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This paper aims at developing an anisotropic mesh adaptation strategy for Large Eddy
Simulation (LES) of industrial applications. Starting from the Isotropic Automatic Mesh
Convergence (IAMC) strategy developed in [[1] and extended in [2] and using the anisotropic
remeshing methodologies initially developed for RANS, we propose a novel Anisotropic Auto-
matic Mesh Convergence (AAMC) strategy to ensure similar LES accuracy, but with fewer
mesh elements than with the IAMC strategy. As with the IAMC strategy, this new strategy is
designed to ensure proper mean flow resolution and that enough turbulent scales are resolved
in fully turbulent regions to perform reliable LES. However, particular attention is needed
to ensure that the primary instabilities leading to the transition to turbulence are correctly
accounted for with the anisotropic meshes.

I. Introduction

In recent years, following the CFD Vision 2030 report [3]], the development of the methodology along with the
increase in available computing power has encouraged the use of Large Eddy Simulation (LES) for industrial cases
[2, 14-8]. A key component of these applications is the mesh adaptation procedure, as it allows to concentrate the
computational effort on regions of interest [9H13]].

Nowadays, in LES, these methods are mainly applied with isotropic meshes, but anisotropic meshes could be
an important ingredient to reduce the computational cost, allowing to reduce both the number of elements and the
computational time, as well as the time to solution. The framework for anisotropic mesh adaptation was developed in the
early 2000s [14]] first for two-dimensional calculations [[15,|16] and then quickly for three-dimensional calculations [[17].
Today, it allows for accurate control of numerical error [[18}[19] in various norms [20]] and these methods are widely
used for RANS applications [21] both in aerospace [22H24]] and turbomachinery [25} 26] with significant reduction in
computational complexity.

The aim of this work is to extend the use of anisotropic meshes to LES in order to achieve high fidelity simulation at
a lower cost. Furthermore, as the meshing process in today’s CFD is a complex and time-consuming task, we aim at
proposing an automatic numerical framework to build anisotropic meshes with accurate numerical error control. This
methodology should automatically capture all the physical features of the flow starting from an initial coarse grid. For
this purpose, the statistical mesh adaptation strategy proposed in [1]] and [2] originally used in an isotropic framework
will be adapted to an anisotropic framework. Particular attention will be paid to correctly capture coherent structures to
maintain LES accuracy.

In this paper, the current isotropic framework for static mesh refinement of LES is first presented and applied to the
LES of a turbulent round jet flow configuration. The adapted mesh definition is based on two criteria: the first is a
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feature-based error estimator and the second ensures the resolution of sufficient turbulent scales in a LES context. The
extension of this methodology to an anisotropic framework is then proposed and limitations are shown for the region
with transition to the turbulence. In order to address these issues, the last part of this work focuses on the development
of a new criterion for the detection and remeshing of these transition regions.

I1. LES strategies for isotropic meshes

This work has been carried out using the YALES?2 flow solver [27]. It solves the incompressible Navier-Stokes
equations on unstructured meshes based on a projection method for pressure-velocity coupling [28]] using a highly
efficient linear solvers [29]]. Explicit time integration was used for the convective terms with a modified fourth-order
Runge-Kutta scheme [30] and semi-implicit integration for the diffusive terms. The use of unstructured meshes along
with the double decomposition domain in the YALES?2 library allows LES and DNS of complex geometries to be
performed in the context of massively parallel computation. Parts of the mesh adaptation process are based on the
isotropic and anisotropic mesh adaptation library MMG [31] in a parallel mesh adaptation strategy described in [32]].
The solver has been validated for various applications including combustion [33}[34], biomechanics [35]], hydroelectricity
[36] or wind energy [37].

The Isotropic Automatic Mesh Convergence (IAMC) framework introduced in [[1] is based on the alternance of
statistics accumulation phases followed by isotropic mesh adaptations. Its aim is to ensure the accuracy of the LES by
guaranteeing an adequate mesh. This strategy results in an automatic, robust and user-independent procedure, and it
has been extensively used for various applications [1} 2, 4} 5] applications. The objective of the IAMC procedure is to
obtain mesh independence of the energy balance of the mean field, by ensuring mesh independence of the molecular
dissipation and turbulent production terms [2]. This is achieved through the use of two criteria, the first one based on
the control of the interpolation error of the mean field, and the second one ensuring the resolution of sufficient turbulent
scales for LES.

Based on previous works [[14} 18] 38], it can be shown that the error on the mean field on an isotropic mesh with a
cell size h can be bounded by

0C) = h*Hy, (1

where H is the highest absolute eigenvalue of the Hessian of the time-averaged quantity of interest f (here the kinetic
energy of the mean field). This leads to the determination of the isotropic adapted cell size, hgc,,

C
hoc, = {Q(HLT’ @)

where QC 7 is the constant target value for the error on the quantity of interest to control and make uniform the error in
the overall computational domain.

However, an additional constraint has to be applied to the mesh size (acting as the filter size) to explicitly resolve
enough turbulent scales and then ensure reliable LES. It can be shown that for fully turbulent flows at least 80% of
the turbulent kinetic energy (TKE) must be explicitely resolved [39]]. Therefore, a second criterion based on the TKE
resolution is used. By defining the explicitly resolved TKE, K~, and the unresolved (modeled) TKE, K<, the second
criterion is thus defined as this ratio [1} 2],

<
Cos ke @

Based on the theoretical behavior of the subgrid-scale (SGS) model with the decrease of the mesh size [39}40], an

estimation of the isotropic adapted cell size due to this criterion is

0C 1 )3/ 2
0C, ’

with QC, r the targeted quantity of unresolved kinetic energy set to 0.2 and & the cell size of the current mesh. The
final isotropic adapted cell size is then defined as the minimum value between hoc, and hgc,.

hoc, = h o



Application of the methodology to the turbulent round jet flow
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(a) Illustration of the adapted mesh at the center plane
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the local cell size (top). taneous velocity norm

Fig. 1 TIAMC strategy applied to the turbulent round jet

As in [2], the presented methodology is now applied to a canonical turbulent round jet in co-flow with a Reynolds
number Re = 4000. The only notable difference is the use of the o subgrid-scale model [41] instead of the dynamic
Smagorinsky model [42]. Starting from an initial coarse mesh (with uniform cell size equal to one inlet radius of the jet)
the TAMC procedure converges to the adapted mesh shown in Fig.[Ta] As expected, close to the jet inlet, the cell sizes
are smaller in the shear layer where the highest mean velocity gradients are found (Fig.[Tb). In this region the cell size is
then controled by the QC criterion (Fig.[Ta). This leads to the development of Kelvin-Helmholtz instabilities, and then
to the transition of the flow to a turbulent state. This transition results in an increase in small-scale turbulence and a
reduction in mean velocity gradients due to turbulent diffusion. In the turbulent region, the cell size is predominantly
controlled by the QC criterion.

II1. Extension to anisotropic meshes

This strategy is now extended to anisotropic meshes to be able to propose a Anisotropic Automatic Mesh Convergence
(AAMC). For anisotropic mesh adaptation, the metric is a tensor field (whereas in the isotropic case it is a scalar
characterizing the cell size), which allows to take into account different sizes in different directions. This tensor field is
used to define the local cell size and orientation throughout the domain. The use of such an anisotropic metric tensor is
widely studied in the literature [14} 13} 20] and only a short introduction will be given in this article (see [20} 43]] for
details).

The metric tensor M is symmetric and positive-definite, so it can be decomposed into

A 0 0
M=R|0 A 0 |RT = RART, (5)
0 0 A

with R the orthonormal matrix composed of the eigenvectors v; of M,
R=(v1 v2 v3)

which are two-by-two orthogonal, and A is a diagonal matrix composed of the eigenvalues A; of M. These eigenvalues
characterize the cell size specification #; in this basis, A; = #
In this context, the first mesh adaptation criteria proposed to control the error on the mean field discretization [14]



can be written as,
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with QC| r the desired maximum interpolation error and H the Hessian of the discretized quantity of interest (here the
kinetic energy of the mean field). Note that the isotropic formula Eq.[T]is just a particular case of this formulation where
the smallest cell size is taken.

Since the QC, criterion (Eq.[3) is used to define the filter size of the LES approach, it is expected to stay isotropic.
This criterion remains unchanged for anisotropic meshes, leading to a diagonal metric tensor,

-2
hQC2 0 0
MQC2 = 0 hézcz 0 7)
-2
0 0 hQCz'

Both metric tensors are then intersected to keep only the most restrictive criterion in each direction and
to ensure a mesh that satisfies both criteria throughout the domain. An anisotropic cell size gradation and
maximum anisotropy are also imposed on the metric field before the remeshing process to ensure a regular enough
mesh in adequation with the numerical methods used.

Application of the methodology to the turbulent round jet flow
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(a) Isotropic mesh (b) Anisotropic mesh

Fig. 2 Isotropic and anisotropic mesh comparison in the near-field region of the jet

The presented methodology has been applied to the turbulent round jet in co-flow test case in order to compare the
isotropic and anisotropic mesh adaptation strategies. The resulting anisotropic mesh shows highly anisotropic cells
in the shear layer in the near-field of the jet, resulting in a total number of elements divided by 4 compared to the
isotropic case (Fig.[2b). Indeed, as shown in the previous section, the mesh adaptation in this region is controlled by the
rapid variation of the mean field in the radial direction. Downstream, when the turbulence is more developed, the QC>
criterion takes over, leading to identical mesh for the isotropic and anisotropic simulations (not shown). However these
anisotropic cells (up to an aspect ratio of 60) in the near-field, do not allow to correctly describe the development of the
Kelvin-Helmholtz instability in this region, as seen in Fig. [5| where the instantaneous vorticity field is strongly distorted
and smoothed by the anisotropic cells, in comparison with the isotropic case.

This incorrect representation of the primary jet instability has consequences on the statistical quantities. Fig. 4]
represent the mean and the rms (root-mean-squared) velocity profiles close the jet inlet (at a distance x/D = 1 where
D is the jet diameter). The mean field is well discretized on the anisotropic mesh, but the fluctuating part is strongly
underestimated. This emphasizes the fact that another criterion must be used in the context of anisotropic mesh
refinement of turbulent flows, in order to accurately describe the flow in regions where transition to turbulence occurs.



(a) Isotropic mesh (b) Anisotropic mesh

Fig. 3 Instantaneous vorticity norm in the near-field of the jet.
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Fig.4 Mean and rms axial velocity profile at x/D = 1

Note that these regions cannot be described using the QC; criterion (guaranteeing the resolution of enough turbulent
scale), because there are no (or few) modeled turbulent scales (the SGS model is expected to vanish in this region). On
the other hand, these regions show transient phenomena (Kelvin-Helmholtz instability in the round jet case) that are not
captured by the mean flow criterion (QC1), which therefore leads to highly anisotropic cells.

IV. Preliminary results: towards a new criterion for the anisotropic remeshing of transition
regions in the turbulence

The previous section highlights the fact that the current isotropic mesh adaptation methodology, which is based on
the accurate mean field discretization and the resolution of enough turbulent scales, lacks a criterion for the region of
development of turbulence. These regions exhibit transient features that need to be resolved, but are not fully developed
in terms of turbulence. This section of preliminary results aims to fill this gap by proposing a new criterion in order to
develop a robust strategy for the static anisotropic remeshing of LES. The first part of this section is devoted to the
presentation of such a criterion, which will later be used to detect the transition region on the round jet flow, where a
dedicated time-accurate metric needs to be applied.

The physical detection of turbulent features of a flow is a topic already assessed in the construction of a subgrid-scale
model for LES. The o-model [41]] takes advantage of the singular values of the velocity gradient tensor to vanish when
the flow exhibits two-dimensional or two-component features, or in the case of pure shear, which are flow characteristics



expected in transition regions. Starting from the velocity gradient tensor g (with g;; = du;/dx;), its singular values
o1 > 0 > 03 are the square roots of the eigenvalues of G = ng. The smallest singular value o3 is null when a row or
a column of g is zero, which implies that the flow is two-dimensional. Furthermore, pure axisymmetric expansion or
contraction are detected when o, = 03 or o] = 0. The eddy-viscosity of the o-model is then constructed as follows,

)20'3(0'1 - 0‘22(0'2 - 03) 8)

1

vsGs = (Coh

with / the local (isotropic) cell size and C, a constant, to guarantee that the eddy-viscosity vanishes in two-dimensional
flow regions or in pure shear flow regions.
In this work, a sensor to identify these regions is adapted from this model,

o301 — O 0y — O
Osensor = 3(an 22( E 3) . 9)
9

Small enough value of o.,50,- allows then to identify transition regions where a specific adapted metric needs to be
computed. In the detected regions, the metric is constructed by performing a time intersection of the metrics computed
on the instantaneous resolved kinetic energy, as introduced in [48] and [49].

Application to the jet flow test case

(a) osensor field (null values in blue) (b) Close up view on the mesh around the ogensor

Fig. 5 Anisotropic mesh using the ogensor

This new strategy is now applied to the LES of the turbulent round jet. As expected, 0sensor has high values when
the turbulence is developed, and tends to vanish when the flow exhibits transient characteristics. This is shown in Fig.[5a]
where 0 gensor tends to O (blue) in the shear layers in the near-field of the jet, which is indeed the region that requires a
small enough mesh size to properly trigger the Kelvin-Helmholtz instability. The transition region is detected using a
threshold on this sensor. In the detected regions, the adapted metric based on the instantaneous resolved kinetic energy
leads to a strong refinement and a reduction of the cell anisotropy (Fig. [5b).

This strategy accurately describes the transient behavior in the near-field of the jet and accurately triggers the
Kelvin-Helmholtz instabilities. This then allows the estimation of the rms axial velocity to be corrected (Fig. [6).
However, it should be emphasized that the increased number of elements in the 0.0, region only leads to a 35%
reduction in the number of elements compared to the classical isotropic case (while the anisotropic mesh described in
Sec. [[II] leads to a 75% reduction).
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Fig. 6 Results for the anisotropic mesh with the transition criterion

V. Conclusions and perspectives

In this work, the YALES2 automatic mesh convergence procedure for isotropic meshes for LES developed in [1]]

[2] is adapted to anisotropic mesh framework. A limitation of this strategy is pointed out, consisting in inaccurate

resolution of the regions where the transition to turbulence occurs. An original methodology based on a turbulence
sensor is proposed to solve this problem. The test case shows a significant improvement in terms of accuracy in the
region of transition to turbulence, with an accuracy close to the isotropic mesh case.

Next perspectives for this work are to optimize the strategies around the o~ sensor and metric construction in this

region and to apply the presented methodology to other academic and pre-industrial cases.
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