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A B S T R A C T
Ascending aorta simulations provide insight into patient-specific hemodynamic conditions.
Numerous studies have assessed fluid biomarkers which show a potential to aid clinicians in the
diagnosis process. Unfortunately, there exists a large disparity in the computational methodology
used to model turbulence and viscosity. Recognising this disparity, some authors focused on
analyzing the influence of either the turbulence or viscosity models on the biomarkers in order
to quantify the importance of these model choices. However, no analysis has yet been done on
their combined effect. In order to fully understand and quantify the effect of the computational
methodology, an assessment of the combined effect of turbulence and viscosity model choice was
performed. Our results show that (1) non-Newtonian viscosity has greater impact (2.9-5.0%)
on wall shear stress than Large Eddy Simulation turbulence modelling (0.1-1.4%), (2) the
contribution of non-Newtonian viscosity is amplified when combined with a subgrid-scale
turbulence model, (3) wall shear stress is underestimated when considering Newtonian viscosity
by 2.9-5.0% and (4) cycle-to-cycle variability can impact the results as much as the numerical
model if insufficient cycles are performed. These results demonstrate that, when assessing the
effect of computational methodologies, the resultant combined effect of the different modeling
assumptions differs from the aggregated effect of the isolated modifications. Accurate aortic flow
modeling requires non-Newtonian viscosity and Large Eddy Simulation turbulence modeling.

ction
ional biomarkers are emerging as a tool to aid in the diagnosis process of cardiovascular diseases. Their
rovide insight into patient-specific hemodynamic and wall conditions position them as a promising tool
le clinicians to provide personalized treatment. For decades, numerical models of the cardiovascular
een developed with varying levels of personalization and complexity (1; 2; 3). In order to take in-

into the healthcare industry, standardized methodologies will be required to obtain approval by the
regulatory agency through a process of validation and verification of the model outputs, ensuring

d replicable results (4; 5).
ional Fluid Dynamics (CFD) and Fluid-Structure Interaction (FSI) models have been extensively used
thological ascending thoracic aortas (ATA) by quantifying clinically-relevant hemodynamic biomarkers
rysm (6; 7; 8; 9) and dissection (10; 11; 12) progression. Some studies have been performed considering
cosity (NV) and the absence of turbulence models (6; 8), while others have considered a non-Newtonian

Large Eddy Simulation (LES) turbulence models, which require higher computational effort (13; 14; 15).
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Effect of Turbulence and Viscosity Models on Aorta Simulations

tudies that consider only the non-Newtonian behaviour in the absence of turbulence models (16; 17) or,
y, consider a turbulence subgrid model with constant viscosity (7; 18).
non-Newtonian fluid with a shear-thinning behaviour which reaches a Newtonian plateau at high shear
rheological response is primarily modulated hematocrit (20). It is argued that, under the high shear-rates
ascending aorta during the most part of the cardiac cycle, the variations in viscosity are negligible and
model can be assumed. A thorough assessment on the influence of viscosity models on aortic valves and

ons have shown otherwise and revealed higher wall shear stress (WSS) and increased hemolysis when
r non-NV (21; 22). Moreover, shear-thinning has a significant effect on the growth of vortical structures
ion zones on idealized curved vessels (23) and has shown to delay turbulent transition on straight pipe
26). Other studies have analyzed the flow through stenosed arteries considering NV and non-NV (27; 28).
ch as valve stenosis or the presence of a bicuspid aortic valve favour turbulence generation as the aortic

educe and the jet velocity increased (29; 30).
of turbulence model choice has been assessed for various ATA under different scenarios, in order to

mputational requirements of different biomarkers. High and low resolution laminar models have been
inst Wall-Adapting Local Eddy-Viscosity (WALE) subgrid-scale model using constant viscosity and it
at high resolution laminar models were capable of capturing accurately shear and turbulence dynamics,
computational cost as LES simulation (31). Variations in spatially and time averaged WSS have revealed
low 6% between laminar and WALE considering a Carreau viscosity model (32). The effect of turbulence
platelet activation was assessed by comparing laminar, RANS, LES and Direct Numerical Simulation
ing that predicting blood cell damage required LES or DNS and that RANS, due to its inherent temporal
e, should be avoided as it shortens particle trajectories and alters the shear stress over the platelets (33).
shown that the 𝑘−𝜔 SST model significantly underestimated the turbulent kinetic energy and anisotropy
mpared to the WALE model under non-Newtonian viscosity. Differences between different LES models

itivity to grid size and convection schemes have been analyzed in (34).
sidering non-NV, we should also emphasise that the shear-thinning behaviour can be described using
els, such as Carreau, Casson and Power-law. The choice made will also influence the flow behaviour,
5), where an ATA was modeled considering ten viscosity models and the results compared in terms of
SS.

owledge, only one study (36) has addressed how the combined effect of blood viscosity and turbulence
hemodynamic results, in this case by analyzing turbulent-transition at different Reynolds numbers on a

ng step. This work, however, did not address if WSS was affected and considered an idealized geometry
differs from a realistic aorta.
nez et al.: Preprint submitted to Elsevier Page 2 of 22
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Effect of Turbulence and Viscosity Models on Aorta Simulations

the gap between the studies which have assessed the influence of model choices independently, we present
n analysis focused on quantifying the combined effect of turbulence and viscosity models on wall-shear
rkers for ATA using a patient-specific geometry and physiological boundary conditions. Up to date, no

uated how viscosity models influence turbulence models and vice versa. Hence, this work presents a novel
combined effect of modeling assumptions on aortic flows and provides the optimal modeling strategy

rate WSS biomarkers. We will assess the effect of considering Newtonian or Carreau fluid models in
ith the absence or presence of a Dynamic Smagorinsky-Lilly (DSL) subgrid-scale turbulence model.

s between CFD computations considering a healthy and a stenosed aortic valve will be evaluated in terms
ed wall shear stress (TAWSS), peak systole wall shear stress (PSWSS), oscillatory shear index (OSI) and
A). TAWSS and PSWSS quantify the shear stress magnitude, OSI the fluctuations on the near-wall flow
SA the presence of rotating or reversed flow. This work presents the first analysis of the combined effect
and viscosity model on TAWSS, PSWSS, OSI and SA on ascending aorta simulations.

try
T scan with a voxel size of [0.3125, 0.3125, 0.75] mm from a patient suffering from ascending thoracic
m was segmented using a semi-automatic procedure based on local thresholding as described in (37) and
ected using 3D Slicer. The procedure was performed complying with the ethical standards. A smoothing
procedure was performed in order to reduce the triangulation size to a size of 0.2 mm in order to remove
rtifacts while preserving the segmentation details, as shown in Figure 1.
line of the aorta was then extracted using the Vascular Modelling Toolkit (38). A cylinder was positioned
oot and aligned with the centerline, providing a planar surface over which an idealized 2-D tricuspid
as projected , as shown in Figure 1c. The valve geometry was obtained from a previous work (39). Two
are herein investigated: a healthy and a stenosed valve with an orifice area of 300 mm2 and 150 mm2

btained after scaling the idealized shape. Supra-aortic vessels were extended five equivalent hydraulic
revent the presence of a recirculation region at the outlets. The ascending aortic wall was identified as the
n the sinotubular junction and the brachiocephalic ostium. We divided the ascending section into external
ture) and internal (lesser curvature) walls by projecting the centerline onto the surface, as depicted in
nez et al.: Preprint submitted to Elsevier Page 3 of 22
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(d)

etric details of the segmentation (a), processed geometry (b), projections of healthy and stenosed valves
ow through the aortic valve (d).

tational model and boundary conditions
ral mesh was used to discretize the resultant geometry, as it enables to obtain good cell-quality and
ions in curved and irregular surfaces as those present in many aneurysms. Both meshing and computing
rformed using Ansys Fluent 22.1 (ANSYS Inc., Canonsburg, PA, USA).
ed mass flow profile was used to impose the inlet condition, considering a cardiac cycle of duration

peak flow of 0.387 kg/s and mean flow of 4.83 l/min, as depicted in Figure 1d. The spatial velocity-
rofile imposed through the idealized valve corresponded to a fully developed turbulent flow obeying a
w (40; 41), as it yields a compromise between plug and parabolic profiles. The systolic jet Reynolds was
7.2 × 103 for the stenosed and healthy valve respectively, corresponding to a jet-center velocity of 3 and
absence of MRI flow data one cannot justify which profile better represents the patient’s flow, as the jet

ue to each individual and large variability can be observed across a population, especially in the cases
nosis (42; 43; 44).
ement RCR windkessel boundary condition was imposed at the outlets. The parameters were tuned

redefined pulse pressure, set to 40 mmHg, and a distribution of flow proportional to the outlet areas
in (45). The equations for the windkessel components were solved using a second order backward
cheme which has been validated against analytical solutions (46).

ence modelling
and assess the effect of turbulence, we included the DSL subgrid-scale model (47) and compared the

e case where the subgrid model was absent, which, for convenience, will be referred hereafter as laminar
FM).
nez et al.: Preprint submitted to Elsevier Page 4 of 22
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Effect of Turbulence and Viscosity Models on Aorta Simulations

ses, the Navier-Stokes (N-S) equations for an incompressible fluid are used to resolve the flow dynamics.
ring the LFM, no viscous losses below the grid-resolved flow are considered. However, when considering
el, an additional term is added to the momentum equation in order to model the viscous energy loss
h the subgrid scale eddies, leading to the filtered N-S for the grid-resolved velocity field (�̄�). The filtered
momentum equations can thus be rewritten as:

, (1)

𝑗
𝜕�̄�𝑖
𝜕𝑥𝑗

= −1
𝜌
𝜕�̄�
𝜕𝑥𝑖

+ 𝜈 𝜕
𝜕𝑥𝑗

(
𝜕�̄�𝑖
𝜕𝑥𝑗

)
−

𝜕𝜏𝑖𝑗
𝜕𝑥𝑗

, (2)

pressure, 𝜌 the density, 𝜈 the kinematic viscosity and 𝜏𝑖𝑗 the subgrid scale turbulent stress tensor which
ssipation due to subgrid scale eddies. The subgrid-scale model employs the Boussinesq hypothesis to
ub-grid stresses:

𝜏𝑘𝑘𝛿𝑖𝑗 = −2𝜈𝑠𝑔𝑠�̄�𝑖𝑗 , (3)

1
2

(
𝜕�̄�𝑖
𝜕𝑥𝑗

+ 𝜕�̄�𝑗
𝜕𝑥𝑖

)
is the grid-resolved strain rate and 𝜈𝑠𝑔𝑠 the subgrid eddy viscosity, which is computed

e Smagorinsky constant 𝐶𝑆 and the local grid scale Δ as:

𝐶𝑆Δ)2|�̄�|. (4)

e for using the dynamic subgrid-scale model over the standard Smagorinsky-Lilly or the WALE model,
g specifically designed to accurately capture the asymptotic behaviour of wall bounded flows, is due to
nature of the cardiac flow. The large variability of the velocity field makes it difficult to define a static
r WALE constant that would accurately model the turbulent viscosity across the spatio-temporal domain.
el allows to update the Smagorinsky constant dynamically by accounting for the instantaneous velocity
a second filter for the equations of motion, providing a space and time varying 𝐶𝑆 to better model the

viscosity. Moreover, the double-filtering process allows to compute the contribution of the small scale
ntify regions of laminar flow, where the subgrid viscosity will be effectively zero, enabling the model to
minar to turbulent transition.
nez et al.: Preprint submitted to Elsevier Page 5 of 22



Journal Pre-proof

On the co
coupling sche
terms respecti
was absent, P
pressure term
0.1 ms, ensuri
ensure equal b

2.4. Viscosi
The fluid v

model (48), co

𝜇(�̇�) =

where the tim
shear viscosit
which could in
set to 1056 kg

2.5. WSS bi
Numerous

biomarkers, n
shear angle (S

TAWSS

where 𝑇 repre
occurs at 0.12
a predominan
to:

OSI = 0

Antonio Martí
Jo
ur

na
l P

re
-p

ro
of

Effect of Turbulence and Viscosity Models on Aorta Simulations

mputations where DSL subgrid-scale model was active, we used SIMPLEC for the pressure-velocity
me. Second order and bounded central differencing were used to discretize pressure and momentum
vely, the later being chosen due to its low numerical diffusion. For the case where subgrid-scale model
ISO was used for the pressure-velocity coupling and second order differencing for both momentum and
s. In both cases, a second order implicit scheme was used for temporal discretization and a time step of
ng a Courant-Friedrichs-Lewy number below unity. At the inlet, no synthetic turbulence was imposed to
oundary conditions in all scenarios.

ty
iscosity was modeled considering both a constant viscosity 𝜇𝑐 = 3.5 mPa⋅s and a shear-thinning Carreau
mmonly used in literature, defined as

𝜇∞ + (𝜇0 − 𝜇∞)
[
1 + (𝜆�̇�)2

] 𝑛−1
2 , (5)

e constant 𝜆 = 3.313 s, Power-Law index 𝑛 = 0.3568, zero shear viscosity 𝜇0 = 56 mPa⋅s and infinite
y 𝜇∞ = 3.5 mPa⋅s. The non-NV allows to account for the increased viscosity in low velocity regions,

turn affect the wall shear stress (WSS) values and the evolution of the flow structure. Fluid density was
/m3.

omarkers
hemodynamic indices appear in literature, however, we have limited our study to four wall shear derived

amely: timed average WSS (TAWSS), peak systole WSS (PSWSS), oscillating shear index (OSI) and
A). TAWSS reveals the averaged magnitude of the wall shear and is described by the following equations:

= 1
𝑇 ∫

𝑇

0
|𝐖𝐒𝐒(𝑡)| 𝑑𝑡, (6)

sents the duration of one cardiac cycle. PSWSS is the magnitude of the WSS field at peak systole, which
s. The OSI describes the oscillations on shear direction. When low, the flow over a given node follows

t direction and, when high, the flow direction fluctuates during the cardiac cycle. It is defined according

.5
⎛⎜⎜⎝
1 −

|||∫ 𝑇
0 𝐖𝐒𝐒(𝑡) 𝑑𝑡|||

∫ 𝑇
0 |𝐖𝐒𝐒(𝑡)| 𝑑𝑡

⎞⎟⎟⎠
. (7)
nez et al.: Preprint submitted to Elsevier Page 6 of 22
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Effect of Turbulence and Viscosity Models on Aorta Simulations

Mesh parameter Coarse Medium Fine
Face size (mm) 0.50 0.35 0.25
Max. element size (mm) 1.00 0.70 0.50
No. of elements (106) 2.23 4.08 7.93

ers.

s the directionality of the wall shear vector and is used to reveal the the presence of rotating and backward
evaluated at peak systole and is defined as:

arctan
(WSSAxial

WSSCirc

)
, (8)

nd circumferential shear, WSSAxial and WSSCirc respectively, are defined by decomposing the WSS
he centerline direction. WSSAxial has a positive sign when the flow progresses along the aorta and a
e presence of reversed flow, while WSSCirc takes only positive values as an analysis of clockwise and
shear pattern is not considered in this study. For the analysis, nodal positions along the aorta were
ch that 0 corresponds to the sinotubular junction, and 1 to the brachiocephalic ostium.

tion we first assess the mesh requirements for this study. Secondly, we perform a cycle-convergence
eal the minimum number of cycles required to guarantee that the results have sufficiently converged to
ue. Finally, we present the results obtained considering both a healthy and stenotic valve in terms of
lic WSS, systolic SA and OSI.

onvergence
step, a mesh convergence study will be performed considering the stenosed valve and the DSL subgrid
r to establish the mesh requirements on the most restrictive case where higher turbulence and velocity is
this analysis the Carreau viscosity (CV) model was chosen as it provides a more faithful description of
ur. For all meshes, the inflation layer is composed of 15 hexagonal prisms and the first layer cell height
sure an aspect-ratio of 7. The mesh parameters are summarized in Table 1. Orthogonal mesh quality was
9.5% of the domain in all meshes.
convergence analysis was performed by evaluating the TAWSS on both the internal and external walls.
ifference was obtained by subtracting the results from the fine mesh from the results of the coarse and

es, as depicted in Figure 2. It was necessary to interpolate the results from the coarse and medium meshes
esh in order to enable a node-to-node comparison. We can observe that the medium mesh is capable of
nez et al.: Preprint submitted to Elsevier Page 7 of 22
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Effect of Turbulence and Viscosity Models on Aorta Simulations

flow structure near the wall with sufficient detail, with a mean error of 0.11 Pa and a maximum node-to-
e of [-0.89, 0.59] Pa. In the case of the coarse mesh, the mean error was 0.25 Pa and maximum difference
a. The circumferentially averaged values along the centerline for both the internal and external walls are
re 2. We can observe how the difference between fine and medium meshes is negligible, whereas the
nderestimates significantly the averaged values in the external wall. In view of these results, we consider
esh capable of resolving the flow with sufficient detail for the present study.

0.4 0.6 0.8 1

osition along centerline

Fine Medium Coarse

aged values of TAWSS along centerline for the external (solid) and internal (dashed) walls (left), contours
the fine mesh and contours of TAWSS difference with respect to fine mesh for medium and coarse mesh

onvergence
c cycle accounts for a systole and a diastole and, in the aorta, this is reflected as a fast accelerating

ng phase. Under these conditions, the flow develops a chaotic structure and significant variations can be
een cycles. The flow structure present at the end of the previous cardiac cycle initializes the flow field

ing cycle and can significantly influence the new eddy structure.
work is focused on performing an accurate and isolated analysis on the turbulence and viscosity models,
re that the cycle averaged results are sufficiently converged. The cycle-to-cycle variation of the time
variables must be sufficiently small to negligibly affect the model comparison. In this way we ensure a
which no uncontrolled phenomena may mask the results.

ed the cycle requirements considering the LES-CV model. We performed 41 cardiac cycles and computed
or the cycles 𝑖 ∈ [2, 40] considering the interval [𝑇 , 𝑖𝑇 ]. The first cycle was excluded from the analysis.
to the considered cycles is computed as:

𝑁∑
𝑛=1

|TAWSS𝑖,𝑛 − TAWSS41,𝑛|, (9)
nez et al.: Preprint submitted to Elsevier Page 8 of 22
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Effect of Turbulence and Viscosity Models on Aorta Simulations

umber of nodes on the wall. The evolution of 𝛿𝑖 and spatially-averaged TAWSS are depicted in Figure
ith the standard deviation (𝜎) of TAWSS after performing 41 cycles. Mean deviations in the TAWSS

0.05 Pa after performing 15 cycles. However, spatially-averaged values stabilize faster and lie within
a of after completing 4 cycles. The highest variability across cycles is observed in the vicinity of the
nt region, having a maximum 𝜎 = 0.71 Pa. Significant variability, 𝜎 = [0.3 − 0.6] Pa, can be observed
and superior sections of the ascending aorta. The deviation field ΔTAWSS𝑖 = TAWSS𝑖 − TAWSS41 is
gure 4. For the present study, after considering both 𝛿 and field variations, 20 cycles will be computed
hat the WSS field has stabilized.

10 15 20 25 30 35 40

Cycles

0 5 10 15 20 25 30 35 40

Cycles
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T
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e convergence analysis: 𝛿𝑖 (left) and spatially-averaged TAWSS (center) according to number of cycles and
e standard deviation of TAWSS after 41 cycles (right).

5 HB 10 HB 15 HB 20 HB

Figure 4: Cycle convergence analysis: Contours of local TAWSS error.

ty and turbulence analysis
fully understand the effect of the different viscosity and turbulent models on aorta simulations, we need
different flow regimes that can be commonly observed in patients. One of the most important factors
nez et al.: Preprint submitted to Elsevier Page 9 of 22
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Variable Valve LES-CV LES-NV LFM-CV LFM-NV

TAWSS Healthy 1.80 1.71 1.81 1.73
Stenotic 3.29 3.13 3.27 3.18

PSWSS Healthy 2.06 1.93 2.08 1.94
Stenotic 5.09 4.84 5.14 4.96

OSI Healthy 0.267 0.267 0.270 0.270
Stenotic 0.247 0.245 0.245 0.252

ged values for the modeled scenarios.

Variable Valve LES-NV LFM-CV LFM-NV

TAWSS Healthy -5.04 0.10 -4.37
Stenotic -4.65 -0.48 -3.36

PSWSS Healthy -6.14 1.19 -5.50
Stenotic -5.01 0.94 -2.63

OSI Healthy 0.19 1.35 1.30
Stenotic -0.79 -0.91 2.05

nce of spatially averaged values for the modeled scenarios with respect to the LES-CV case.

ces the flow regime is the stenosis severity, where fusion and stiffening of aortic valve leaflets causes the
rm and reduce. Due to this, two scenarios are explored: a healthy and a stenotic valve.
of clarity and to facilitate the analysis of the differences, the contours for each biomarkers 𝛽 will be
for LES-CV, whereas for the remaining cases only the difference with respect to the LES-CV will be
𝛽𝑐𝑎𝑠𝑒 = 𝛽case − 𝛽LES-CV. A summary of the mean value and relative difference of the field variables is
n Tables 2 and 3.

veraged WSS

ution of TAWSS exhibits a similar pattern for both valves, consisting of a circular region with elevated
e central part of the external wall, which coincides with the jet impingement region where fast moving
from the collision zone upwards and sideways, creating a region with intermediate shear, as depicted in
ble differences can be observed between the two valves, as values in the high shear region range between
10 Pa in the healthy and stenotic case respectively. The high shear region is more compact and defined in
se. For both valve conditions, the differences between the reference LES and the laminar models reveal
chieves a greater dispersion of the high shear region, as on the LFM contours we can observe a negative
rrounding the inferior border of this high shear region. Considering all the models, the mean TAWSS
ealthy and stenotic valve was, respectively, 1.762 and 3.22 Pa, with a standard deviation of 0.050 and

observe a larger deviation in the stenotic scenario.
the viscosity effect reveals that both CV cases develop higher TAWSS with respect to their NV
Under stenotic conditions, assuming NV causes an underestimation of 4.7% (LES) and 2.9% (LFA).

nez et al.: Preprint submitted to Elsevier Page 10 of 22
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IS:

Figure 5: TAWSS for healthy (top) and stenotic valve (bottom).

the healthy condition: underestimation of 5.0% (LES) and 4.5% (LFA). Turbulence model assessment
nder CV, the LFM exhibits differences below 0.5% from its LES counterpart, whereas under NV, the LFM
TAWSS by 0.7-1.4%. This indicates that accounting for non-NV has a greater impact than accounting
odel. Furthermore, it is revealing to observe the impact of the viscosity model is amplified under a LES
del, since the difference between LES models (4.7-5.0%) is greater than between LFM models (2.9-
r to gain further insight into these differences, the circumferentially averaged values along the centerline
both internal and external walls on Figure 6. The best match of LES-CV is obtained when considering

odel, which is in agreement with the values given in Table 3.
nderstand viscous phenomena, we define the non-Newtonian importance factor (49) as the ratio between
iscosity and the Newtonian viscosity: 𝐼𝐹 = 𝜇∕𝜇∞. The systolic and time averaged 𝐼𝐹 are given in
alues of 𝐼𝐹 are higher for LES models under both valve conditions, which shows that the importance

pends on the turbulence model used. Accounting for subgrid viscosity alters the eddy development and
rate in the vicinity of the wall, which in turn determines the fluid viscosity and the 𝐼𝐹 .
nez et al.: Preprint submitted to Elsevier Page 11 of 22
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STENOSIS

aged values of TAWSS along centerline for the external (solid) and internal (dashed) walls for the case with
nd stenotic (right) valve.

Turbulence model Healthy Stenosis
Systole TA Systole TA

Laminar 1.160 1.277 1.148 1.290
LES 1.165 1.286 1.166 1.297

n importance factor under LES and laminar turbulence models for healthy and stenotic valves.

ystole WSS

ic WSS depicted in Figure 7 reveals distinct patterns between the valve types. In the healthy case, low
erved along the aortic wall with the exception of the sinotubular junction. This contrasts with the stenosed
e can clearly observe the characteristic features that result from the jet impinging on the wall. This can
ince a healthy valve results in a lower jet velocity and therefore the time required for the jet to develop
he wall is higher. For the stenotic case, a highly-localized high shear region on the external wall can be

the remaining aorta subject to low shear levels.
inant underestimation of shear on both NV cases can be observed, similarly to the observation on TAWSS.
shows smaller differences as confirmed by Table 3, with the PSWSS being overestimated by 1.2% and
ealthy and stenotic valve conditions respectively. The 𝐼𝐹 at peak systole, given in Table 4, is higher on
as occurred for TAWSS.

angle

veals different patterns for each valve type. Considering the healthy valve, the direction of the systolic
region with reversed flow in the central section of the aorta, as indicated by the negative SA values on
nez et al.: Preprint submitted to Elsevier Page 12 of 22
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Figure 7: PSWSS for healthy (top) and stenotic valve (bottom).

an be observed, in all models the shear direction is identical throughout the domain with the exception
egion where the reversed flow of the midsection collides with the advancing flow emerging from the
nction. The banded stripes depicted in the ΔSA plots indicate that the collision band is minimally
sidering the Lam-New case, which exhibits the largest differences, the maximum width of the band
hen analyzing the stenotic valve, reversed flow can be observed in the inferior section of the external
of the aorta wall has a positive SA close to 1, with the exception of the region where the jet impinges

re the SA ranges between [0, -0.5]. On the LES-NV case the reversed flow region is slightly retreated,
1 mm, whereas on the laminar cases the reversed flow regions has advanced 1-2 mm. The results of

at, although the levels of WSS might be altered by the modelling assumption, the WSS direction at peak
erved.

ting shear index

f the reference LES-CV case reveals similar patterns on both valve scenarios, as depicted in Figure 9. The
of the external wall is exposed to low OSI levels inferior to 0.1, which coincides with the high TAWSS

w OSI region is surrounded by high OSI which coincides with the low TAWSS. This can be related to the
minance of the impinging jet which produces a well defined flow pattern over the wall directed upstream.
nez et al.: Preprint submitted to Elsevier Page 13 of 22
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Figure 8: SA for healthy (top) and stenotic valve (bottom).

ry, the inferior section is subject to reversed flow and the creation of a recirculating region, where the
s disrupted. The region surrounding the jet impingement is exposed to decaying vortexes which travel
with reduced energy and higher instabilities, leading to a more chaotic flow structure. The combination

S and continuous flow disruption inevitably leads to the creation of a high OSI region.
arison between models shows a good agreement on the low OSI central region of the external aortic wall
scenarios. Despite the local differences on the lower section of the aortic wall, all cases exhibit high OSI
nferior section. On the region surrounding the ostium, variations can also be observed. The deviations on
l a complex pattern which impedes further conclusions. The values in Table 3 reveal smallest averaged
when considering the LES-NV (<0.8%) and biggest when considering LFM (0.9-2.1%).

on
k, we have quantified the combined effect of LES and non-NV on WSS derived biomarkers and concluded
non-NV has a greater impact on the results in comparison to the inclusion of the LES subgrid model. We
uction on the TAWSS and PSWSS when considering NV which agrees with previous studies (21; 50; 51).
aged values showed that TAWSS is underestimated by 4.7-5.0% if constant viscosity is assumed under
nez et al.: Preprint submitted to Elsevier Page 14 of 22



Journal Pre-proof

HEALTHY:

STENOSIS:

a LES model,
to NV could
the velocity as
become more
accurately mo
analysing lipo
adhesion to en
effects when c
in WSS betw
structure, lead

Difference
viscosity mod
combination o
is greater whe
model. Despit

Antonio Martí
Jo
ur

na
l P

re
-p

ro
of

Effect of Turbulence and Viscosity Models on Aorta Simulations
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Figure 9: OSI for healthy (top) and stenotic valve (bottom).

although this value drops to 2.9-4.5% when considering a laminar model. The reduction in WSS due
be explained by a nonphysical reduced viscosity in the vicinity of the wall. As we approach the wall
ymptotically decreases to zero thus the non-Newtonian behaviour is magnified. Non-Newtonian effects
apparent in low velocity regions and it is thus vital to account for this shear dependent viscosity when
deling biochemical processes. For example, it has been proven that non-NV should be modeled when
protein deposition in regions with flow recirculation (51), platelet activation potential (21) and monocyte
dothelial cells on atherosclerotic lesion (50). The 𝐼𝐹 has revealed a slight increase of non-Newtonian
onsidering the LES model under both valve conditions, which could account for the larger differences

een the LES cases. It is possible that the subgrid viscosity, which contributes to dissipating the eddy
s to a diminished velocity field which amplifies the non-Newtonian phenomena in the LES scenarios.
s between turbulence models with an equal viscosity model are surpassed by the differences between
els with an equal turbulence model, as shown in Table 3. Two interesting findings regarding the
f viscosity and turbulence models are worth mentioning. Firstly, the impact of the turbulence model

n considering a NV and, secondly, the impact of non-NV is greater when including a subgrid turbulence
e this, we have observed that the turbulence model has a marginal impact on the results and we conclude
nez et al.: Preprint submitted to Elsevier Page 15 of 22
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lution laminar models are capable of sufficiently resolving the flow dynamics, as the relative difference
r LFM-CV is below 0.5%, agreeing with the results of (31). Although spatially-averaged values show
pancies due to turbulence model choice, we must consider that the additional subgrid viscosity provided
odel affects the eddy development and breakdown which consequently alters the WSS pattern along the

in Figure 5. A final consideration in this regard is that both the laminar and LES computations required
putational resources, hence no clear benefit is gained by considering a laminar model.

t, no study has examined the discrepancies on SA. Our results have shown that SA exhibits negligible
ongst the considered models, one possible explanation being that the SA is defined by the bulk flow
is mainly determined by the jet profile and only marginally by the modelling assumptions.

s of OSI exhibit significant deviations amongst the studied models. The differences due to the viscosity
gree with (52), however this study focused on abdominal aneurysm where the 𝑅𝑒 is lower and the flow
mped temporal variability. Despite the OSI discrepancies between the herein considered models, the
ting of a low OSI region in the external wall surrounded by high OSI is preserved in all cases. Since OSI
flow direction fluctuations and regions exposed to vortexes are exposed to chaotic flow disruptions, it
t the analysis on high OSI regions would benefit from computing additional cycles in order to obtain a
parison.
nt study exposes the importance of assessing different aortic valve conditions as the flow structure and
are severely affected by the jet characteristics. Thus, studies focused on computational strategies should
on a wide range of flow conditions.
bserved that significant differences can appear on the herein analyzed set of fluid biomarkers. However,
that these differences can be just as important as the cycle-to-cycle variations that occur if insufficient

sidered for the time averaging process. This is due to the differences in the flow structure present in the
before each cardiac cycle begins. The flow of the previous cycle conditions how the flow will develop
lowing cycle. Thus, when comparing different models and computational strategies, we must ensure
veraged results have sufficiently stabilized in order to not mask the differences caused by the numerical

e. This work suggests that studies focused on evaluating the effect of numerical methodologies should
considering a minimum of 15 cardiac cycles to ensure errors in TAWSS remain below 0.05 Pa. As

ifference between models may seem considerable, it is obvious that the differences between the healthy
alves are much more significant. Since the biomarker distribution pattern is preserved in all cases, the
el has minimal impact in comparison to including a spatially and temporally calibrated jet (53). However
ur results demonstrate the importance of considering appropriate turbulence and viscosity models when
silico hemodynamic analyses for the ATA. The effect of the model combinations has been quantified and
nez et al.: Preprint submitted to Elsevier Page 16 of 22
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justify modelling assumptions when dealing with ATA simulations and potentially aid in establishing
orkflows for clinical applications.

ions
t tackle on this analysis the differences in turbulent kinetic energy in the flow as we decided to exclusively
all shear derived biomarkers. Previous studies have analyzed turbulence and its dependency on the
umptions including valve shape and jet velocity (40) and different turbulence models (32; 34).

criticize the choice of an idealized valve shape for the healthy and, specially, the stenosed case since
es such as the one herein presented are rarely observed in real patients. However, our work was not
ecisely characterize a patient specific condition but rather to compare the influence of the modelling

n a rigorous manner. Moreover, we have performed this analysis using a projection of the valve opening
a spatially varying profile, rather than modelling the 3D structure of the valve leaflets. This simplification
ect on the flow structure, specially in terms of turbulence generation (40). Further analysis is required to
rstand the effect of modelling choices under patient-specific conditions, such as highly stenosed patients
egular valve opening. Furthermore, the effect of the modelling assumptions would differ if we accounted
alve motion, as it has been proven that the FSI effect significantly alters WSS (54).
that numerous improvements can be incorporated in a pursuit of fidelity. However, we must consider
markers require an equal modelling complexity to provide the necessary insight to aid clinicians during
By understanding the influence which modelling assumptions have on the results, one is capable of
justified balance between accuracy requirements and modelling complexity. Achieving this balance is

tance as higher complexity implies increased computational cost, an issue which is currently limiting the
omputational tools for clinical use.

ions
rk, a thorough analysis of the combined effect of viscosity and turbulence models on WSS biomarkers
rmed. Firstly, it has revealed that non-NV have a greater impact on WSS than LES subgrid model. In

has shown to cause an underestimation of shear levels: 4.7-5.0% considering LES, 2.9-4.5% considering
s encourage the use of non-NV for ATA simulations as it will prevent underestimation of WSS. It is
at the contribution of a non-NV is amplified when combined with a subgrid model, as can be concluded
er differences in TAWSS exhibited between LES models than between laminar models. This finding
the LES model is augmenting the non-Newtonian behaviour of the fluid. Overall, in all scenarios the
llowed a similar distribution along the aortic wall, where the main differences were due to a distinct
nez et al.: Preprint submitted to Elsevier Page 17 of 22
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on-Newtonian viscosity has greater impact on WSS than LES turbulence modelling.

on-Newtonian efects are amplifed when incorporatng a LES model

all shear stress is underestmated when considering Newtonian viscosity 2.9-5.0%.

 minimum of 15 cycles should be performed when assessing computatonal methods.
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