence of sudden expansion at the bifurcation gave rise to coherent
vortices in the bulk flow, and minuscule vortices near the walls. The fluctuations were isolated to
bifurcation aneurysms and did not occur in the sidewall cases even at considerably higher Re, a
discovery that characterizes the occurrence of aneurysms at bifurcation as a promoter of transition.
The eduction of miniature vortices near the walls, and particularly their temporal evolution over the
cardiac cycle holds potential role in the understanding of wall degradation resulted by transitional
flow, and consequently aneurysm rupture.

The present study has revealed that the flow remains laminar in the parent artery harboring aneurysms.
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At Re=351 however, some vortices were reflected back towards the aneurysm neck; a phenomenon
which was seen only with pulsatile flow, just after the systole. The Re based on the peak systolic
velocities of MCA segment is at the threshold of critical Re - both for time-dependent and time-
independent inflow conditions, yet the nature and temporal evolution of fluctuations is considerably
different in the case of pulsatile flow. At the higher Re, the fluctuations were spread along the whole
cardiac cycle in spite of the very low velocity magnitude during deceleration, which suggests a cas-
cade of fluctuations from systole to diastole; this phenomenon was neglected with time independent
inflow. A causal relationship between the arterial and aneurysmal flow cannot be unequivocally es-
tablished, and our present findings predict that there might be a two-way correspondence between
arterial and aneurysmal flow.

Another major finding of this work is the cycle-to-cycle variations persistent over a long time in the
simulation. These variations were present in both space and time i.e. at some locations the variations
were as high as 10% whereas at others they were as low as 0.2% in all the 5 cases with transitional
flow. The role of variations could be overlooked if sufficient statistics are not gathered and it can
be contended that their clinical role is of significance when the heart rate variations are taken into
account like in [7] as the varying heart rates are likely to give rise to intriguing vortical structures.

The validity of continuum hypothesis becomes questionable at the scales at which the present sim-
ulations are conducted and the blood should be treated as a suspension of particles rather than as a
continuum [6]. It is remarked that these resolutions improve numerical accuracy, thereby providing
better assessment of the aneurysmal flow. Moreover, moving walls and fluid structure interaction
might have stabilizing or de-stabilizing effect on the flow which makes it hard to extrapolate these
findings in vivo. Nonetheless, a major implication of this study would be that the role of transi-
tional flow in aneurysms cannot be avoided, and accounting for the complexity of hemodynamics in
aneurysms would require a prudent calibration of the CFD technique.
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