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Abstract 
In this study, the flow through a generic abdominal aneurysm under realistic pulsating flow conditions is examined with 
magnetic resonance velocimetry (MRV), laser Doppler velocimetry (LDV) and computational fluid dynamics (CFD). The 
influence of flow phenomena on the wall shear stress (WSS) is examined. It is seen that a strong vortex ring develops during 
systole at the proximal end of the aneurysm and subsequently travels downstream and decays. The vortex formation plays a 
major role in the temporal and spatial distribution of the WSS, which is analyzed in detail. A peak of the WSS is observed 
for a very limited time and in a very localized region where the vortex ring initially develops. The intrinsic temporal aver-
aging during the acquisition of the MRV data is found to significantly decrease this peak. CFD and LDV results, which 
are averaged in the same manner, show a similar behavior. This indicates that besides the spatial resolution, the temporal 
resolution is a crucial factor, which needs to be considered especially in flows where vortex rings are observed. Results 
from LDV and CFD show excellent agreement for the velocity field obtained by MRV. While the flow is found to be laminar 
in the undilated diameter, results show laminar–turbulent transitional behavior for specific phases of the cycle within the 
aneurysm bulk. Although MRV is not capable of measuring instantaneous velocity fluctuations, we show that the periodic 
increase in turbulence intensity can be observed from image artifacts in the MRV data. These artifacts increase the velocity 
uncertainty, which correlates well with the velocity fluctuations measured with LDV. Although the flow encounters laminar 
and transitional conditions as well as multiple vortices and stagnation and reattachment points, the improved instability-
sensitive Reynolds stress model, which is used for the numerical simulations of this work, shows very good agreement 
with the measurements. Significant effort has been expended by numerous research groups in recent years in improving the 
estimation of WSS from MRV data. However, an assessment of these various post-processing methods is only possible if 
the true values of the WSS are known. The present study is therefore aimed at providing such ground truth WSS values as 
well as the corresponding MRV data, allowing also other research groups to validate their WSS estimation methods using 
the experimental data set presented in this work.
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1 Introduction

In cardiovascular medicine, abnormal changes of the ves-
sel geometry are of great interest. A prominent example of 
such a change is the enlargement of the aortic vessel diam-
eter, so-called abdominal aortic aneurysms (Aggarwal 
et al. 2011), whose initiation and growth triggers are sub-
ject to current discussion (Kemmerling and Peattie 2018). 
In general, the question needs to be answered, under which 
conditions the rupture of such an aneurysm is most likely 
(Fillinger et al. 2002; Munarriz et al. 2016), and at which 
stage of development surgical intervention is reasonable?

There exist different biomarkers and biochemical pro-
cesses, which influence the vessel walls (Lasheras 2007). 
Almost all investigations agree that the wall shear stress 
(WSS) is one of these and of major importance in the emer-
gence of such cardiovascular diseases (van Ooij et al. 2017). 
However, different opinions exist about which quantitative 
values of the wall shear stress initiate which kind of disease. 
Since the WSS is highly temporally and spatially distributed, 
as well as being a vectorial quantity, the specification of a 
single value may not be appropriate. The general assumption 
at the moment is that very high or low magnitudes of the 
WSS contribute to aneurysm growth (Boussel et al. 2008; 
Watton et al. 2011; Miura et al. 2013; Boyd et al. 2016), 
while spatial gradients provoke the initial development 
(Boussel et al. 2008; Meng et al. 2007; Dolan et al. 2013). 
However, no consensus exists on these issues and the discus-
sion is still in progress. Arzani and Shadden (2016) provide 
a good overview of the current state of the art. The overall 
uncertainty arises furthermore from the fact that there is cur-
rently no reliable and overall accepted method to accurately 
measure the WSS in vivo. The most common practice is a 
measurement with phase contrast magnetic resonance imag-
ing (PC-MRI), also termed magnetic resonance velocimetry 
(MRV), which has gained much attention in the last few 
years due to the work of Markl et al. (2012). Although MRV 
measurements are commonly used to measure the WSS, they 
may be subjected to large measurement errors and uncertain-
ties, caused by the limited spatial resolution.

Current progress in measurement of the aneurysm WSS 
distribution follows one of two possible approaches: On 
the one hand, the overall wall shear stress estimation from 
MRV data itself can be improved. On the other hand, there 
exist several experimental in vitro measurements and com-
putational fluid dynamics (CFD), which focus on the gen-
eral understanding of aneurysm flow. By gaining a deeper 
understanding of the flow phenomena, WSS results may 
be better interpreted and measurement parameters can be 
better chosen.

The modeling of the aneurysm geometry can be divided 
into the analysis of patient-specific and generic models. 

The advantage of the former is that specific information, 
e.g., before surgical intervention, can be obtained, allow-
ing an individual prediction of the existing in vivo flow 
field. However, generic models provide a more general 
description of the problem, allowing a better comparison 
between different research groups, different WSS estima-
tors and CFD codes. Exactly for this latter reason, we have 
used a generic geometry of an abdominal aortic aneurysm 
in the present study.

There exist numerous experimental investigations of 
aneurysms. Budwig et al. (1993) and Asbury et al. (1995) 
were the first who experimentally investigated the flow 
through a symmetric generic aneurysm and obtained pre-
liminary results for the spatial distribution of the wall 
shear stress. They concluded that in the areas around the 
attachment and reattachment points, strong spatial gra-
dients and high WSS peaks exist. However, both studies 
examined only steady flow conditions. Further experimen-
tal investigations were later conducted by Egelhoff et al. 
(1999) and Deplano et al. (2007, 2013, 2016), who con-
sidered pulsating flow rates. Deplano analyzed the effect 
of vortex development occurring under unsteady condi-
tions. Due to the strong adverse pressure gradient in the 
deceleration phase of the cycle, vortex rings may detach 
at the proximal neck of the aneurysm, travel downstream, 
become unstable, and either decay or impinge on the distal 
wall. Nevertheless, in these studies, the wall shear stress 
was not measured.

In this context, a comprehensive analysis of the time-
varying wall shear stress distribution is given in Peattie et al. 
(2004), where also the stability of the developing vortex 
rings are discussed. Salsac et al. (2006) also provides a thor-
ough description of the unsteady wall shear stress, but does 
not consider the instability and laminar–turbulent transition 
of the vortex ring. Both studies from Peattie et al. (2004) 
and Salsac et al. (2006) investigate peak Reynolds numbers 
based on the undilated vessel diameter of Re = 2300 and 
Re = 2700 , which is presumed to be too low for the human 
aorta (Kousera et al. 2013). Yip and Yu (2001, 2003) provide 
an overall description of the flow inside an aneurysm, and 
discuss the stability and decay of the vortex, as well as the 
spatial and temporal evolution of the WSS. Beside these 
experimental studies, there exist several numerical simula-
tions of pulsating flow through generic aneurysms (Perktold 
1987; Taylor and Yamaguchi 1994; Vorp et al. 1998; Finol 
et al. 2003), only to name a few.

The current work aims to contribute to both aforemen-
tioned approaches:

On the one hand, the pulsating flow through a generic 
aneurysm is analyzed in detail. The goal of this work is to 
provide a complete description of the flow phenomena in an 
aneurysm at transitional Reynolds numbers, and relate those 
phenomena to the spatial and temporal wall shear stress 
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distribution. Special attention is drawn to the influence of 
the vortex ring on the wall shear stress.

On the other hand, this work is seen as a continuation of 
our former work (Bauer et al. 2019; Bopp et al. 2019), where 
the goal was to provide ground truth of the underlying WSS 
of acquired MRV data by comparison measurements and 
simulations. The MRV data acquired in the present work is 
intended to also be used as an input and reference for future 
WSS estimators. Many research groups struggle with this 
problem. However, an evaluation of different post-process-
ing methods is only possible, if the exact same data set is 
used, and the underlying flow conditions and true WSS val-
ues are known. We therefore provide the acquired MRV data 
for other groups, which also may not have the possibility to 
conduct experiments, to test their WSS estimators. The pre-
sent data set is available online (http://dx.doi.org/10.25534 /
tudat alib-113.2) and can be regarded as a test case.

The experimental techniques used in this study are MRV 
and LDV. Besides the experimental measurements, numeri-
cal simulations are conducted with an improved instability-
sensitive Reynolds stress model (IISRSM), which is well-
suited for low Reynolds number flows and also for capturing 
laminar–turbulent transition and relaminarization.

The paper is structured as follows: First, the experimental 
setup and the numerical methods are described, followed 
by a detailed description of the flow phenomena present in 
the aneurysm by inspection of the MRV data. Comparison 
is drawn with LDV and CFD results. In a further compari-
son of LDV and MRV data, it is demonstrated that MRV 
image artifacts can be related to the occurrence of turbu-
lence and that this information might be useful to identify 
laminar–turbulent transition. In a last step, the temporal and 

spatial distribution of the wall shear stress is examined, and 
discussed.

2  Methods

2.1  Experimental setup

As this work is a continuation of our former investigation 
(Bauer et  al. 2019), most experimental procedures and 
setups remain similar. We will therefore only give a brief 
description here.

The experimental setup (Fig. 1a) consists of a portable 
flow supply unit, which can provide volume flow rates typi-
cal for the human aorta. The working fluid is water, doped 
with either a contrast agent or tracer particles, depending on 
the measurement technique. Experiments are performed at 
22 ◦C , corresponding to a density of � = 997.75 kg/m3 and a 
kinematic viscosity of � = 9.60 × 7m2∕s . The flow is guided 
with hoses to the measurement section in the MRI scan-
ner room, before which several flow conditioning elements 
are inserted. Downstream of the flow conditioning, the fluid 
enters the aneurysm model, which is rigid, symmetrically, 
and smooth in shape, as shown in Fig. 1b. The maximum 
expansion of the diameter is � = D∕d = 2.5 , where D is the 
maximum dilated diameter and d the undilated pipe diameter 
of d = 26mm . The aneurysm has a length L of L∕d = 4 . 
The function for the aneurysm radius rA in dependence of 
its dimensionless length x∕d ∈ [−2, 2] , where x denotes the 
axial distance measured from the point of maximum diam-
eter, is

(a) (b)

(c)

Fig. 1  a Experimental setup for MRV measurements. b Schematic 
representation of the aneurysm model including the geometric dimen-
sions. This setup is used for measurements of the WSS, where the 

acquisition of wall-tangential velocities is possible. c Aneurysm 
model submerged in water for LDV measurements of axial velocities

http://dx.doi.org/10.25534/tudatalib-113.2
http://dx.doi.org/10.25534/tudatalib-113.2
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with � = 0.7186 . The model is fabricated using a laser pow-
der bed fusion process. To allow optical accessibility for 
the LDV measurements, the model has a thin slit, which is 
covered with a transparent film.

The temporal evolution of the flow is the same as in 
Bauer et al. (2019) for exercise conditions (case 3) and 
shown in Fig. 2. The flow waveform is adapted from Salsac 
et al. (2006) and resembles a physiological volume flow 
rate in the aorta. However, due to the large inertia of the 
moving fluid, the backflow and second peak around t = 2 s 
are obviously more pronounced than in in vivo flows. The 
peak Reynolds number based on the pipe diameter d and 
the mean axial flow velocity U is Re = Ud∕� = 7649 . The 
Womersley number is Wo = d∕2

√
2�∕(T�) = 20 , where 

T is the cycle length of the pulsation, which corresponds 
to T = 2.7 s.

Three-dimensional and time-resolved MRV measure-
ments are performed at a 3 T Siemens Prisma whole body 
scanner, with receiving coils directly wrapped around the 
aneurysm. The MRV data were acquired with a k-t-accel-
erated 4D flow sequence (Bauer et al. 2013; Jung et al. 
2008, 2011). After the MRV acquisition is completed, a 
so-called flow-off measurement is performed for which 
the pump is switched off. The flow model is not moved 
between those consecutive acquisitions. The flow-off data 
are used to retrospectively correct systematic background 

(1)

rA(x∕d) =
1

2
+

� − 1

2
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4
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,

phase errors, which might be induced, e.g., by eddy cur-
rents. Relevant MRV measurement parameters are shown 
in Table 1.

LDV measurements are carried out with a two-velocity 
component LDV system (Flow Explorer, Dantec Dynam-
ics, wavelengths �1 = 660 nm , �2 = 785 nm , measurement 
volume size 331 μm × 49 μm × 49 μm).

For the measurement of velocity profiles, the aneurysm 
model is submerged in water (Fig. 1c). The refractive 
index of the transparent film is not equal to the refractive 
index of the surrounding fluid, but due to the thin thick-
ness of only 0.5 mm, this introduces just a minor shift of 
the measurement position. For the acquisition of the WSS, 
this setup does not allow an accurate determination of the 
wall-tangential velocity, since the radial velocity com-
ponent cannot be measured. Therefore, the model is not 
submerged in water, but instead the LDV head is rotated 
for each measurement position so that the optical axis is 
perpendicular to the surface (Fig. 1b). The measurement of 
WSS requires only a penetration depth slightly deeper than 
the measurement volume size; thus, the curvature effect of 
the aneurysm wall is negligible.

Since the mean value of the axial velocity changes dur-
ing the cycle, the calculation of the velocity fluctuation, 
respectively, RMS value would be biased. This problem 
has first been recognized by Hussain and Reynolds (1970), 
who proposed the so-called triple decomposition

where the velocity u is decomposed into a time-averaged 
mean value u , a phase-dependent part ũ(𝜙) and a fluctuat-
ing stochastic part u′ . In the present approach, the method 
proposed by Sonnenberger et al. (2000) is used to first obtain 
the phase-dependent part ũ . Therefore, a Fourier series up to 
the eighth order is fitted to the phase averaged LDV signal. 
Subsequently, the velocity fluctuations u′

i
 of each individual 

tracer particle can be calculated from

(2)u = u + ũ(𝜙) + u�,

Fig. 2  Volume flow rate used in the present study, adapted from 
Bauer et al. (2019)

Table 1  MRV measurement parameters

Parameter Value

Sequence type 3D3C, time resolved
Voxel size 0.6 mm (isotropic)
venc 0.25 m/s
TE 5.2 ms
TR 128 ms
Phases 21
FOV 216 × 224 × 224 voxels
Acquisition time 1:39 h
Repetitions 1
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where ui is the measured particle velocity and �i its cor-
responding phase angle. In the circumferential velocity 
component, no mean flow is expected, thus u = ũ = 0 for 
this case. The mean and fluctuating velocity components 
are afterward binned into groups of the same bin width as 
the MRV data.

In addition to the measurements, an analytic solution is 
available for the inlet, assuming laminar, fully developed pul-
sating pipe flow (Womersley 1955; Durst et al. 1996; Bauer 
et al. 2019).

2.2  Numerical methods

The numerical simulations are conducted using the finite-vol-
ume-based open-source toolbox OpenFOAMⓇ . The URANS 
(Unsteady Reynolds-Averaged Navier–Stokes) model is used 
for the computation of this weakly turbulent flow in the aneu-
rysm. The temporal discretization corresponds to the second-
order three-time step scheme with the Courant number adopted 
to be always smaller than 1 due to the use of controlled adap-
tive time steps. The central differencing scheme (CDS) is used 
for the discretization of the convective terms. The aneurysm 
geometry is meshed using OpenFOAMs build-in function 
‘blockMesh,’ resulting in a three-dimensional hexahedral grid 
with 2.16 × 106 cells, which is shown in Fig. 3. At the inlet and 
outlet of the aneurysm, an additional length of 5d is provided 
in each direction. The mesh is refined toward the wall, with the 
wall-next cells being located in the viscous sublayer at y+ < 1 
for the entire geometry and at all time steps.

Accordingly, an appropriately advanced turbulence model 
on the second-moment closure level is used. The near-wall 
Reynolds stress model by Jakirlić and Hanjalić (2002) is capa-
ble of separately capturing the kinematic wall blockage effects 
related to both Reynolds stress and stress dissipation aniso-
tropies. The model is based on the homogeneous dissipation 
concept

with � representing the total viscous dissipation rate and D�
k
 

the molecular diffusion of the kinetic energy of turbulence 

(3)u�
i
= ui − u − ũ(𝜙i),

(4)�h = � − 0.5D�

k
,

k. This satisfies inherently the exact asymptotic behavior 
of the stress dissipation and Reynolds stress components 
by approaching the solid wall, as well as resulting in a cor-
rect near-wall shape of the dissipation rate of the kinetic 
energy of turbulence without necessity to introduce any 
additional modifications. However, its straightforward tem-
poral integration within the unsteady RANS method cannot 
adequately reproduce the turbulent activity intensification 
pertinent to a separated shear layer because of its time-aver-
aged rationale. This is especially the case in flows which 
separate at a curved continuous wall, as encountered in the 
aneurysm configuration. Accordingly, this RANS model 
is further sensitized to account for fluctuating turbulence 
within the unsteady RANS framework, as proposed by 
Jakirlić and Maduta (2015). An additional term introduced 
into the corresponding length scale determining equation 
(governing the inverse time scale �h = �h∕k ) provides a 
selective assessment of its production, which is in line with 
the scale-adaptive simulation (SAS) proposed by Menter 
and Egorov (2010). This enables the model capability to 
account for the vortex length and time scales variability 
related in particular to the highly unsteady separated shear 
layer regions. Presently, a somewhat different formulation of 
the additional production term is applied. Instead of the von 
Kármán length scale LvK , as originally proposed by Menter 
and Egorov (2010), the term is modeled only in terms of 
the second velocity derivative, which originates from the 
equation governing the integral length scale (Rotta 1972). 
By doing so, the sensitivity of the model, which is denoted 
by improved instability-sensitive Reynolds stress model 
(IISRSM), in capturing the turbulence fluctuations is further 
enhanced. This enables the use of coarser grid resolutions.

3  Velocity field

Prior to the evaluation of the wall shear stress, the velocity 
field is examined more closely. First, the flow fields obtained 
with MRV and CFD are examined. It should be shown if 
the numerical simulation can capture the dynamics of the 
flow. Afterward, it is verified that LDV results agree well 
with MRV and CFD by comparing specific velocity profiles.

Fig. 3  Mesh of the computa-
tional domain including the 
aneurysm, inflow, outflow and 
precursor with the respective 
axial lengths (not true to scale)
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3.1  Mean MRV velocity field

The results of the MRV measurement are shown in a cross-
sectional (sagittal) view in Fig. 4. The CFD data of the same 
time steps are shown in Fig. 5 for comparison. Note that the 
MRV data are phase averaged, while the CFD data shown 
here correspond to an instant of time. Velocities are shown 
as velocity magnitudes in both cases.

At the beginning of the cycle ( t∕T = 0.07 ), the flow is 
close to zero and the velocity vectors are randomly ori-
ented. As the flow rate increases ( t∕T = 0.21 ), a separation 
point develops at the inlet around x∕d ≈ −1.8 , followed by 
a small recirculation zone downstream. The flow separa-
tion appears to have little influence on the velocity field 
downstream, where the flow is still fully attached. Subse-
quently, the flow rate reaches its maximum at t∕T = 0.26 . 
At this time the pressure gradient is already negative, 
which enhances the flow separation at the proximal neck 
and the recirculation zone. A symmetrical vortex ring 
forms downstream of the point of detachment, with its 
center initially located at x∕d ≈ −1.3 . At the wall, this vor-
tex ring induces negative velocities. For the region x∕d > 0 
, the flow is still fully attached and not influenced by the 
vortex. Subsequently, the flow rate rapidly decreases 

( t∕T = 0.36 ), while the vortex ring reaches its maximum 
strength. Carried by the mean flow field, the vortex begins 
to travel downstream. In the middle of the aneurysm, sur-
rounded by the vortex ring, a region with high velocities 
up to umag = 0.33m/s exists. The vortex center induces 
reverse flow in the vicinity of the wall over a large area 
of −1.0 < x∕d < 0.2 . At t∕T = 0.45 , the flow rate is close 
to its minimum value. At the wall, the flow is again fully 
attached over the entire aneurysm length, but with velocity 
vectors pointing in the upstream direction. At t∕T = 0.55 
a secondary separation zone forms at the distal neck of 
the aneurysm at x∕d = 1.5 . However, this region initially 
covers only a small region. Compared to the previous time 
step, the primary vortex ring has traveled upstream due 
to the negative flow rate and lost strength. Starting from 
t∕T = 0.64 , the vortex ring begins to decay significantly. 
As the volume flow rate reaches its second maximum at 
t∕T = 0.74 , the vortex is almost completely dissipated. In 
the region where the vortex impinged onto the wall, only 
a weak circulation and fluctuating velocities remain. At 
t∕T = 0.83 , the flow rate approaches zero, and the flow in 
the aneurysm comes to a rest.

The overall agreement between CFD and MRV is very 
good.

(a) (b) (c)

(d) (e) (f)

(g) (h) (i)

Fig. 4  Time series of the velocity field measured with MRV, in a 
cross-sectional (sagittal) view through the center of the aneurysm. At 
the beginning, the flow is fully attached (a), then the flow detaches 
at the proximal neck due to the increasing flow rate (b), and forms a 

vortex ring (c), which subsequently induces negative velocities at the 
wall, grows and travels downstream (d–e), weakens (f–g) and finally 
dissipates (h–i). Time steps within the cycle are visualized with the 
flow rate in the upper right corners
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3.2  Comparison with LDV data

As suggested in other studies (Peattie et al. 2004; Yip and Yu 
2001, 2003), the flow through an aneurysm may be in a lami-
nar–turbulent transitional regime even though the upstream 
flow in the pipe is laminar. It is therefore necessary to verify 
whether the same flow conditions are present in both experi-
mental setups and the simulation before proceeding further 
to the investigation of the WSS. The phased-averaged veloc-
ity profiles of the axial component from MRV, LDV and 
CFD are shown in Fig. 6. Since laser Doppler velocimetry 
is a point-by-point measurement technique, velocity profiles 
are acquired along straight lines between the center axis and 
the transparent wall at six different locations, which are at 
the inlet of the aneurysm ( x∕d = −2.2 ), the point of separa-
tion ( x∕d = −1.3 ), the center of the aneurysm ( x∕d = 0.0 ), 
the region where the vortex impinges and maximum WSS 
values are expected ( x∕d = 0.6 and x∕d = 1.0 ) and at the 
outlet ( x∕d = 2.2).

MRV velocity profiles are obtained by circumferential 
averaging. A detailed description of the procedure can be 
found in our first publication (Bauer et al. 2019). The flow 
field is divided into 12 equally spaced segments around the 
circumference, wherein the average velocity profile is cal-
culated. The red curve in Fig. 6 represents the mean velocity 
over all segments, while the shaded area is the range, where 
all 12 velocity profiles fall. The shaded area is therefore 

a measure for flow symmetry. The CFD velocity profiles 
shown in Fig. 6 are averaged in circumferential direction 
similar to the MRV data. All profiles are evaluated at the 
peak volume flow rates of t∕T = 0.26, 0.55 and 0.79.

For t∕T = 0.26 (Fig. 6a) the mean values of MRV, LDV 
and CFD agree excellently. Flow separation starts to take 
place at the proximal neck ( x∕d = −1.3 ), where the results 
already show negative velocities at the wall and a recircula-
tion zone. Despite the periodic flow separation, the MRV 
velocity field shows no deviation from symmetry in the 
mean. The analytic laminar solution fits perfectly for the 
high volume flow rates at the inlet. Compared to the inlet, 
the velocity profile is significantly flattened at the aneurysm 
outlet. At the time of maximum negative volume flow rate 
( t∕T = 0.55 , Fig. 6b), the vortex ring has reached the distal 
end of the aneurysm. Mean velocity profiles of MRV and 
LDV show again good agreement. The MRV data show an 
apparent asymmetric flow field. The numerical simulation 
reveals higher velocity amplitudes at x∕d = 0 and x∕d = 0.6 
near the vortex. The analytic solution at the inlet does not fit 
the measurements well. For t∕T = 0.79 (Fig. 6c) slight devi-
ations can be observed in the numerical simulation around 
x∕d = 0.6 and x∕d = 1.0.

Deviations of the mean MRV values from LDV near the 
center axis originate most likely from less voxels available 
at this position in the averaging process. Furthermore, MRV 
values at the wall are subjected to partial volume effects. In 

(a) (b) (c)

(d) (e) (f)

(g) (h) (i)

Fig. 5  Time series of the instantaneous velocity field from CFD, in a cross-sectional (sagittal) view through the center of the aneurysm. See 
Fig. 4 for further explanation
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both regions, the accuracy and reliability of the MRV data 
are therefore reduced. The results from LDV indicate that in 
the center of the aneurysm, the vortex introduces instabili-
ties, as noticed in several other studies (Yip and Yu 2001, 
2003; Peattie et al. 2004). It is therefore assumed that these 
instabilities lead to either weak turbulence or non-periodic 
velocity fluctuations between consecutive cycles. This 
might also cause the flattened velocity profile at the outlet 
in Fig. 6b compared to the inlet, due to enhanced mixing in 
the aneurysm bulk. WSS values are expected to be higher at 
the outlet than in the inlet. Inspection of the MRV velocities 
as well as the magnitude data shows that in the area, where 
the vortex ring introduces large velocity fluctuations, image 
artifacts occur, which potentially lead to the apparent devia-
tions between individual MRV segments. The flow is there-
fore not necessarily asymmetric in these stages of the cycle, 

but affected by image artifacts due to velocity fluctuations. 
Deviations from the analytic solution at the inlet are caused 
by the back flow through the aneurysm; hence, not providing 
sufficient time to fully develop in the later phase of the cycle.

3.3  Turbulence and velocity fluctuations

In this section, the occurrence of turbulence is discussed.
MRV images are acquired by successively measuring the 

electromagnetic signal with different phase encoding gradi-
ents. As the acquisition takes a rather long time, the situation 
in the field of view (FOV) may be subject to changes, for 
instance caused by velocity fluctuations. Inconsistencies in 
the FOV during measurement will lead to inconsistencies 
between the k-space rows, assuming Cartesian sampling of 
the k-space. After transformation into image space using 

(a)

(b)

(c)

Fig. 6  Comparison of the axial velocity profiles at the three time 
steps of peak volume flow rate, acquired with MRV and LDV, com-
pared to CFD and an analytic solution. The shaded red area indicates 

the variation of the MRV velocity profiles over the circumferential 
direction. In the first time step, a length scale for the velocity ampli-
tudes is given
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an inverse Fourier transformation, this will lead to image 
artifacts along the entire phase encoding direction. Ran-
dom motion as well as random velocity fluctuations during 
image acquisition therefore results in an additional noise 
distribution, which are referred to as turbulence artifacts 
(Bruschewski et al. 2016).

Visual inspection of the MRV data suggests that this 
noise could be used as an indicator for laminar–turbulent 
transition. Figure 7 shows the MRV magnitude, where noise 
drastically increases during the time steps when the velocity 
fluctuations are present. The image artifacts appear around 
x∕d ≈ 0 and t∕T = 0.55 when the vortex ring introduces sub-
stantial velocity fluctuations. For a qualitative estimation of 
the laminar–turbulent transition, we now compare the time-
dependent velocity fluctuations obtained from LDV with the 
spatial image fluctuations and thus the velocity uncertainty 
from MRV.

In the LDV data, an axisymmetric turbulence ( u�
y
= u�

z
 ) is 

assumed and a mean fluctuation u′ is computed

Additionally, a mean velocity fluctuation u′ is calculated for 
each of the six axial positions x/d from Fig. 6.

For the MRV data, the velocity uncertainty is calculated 
according to Constantinides et al. (1997) and Bruschewski 
et al. (2016) with

(5)u� =

√
1

3

(
u�
x
2 + 2u�

y
2
)
.

with the signal-to-noise ratio (SNR)

In this formulation, � is the standard deviation of the magni-
tude in the background region and determined from

where � is the vector which contains the magnitude, ⟨⟩ 
denotes arithmetic averaging and L is the number of receiver 
coils. The noise-free magnitude value A is calculated from 
the region of interest (ROI)

According to Bruschewski et al. (2016), the region in the 
background needs to be free of artifacts. However, as the 
intention of the present approach is to detect those artifacts, 
a region in the background along the phase encoding direc-
tion is used, which includes those artifacts.

Results of this method are shown in Fig. 8. Here, the 
velocity uncertainty from MRV is calculated over a slice 
located at x∕d = 0.6 . Both methods show very good 
agreement. The uncertainty increases as the vortex ring 
approaches the slice and gradually decreases when the 

(6)�u,MRV =
venc

�

1

SNR
,

(7)SNR =
A

�
.

(8)� =
√
⟨�2⟩∕2L,

(9)A =
√
⟨�2⟩ − 2L�2.

Fig. 7  Top row: MRV magnitude data in a sagittal plane in the middle of the aneurysm for three different time steps. The vortex decay intro-
duces substantial image artifacts around x∕d ≈ 0 for t∕T = 0.55 . Bottom row: Transverse plane at x∕d = 0 for five different time steps
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volume flow rate is negative and the vortex ring moves 
upstream ( t∕T ≈ 0.6 ); finally increasing again.

Thus, it is shown that laminar–turbulent transition 
appears in the LDV and MRV data at the same time, sug-
gesting that the WSS values will be comparable. Overall, the 
agreement of the velocity fields between the experiments is 
also found to be excellent, so that a substantiated comparison 
of WSS values is now feasible.

4  Wall shear stress

The wall shear stress �w from MRV is estimated from the 
circumferentially averaged velocity field, where the aver-
aged data has the same spatial resolution as the original 
data. The velocity gradient is calculated for each axial slice 
between the first voxel completely inside the flow field and 
the wall position (Fig. 9), which is known from the wall 
function described in Eq. 1. At the wall, the no-slip condi-
tion is assumed. As previously shown in Bauer et al. (2019), 
this method is feasible; however, a symmetric flow field is 
required, which has been verified in Sect. 3.2.

For the determination of the wall position as well as the 
first measurement point totally inside the aneurysm with 
LDV, the procedure described in Bauer et al. (2019) is used 
in a steady flow. After that, the velocity gradient is measured 
with the unsteady volume flow rate. The LDV signal and 
thus the wall shear stress is phase averaged with four times 
the temporal resolution as MRV, which is at 84 time steps 
( Δt = 32ms intervals). The CFD data are obtained at 270 
time steps ( Δt = 10ms intervals).

The spatial distribution of the WSS from MRV, LDV and 
CFD for different time steps during the cycle is shown in 
Fig. 10. The circumferentially averaged velocity field from 
MRV is given on the bottom (using the right colorbar and 
the lower axis), while the WSS distribution of the corre-
sponding time step is depicted on top (using the left axis). 
Additionally, the vortex centers of the flow field, are identi-
fied manually and their position is highlighted. The most 
prominent vortex ring is termed primary vortex, while all 
other vortices are referred to as secondary vortices.

In general, almost no deviation between the individual 
LDV measurement points and the numerical simulation 
is observed, while the results from MRV show significant 
underpredictions, especially in the regions and at the time 
steps where high WSS peaks are present. Below, the WSS 
distribution is discussed in detail for each time step.

While the volume flow rate is close to zero (Fig. 10a), the 
WSS is negligible small over the entire aneurysm length. In 
the middle of the flow field a secondary vortex is still present 
from the previous cycle, which does not influence the WSS.

When the flow rate increases (Fig. 10b), the global WSS 
distribution is almost similar to the distribution encountered 
in steady flows (Budwig et al. 1993; Bauer et al. 2019). The 
constant wall shear stress observed in the straight pipe dras-
tically decreases at the separation point ( x∕d = −1.6 ), fol-
lowed by a small zone of weak recirculation and negative 
WSS. The wall shear stress then remains almost constant 
over the aneurysm length until the proximal end, where a 
distinct peak of �w = 0.85N/m2 is observed. Downstream 
of the aneurysm, the WSS continuously decreases due to the 
development of the laminar velocity profile in the pipe. In 
general, MRV is not capable to resolve the high WSS peaks 
at the distal and proximal ends, yielding an underestimation 
up to 56%.

Due to the formation of the primary vortex from the recir-
culation zone (Fig. 10c), the results show a very narrow peak 
of �w = −0.8N/m2 at x∕d ≈ −1.3 . The strong vortex forma-
tion causes a secondary, minor and counter-rotating vortex 
to develop upstream, which cannot be resolved properly with 
the low spatial resolution of MRV, but is clearly visible from 
the CFD and WSS distribution. This leads to a localized 
positive WSS in the area around x∕d ≈ −1.4 . At the outflow 
of the aneurysm, �w reaches its maximum value during the 
entire cycle of �w = 1.1N/m2 , which is again significantly 

Fig. 8  Temporal evolution of the velocity fluctuations u′ from LDV 
and the velocity uncertainty �

u,MRV
 from MRV in the slice located at 

x∕d = 0.6

Fig. 9  For each axial slice in x-direction, the WSS is calculated 
between the first voxel not embedded into the wall and the wall with 
radius r

A
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underestimated by 54% with MRV. This systematic underes-
timation was already reported in (Bauer et al. 2019), where 
it occurred in steady flow conditions.

When the volume flow rate decreases, but is still positive 
(Fig. 10d), the pressure gradient is already negative. The 
velocities at the wall, where viscous forces dominate over 
inertia forces, may follow the pressure gradient faster than 
the flow in the middle of the cross section, causing a reversed 
flow at the wall and negative WSS in the straight pipes of the 
inlet and outlet. At this time step, results from MRV still pre-
dict a positive value, as the WSS from MRV is measured 1–2 
voxels away from the wall; hence, those negative velocities 
cannot be detected with MRV. The influence of the primary 

and secondary vortices on the WSS is observed in the region 
−1.5 < x∕d < 0 . The primary vortex locally lowers the wall 
shear stress, while the secondary vortex leads to a positive 
WSS in its close proximity.

At t∕T = 0.45 (Fig. 10e), the secondary vortex is dissi-
pated, and the primary vortex introduces only a minor addi-
tional WSS on the wall. Overall, at this time step no peaks 
of the WSS can be observed, and hence the MRV yields 
a reasonable estimate of the WSS, which is only slightly 
underestimated.

At the maximum negative volume flow rate (Fig. 10f), 
the primary vortex impinges onto the distal wall and 
induces high negative WSS values up to �w = −0.6N/m2 . 

(a) (b) (c)

(d) (e) (f)

(g) (h) (i)

Fig. 10  Spatial distribution of the WSS for different time steps dur-
ing the cycle. The respective flow rate at each time step is depicted in 
the upper right corners. The circumferentially averaged velocity field 
from MRV is given on the bottom (using the right colorbar and the 

lower axis), while the spatial WSS distribution of the corresponding 
time step is depicted on top (using the left axis). WSS results from 
MRV, LDV and CFD are shown. Additionally, the vortex cores in the 
flow field are highlighted
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In combination with the negative flow rate, the flow detaches 
from the wall just downstream of the primary vortex at 
x∕d = 1.4 and upstream in its wake around x∕d ≈ 0 . Hence, 
two secondary vortices emerge. This phenomenon could not 
clearly been identified from the non-averaged velocity field 
in Fig. 4. At the proximal neck of the aneurysm, the identical 
phenomena are observed as for the forward flow discussed 
in Fig. 10b, Fig. 10c and the steady flows: The region where 
the cross section narrows is subjected to a peak in the WSS 
of �w = −0.7N/m2 . This time step represents the most com-
plex flow situation in the cycle, since it contains three vortex 
rings and multiple stagnation and detachment points.

At t∕T = 0.64 (Fig. 10g), the flow situation is similar to 
the previous time step and highly complex with at least three 
vortices. The WSS calculation from MRV data completely 
fails to predict the WSS peaks here.

At the second maximum flow rate ( t∕T = 0.74 , Fig. 10h), 
the WSS distribution is comparable to the flow situation 
at t∕T = 0.21 (Fig. 10b), with a beginning detachment at 
the proximal end and a slightly increased WSS at the out-
flow. However, the primary vortex still introduces a WSS of 
�w = −0.4N/m2 at the distal end.

In the last step ( t∕T = 0.83 , Fig.  10i), the overall 
wall shear stress is close to zero, except at the proximal 
( x∕d = −1.5 ) and distal ( x∕d = 1.3 ) ends, where the primary 
and a secondary vortices lead to �w ≈ −0.1N/m2.

5  Discussion

In summary, a vortex originates at every peak of the volume 
flow rate at the location, where the cross section expands, 
which is the proximal end for positive flow rates and the 
distal end for negative flow rate. The wall shear stress is 
significantly altered in the region where those vortices are 
located in close proximity to the wall. The most prominent 
WSS peaks are found at the outlet of the aneurysm when the 
vortex impinges onto the wall, at the distal end at the high-
est volume flow rate, and at the position where the primary 
vortex initially develops. Compared to the first two peaks, 
the latter peak is restricted not only to a very narrow spatial 
region of Δx∕d ≈ 0.2 , but also to a short time interval. It is 
worth noting that the temporal gradient of the wall shear 
stress is most prominent at that position. Although the abso-
lute values are higher at the distal end, their temporal evolu-
tion is somewhat predictable and the distribution changes 
only slowly. Compare for example the evolution of the high 
WSS value at x∕d = 1.6 between Fig. 10b and 10c, or the 
high negative value at the same location between Fig. 10f 
and g with the temporal change at x∕d = −1.3 between 
Fig. 10c and 10d.

For a more substantiated and quantitative evaluation 
of the temporal change, it is reasonable to calculate the 

temporal wall shear stress gradient (TWSSG), which is a 
measure of the temporal change of the WSS at the respec-
tive spatial location. This quantity has also been discussed 
in the literature, where the endothelium was found to be 
sensitive to the TWSSG (White et al. 2001). The TWSSG is 
calculated from a central differencing scheme according to

where ti is the respective time step in the cycle and Δt the 
step size between two consecutive time steps. Results of 
the calculation of the TWSSG are shown in Fig. 11. Over-
all, the magnitude of TWSSG is below ±4N∕(m2 s) for the 
entire cycle, except at t∕T = 0.26 (Fig. 11c). At this point, 
an exceptionally high peak of TWSSG = ±10N∕(m2 s) is 
located at the position where the high temporal change from 
the vortex development was initially assumed. In agreement 
with the CFD, the results from LDV show the same peak. 
Hence, the temporal evolution of the WSS at the point of 
formation of the primary vortex ( x∕d = −1.3 ) is now ana-
lyzed in more detail.

The WSS at x∕d = −1.3 is shown in Fig. 12. At the time, 
the vortex ring starts to develop ( t∕T ≈ 0.2 ), the WSS rap-
idly decreases from �w = 0N/m2 to �w = −0.55N/m2 and 
subsequently increases again to �w = 0.17N/m2 . While CFD 
and LDV results agree excellently up to t∕T = 0.3 and good 
in the later cycle, the MRV results systematically underes-
timate the WSS, especially the negative peak at t∕T = 0.2 . 
This peak only appears in a relatively short time interval 
of Δt∕T ≈ 0.1 , while the temporal resolution of the MRV 
measurement is only Δt∕T ≈ 0.05 . Thus, it is assumed that 
the underprediction from MRV not only originates from the 
low spatial resolution, but also from the limited temporal 
resolution.

To demonstrate the effect of the intrinsic temporal 
averaging of MRV, the temporally highly resolved WSS 
results from CFD and the phase-locked signal from LDV, 
both located at x∕d = −1.3 , are phase averaged with differ-
ent numbers of time steps during the cycle. The minimum 
number of time steps is 1, corresponding to an overall mean 
value. Using 21 time steps yields the same temporal resolu-
tion as the MRV measurement. In Fig. 13, the underesti-
mation of the peak at t∕T = 0.2 due to the lower temporal 
resolution is shown in relation to the number of time steps.

As expected, the use of fewer time steps yields a more 
significant underestimation. The value measured with MRV 
is also depicted in Fig. 13. The underestimation is further 
enhanced due to the limited spatial resolution. A high scatter 
can be noticed, which can be explained with the location of 
the time steps relative to the minimum of the WSS peak. The 
upper bound of the distribution represents the situation when 
a time step coincides with the position of the peak, yielding 

(10)TWSSG =
��w(x, t)

�t

||||t=ti
=

�w(ti + Δt) − �w(ti − Δt)

2Δt
,
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less underestimation, while the lower bound represents a 
position of the time steps relative to the peak resulting in a 
pronounced underestimation.

6  Conclusion

The experimental results presented in this work show good 
agreement regarding the velocity field. The laminar–tur-
bulent transition could be detected and reproduced in both 
experimental investigations and modeled in the simulation. 
In accordance with previous investigations, a strong vor-
tex ring was observed in the aneurysm, which substantially 

influenced the WSS distribution and lead to high wall shear 
stress amplitudes when it is located close to the wall.

It has to be emphasized that the methods used in this work 
for the estimation of the WSS from MRV are rather simple. 
There exist far more advanced methods in the literature, 
which may yield better results. Nevertheless, it was not the 
purpose of this work to develop new WSS estimators, but 
to reveal the ‘true’ value of the WSS distribution for a flow 
acquired with MRV.

The agreement of the wall shear stress between LDV 
and CFD was found to be excellent. Thus, the numerical 
simulation can be regarded as the ‘ground truth’ value 
of the WSS. In a next step, different estimators and post-
processing methods can be applied to the MRV data, and 

(a) (b) (c)

(d) (e) (f)

(g) (h) (i)

Fig. 11  Temporal wall shear stress gradient (TWSSG) for different 
time steps during the cycle. A distinct peak is observed when the pri-
mary vortex detaches at the proximal end ( t∕T = 0.26 ). The circum-
ferentially averaged velocity field from MRV is given on the bottom 

(using the right colorbar and the lower axis), while the TWSSG dis-
tribution of the corresponding time step is depicted on top (using the 
left axis). Results from LDV and CFD are shown. Additionally, the 
vortex cores in the flow field are highlighted
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the results can be compared to the numerical simulations 
and LDV values of this work. As already stated in the 
introduction, the present MRV data are available online 
(http://dx.doi.org/10.25534 /tudat alib-113.2) and can be 
used by other authors to test their own WSS estimators.

Furthermore, it was shown that the measurement uncer-
tainty of the MRV data can be used to yield information 
about the flow state. However, it is not possible to quan-
tify absolute values of the velocity fluctuations, but rather 
estimate the relative increase in fluctuations. Since this 

method does not require additional measurement time, it 
seems to be a valuable secondary information.

It is well-known that the spatial resolution of MRV is 
not sufficient to accurately determine the wall shear stress 
directly from the near-wall velocity gradient. However, it is 
in general not assumed that a low temporal resolution can 
reduce the wall shear stress estimation in the same order 
as the spatial resolution does (Montalba et al. 2018; Zim-
mermann et al. 2018). With the use of the temporally high-
resolved LDV and CFD data of this work, it was shown that 
the underprediction may indeed be very large. Even for the 
case of a sufficiently high spatial resolution, an underpre-
diction of approximately 40% is expected with the present 
number of phases during the cycle. Nevertheless, this effect 
is only present at the location where the primary vortex ring 
develops. At the locations of the secondary minor vortices, 
this effect has not been observed. This indicates that for an 
accurate determination of the wall shear stress, it is not suf-
ficient to calculate the WSS from individual MRV images in 
a step-by-step procedure without a proper representation of 
the flow field in-between those time steps. It is furthermore 
assumed that this effect cannot be solved by an interpolation 
between consecutive time steps. As a solution for abdomi-
nal aneurysms where strong vortices appear, it is reason-
able to use dynamic MRI sequences with a high temporal 
resolution.
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