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ABSTRACT

It has been recognized that blood flow in large vessels, such as the aorta, may undergo a transition to turbulent flow in the presence of
cardiovascular disorders, while flow in the healthy aorta is perceived to be laminar under normal physiological conditions. However, this
perception has been challenged by several studies, highlighting the need to consider more fundamental flow characterizations. The present
study aims to provide a comprehensive analysis of the directional and spectral distributions of kinetic energy in aortic flows under normal
and pathological conditions. For this purpose, large-eddy simulation results for two patient-specific aortas, representing a healthy aorta and
an aorta with aortic valve stenosis, respectively, were analyzed by decomposing the resolved transient velocity fields into directional and fre-
quency components. It is shown that fundamental characteristics, such as the distinctive role of harmonics of the cardiac cycle as well as
intermediate frequencies, indicate complex flow structures and turbulence over the entire thoracic aorta in both cases. The high-frequency
components of kinetic energy are found to decrease by more than one order of magnitude from regions associated with complex flow features
to the descending aorta. In conclusion, the capability of such analyses to effectively describe complex aortic blood flow at physiological and
pathological conditions is demonstrated and motivates further efforts to achieve a more fundamental understanding of the true nature of aor-
tic blood flow.

VC 2024 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license (https://
creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0203658

I. INTRODUCTION

As the largest blood vessel in the human body, the aorta plays a
central role in the cardiovascular system, and related pathologies often
require complex and expensive medical interventions. With the
increase in population age, the number of patients suffering from aor-
tic diseases and aortic valve diseases is expected to rise in the coming
decades.1 Most of these diseases are associated with abnormal hemo-
dynamics and even their progression is often linked to pathological
flow patterns.2–4

Motivated by this, studies have been conducted to improve our
understanding of hemodynamics in the aorta. In healthy aortic flow,
complex flow patterns, such as systolic backflow and helical flow struc-
ture, have been identified in the ascending aorta (AAo).5–8 In the aortic
arch and the descending aorta (DAo), flow detachment and recircula-
tion zones9 as well as double-spiral flow10,11 have been observed.
Various aortic diseases are known to impact the flow field in the aorta,
introducing additional hemodynamic complexity. For example, the
skewed jet caused by aortic valve stenosis (AVS) is associated with

deterioration of the aortic wall,12 and its deflection can cause a strong
helical motion in the AAo.13–15 Such complex flow structures are often
the cause of highly disturbed and turbulent flow16 and, thus, increased
shear stress, which is known to affect the functions of red blood cells17

and endothelial cells.18 To better quantify the associated flow parame-
ters, patient-specific large-eddy simulation (LES) methodologies have
been successfully developed to investigate transitional and turbulent
flows caused by various aortic and aortic valve diseases.16,19–21

Furthermore, it has been shown that such LES models can assist in the
prediction of progressive aortic diseases and the development of con-
comitant disease.22

Despite the evidence of complex flow structures in the healthy
aorta, the notion that physiological conditions are related to laminar-
like flow while transition and turbulence occur in connection with
pathologies remains widely accepted. This assumption persists suppos-
edly because conventional criteria based on the Reynolds number
alone cannot be applied unambiguously due to the complexity of the
flow: the geometries and compliance of the vessel wall, the
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non-Newtonian feature of the fluid, and flow pulsatility. By investigat-
ing flow in healthy carotid arteries based on Doppler ultrasound mea-
surements and idealizedWomersley flow in various blood vessels, Saqr
et al.23 suggest that physiological blood flow is generally turbulent.
Based on their findings, the authors call for a paradigm shift and rec-
ommend that more fundamental concepts, namely chaos theory,
hydrodynamic instability, and the kinetic energy cascade, should be
employed to characterize turbulence in blood flow. For healthy aortas,
none of the above concepts has yet been applied systematically to mea-
surements or simulations of physiologically realistic conditions.

In classical fluid dynamics, the concept of the kinetic energy cas-
cade describes the transfer of turbulent kinetic energy between differ-
ent scales of motion and is usually characterized through the spectral
distribution of the kinetic energy. Lancelotti et al.24 and Mancini
et al.25 determined various kinetic energy spectra (KES) from simula-
tions of flow in carotid arteries. Both studies demonstrate the need for
a sufficiently fine spatial and temporal resolution of the LES to obtain
a KES that reflects the expected flow characteristics. However, as their
aim was to study the accuracy of different LES models, they applied
constant parabolic and idealized Womersley velocity profiles at the
inlets, which are known to impact the flow field significantly.26 Only a
small number of studies determined KES in blood vessels to analyze
the actual nature and characteristics of the flow. This includes a range
of experimental and numerical studies of the turbulence created down-
stream of various heart valve prostheses.27–29 Particularly, Nitti et al.27

provided a comprehensive analysis and discussion of the spectral dis-
tribution of kinetic energy and thereby successfully characterized vor-
tex shedding and the subsequent turbulent transition behind
mechanical aortic valves. However, the mentioned studies only investi-
gated flow in the area immediately downstream of the valve and
assumed either a constant flow or an idealized pulsatile inlet flow rate.
In an intracranial aneurysm, Tupin et al.30 applied a multi-harmonic
pulsatile inlet flow rate and conducted an extensive study of the spec-
tral distribution of kinetic energy. They found complex patterns in the
KESs, such as inverse kinetic energy cascades, demonstrating the
importance of this fundamental analysis to describe the flow when
classical criteria are not readily applicable. A thorough literature review
indicates that prior studies on the spectral distributions of kinetic
energy focused on blood flow under pathological conditions. The only
spectral analysis of kinetic energy in realistic healthy aortic blood flow
was provided by the in vivo hot-film anemometer study of Stein et al.31

from the 1970s. They identified differences in the KES, for example,
higher amplitudes at high-frequency components in a patient suffering
from AVS compared to a healthy one, but the study was limited to a
small number of frequency components insufficient for a comprehen-
sive analysis of the KES.

By conducting a systematic analysis of the directional and spectral
distributions of kinetic energy over the full extent of the aorta, this
study aims to improve our understanding of the complex aortic flow
dynamics at physiological and pathological conditions. To this end, we
used LES results obtained from two realistic models of the aorta; one
representing a healthy aorta and one representing a pathological aorta.
LES modeling of the aortic flow was necessary to obtain well-resolved
transient velocity fields with sufficient temporal resolution for the
spectral analysis. Furthermore, the LES model has been extensively val-
idated for cardiovascular flow applications in our previous studies.16,32

The transient velocity fields obtained from LES of both aorta models

were used to determine the directional and spectral distributions of
kinetic energy at various locations along the aorta. Characteristics and
patterns identified in the distributions were analyzed with regard to
flow structures as well as disturbances and turbulence. Insight is pro-
vided into the applicability of these methodologies to aortic flow, and a
baseline case is provided for future studies on turbulence in the aorta.

II. METHODOLOGY
A. Patient-specific models and computational details

Patient-specific models of a healthy aorta and an aorta with tri-
cuspid AVS were adopted in this study. These models, shown in Fig. 1,
were built from magnetic resonance (MR) images. The corresponding
4D flow MRI data were also available and were used to provide
patient-specific boundary conditions. These included time-varying, 3D
velocity profiles at the ascending aorta inlet and a three-element
Windkessel model at the three branch outlets and descending thoracic
aorta outlet. The Windkessel model describes the ability of the circula-
tory system to dampen pulsatile effects, and the model is a function of
pressure, flow rate, arterial compliance, and arterial resistances. The
model parameters for proximal resistance, peripheral resistance, and
arterial compliance are evaluated using flow data derived from a 4D
flow MRI and central aortic pressure.33 The parameters are provided
in the supplementary material. The Windkessel equations are solved
for pressure at each time step, resulting in a pressure waveform-type
boundary condition at each outlet. The arterial wall was assumed to be
rigid with a no-slip boundary condition. Full details on data acquisi-
tion, image processing, and patient-specific computational model
methodologies can be found in our previous studies.16,34 A brief sum-
mary of the computational details is given below.

Structured meshes were generated in Ansys ICEM and consisted
of 7.4 and 4.5 � 106 cells for the AVS and healthy aorta, respectively.
Detailed mesh sensitivity studies were conducted, which evaluated
mesh dependence on mean and turbulence kinetic energies. For the
AVS aorta, mesh sensitivity results are available in our previous publi-
cations,16,34 and for the healthy aorta, results are included in the sup-
plementary material. To ensure confidence in simulation accuracy,
LES velocity fields were quantitatively compared with 4D flow velocity
fields on a point-by-point basis using the Pearson’s product-moment
correlation coefficient, which gives a normalized measure of the
covariance of two variables. The AVS and healthy aortas showed cor-
relations greater than 0.7 and 0.9, respectively, for all velocity compo-
nents, indicating a strong positive correlation between measured and
simulated velocity fields. Full details are included in our previous
study16 and in the supplementary material.

Large-eddy simulations with the wall-adapting local eddy-
viscosity (WALE) subgrid-scale model (model coefficient,
Cw ¼ 0:325) were performed in OpenFOAM using the pimpleFoam
solver. Temporal and spatial discretization was achieved using second-
order implicit backward Euler and second-order central differencing
schemes, respectively. Velocity and pressure were converged to a nor-
malized residual of 1 � 10�5 at each time step. Blood was assumed
incompressible and Newtonian with density, q ¼ 1060 kg=m3; and
dynamic viscosity, l ¼ 0:0035 Pa s. A time step of 2 � 10�4 s was
used, ensuring a mean CFL number less than unity throughout the
cardiac cycle. Full details of the numerical approach are described in
our previous publication.16
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B. Analysis of the flow characteristics

1. Reduction and transformation of the flow field

To facilitate spatial definition and comprehension when describ-
ing the results, the aorta is divided into sections. In consecutive order,
these segments are the AAo, aortic arch, and proximal-, mid-, and dis-
tal DAo, following the naming convention introduced by Jarvis et al.35

To evaluate the flow field and its spectral decomposition, six cross-
sectional slices were extracted from the three-dimensional geometry of
each aorta. Their locations, as shown in Fig. 1, were chosen to capture
not only the most relevant flow feature, i.e., regions with vortices and
separation zones, but also the dissipation of turbulence expected in
their wake. The cross sections were extracted such that their normal
vectors are parallel to the centerline. In turn, this allowed for a direct
transformation of the velocity components from a global Cartesian
system into a local cylindrical coordinate system. In these systems, the
total velocity is composed of components in the normal, circumferen-
tial, and radial directions. The normal component describes the
through-plane velocity, with positive values corresponding to flow
downstream the aorta. The two other components describe in-plane
velocities. The description of velocity in such a system is beneficial for
the interpretation of the velocity field itself and for the calculation of
KES.

2. Integrated kinetic energy

The integrated kinetic energy (IKE) as a quantity is not only an
important measure in meteorology36 but also finds applications in the

validation of numerical flow simulation schemes.37 Although it is not
commonly used to evaluate pulsatile blood flow, its characteristics
make it an ideal quantity to gain a better understanding of kinetic
energy distributions in the different directions of flow in a specified
volume, or in this case cross sections through the aorta. The IKE is
similar to the mean kinetic energy more commonly used in cardiovas-
cular flow research. Provided a regular Cartesian grid, with constant
cell sizes, the IKE is the same as the sum of mean kinetic energy and
turbulent kinetic energy. However, as the grids of the LES results
adopted here are not regular, the IKE is a more accurate measure
when comparing different integration volumes or surfaces. The instan-
taneous IKE is defined as follows:

IKE tð Þ ¼ 1
2
q
ð
V
U tð Þ2 dV ; (1)

where U is the velocity, q is the fluid density, and V is the integration
volume or surface. The IKE was calculated by numerical integration of
the velocity over a triangularization of the point data from LES.

3. Spectral decomposition

The spectral decomposition of the kinetic energy was performed
by applying an approach previously introduced by El-Gabry et al.38 to
determine turbulent length scales from hot-wire velocimetry measure-
ments. This approach was also used by Saqr et al.23 to study the exis-
tence of a kinetic energy cascade primarily in the carotid artery. The
local kinetic energy in the frequency domain is described as

FIG. 1. Geometric models of the healthy aorta (a) and the aorta with AVS (b). The aortas are divided into ascending aorta (AAo), aortic arch, and proximal, mid, and distal
descending aorta (DAo), respectively. The 0� line denotes the location of the inner curvature of the aorta. Cross sections where turbulence parameters are evaluated are indi-
cated and the inlet flow rate waveforms for both patients are depicted (c).
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Ei fð Þ ¼ jI ui tð Þ
� �j2
L � fs ; (2)

where Ei fð Þ provides the distribution of energy spectral density over
the frequency f at a discrete point i. Furthermore, I is the fast Fourier
transform, ui is the velocity signal at the given point, L is the total
length of the time-discrete velocity recording, and fs is the sampling
frequency. As results obtained from LES were analyzed in this study,
the sampling frequency fs ¼ 100Hz is defined by the time interval
Dt ¼ 0:01 s at which the velocity field was saved in the output file. The
length of the velocity recording, applied for normalization, is different
for the healthy and diseased cases as these simulations were run for dif-
ferent numbers of cardiac cycles. For the healthy aorta and the aorta
with AVS, the total length of time-discrete velocity recording is
L¼ 1945 and L¼ 2191, respectively. It is important to note that the
condition for the application of Taylor’s frozen turbulence hypotheses,
e.g., that turbulent fluctuations are small compared to the mean flow
~u � U; is not true for pulsatile aortic flow, and, therefore, conversion
from the frequency to wavenumber domain is not possible.

III. RESULTS
A. Velocity field

To understand the spectral analysis results, first, a detailed evalua-
tion of the flow field is carried out. Here, only the most important fea-
tures are summarized, and the respective flow fields are shown in Figs. 2
and 3. Further descriptions and visualizations of the velocity fields, at all
remaining cross sections, are provided in the supplementary material.

In the healthy aorta, three complex flow patterns are prominent.
The first one is the formation of Dean vortices, i.e., double spiral flow,
and an associated vortex structure in the AAo that develops during
systolic acceleration. The vortex axis is aligned along the inner curva-
ture of the aorta and its magnitude decreases from the AAo into the
aortic arch. Although the vortex is of similar size and rotates clockwise
in all cardiac cycles, its breakdown scenario during systolic decelera-
tion varies significantly between different cardiac cycles. Weak systolic
backflow is present during mid-systolic deceleration in the area previ-
ously occupied by the vortex and strongly irregular, disturbed flow,
both through and in-plane, is present in the remaining area of the
cross section. Further downstream, disturbed flow is also observed in
the DAo. Here, the disturbance can be attributed to the continuation
of the double spiral flow and the emergence of a flow detachment
zone, particularly developed in the proximal DAo. Although in the
mid-DAo during peak systole, an almost fully undisturbed plug flow
profile develops, it appears as if the disturbances caused by the flow
features in the proximal DAo during systole are not fully dissipated
and transported downstream. In contrast to the AAo, however, the dis-
turbances can dissipate almost completely in the mid-DAo during
diastole. The mean and peak Reynolds numbers in the healthy aorta
are 4429 and 9919, respectively, which were calculated using the mean
and maximum inlet velocity at peak systole and the inlet diameter as
characteristic length. The Womersley and Strouhal number are 19.2
and 0.021, respectively.

In the diseased aorta with AVS, the flow field is vastly different
from the healthy aorta. This case was previously examined by
Manchester et al.16,34 The AVS of this patient results in a strong and
inclined jet out of the aortic valve into the AAo, and the jet’s impinge-
ment and deflection at the anterior aortic wall causes a strong

counterclockwise rotating helical motion. Subsequently, in the AAo,
most motion in the normal direction takes place along the aortic walls,
while the inner areas are characterized by disturbances and partially
systolic backflow. Further downstream in the DAo, regions of pro-
nounced rotational motion are present as well; however, they are ori-
ented in the opposite direction, e.g., clockwise. In the proximal DAo,
this rotational motion appears to interfere with the formation of a
detachment zone. Similarly, to the healthy aorta, the disturbances cre-
ated by the various flow structures show higher dissipation levels in
the DAo compared to the AAo, despite disturbances being strongest in
the AAo. For the aorta with AVS, the mean and the maximum
Reynolds, Womersley, and Strouhal numbers are 2375, 37 942, 43.6,
and 0.017, respectively.

B. Integrated kinetic energy

The evaluation of the distribution of IKE over time and its vari-
ance over cardiac cycles allows for a better understanding of the char-
acteristics of the flow structures found in the aorta. Figure 4 shows the
IKE over the cardiac cycle and its distribution in the different spatial
directions calculated for the selected cross sections along the aortas.

The plots show the phase-averaged IKE with gray bars indicating
the cycle variations via one standard deviation. For the healthy aorta, it
is apparent that the course of IKE in the normal (through-plane) direc-
tion is qualitatively similar to the inlet flow waveform in Fig. 1, while
quantitatively the maximum IKE at the peak decreases from the proxi-
mal AAo to the distal DAo. This reflects the loss of kinetic energy due
to fluid, and consequently, energy, leaving through not only the
branches but also dissipation. In the circumferential direction, IKE
exhibits a more complex pattern. In both the proximal- and mid-AAo,
an initial peak in the circumferential direction is present right after
peak systole. While in the mid-AAo, a sharp peak is observed which
coincides with the time at which the vortex-like structure observed in
the flow field breaks down. A slower increase following the sharp peak
is characterized by overall larger cycle variations, which confirm the
previous observation of considerable cycle variance differences in the
breakdown scenario of the vortex and resulting disturbances. From
this peak, the IKE particularly in the circumferential direction starts
decreasing shortly before diastole. The somewhat more continuous
and constant decrease in IKE here indicates the dissipation of kinetic
energy during end-systole and diastole. Downstream, in the DAo, it
can be seen that the IKE in the circumferential and radial directions is
of significantly smaller magnitudes than in the AAo.

For the aorta with AVS, the IKE distribution is different than that
of the healthy aorta, as can be seen in the lower row of Fig. 4. In both
the normal and circumferential directions, distinctive peaks of IKE are
present in the AAo. From the proximal to the distal AAo, the peak of
IKE in the normal direction not only increases in magnitude but is
also reached at a later relative time in the cardiac cycle. In the distal
AAo, the peak is eventually reached around peak systole. In contrast,
in the circumferential direction, the peak of IKE in the proximal AAo
is reached at peak systole and its magnitude decreases from there while
also moving to later times in the cardiac cycle. In the radial direction,
the IKE peak is initially of similar magnitude as the one in the circum-
ferential direction; however, has already declined significantly in the
mid-AAo. Although the helical flow develops in all cardiac cycles simi-
larly, it is associated with high levels of standard deviation, i.e., cycle
variance, in all flow directions and particularly in the circumferential
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FIG. 2. Instantaneous velocity fields in the healthy aorta at different time points in one cardiac cycle. The onset of Dean vortices and highly disturbed flow can be seen
in the mid-AAo and entry to the aortic arch. In the DAo, a recirculation zone is present, and the resulting disturbances remain present down to the distal DAo. The 0�
markers indicate the location of the inner curvature of the aorta. T1-5 correspond to systolic acceleration, peak systole, mid-systolic deceleration, end-systole, and mid-
diastole, respectively.
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FIG. 3. Instantaneous velocity fields in the aorta with AVS at different points in the cardiac cycle. The AAo is dominated by a jet-like inflow, resulting in strong helical motion
and systolic back flow. In the DAo, an additional recirculation zone is present, resulting in disturbances. The 0� markers indicate the location of the inner curvature of the aorta.
T1-5 correspond to systolic acceleration, peak systole, mid-systolic deceleration, end-systole, and mid-diastole, respectively.
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direction. Elevated cycle variations remain present in the aortic arch
and decrease significantly only in the DAo, where the energy of in-
plane motion is an order of magnitude lower than in the AAo.

C. Kinetic energy spectrum

1. Local kinetic energy spectra

The kinetic energy spectrum of flow in the normal direction was
calculated at the center point of each cross section. Figure 5 shows
these spectra for the healthy aorta and for the aorta with AVS.

As aortic flow is of pulsatile or periodic nature, the frequency
components of the kinetic energy can be divided into two groups.
First, there are the frequencies which are multiples of the underlying
cardiac cycles, also called the harmonics of the cardiac cycle. In Fig. 5
the harmonics are highlighted by the vertical dashed lines, where the
first line, at fh0 ¼ 1:23 and 1:37Hz for the healthy and diseased aorta,

respectively, is the so-called fundamental harmonic. An increase in the
amplitudes of all harmonics above the fourth harmonic takes place
from the proximal- to the mid-AAo, while at the same time, the lower
harmonics show a decrease in their amplitudes. Going further down in
the aorta, the amplitudes of the high harmonics decrease again and in
the distal DAo, the kinetic energy is eventually concentrated in the first
four to five harmonics. In the spectra of the aorta with AVS, a similar
pattern is found in the distal DAo as the kinetic energy has again con-
centrated in the lower harmonics, up to the third harmonic. In contrast
to the healthy aorta, along the center of the AAo, however, consider-
ably lower amplitudes at lower harmonics are found.

While the flow composed of the harmonics is the same in all car-
diac cycles, the second and much bigger group of the frequencies
which lie in between the harmonics is the result of flow variations
between different cardiac cycles. In other words, all energy from non-
periodic, chaotic, and irregular motion, including turbulent motion, is

FIG. 4. Distribution of the integrated kinetic energy (IKE) over the three spatial directions, normal, circumferential, and radial, for the healthy aorta (top row) and aorta with AVS
(bottom row). The colored lines indicate the phase-averaged values, while the gray bars indicate the standard deviation among the cardiac cycles. For orientation, the dashed
vertical lines, in the respective order, indicate the time points of mid-systolic acceleration, peak systole, mid-systolic deceleration, end-systole, and mid-diastole.
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FIG. 5. Normal kinetic energy spectrum at the center points of the respective cross sections for the healthy aorta (top two rows), and the 7aorta with AVS (bottom two rows).
The vertical dashed lines indicate the harmonics of the respective cardiac cycle.
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contained in this group of frequencies. To evaluate the dissipation and
transfer of kinetic energy, also referred to as the kinetic energy cascade, the
slope of the overall linearly decreasing amplitudes at higher frequencies is
determined as shown in the spectra of Fig. 5. Generally, a higher slope
means more kinetic energy is contained in higher frequency components
and the turbulence reflected by the KES is more energetic. The frequencies
lower than the fourth harmonic were excluded from the least squares fit-
ting of the linear function because they were assumed to be responsible for
the constitution of the periodic base flow as well as possible large-scale
motions. Considering the slopes of the spectra in the healthy aorta, after an
initial increase from the proximal- to the mid-AAo, a gradual decline is
present toward the distal DAo. In contrast, in the aorta of the patient with
AVS, the slope remains somewhat constant over the AAo, and after a small
maximum at the entry to the aortic arch, it decreases gradually. Although
this decrease is present in both aortas, it is more rapid, and much steeper
gradients are reached in the aorta with AVS.

2. Spatial variation of the KES slopes

To avoid the interpretation based only on one single isolated
spectrum at the center point, the KES and corresponding slopes were
determined for all points within the cross sections. The resulting
pseudo color maps of the slopes are shown in Fig. 6.

Comparing the cross sections located at similar positions in the
proximal DAo of the healthy aorta and the aorta with AVS, higher slopes
are present over a more extended region in the healthy aorta. This dem-
onstrates that the higher slope in the DAo of the healthy aorta found in
the isolated spectra of Fig. 5 is not an outlier. However, it can also be seen
that the regions of higher slopes are smaller and of a lower level than the
extended areas of high slopes found in the AAo of both cases.

3. Accumulated kinetic energy spectra

Indicated by the high spatial variation of slopes, the overall KES
shapes can be assumed to be vastly different even within cross sections.
However, a study of isolated local KES, as shown in Fig. 5, at different

locations would quickly become cluttered. To gain an understanding
of the distribution of KES shapes within a cross section, the individual
local KES can be aggregated in intensity maps. For each frequency
component, the intensity value reflects the ratio of the number of dis-
crete points with a certain amplitude of energy spectral density to the
total number of discrete points in a cross section. Here the overall
amplitude range is divided into 1000 logarithmically spaced sections.
In other words, the intensity maps indicate whether kinetic energy is
accumulated in a narrow amplitude range or if the amplitudes are
spread over a large energy spectral density range. The wider the spread,
the more the shapes of the KES within the cross section are varying.
Figure 7 shows the intensity maps of the KES of flow in the normal
direction for all cross sections of the two aortas.

Similar to the local KES, the intensity map can be divided into two
distinctive parts: the harmonics of the cardiac cycle and the intermediate
frequencies. In the AAo, harmonics up to the highest frequencies are
distinctive and the intensity is stretched over a wider range of energy
spectral density levels, recognizable by the longer bright lines.
Conversely, in the DAo, the peaks at higher harmonics have merged
with the intermediate frequencies and the intensity in lower harmonics
is concentrated in a narrower range of energy spectral density levels,
resulting in the red almost dot-like short lines at the top of the peaks.
This can be observed in the intensity maps of both aortas, and, addition-
ally, a similar number of peaks at harmonics are distinctive. The inter-
mediate frequencies, however, form a band that changes significantly
from the cross sections in the AAo to the cross sections in the DAo, of
both aortas. In the AAo, the band is rather narrow, e.g., clearly confined
over the whole frequency range, while in the DAo, the band becomes
wider and appears more blurred toward the higher frequencies. At the
same time, it is apparent that the decline of the band toward higher fre-
quencies is considerably slower in the AAo than in the DAo.

IV. DISCUSSION
A. Velocity field

In the healthy aorta, the vortex-like structure and its effect on the
overall flow field in the AAo are consistent with the presence of

FIG. 6. Pseudo color maps showing the slope of the kinetic energy spectra, considering all frequency components starting from the fourth harmonic. The top row shows the
cross sections from the healthy aorta, and the bottom row the respective cross sections from the aorta with AVS. The slope of the kinetic energy spectra varies significantly
also within individual cross sections, indicating regions of stronger and weaker flow disturbances at higher frequencies.
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FIG. 7. Color maps of the intensity of kinetic energy levels of flow in normal direction at corresponding frequencies for the various cross sections of the healthy aorta (top two
rows) and aorta with AVS (bottom two rows). The spectral distribution of kinetic energy can be divided into two groups of frequencies: the harmonics and the intermediate fre-
quencies. While the harmonics constitute the periodic baseflow, the turbulent fluctuations are reflected in the intermediate frequencies.
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secondary and helical flows,5,6,39 vortical structures,8 and systolic back-
flow5,7 reported in various studies. Furthermore, the existence of a
recirculation zone9 and double spiral flow,11 also called Dean vortices,
have been observed before. The strong and inclined jet out of the aortic
valve due to the AVS15,40 and the subsequent strong helical flow14,15

are well-studied phenomena and commonly found with this pathol-
ogy. Overall, the complex flow features and the resulting flow fields in
both aortas are in very good agreement with the mentioned previous
studies, confirming that the LES results provided realistic transient
velocity fields of aortic blood flow.

B. Directional distribution

The IKE as a measure for the directional distribution of the
instantaneous energy at different cross sections proves to be of valuable
meaning, especially when interpreted with knowledge about the vari-
ous flow features. The vortex structure in the AAo of the healthy
patient is reflected through the delayed increase in IKE in the in-plane
directions and its breakdown results in a sharp peak of the IKE in the
mid-AAo. At this time point, above 20% of the total instantaneous
IKE is in the in-plane motion. The broad peaks around end-systole
and the following gradual decrease in IKE in the circumferential direc-
tion during diastole in the AAo are characterized by high cycle varia-
tions. This indicates that the vortex breakdown indeed causes a
disturbed, irregular, and thus turbulent flow. Although the proportion
of IKE in the in-plane directions is significantly smaller in the DAo, its
normalization with the cross-sectional area, provided in the supple-
mentary material, shows that considerable cycle variations remain.
These can be interpreted as the result of disturbance caused by the
interference between the remains of the vortex structure in the AAo
and the recirculation and double-spiral flow in the DAo. In the aorta
with AVS, the inclined inflow jet in the proximal AAo is reflected by
the extreme magnitude of the peak IKE in the radial direction. At peak
systole, 70% of the total IKE is present in the in-plane velocity compo-
nents, highlighting the dominance of the inclined jet. The shift of the
peaks of IKE in normal and circumferential directions toward later
times in the cardiac cycle at subsequent cross sections in the AAo, is a
direct result of the helical motion. However, through the decrease in
IKE in circumferential and an increase in the normal direction toward
the aortic arch, it is also apparent that the energy is gradually directed
in the normal direction. The highest cycle variations in IKE in the
AAo with AVS are present after peak systole and last well into diastole.
This is in good agreement with the finding reported by Manchester
et al.16 that the turbulent kinetic energy remained elevated for longer
time in the cardiac cycle than the mean kinetic energy.

C. Spectral distribution

The characteristic distinction of the harmonics and the interme-
diate frequencies, found in the KES, was observed previously by
Holdsworth et al.41 in a single spectrum from the common carotid
artery. This is the first study to report and evaluate the changes
observed in both groups of frequencies over the extent of the aorta.
While the distinction is apparent in both the individual spectra and
the intensity maps, it is the latter that provides the holistic picture of
the role of the harmonics. In the intensity maps from the AAo of both
patients, the harmonics up to the highest considered are noticeable
and at lower harmonics, the intensity is spread over a wide range of

amplitudes. This reflects the complexities of the flow field in the AAo,
such as the vortex structure in the AAo of the healthy patient, which is
constituted by many harmonics and amplitudes. In the aorta of the
patient with AVS, the dominance of the helical motion is additionally
identified through higher amplitudes at low harmonics in the intensity
maps of the circumferential motion, provided in the supplementary
material. In the DAo of both cases, the fundamental and first three to
four harmonics remain particularly distinctive in the sense that their
amplitudes are limited to a narrow range, resulting in the red more
dot-like peaks. This can be understood as a direct characteristic of the
more uniform plug-like and less complex flow found in both DAo.

Concerning the band of intermediate frequencies and the charac-
teristic gradual decline of amplitudes toward higher frequencies, it is
important to remind that even the KES of a perfect laminar flow would
show this pattern, but with the steepest slope possible. Generally, the
frequency range captured in this study is associated with the produc-
tion and transfer of kinetic energy. The change in the slope, therefore,
reveals information about turbulence levels. Although in the AAo of
both patients a wide range of slope values exists, coherent areas are
observed that align well with the observed flow field. In the AAo of the
healthy patient, the highest slopes are located in regions not occupied
by the vortex structure. This can be explained through the strong irreg-
ular disturbances in the flow field and high cycle variance of the IKE,
e.g., turbulent kinetic energy, which is primarily produced and dragged
outward during the breakdown of the vortex. The overall decrease in
the slopes in subsequent cross sections is in agreement with Saqr
et al.23 who, despite considering Womersley flow instead of 4D flow
MRI-derived inlet profiles as in the present study, found that the slope
decreases when moving downstream in a vessel, in their case from the
aortic root to the thoracic aorta. The delayed onset of the continuous
decrease in the slopes in the aorta of the patient with AVS is a direct
cause of the strong helical motion that affects and disturbs the flow
field beyond the aortic arch. However, with gradual redirection of the
helical flow in the normal direction, areas of high slopes start to be
more uniformly distributed, particularly visible at the entry to the aor-
tic arch. In the proximal DAo, coherent regions of somewhat increased
slopes are found in both aortas. Interestingly, however, the slopes are
higher in the proximal DAo of the healthy patient. This suggests that
the interference between the remains of the vortex structure in the
AAo and the recirculation zone and the formation of the double-spiral
flow in the DAo produces additional turbulent kinetic energy. In the
aorta with AVS, no strong interference takes place as the formation of
the double-spiral flow, particularly, is observed at a smaller magnitude.
This is in good agreement with Zhang et al.10 who found Dean vortices
to be more pronounced in Romanesque aortic arches, to which the
geometry of the healthy aorta is much closer.

According to Kolmogorov–Obukhov statistical theory of turbu-
lence, which describes isotropic homogeneous turbulence based on
fully developed turbulent flow, kinetic energy cascade follows scaling
laws that define the rate of transfer of kinetic energy. Kolmogorov-type
energy cascades, e.g., a slope close to �5/3 in the inertial subrange,
have been reported in studies concerned with turbulence in the imme-
diate wake of aortic valve replacements.28,29 In the frequency range
captured in this study, however, no adherence to the Kolmogorov’s
�5/3 power law can be found, as the slopes vary below or above this
value. Similar observations have been reported by Saqr et al.23 who
evaluated the same frequency range and found non-Kolmogorov-type
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energy cascades in Womersley flow through various blood vessels. The
findings of this study, therefore, independently support the hypothesis
of Nitti et al.,27 Saqr et al.,23 and Lancellotti et al.23 that turbulence in
the aorta cannot be expected to be isotropic and that Kolmogorov’s
theory, therefore, is not applicable. This hypothesis is further substanti-
ated by Cerbus et al.42 who demonstrate that even in transitional flow
in straight pipes, good proximity to the Kolmogorov �5/3 spectra is
only found at Reynolds numbers above 80 000. Nevertheless, as in this
LES-based study, which does not resolve the highest frequencies, only
the lower frequency range is captured, hence no conclusive statement
can be made as to whether non-Kolmogorov-type cascades are present
through the whole inertial subrange.

D. Model limitations

The patient-specific LES results adopted in this study covered up
to 30 cardiac cycles to ensure statistical convergence of turbulence
parameters. To ensure computational affordability, it was necessary to
accept simplifications of the aortic system, namely neglecting the non-
Newtonian character of blood and the aortic wall compliance. However,
it has been shown that the effect of a constant Newtonian viscosity is
minor in medium and high-velocity ranges43 and that the primary effect
of the non-Newtonian character of blood is slight turbulence damping,
rather than alteration of overall flow characteristics.44 Additionally, it
has been demonstrated that important flow patterns are well reproduced
with rigid-wall models.45 Furthermore, velocity fields obtained from the
LES were validated against 4D flow MRI measurements, showing excel-
lent agreement, and further details can be found in our previous publica-
tion16 and in the supplementary material. In addition, blood flow was
treated as a continuum and only lower frequencies, e.g., larger scales of
motion, were considered in this study and any interference of smaller
scales with blood cells46 has, therefore, been ignored.

Due to the complexity of the discretized geometry and associated
high data storage, the time step at which the transient velocity field
could be saved in the LES output files was limited to 10ms. This time
step, however, defines the sampling frequency fs ¼ 100Hz and, thus,
the highest frequency component that can be decomposed to
fs ¼ 50Hz, also called the Nyquist frequency. Moreover, since MRI
scanners are limited in their temporal resolution and the scans
acquired in this study were sampled at 20Hz, time steps in between
recordings had to be linearly interpolated to obtain the time-resolved
inlet profiles. Therefore, high-frequency fluctuations in the flow,
observed in the aorta downstream of bioprosthetic valves between 40
and 70Hz,29,47 may also exist in normal physiological flow but cannot
be captured by the inlet conditions adopted here.

V. CONCLUSION

By analyzing the directional and spectral distribution of kinetic
energy in two different patient-specific aorta models, this study has
provided fundamental insights into the characteristics of realistic aortic
blood flow and associated turbulence. It has been found that, from the
AAo to the DAo, the number of constituting harmonics decreases, and
the slopes of the KES gradually decline, supporting the common
understanding of the flow to be more complex in the AAo. However,
the results also demonstrate the presence of disturbances and turbulent
flow even in the DAo of a healthy aorta. The directional distribution of
kinetic energy further demonstrates the significant proportion of sec-
ondary flow in the in-plane directions. Complex three-dimensional

flow structures are found to be the main source of disturbances and
turbulence, reflected not only in the variance of directional distribu-
tions of kinetic energy but also in the more than one order of magni-
tude higher kinetic energy at higher frequencies in the respective
regions. In support of recent studies, the turbulence present in the aor-
tas is found to be of non-Kolmogorov type.

The characteristic directional and spectral distributions of kinetic
energy highlight similarities and differences in the flow field of the two
examined aortas. The dominating helical motion and associated turbu-
lence in the AAo of the aorta with AVS is reflected through a wider
spread of energy spectral density at lower harmonics and a more con-
fined and less steep band of intermediated frequencies, when com-
pared to the KES of the healthy aorta. In the proximal- and mid-DAo,
the reverse observation is made, as the inference of the double-spiral
flow and recirculation zone, which are more developed in the healthy
aorta, creates additional turbulence. However, the continuing accumu-
lation of energy in a small range of energy spectral density in the lower
harmonics indicates the approach of more plug-flow-like conditions in
the DAo of both aortas. The fact that the characteristics and differences
in the directional and spectral distribution of the kinetic energy
between a healthy aorta and an aorta with AVS can be identified, raises
the importance for future studies to clarify universality. It should fur-
ther motivate future studies to determine the KES up to higher fre-
quencies and obtain an even more holistic understanding of the
spectral distribution of kinetic energy in the aorta and other blood ves-
sels. Overall, this study demonstrates the relevance of incorporating
these fundamental fluid dynamic analyses in studies of flow in blood
vessels. It further supports the call of recent studies for a shift in per-
ception toward the non-laminar, turbulent nature of healthy and dis-
eased aortic blood flow.

SUPPLEMENTARY MATERIAL

See the supplementary material for further details on the applied
Windkessel model outlet boundary conditions and the sensitivity anal-
ysis of the LES simulations. Additionally, the flow fields from the
remaining cross sections, plots of the surface area normalized IKE, and
the energy spectral density intensity maps for flow in the circumferen-
tial and radial direction are provided.
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