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This study focuses on the performance of various turbulence models in predicting hemodynamic variables within
a patient-specific geometry of the Brachiocephalic trunk exhibiting a severe stenosis. Numerical simulations
employing Reynolds-averaged Navier-Stokes (RANS) and Large Eddy Simulation (LES) models were conducted,
comparing four RANS with two LES models. Results indicated significant differences in turbulent structures
between RANS and LES models, with the k-@ RANS model closely approximating LES throughout the cardiac
cycle. The velocity and Turbulent Kinetic Energy (TKE) results were consistent in the stenosis region due to the
proximity to the inlet and plug flow conditions. However, notable disparities were observed in bifurcation and
outlet regions. Time-Averaged Wall Shear Stress (TAWSS) comparisons revealed that the k-o-based models
provided closer agreement with LES, particularly in atherosclerosis-prone areas. The study highlights the limi-
tations and strengths of each turbulence model, emphasizing the importance of model selection in simulating
complex cardiovascular conditions. While RANS models demonstrated computational efficiency, their accuracy
varied across regions. The effectiveness of the k-® model in capturing the intricacies of such a complex flow field
suggests its potential as a reliable and accurate tool for simulating physiological conditions with strong curvature

and advanced stenosis.

1. Introduction

The hemodynamics at sites prone to atherosclerotic develpments
usually tends to present a disturbed flow pattern and turbulence may
happen. This disturbance may contribute to the initiation and further
progression of atherosclerosis (Johari et al., 2019). Reynolds-Averaged
Navier-Stokes (RANS), Large Eddy Simulation (LES), and Direct Nu-
merical Simulation (DNS) are the main numerical modeling techniques
for turbulent flows employed in Computational Fluid Dynamics (CFD).
DNS constitutes the ground truth of simulation because the effect of
every eddy is considered when the flow equations are solved (Roelofs
and Shams, 2019), as the size of the smallest DNS cell is smaller than or
equal to the smallest eddy size (Tiselj et al., 2019). For low Re flows,
DNS simulations require between 5 and 20 million nodes and take 250 to
400 hours of supercomputer time (Doran and Doran, 2013). In LES, the
big unstable eddies are directly solved and the smallest scales are
modelled. Finally, RANS simulations only work with mean flow
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equations. The turbulence’s influence is rather governed by the average
(mean) quantities (Rodi, 2017), and they are the less expensive
computational methods of turbulence modelling.

CFD methods can precisely reproduce the results of in vivo blood
flow studies (Tu et al., 2011; Kousera et al., 2013; Nejad et al., 2018)
without the constraints, costs, and risks the latter requires. For instance,
CFD may be used to predict the Fractional Flow Reserve (FFR) from CT
scans, the standard value used to determine stent implantation (Taylor
et al., 2013; Malota et al., 2018).

DNS studies (Paul and Molla, 2012; Mallinger and Drikakis, 2002;
Beratlis et al., 2005; Varghese et al., 2007; Blackburn et al., 2008; Lee
et al., 2008; Samuelsson et al., 2015; Khan et al., 2019; Jain, 2020; Lui
et al., 2020; Mirfendereski and Park, 2021; Jain, 2022) have been
mainly conducted on idealized geometries, while RANS (Johari et al.,
2019; Ghalichi et al., 1998; Stroud et al., 2002; Lee et al., 2003; Ryval
et al., 2004; Birchall et al., 2006; Banks and Bressloff, 2007; Varghese
et al., 2008; Khanafer et al., 2009; Dong et al., 2013; Callaghan et al.,
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The participant in this study displays an additional stenosis located
downstream of the RCCA, as shown in Figure 1(a), emerging immedi-
ately after the carotid bifurcation. This concurrent presence of stenosis
reinforces the findings derived from our research. It is plausible that the
stenosis identified in the BT, the primary focus of our study, induces
unfavorable flow conditions, thereby acting as the origin of this sec-
ondary constriction observed downstream in the RCCA. This observa-
tion underscores the intricate relationships between vascular anomalies
within the broader arterial network and emphasizes the potential impact
on hemodynamic patterns.

5. Limitations

The simulations were performed assuming the artery walls to be
rigid. Although this may not fully represent patient-specific flow, it is a
widely extended assumption for atherosclerotic vessels (Azar et al.,
2019; Sia et al., 2019), as the formation of the atherosclerotic plaque
reduces the compliance of the artery walls (Oberoi et al., 2013; Palombo
and Kozakova, 2016). For this reason, this assumption is not valid in
other regions with similar geometries which are not susceptible to
atherosclerosis, such as bifurcations in the femoral arteries, where wall
motion should be taken into account.

Red blood cells induce a complex rheological behavior, providing the
blood with shear thinning properties, and thus behaving as a non-
Newtonian fluid. However, it is a widespread practice to neglect the
non-Newtonian effect for vessels with high stress levels (Guerciotti et al.,
2018), as the blood usually is modeled as an incompressible Newtonian
fluid as we did in the present work.

Lastly, this work lacks experimental validation. As we know that it
would give added value to the numerical simulation study presented
here, it will be considered for our future work. However, the turbulence
models employed through this work are widely used and were validated
with similar idealized geometries in the previous literature (Mallinger
and Drikakis, 2002; Varghese and Frankel, 2003; Molla and Paul, 2012).
Our work adds the value of higher patient specificity and a compre-
hensive comparison of several turbulence models.

6. Conclusion

In conclusion, this study delved into a comprehensive comparison of
turbulence models to predict hemodynamic variables in a complex case
of severe stenosis within a patient-specific geometry of the Brachioce-
phalic Trunk (BT). The research involved patient-specific boundary
conditions and considered the challenging scenario of a bifurcation with
a highly curved branch, which compromises blood flow to the cerebral
region and arms, leading to Subclavian Steal Syndrome.

The velocity contours revealed a limitation in RANS models when
predicting flow turbulence, especially during moments of higher flow
rates (systole), where a notable discrepancy in the occurrence of eddies
was observed. Disparities in Turbulent Kinetic Energy (TKE) results
between RANS and LES models were noted, attributed to the inherent
differences in their approaches. The k- model emerged as the best
approximation to LES, particularly in regions with significant curvature
and adverse pressure gradients.

Time-Averaged Wall Shear Stress (TAWSS) results demonstrated that
both mathematical formulations based on k- provided closer TAWSS
values to LES compared to other models, offering promise for identifying
atherosclerosis-prone areas. The study’s limitations, such as assuming a
rigid wall and a Newtonian fluid, were acknowledged, as well as the
absence of experimental validation, leaving room for future research
enhancements. The study was focused on a large artery with high shear
rate, however the conclusions of this study can be extrapolated to
smaller arteries, given that the turbulence present in these is smaller,
and models such as k-0 provide better results in transition regimes, i.e.,
with an intermediate amount of turbulence.

This research contributes valuable insights into the applicability and
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limitations of turbulence models in predicting hemodynamic variables,
emphasizing the need for careful model selection based on the specific
characteristics of the studied geometry and flow conditions. As a com-
plex and patient-specific study, it serves as a foundation for future
research addressing the outlined limitations.
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