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Characteristics of transition to
turbulence in a healthy thoracic
aorta using large eddy simulation

Kuiyu Cheng?, Shehnaz Akhtar!, Kwan Yong Lee?3 & Sang-Wook Lee!**

This study employed large eddy simulation (LES) with the wall-adapting local eddy-viscosity (WALE)
model to investigate transitional flow characteristics in an idealized model of a healthy thoracic
aorta. The OpenFOAM solver pimpleFoam was used to simulate blood flow as an incompressible
Newtonian fluid, with the aortic walls treated as rigid boundaries. Simulations were conducted for
30 cardiac cycles and ensemble averaging was employed to ensure statistically reliable results. Main
hemodynamic parameters, such as velocity fields, turbulence intensity turbulent kinetic energy (TKE),
oscillatory shear index (OSI) and wall shear stress (WSS), were analyzed throughout the circulatory
system. Through 3D computational fluid dynamics (CFD) visualization, we explained the transition
from laminar to turbulent flow and its development throughout the cardiac cycle. The results
demonstrated that turbulence originates in the aortic arch following the peak systole phase and
further develops in the aortic arch and descending aorta during the mid-deceleration and end-systole
phases, with the maximum turbulence intensity exceeding 25%. WSS reached up to 30 Pa during the
peak systole, with an average WSS of 6.5 Pa across the cardiac cycle. Low and oscillatory WSS were
observed during diastole which can potentially contribute to the development of vascular diseases
including, aortic dissection and atherosclerosis.

Keywords Healthy thoracic aorta, Large eddy simulation, OpenFOAM, Laminar-turbulent transition,
Turbulent kinetic energy, Wall shear stress

The aorta is the largest artery in the human body, characterized by extensive curvature. The ascending aorta
originates from the left ventricle of the heart and extends down to the abdomen. The aortic arch consists of
three main branches: the brachiocephalic artery (BCA), the left common carotid artery (LCCA), and the left
subclavian artery (LSA). The descending thoracic aorta travels downward through the thoracic vertebrael2.
Aorta serving as the main cardiac output is continuously exposed to high pulsatile pressure and shear stress,
making it susceptible to biomechanical damage®. The complex velocity fluctuation in the aortic arch and
descending thoracic aorta with a high Reynolds number can lead to a transition to turbulent flow*°.
Numerous in vivo studies have demonstrated that turbulence can develop in the healthy normal aorta. Ha
et al.” used four-dimensional flow magnetic resonance imaging (4D Flow MRI) to quantify turbulent kinetic
energy (TKE), a metric of turbulence intensity, in the aortas of two groups: young healthy individuals and older
healthy individuals. Their study revealed that turbulent flow was present in the aortas of all subjects. Stein et al.®
employed a hot film anemometer probe to measure point velocities in the ascending aorta of seven individuals
with normal aortic valves and those with aortic valvular disease, confirming turbulent flow in both groups.
Sundin et al.>!? suggested that while blood flow in the normal cardiovascular system is predominantly laminar,
it operates close to the turbulence threshold. They also noted that high stress and elevated cardiac output can
increase turbulence intensity in the healthy thoracic aorta. Arzani et al.!'! compared numerical predictions of
turbulence intensity with in vivo measurements using time-resolved three-directional phase-contrast (PC) MRI
data, demonstrating good agreement between MRI measurements and CFD-predictions of turbulence intensity.
Pietrasanta et al.!? investigated the turbulent flow downstream of a transcatheter aortic valve (TAV) using in
vitro measurements in a validated pulse replicator with a (Tomographic Particle Image Velocimetry) Tomo-PIV
system and discussed the effect of different implantation positions on the structure and intensity of turbulence.
With significant advancements in numerical techniques and computing power, computational fluid
dynamics (CFD) has become an important tool for understanding complex blood flow fields. Shahcheraghi et
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al.!® established the idealized symmetrical aorta model and computed the detailed flow field based on laminar
flow assumption. They observed that velocity profiles were skewed towards the inner wall, with the extensive
secondary flow motion in the aorta influenced by the presence of branches. Benim et al.!* assumed Newtonian
fluid and rigid wall conditions to simulate the human aorta, focusing on the aortic arch and its major branches
under steady-state and pulsatile flow conditions using ¥ — w SST turbulent model. Lantz et al.® applied in vivo
flowrate waveform measured by MRI as the inlet boundary condition to quantify the human specific aortic
flow with large eddy simulation (LES) and described the effects of turbulent fluctuations on wall shear stress
(WSS). Casacuberta et al.'” performed aortic simulation by using the OpenFOAM, and compared it with Ansys
Fluent, while Zakaria et al.'® investigated blood flow in the elderly man’s aorta using OpenFOAM with the LES
k-equation eddy viscosity model and provided detailed visual results. In recent study, Becsek et al.'” performed
computational simulations of the flow past a bioprosthetic aortic valve to investigate the effect of turbulence
on WSS and turbulent dissipation rates. Their finding revealed that turbulent flow led to elevated shear stress
levels along the wall of the ascending aorta with a strong fluctuating and chaotic wall shear stress patterns.
Buchner et al.'® analyzed kinetic energy distribution in both healthy aortas and those with aortic valve stenosis
(AVS), their findings revealed that turbulence is more pronounced in the ascending aorta, with complex flow
structures contributing to increased turbulence intensity. Their findings also indicated that aortic valve stenosis
alters wall shear stress patterns, correlating higher turbulence with elevated wall shear stress in the ascending
aorta. Similarly, Manchester et al.'’ utilized 4D flow MRI for four aortic geometries in patients with aortic valve
disease. Their pulsatile LES revealed turbulence in all aortas, with the highest levels occurring during systolic
deceleration. Khalid et al.?® employed high-resolution large-eddy simulations (HRLES) to simulate pulsatile
blood flow in artery model, discovering that turbulence in non-Newtonian flow regimes deviates from traditional
Kolmogorov turbulence. Qiao et al.*'applied a fluid-structure interaction (FSI) framework to predict aortic
temperature distribution. They also proposed a method to quantify energy loss from aortic wall deformation®2.

While Reynolds-averaged Navier-Stokes (RANS) and large eddy simulation (LES) methods have been
extensively employed in previous studies to investigate turbulent flow in diseased aortas, including conditions
such as aortic stenosis, aneurysms, and coarctation®®, the presence and characteristics of turbulence in
healthy aortas remain insufficiently explored. Although some in vivo studies have reported turbulence in
healthy aortas!®?4, the characteristics of transition to turbulence has not been sufficiently addressed through
computational fluid dynamics (CFD) methods. In addition, while subject-specific models provide crucial
insights into individual hemodynamic patterns, their applicability can be limited due to anatomical variations
across subjects. In contrast, an idealized model offers broader applicability and serves as a baseline reference
for understanding turbulence in healthy aortas. This, in turn, can inform future subject-specific studies and
clinical applications by providing foundational knowledge of how turbulence emerges and evolves under
normal conditions. Furthermore, idealized models are computationally more efficient, allowing for a detailed
statistical analysis of turbulent structures across multiple cardiac cycles. This, combined with our detailed
analysis of turbulence characteristics significantly enhances our understanding of turbulence dynamics in aortic
hemodynamics. Given these advantages, the present work utilizes LES for CFD analysis to elucidate the onset
of turbulence and turbulent flow dynamics in a healthy aorta. In this context, the LES wall-adapting local eddy-
viscosity (WALE) model is employed to investigate the development and extent of turbulence in an idealized
thoracic aortic model under pulsatile flow conditions. This study reveals the detailed turbulence dynamics in
the aorta during the laminar-to-turbulent transition. Based on 3D model visualization, this study provides
multi-scale and multi-view visualization images that accurately show turbulence development and its extent. By
analyzing multiple cardiac cycles, we provide insights into flow dynamics, turbulent features, flow patterns, and
hemodynamic wall parameters such as WSS variations across different phases of the cardiac cycle, contributing
significantly to cardiovascular research.

Numerical method

3D geometric model and computational mesh

The aorta model was constructed based on the geometry of Shahcheraghi et al.!* and Vasava et al.*® using
SolidWorks as shown in Fig. 1. The geometric model is characterized by the extensive curvature for the ascending
aorta and small torsional curvature in the descending thoracic aorta. In addition, three major branches such as
the BCA, LCCA, and LSA are included. The diameter of the ascending aorta is 25 mm. The diameters of the
BCA, LCCA, and LSA are 8.8 mm, 8.5 mm, and 9.9 mm, respectively.

The computational domain was discretized into a free tetrahedral mesh, using ICEM-CFD. A coarse mesh
was initially employed to validate the setup and identify areas requiring refinement. The mesh was progressively
refined based on initial simulation results with the regions exhibiting high-velocity gradients. Near-wall
refinement included 10 prism layers to accurately capture boundary layer effects and turbulence dynamics.
Solver settings were adjusted to ensure stability and accuracy, with criteria including Y +below 0.5, maximum
non-orthogonality below 60° (average 8°), maximum skewness of 0.6, and maximum aspect ratio of 8. High
aspect ratio cells, typically observed in fine boundary layers, may reduce convergence speed without critically
compromising solver stability. A grid independence test was conducted using three different mesh sizes: Mesh 1:
~9 million elements; Mesh 2: ~14 million elements; and Mesh 3: ~20 million elements. A 20-second simulation
test was performed using the maximum flow rate of the peak systole as the inlet condition, and the results were
averaged for comparison. The velocity vectors were compared for each mesh configuration, as shown in Fig. 2.
The results indicated no significant difference between Mesh 2 and Mesh 3. Therefore, a mesh with 14 million
elements (Mesh 2) was used for the simulation results presented in this study.
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Fig. 1. The ideal aortic arch model. The insets denote the cross-sectional slices for velocity variation from A-A
to F-F and the axial position of the velocity time traces (a)-(f).

Boundary conditions

In this study, blood was modeled as an incompressible Newtonian fluid in the aorta, with a constant viscosity of
0.0035 Pa-s and a density of 1050 kg/m?>. The no-slip condition was applied to the rigid wall. The uniform velocity
profile based on the pulsatile flowrate waveform, as shown in Fig. 3was applied at the entrance of aorta. In
healthy aortic conditions, previous studies have indicated that the velocity profile generally exhibits symmetry®.
In such cases, a one-dimensional axial velocity profile or uniform (flat) profile is often sufficient, particularly for
the descending aorta?®?’. Womersley or parabolic inlet velocity profiles, commonly employed in CFD studies of
other anatomical regions like carotid and peripheral arteries, represent fully developed flow in a conduit with a
long, constant diameter. However, since the ascending aorta is directly connected to the left ventricle, it may lack
sufficient length for flow to fully develop, suggesting that a uniform velocity profile could provide a more realistic
representation in this specific context. For the flow division to the three major branch outlets, 10% of total flow
was directed to the BCA outlet, while another 10% of the total flow was equally distributed between the LCCA
and LSA outlet?®. The pressure at the outlet of the descending aorta was set to 0. The mean Reynolds number is
1,492, with the maximum Reynolds number of 5,966 during peak systole.

LES model

The LES was carried out with the wall-adapting local eddy-viscosity (WALE), which is one of the major subgrid-
scale (SGS) models?. Although the WALE model is an algebraic eddy viscosity model, it is capable of handling
transition to turbulent flow. The governing equations for incompressible fluid flow in LES are derived by filtering
the Navier-Stokes equations as follows:
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Fig. 2. Mesh independence test: comparison of velocity vectors for three different mesh sizes: Mesh 1:
7 million tetrahedral elements; Mesh 2: 14 million tetrahedral elements; Mesh 3: 20 million tetrahedral
elements.
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where, the subgrid-scale Reynolds stress tensor is 7 ;; =u;u; —u;u;. This subgrid-scale Reynolds stress

through the eddy viscosity hypothesis is computed as:
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Here, § 4; is the Kronecker delta function. In the WALE model, the subgrid-scale eddy viscosity v sgs is
computed as:

V sgs = CkA \V ksgs (3)

Note that for this simulation, the computational grid satisfies direct numerical simulation (DNS) criteria, with
delta x+, yPlus, delta z + all being much smaller than 1. The LES model is expected to have minimal impact, with
the subgrid scale (SGS) turbulent viscosity being very small*.

Note that for this simulation. The computational grid satisfies direct numerical simulation (DNS), delta x+,
yPlus, delta z + is much smaller than 1. The LES model is expected to only slightly affect the simulation through
very small values of subgrid scale turbulent viscosity*.

where CJis a model constant which set to 0.094%!, and ksgs is the subgrid-scale kinetic energy, which can
be computed as follows:

(ciA (s55%)°
ksgs =

2
C ) _ o \5/2 2 (4)
* ((SijSij) + (S%S%)E)M)

where Cl,is a constant that set to 0.5%%31. S is the trace free symmetric part of the square of the velocity
gradient tensor, computed as follows:

Sd_1<aukauj 8uk8ui> 1. duydu

amiamk 8:vj axk _§6ij8x18xk (5)

Scientific Reports |

(2025) 15:3236 | https://doi.org/10.1038/s41598-025-86983z nature portfolio


http://www.nature.com/scientificreports

www.nature.com/scientificreports/

0.4

0.35

0.3

«»n  0.25
~N
o0
LYY

~ 0.2
(]
B
[ay)
=

2 0.15
O
=

0.1

0.05

0

-0.05

near ioeak : : '
systole : : :
i . mid i i
i . deceleration | :
: E end systole '
; . ; diastole
0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8

time (s)

Fig. 3. The pulsatile flow waveform for inlet boundary condition.

Finally substituting Eq. (4) into Eq. (3), that summarized as:
3/2
(555%5)

— — \5/2
(SijSij) + (S%S%)SM

Vegs = (CuwA)? (6)

Temporal discretization was applied with a second-order backward Euler scheme, and the spatial discretization
used second-order central differencing®. To reduce the computational time, initial conditions were set using
the k-w SST model with a lower uniform velocity corresponding to a Reynolds number of 67. Subsequently,
a timestep of df=1.0x107> s was employed for LES, maintaining a Courant-Friedrichs-Lewy (CFL) number
below 0.5. To ensure fully developed turbulent flow structures in the aorta and convergence of the ensemble
average, the initial 10 cycles were discarded as the transient phase, and the data from the subsequent 30 cycles
were averaged. For the postprocessing, wall shear stress (WSS), time-average wall shear stress (TAWSS), and
oscillatory shear index (OSI) were described as follows.

WS8S=7.=R-n (7)
1 T
TAWSS = L / 7 o dt (®)
T 0
T
1 ‘fodet‘
OSI =5 | 1= "—— )
fo |7 wl| dt
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where, R is shear-stress symmetric tensor, n is surface normal vector (into the domain).
Under the pulsatile flow waveform, the average across multiple cardiac cycles is calculated for each time point
t as follows:

W) = 5 O Myu et +nT) (10)

where: (u (t)) is the ensemble-averaged velocity at time t over multiple cardiac cycles. u (t) is the instantaneous
velocity at time ¢ in the n'”™ cycle. N is the total number of cardiac cycles.
In addition, turbulent kinetic energy (TKE) was defined as follows:

k=S () v (1), v () =u(t)— (ud) (1)

where, u’ (¢) are the fluctuating velocity vector.

The energy distribution of velocity fluctuations across different flow frequencies was analyzed using the
method proposed by Chnafa et al.*? followed by a Short-Time Fourier Transform (STFT) approach as described
by Natarajan et al.>>. The STFT is defined as:

STFT(ﬁ t) = walx [n—}—m] Cw [n} . 6*j27r fn/fs (12)

n=0

Where z [n] is the input velocity signal, w [n] is the Hann window, f is the frequency.

Simulation was conducted using OpenFOAM 4.1 on the Nurion supercomputing system at Korea Institute of
Science and Technology Information (KISTI) in Daejeon, Korea. The system features Intel Xeon 6148 (Skylake)
processors with a computational performance of 1.536 TFLOPS and utilized 128 nodes for the simulation.

Results

Flow patterns

Figure 4 shows the ensemble-averaged velocity distribution at four phases of the cardiac cycle: near peak
systole, mid-deceleration phase, end-systole, and diastole (refer to Fig. 3 for corresponding time points). During
peak systole, the flow remains predominantly laminar with minimal fluctuation, and the high-velocity zone is
primarily situated near the inner wall. However, during the mid-deceleration phase, the flow becomes unstable,
indicating a transition to turbulence. This is accompanied by a shift of the high-velocity zone to the outer wall,
which can be attributed to Dean flow caused by the significant curvature of the aortic arch. The division of flow
into three major branches induces instability, creating low-velocity zones on the proximal wall and high-velocity
zones on the distal wall of the branches. This flow division is a pivotal factor in the inception of turbulent
flow, with the degree of turbulence potentially contingent on the flow division ratio. In the end-systolic phase,
velocity declines markedly, and flow becomes chaotic, exhibiting no dominant flow direction. This is clearer in
Figs. 5 and 6. Figures 5 and 6 illustrate the ensemble-averaged velocity contours in six distinct streamwise planes
(refer to Fig. 1 for locations) and a three-dimensional representation of the velocity vectors, respectively. It is
noteworthy that at the peak systolic phase (Fig. 6(a)), the flow is consistently oriented towards the inner wall and
throughout the descending aorta. The peak Reynolds number is 6035, the Dean number is 2842. The pulsatile
nature of blood flow leads to a sharp increase in velocity, causing higher inertia. This phenomenon directs the
flow preferentially toward the inner wall, given this velocity pattern, it is anticipated that high WSS would occur
on the inner wall during the peak systolic phase.

During the mid-deceleration phase (Fig. 6(b)), As the pulsatile flow rate decreases, secondary flow and flow
separation are present due to the interaction between centrifugal forces and viscous effects in the fluid, causing
blood flow to shift toward the external region of the aorta, demonstrating characteristics of Dean flow. The mean
Reynolds number for the whole period is 1593, and the mean Dean number is 750. Note that the velocity vector
size was magnified for better visualization due to the low velocity in end-systole (Fig. 6(c, d)). During this phase,
reverse flow and highly disturbed, complex flow patterns are observed.

The flow patterns in the aortic arch are visualized through streamlines at four different phases of the cardiac
cycle, as shown in Fig. 7. During the acceleration phase, the helical flow begins from the ascending aorta and
follows the inner wall of the aortic arch. As the flow transitions to the deceleration phase, the intensity of the
helical flow decreases, and the highest velocity shifts towards the outer wall of the descending aorta. This shift
leads to the formation of many small eddies along the inner wall of the aortic arch. At diastole, rotational and
recirculating secondary flows are observed but are relatively small in magnitude.

Turbulence characteristics

Figure 8 shows the eddy viscosity distribution at four different phases of cardiac cycle (refer to Fig. 3 for the
corresponding time points), indicating the turbulence intensity. In the near peak systolic phase, the eddy
viscosity is almost zero within the aorta, indicating laminar flow. However, the eddy viscosity is rather high in
the major branches, particularly near the proximal wall of the branches, indicating stronger turbulence in the
branches compared to the aortic arch. In the mid-deceleration phase, the eddy viscosity increases, suggesting the
development of stronger turbulence in the inner wall of the aortic arch region, which remains high until the distal
region of the descending aorta. By the end-systole, turbulence decreases, spreading more evenly throughout
the aorta and mostly disappears by the diastolic phase. This is more evident in the transverse vorticity plot in
Fig. 9. During peak systole, vorticity is predominantly observed in the three branches and the inner wall of the
aortic arch, adhering closely to its curvature. In the branches, turbulence continues to propagate upwards, but
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Fig. 4. Ensemble-averaged velocity profiles on the mid-planes at various flow phases: (a) near pe systole
(t=0.102 s), (b) mid-deceleration phase (=0.302 s), (c) end-systole (t=0.502 s), and (d) diastole (t=0.702 s).
Refer to Fig. 3 for the corresponding time points.

due to the short length of the branches, the full effect of turbulence has not fully appeared. Initially, small-scale
vortical structures exhibit well-organized laminar flow with uniform patterns. However, by the mid-deceleration
phase, there is a transition from these organized and laminar patterns to larger and irregular vortical structures.
The vortices at the inner wall of the aortic arch are notably large and concentrated. The branches of the arch
significantly contribute to instability of flow resulting in development of small-scale vortices, facilitating their
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Fig. 5. Ensemble-averaged velocity distribution at six cross sections in axial direction: (a) near peak systole
(t=0.102 s), (b) mid-deceleration phase (¢=0.302 s), and (c) end-systole (t=0.502 s). Refer to Fig. 3 for the
corresponding time points.

spread downward to the bottom of the descending aorta. During diastole, the strength of the vortices decreases
and eventually disappears with returning to laminar flow.

Time traces of velocity magnitude at six different locations (a)-(f), (Refer Fig. 1 for locations) are shown
in Fig. 10. We can roughly determine the location and intensity of the transitional flow fluctuations. Flow
disturbance with random fluctuations are observed at locations (b)-(f), with the highest fluctuations at the
distal point (c). Fluctuations were present only during the mid-deceleration and end-systole phases, with no
significant disturbances during diastole. Note that the velocity amplitude at location (a) is greater than the
velocity amplitude at locations (b)-(f), due to the dean flow which shifts the peak away from the centerline
where the trace data were collected. This indicates that turbulence is likely to occur in the aortic arch during the
mid-deceleration phase.

The resulting spectrograms were phase-averaged over 30 cycles to improve accuracy, as shown in Fig. 10. In
all phases, the Power Spectral Density (PSD) values gradually dissipate over time, with the low-frequency band
retaining energy longer than the mid- and high-frequency ranges. The maximum velocity is 1.38 m/s, with the
frequency maintained between 100 and 120. Point a highlights a broader and more concentrated low-frequency
range, occupying approximately 0.2 T. Points b and ¢ show that the PSD contributions are more widespread,
with maximum velocities of 1.2 m/s and 1 m/s, respectively, and frequencies maintained between 50 and 75.
Low-frequency components also appear between 0.2 s and 0.5 s, with velocity fluctuations ranging from 0.15 m/s
to 0.6 m/s, exhibiting highly fluctuating distributions. Points d, e, and f display a narrower energy distribution
within the 0.2 s to 0.4 s interval, concentrated in the low-frequency band. The frequency of velocity fluctuations
decreases and becomes concentrated in the low-frequency band below 20 Hz.

Figure 11 shows the turbulent kinetic energy (TKE) at four phases of cardiac cycle (refer to Fig. 3 for the
corresponding time points). TKE provides a valuable way to quantify the energy distribution in a turbulent
flow field and is a critical metric in understanding the dynamics of turbulent systems. At peak systole there is
no significant concentration of high TKE anywhere in the aortic arch, indicating laminar flow or regions with
very mild turbulence in this configuration. Turbulence originates in the aortic arch following the peak systole
phase and further develops in the aortic arch and descending aorta during the mid-deceleration and end-systole
phases, with the maximum turbulence intensity exceeding 25%. The increase in TKE may correspond to areas
where the flow experiences higher shear stress or flow separation due to the curvature of the arch. Areas of
higher TKE also occurred near the curvature of the descending aorta, which may be due to the complex flow
dynamics caused by the curvature.

Wall shear stress and oscillatory shear index

Figure 12 depicts the WSS distribution at phases of the cardiac cycle: (a) near peak systole (t=0.102 s), (b) mid-
deceleration phase (t=0.302 s), (c) end-systole (t=0.502 s), and (d) diastole (t=0.702 s). The peak value of WSS
occurs at near peak systole followed by mid deceleration phase. During early peak systole, the maximum WSS
reaches up to 30 Pa, predominantly on the inner walls of the ascending aorta, gradually decreasing along its
length. At the junction of the three branch outlets, WSS peaks between 7 and 11 Pa. Transitioning into the mid-
deceleration phase, high WSS shifts towards the center of the aortic arch, with lower values observed along the
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Fig. 6. Instantaneous velocity vector at various flow phases: (a) near peak systole (+=0.102 s), (b) mid-
deceleration phase (£=0.302 s), (c) end-systole (t=0.502 s), and (d) diastole (#=0.702 s). Refer to Fig. 3 for the

corresponding time points.

inner walls of the aortic arch. During peak systole, the high-velocity zone is predominantly near the inner wall
in laminar flow, correlating with the maximum WSS observed along the inner walls of the aorta. The transition
to the mid-deceleration phase indicates unstable flow and a shift of high velocity towards the outer wall due to
Dean flow induced by the large aortic arch curvature. This change in flow dynamics likely contributes to the
redistribution of WSS towards the center of the wall during this phase (Fig. 4a&b). The time-averaged WSS
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Fig. 7. Streamlines at various flow phases: (a) near peak systole (t=0.102 s), (b) mid-deceleration phase
(t=0.302 s), (c) end-systole (t=0.502 s), and (d) diastole (t=0.702 s). Refer to Fig. 3 for the corresponding time
points.

distribution in Fig. 13 highlights elevated levels concentrated at the mid-anterior and inner posterior walls of the
aortic arch. This distribution can be attributed to the strong helical flow pattern in the aortic arch. Furthermore,
Fig. 13 reveals elevated WSS at the proximal segments of arterial branches, notably with the LSA exhibiting the
highest values.
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Fig. 8. Subgrid-scale eddy viscosity v sgs on the mid-planes at various flow phases: (a) near peak systole
(t=0.102 s), (b) mid-deceleration phase (=0.302 s), (c) end-systole (t=0.502 s), and (d) diastole (t=0.702 s).
Refer to Fig. 3 for the corresponding time points.

Figure 14 illustrate the distribution of the oscillatory shear index (OSI) at four different phases of the cardiac
cycle. During the peak systole, the flow is mostly streamlined, especially in the main arterial segment, leading
to minimal oscillation in the shear stress direction. During the mid-deceleration phase, as the flow velocity
decreases, there is an increase in oscillatory behavior, possibly due to developing flow separation and recirculation
around these complex regions. The higher OSI values in this phase indicate the onset of flow disturbances,
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Fig. 9. Transverse vorticity distribution on the mid-planes at various flow phases: (a) near peak systole
(t=0.102 s), (b) mid-deceleration phase (=0.302 s), (c) end-systole (t=0.502 s), and (d) diastole (t=0.702 s).
Refer to Fig. 3 for the corresponding time points.
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Fig. 10. left: Time traces of velocity magnitude at six streamwise locations for four cardiac cycles. Right: Time-
frequency representation of the Power Spectral Density (PSD) in log scale of the velocity fluctuations at six
locations (see Fig. 1).

particularly at the branch junction and along the inner curvature of the aortic arch. In the diastolic phase, low
and oscillating wall shear stresses are observed in the aortic arch and descending aorta.

Discussion

It is well established that the blood flow within a healthy aorta exhibits laminar flow, while the presence of
turbulence is well-documented in patients with obstructive diseases in major vessels. However, catheter-
based measurements in both human and canine studies have demonstrated that turbulence can develop in the
aorta not only in the presence of disease but also with normal aortic valves®3*3>. Despite these observations,
comprehensive description of turbulence in a healthy aorta has been lacking.

In this study, LES was employed to investigate turbulent flow characteristics in an idealized thoracic aortic
model, with the focus on analyzing turbulence development and its extent in the aorta. This research enhances
the broader understanding of cardiovascular health and disease progression, particularly in relation to conditions
such as aortic dissection, aortic aneurysm and atherosclerotic stenosis. By examining the mechanisms and
extent of hemodynamic changes during the transition from laminar to turbulent flow, this research offers critical
implications for clinical management and treatment strategies.

In recent years, biomechanical research has increasingly focused on aortic flow through steady-state
simulations employing various CFD models and patient-specific geometries of aortas®*=*°. While steady-state
simulations show overall wall WSS behavior, they fail to capture the dynamic changes induced by pulsatile
blood velocity, especially in regions such as the aortic arch and branch junctions. These areas are significantly
influenced by the acceleration phase where turbulent effects are pronounced, particularly at the curved
section of the aorta. Some studies have considered the k-¢ and k-w models, which provide mean values of
turbulence parameters and overall flow behavior*'~**. However, small eddies in transitional flow increase WSS,
potentially contributing to further aneurysm dilation, as the aorta adjusts its diameter to maintain shear stress
below physiological thresholds*%. In medical contexts with relatively high Reynolds numbers, high-resolution
visualization and accuracy are crucial. Reynolds-Averaged Navier-Stokes (RANS) models are based solely on
mean flow equations, relying on averaged quantities to approximate turbulence effects, which are the least
computationally expensive turbulence modeling methods®. In contrast, Direct Numerical Simulation (DNS)
represents the gold standard of simulation because it accounts for the effects of every scale of eddy when solving
the flow equations. This approach maintains high fidelity by using computational cells smaller than or equal
to the size of the smallest eddy, but it demands substantial computational resources*®. DNS has been applied
effectively in various studies: Dimakopoulos*’ performed a DNS analysis on a 2D stent-type aortic valve, while
Lee et al.*® used the spectral element method to simulate weakly turbulent flow in a patient-specific stenosed
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Fig. 11. The distribution of the turbulent kinetic energy (TKE) (m?/s2) at various flow phases: (a) near peak
systole (t=0.102 s), (b) mid-deceleration phase (t=0.302 s), (c) end-systole (t=0.502 s), and (d) diastole
(t=0.702 s).

carotid bifurcation, predicting the complex flow field, turbulence levels, and distribution of hemodynamic
parameters. Tullio et al.** conducted a detailed DNS flow analysis on an aortic bileaflet mechanical heart valve,
verifying the strong agreement between DNS and experimental results. Despite its accuracy, DNS is limited by
its high computational cost. LES, which resolves larger turbulent eddies while modeling smaller ones, offers
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Fig. 12. Ensemble-averaged WSS distribution at various flow phases: (a) near peak systole (=0.102 s), (b)
mid-deceleration phase (=0.302 s), (c) end-systole (t=0.502 s), and (d) diastole (t=0.702 s). Refer to Fig. 3 for
the corresponding time points.

a more computationally efficient alternative to DNS. This method captures most of the flow dynamics while
significantly reducing computational costs compared to DNS.

The LES conducted in our study provides detailed insights into the complex flow patterns in a generic thoracic
aorta. During the acceleration phase, flow in the aorta is predominantly laminar from the ascending aorta to the
aortic arch. However, during the mid-deceleration phase, there was a noticeable transition from well-organized
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Fig. 13. Time-averaged WSS distribution.

laminar flow patterns observed during peak systole to small-scale irregular vortical structures. The aortic arch
appears to be the beginning of the transition from laminar to turbulent flow. This transition is crucial, as it is
characterized by high turbulence intensity and elevated shear stress, which can lead to potential vascular risks.
High velocity fluctuations during this transition can lead to increased shear stress and vibrations in the aortic
wall, potentially damaging the vessel and may contribute to vascular occlusion®®. Our observations of complex
vortices and reverse flow in the aortic arch during this transition are consistent with the findings of Fukuda et
al.’! from PIV experiments, demonstrating a similar flow pattern. Helical flow is observed in the ascending aorta
through streamlines plots in our study. A similar helical flow pattern was also observed in MRI flow filed study
by Kilner et al.>2, and CFD study by Tse et al.>* which validates our qualitative results.

In our simulation results, we observed that the high TAWSS consistently remains on the inner wall near
the aortic arch. In this region, a potential inverse correlation between TAWSS and OSI is evident: areas with
high TAWSS exhibit low OSI values, while areas with low TAWSS display increased OSI. This observation is in
agreement with the findings reported by Wang et al.>*>>. This combination of low TAWSS and high OSI is likely
associated with arterial thrombus accumulation.

And it is also elevated WSS can be a contributing factor to the development of aortic dissection. For type A
dissection, which involves the ascending aorta and aortic arch, we observed high WSS at the proximal ascending
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Fig. 14. The distribution of the oscillatory shear index (OSI) at various flow phases: (a) near peak systole
(t=0.102 s), (b) mid-deceleration phase (t=0.302 s), (c) end-systole (t=0.502 s), and (d) diastole (t=0.702 s).

aorta and the aortic arch. These coincide with the predilection sites for aortic dissection reported by Chi et
al.’¢. High WSS is also observed at the proximal segments of the arterial branches. Notably LSA exhibits higher
WSS compared to the BCA and LCCA, indicating a potentially higher risk of tearing at the LSA. Furthermore,
the elevated WSS at the proximal segments of arterial branches is associated with typical locations reported for
atherosclerotic lesions in the thoracic aorta®.
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For type B dissection, which typically affects the descending aorta, we observed high WSS at the entrance
and distal location of the descending aorta. This high WSS is consistent with known high-risk sites for type B
dissection. However, due to the complex nature of type B aortic dissection and the variability in patient-specific
anatomy, while high WSS might contribute to wall thinning or increased biological stress, accurately quantifying
and predicting the risk of type B aortic dissection remains challenging in healthy aortas®”*%. In addition to aortic
dissection, the regions of high WSS in our study, particularly near the aortic arch and branch bifurcations, may
also be one of the contributing factors in the formation of aortic aneurysms. The persistent elevated WSS in these
areas can lead to localized degeneration of the aortic wall, which, over time, may result in vessel wall dilation and
an increased risk of aneurysm formation.

The diffusion of vorticity during mid-deceleration and end-systole results in turbulent flow with repeated
reverse flow, which leads to repeated oscillations of WSS. These oscillating can contribute to the development
of atherosclerosis, as studies have shown that low-level and oscillating WSS can induce endothelial changes,
contributing to plaque formation®*-!, which may subsequently lead to thrombus formation®2-54. In our study,
WSS levels decrease significantly from systole to the beginning of diastole, with higher shear stress localized
near the branches and the inner curvature of the aortic arch. These findings are consistent with the LES results
of Lantz et al.®.

Despite the comprehensive insights gained from our study, several limitations should be noted. Our study
does not account for individual variations in aortic anatomy. While subject-specific models offer precise
representations of individual anatomy, they may not be as widely applicable. An idealized model, such as
ours, offers general insights that can be relevant to a broad range of individuals. While Wang®® suggested that
deformable walls can significantly affect flow characteristics, particularly in the aorta, where the correlation
between wall shear stress (WSS) and flow velocity may be altered. Our model assumes rigid walls and Newtonian
fluid. While the rigid wall assumption may not fully capture the dynamic interactions between the flow and the
vessel wall, Alimohammadi et al.®noted that this assumption in CFD can slightly overestimate WSS. However,
it does not significantly alter the overall WSS distribution. Comparisons between fluid-structure interaction
(FSI) and rigid wall models have shown similar temporal and spatial distributions of WSS, with errors in time-
averaged WSS within 10%®”. Moreover, a recent study reported that flow patterns and time-averaged WSS
(TAWSS) distributions from FSI models were qualitatively comparable to those from rigid wall simulations,
with the maximum difference being less than 0.25 mmHg®. Although non-Newtonian and Newtonian fluids
exhibit different behaviors, many studies have shown similar vortex structures and WSS distributions for both
type of fluids, with the main differences primarily observed in low Reynolds number regions. Therefore, the
Newtonian fluid assumption is appropriate for simulating flow in arteries with high Reynolds numbers®-7!.We
used a predefined flow division (10% of the total flow was directed to the BCA, and 10% was equally divided
between the LCCA and LSA). This approach may not fully reflect the natural variations in flow distribution
among individuals. Anatomical differences can result in varying flow distribution, and incorporating subject-
specific flow data could provide a more accurate representation of the blood flow dynamics within the aorta’.
Lastly, the zero pressure boundary condition cannot predict the flow behavior caused by resistance; therefore, the
outlet boundary condition utilizing the Windkessel model may offer improved accuracy in future investigations.

Conclusion

In this study, we employed LES to examine the transition from laminar to turbulent flow in an idealized
thoracic aortic model, with a particular focus on the development of turbulence and its extent within a healthy
aorta. Our findings revealed that turbulence may occur even in a healthy aorta, especially within the aortic
arch and descending aorta. As turbulence develops, it generates oscillatory and secondary flow patterns,
which significantly influence the intensity and distribution of wall shear stress (WSS). This study advances the
fundamental understanding of the transition to turbulence, emphasizing its dependence on aortic geometry
under pulsatile flow conditions, even in the absence of pathological changes. Future research could involve
the use of direct numerical simulation (DNS) on subject-specific models to validate and extend these results,
offering a more detailed comparison of hemodynamic characteristics and a deeper exploration of turbulence
variations in different subject-specific environments.

Data availability
The datasets generated during and/or analyzed during the current study are available from the corresponding
author on reasonable request.
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