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Abstract Hybrid RANS/LES methods can produce more reliable results than RANS with a reasonable
computational cost. Thus, they have the potential to become the next workhorse in the industry. However,
in continuous approaches, whether or not they depend on the grid step explicitly, the ability of the model
to switch to a well-resolved LES depends on the mesh generated by the user, such that the results are
user-dependent. The present paper proposes a self-adaptive strategy, in which the RANS and LES zones
are determined using physical criteria, in order to mitigate the user influence. Starting from an initial
RANS computation, successive HTLES are carried out and the mesh is refined according to the criteria.
To demonstrate the feasibility of this strategy, the method is applied to the backward-facing step case
with the Hybrid Temporal Large Eddy Simulation (HTLES) approach, but is suitable for any other hybrid
approach. The results obtained show that the method reaches a fixed point after only a few simulations
and significantly improves the predictions when compared to RANS, with no intervention from the user.
Even though the process is still a long way from being applicable to a wide range of turbulent flows, this
paper is a demonstrator of the applicability of this self-adaptive strategy.

Keywords Hybrid RANS/LES, Self-adaptive strategy, Physical criteria, Active forcing, Demonstrator

1 Introduction

The Reynolds-Averaged Navier-Stokes (RANS) method makes it possible to investigate industrial cases
due to its low computational cost, but often lacks reliability and only produces statistical results. The
multi-physics flows encountered in combustion chambers or in solar receivers of concentrated solar power
systems exhibit strong coupling between the dynamics and the heat transfer, the flows around wind turbine
blades, under unsteady and turbulent atmospheric conditions, and the flows around complex geometries,
such as inside the engine bay are examples for which RANS can be unreliable, leading to a poor flow estimate.
The limitation of RANS models in producing satisfactory drag predictions for the flow around bluff bodies,
such as flow around wind turbine mast or around the car mirrors, is notorious. Large adverse pressure
gradients and separation encountered in a wide range of practical problems, such as transonic airfoils and
wings, supersonic engine intakes, diffusers of centrifugal compressors, and turbo-machinery cascades are also
known to be very challenging for RANS. In addition, in high-lift flows on transport aircraft, characterized
by significant geometric complexity of the high-lift system, the generated high lift is associated with high
suction peaks followed by strong adverse pressure gradients that may lead to separation. The accuracy
of RANS methods for predicting the maximum lift coefficient and the associated incidence is generally
insufficient. The reader is referred to Bush et al. [6] for a detailed review of RANS limitations. In most
industrial cases, there is also a need of unsteady information to compute the fluid-structure interactions,
which is lacking in RANS. This is illustrated for instance in the field of marine energy where precise unsteady
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Fig. 1: Schematic view of the problem (here non-conformal grid are represented for the sake of clarity). Top:
Usual user-dependent hybrid RANS/LES. Bottom: Proposed self-adaptive strategy.

information is needed to compute the loads applied on the structures. On the other hand, LES, by only
modeling the small turbulence scales, generally provides more accurate results and gives access to unsteady
information. However, its computational cost remains too high in wall-bounded high Reynolds number
industrial configurations. Even if the computing power is expected to continue increasing, Large Eddy
Simulation (LES) should remain too expensive in many domains in a foreseeable future [40].

In most cases, it is desirable to resolve a larger range of the turbulence spectrum to get more information
on the flow and handle strongly swirling flows, large-scale separation, acoustics sources, etc. Hybrid
RANS/LES models are thus very promising since they can drastically reduce the computational cost of LES,
give access to time-dependent information, and provide more reliable results than RANS. In these approaches,
modeled motions, associated with the RANS and the LES models, and resolved motions, associated with
the unsteady modes captured in the LES region, coexist. Hybrid RANS/LES methods may be divided into
two categories: zonal, or discontinuous, and non-zonal, or continuous, approaches. In the first case, two
different models are used in two subdomains. The main challenge with these approaches is to deal with the
boundary conditions at the interface between the two modes. In non-zonal, or continuous approaches, only
one set of equations is used and the transition from RANS to LES relies on model parameters updated
during the computation. Some of the most usual non-zonal hybrid RANS/LES approaches are the family
of Detached Eddy Simulation (DES) models [43], the Partially-Integrated Transport Model (PITM) [8],
the Partially-Averaged Navier-Stokes (PANS) method [20], and the Scale-Adaptive Simulation (SAS) [36].
The reader is referred to Chaouat [9] or [22] for recent reviews of hybrid RANS/LES methods. In many
methods, the RANS-LES switching is based on the grid size. In other methods [35, 38, 21], the switching
is based on criteria independent of the grid step. However, in all cases, the size of the smallest resolved
vortices is inevitably linked to the grid step. The mesh designed by the user therefore has a major influence
on the model’s ability to switch to LES mode locally.

Most industrial flows involve complex geometry and multi-physics phenomena inducing complicated
mesh generation and strong couplings. The flow through solar receiver including vortex generators for heat
transfer improvement is a example of flow situations critical for industry. The future of CFD solver will
probably be oriented towards the user-independence and the use of multi-fidelity approaches such as hybrid
RANS/LES, which highlights the need for self-adaptive approaches for hybrid RANS/LES.

A grid convergence can always be reached in RANS computations making them theoretically user-
independent. It is true that in industrial applications, the question of mesh convergence remains problematic,
as it requires a great deal of time and computing resources. However, this convergence can be sought,
and many efforts are being made to make this process automatic (e.g. [3]). For pure LES and hybrid
RANS/LES, the situation is more complex. On the one hand, there is no longer any grid convergence of
the time-dependent solution, except at the DNS limit, and it is only convergence of the flow statistics that
can be sought. On the other hand, for continuous hybrid RANS/LES approaches, the model is designed
to remain in RANS mode in areas where the mesh is not fine enough to achieve good LES, and so the
extent of the RANS and LES zones is mesh-dependent. Guided by intuition and/or experience of the flow
under consideration, along with an understanding of the limitations of RANS models, users decide to refine
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the mesh in areas deemed necessary for transitioning to LES mode. This is illustrated by Fig. 1 for the
example of a backstep flow: two users may generate very different meshes, yielding different LES regions and,
consequently, different results. Such user influence is highly dangerous in an industrial context, and in order
to ensure the reliability of CFD for the design, dimensioning, and certification of industrial systems [37,
44], mitigating the user influence is of major importance. In contrast, RANS calculations are in principle
user-independent: for a given model and given boundary conditions, the grid-converged solution is unique.
In hybrid RANS/LES, in particular the choice of the zone where the mesh is refined in order to switch to
LES, can lead to very different results for two users. The aim of this article is to investigate the feasibility
of a new methodology for making hybrid RANS/LES as user-independent as RANS.

Some approaches, often referred to as self-adaptive, break the explicit link between model and local grid
step. The switch from RANS to LES is then driven by a physical criterion evaluated during the computation,
such as the ratio between the integral and von Kérmén length scales [36, 27] or the ratio of modeled to total
turbulent energy [20, 38, 39, 5]. This type of models, called second generation Unsteady RANS (URANS)
models by Frohlich et al. [17], introduces a partial decoupling between the model and the mesh, enabling
the model, for example, to decide to remain in RANS mode even if the mesh is fine. The physical criteria
used enable the model to detect whether turbulent structures appear locally in the resolved field, and to
reduce the turbulent viscosity or the Reynolds stresses accordingly. However, it is clear that the decoupling
is not complete, since the size of the resolved structures is still constrained by the grid, and the model
cannot switch to LES mode if the mesh is too coarse, such that the user’s influence remains very significant.

A way of avoiding the latter problem is that the mesh size is not set by the user, but by an adaptive
meshing process. A few studies have explored hybrid RANS/LES methods focused on investigating mesh
self-adaptivity within a predetermined and fixed LES region. Limare et al. [29], using DES, proposed
remeshing based on physical criteria, to adapt the mesh in the LES zone using a simulation strategy
combining an octree-Adaptive Mesh Refinement (AMR) and overset grids. The grid size is partly controlled
by one of the three following criteria, depending on the case study: the laminar-to-turbulent viscosity ratio,
the von Kéarman length scale-to-grid step ratio, or the Taylor length scale-to-grid step ratio. Assessing
local LES-resolution sensors for hybrid RANS/LES simulations, Reufl et al. [41] performed Improved
Delayed Detached-Eddy Simulation (IDDES) of a flow over a backward-facing step. They studied different
formulations of a mesh sensor that detect under-resolved regions in LES region and can be used as input
for automatic and local mesh refinement. Specifically, they proposed to refine the mesh in the LES region if
the resolved turbulent kinetic energy is less than an arbitrary target of 80% of the total turbulent kinetic
energy outside of the RANS region.

One step further is the work of Woodruff [47], in which the extent of the LES region is also self-adaptive.
The location and size of the LES region are imposed by the user at the beginning of the workflow, then the
region is allowed to grow until the solution becomes insensitive to this growth, and the grid size is adapted
based on the local value of the strain rate. In this approach, the position of the LES zone is still determined
by the user, based on a priori knowledge of the flow, but the size of this zone and the mesh refinement are
determined adaptively.

In hybrid RANS/LES, the gray area mitigation is a major concern since the method suffers from
excessively slow generation of resolved structures. When transitioning to LES, the model is designed to
reduce the modeled energy, but there is no mechanism to transfer the equivalent amount of energy into
the resolved motion, resulting in an underestimation of the total turbulent energy. There are several types
of methods to generate resolved structures. Synthetic turbulence approaches are mostly based on Fourier
reconstruction techniques, refer to [24] for instance. Another type of forcing aims to generate virtual vortices,
either by superimposing them to the velocity field or by adding a restoring force in the momentum equation.
Volume forcing methods are linked to the relative orientations of the flow and the wall and are thus weakly
flexible [33]. A review of the existing methods has been performed by Keating et al. [26]. In the present
study, the active forcing proposed by Mehta et al. is used [33], allowing to generate resolved structure with
no prior information on the flow, and thus improving the flexibility of use of hybrid RANS/LES methods.

The aim of the present study is to develop a fully self-adaptive approach in which the user does not
influence the definition of the RANS and LES regions and the resolution in the LES region. Starting
from a RANS computation with a mesh obtained after a grid convergence study, the proposed method
autonomously determines both the LES and RANS/LES transition regions, along with the size of the cells
in the LES region based on physical criteria, as illustrated in Fig. 1. As RANS results are grid converged,
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Fig. 2: Algorithm used for the self-adaptive approach.

they are considered here to be independent of the user. However, it is possible to rely on a RANS calculation
with automatic mesh refinement, so as to completely avoid any user influence on the initial state of our
algorithm. Successive hybrid RANS/LES computations are conducted and the characteristics of the LES
and transition regions are updated after each simulation until a fixed point is reached. Here, the expression
fized point is used in the same sense as for sequences, i.e., the solution is identical (within a convergence
tolerance) to the solution obtained at the previous iteration of the algorithm. As a demonstrator, the
strategy is applied to the backward-facing step case [28] using the HTLES approach [14], in its active
version [33]. Note that the purpose of this article is not to evaluate the HTLES model, which was already
validated in several cases [30, 2, 13, 32] and is available is the commercial code STAR-CCM+ under the
name SRH [23, 31].

The paper is organized as follows: the flow configuration is presented in section 2, our self-adaptive
strategy is described in section 3, focusing on the possible physical criteria to identify the region where
LES is necessary (section 3.1), the way to determine the size of the RANS/LES transition region (section
3.2), and criteria used to fix the targeted grid step in the LES region (section 3.3). The hybrid RANS/LES
model used for testing this strategy, the active HTLES of Mehta et al.[33] is described in section 4. Finally,
in section 5, the self-adaptive strategy is evaluated in the case of a backward-facing step, by investigating
the evolution of the RANS and LES zones and the associated mesh during successive iterations of the
algorithm, as well as comparing of the results with Direct Numerical Simulation (DNS) data.

2 Configuration
The demonstrator of the self-adaptive strategy is applied on the backward facing-step case, reproducing

the geometry and the physical setup of the DNS of Lamballais [28], with a bulk Reynolds number
Re = Uy H/v = 5000, where H is the half-width of the channel and Uy the bulk velocity downstream of the
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Fig. 3: Turbulent viscosity profiles in the y-direction for 12 streamwise locations. DNS results are from
Lamballais [28]. The region of the main discrepancies between the RANS and DNS profiles is highlighted
by the red trapeze.

expansion. The expansion ratio h/H is 2/3. Only the lower half of the domain is considered with a symmetry
applied at y/H = 1. The extent of the computational domain is 4H upstream and 16 H downstream. In the
spanwise direction, the domain size is H and the flow is periodic. In the hybrid RANS/LES literature [42,
11], the spanwise extent is generally set to 2H to avoid any domain size effect. In the present case, we chose
an extent of H to reduce computational costs. This might have a minor impact on the results, but it does
not affect the main conclusions drawn about the proposed methodology. A periodic RANS channel flow
computation is used as the inlet boundary condition. The RANS model is the k-w-SST model [34].

Note that in the present work, all the computations are carried out using code_saturne, a general CFD
solver developed by EDF [4], based on a finite-volume method and a fully collocated arrangement for all the
variables. A standard predictor-corrector scheme (SIMPLEC) is used to solve the velocity-pressure system.
The Crank-Nicholson time scheme and a second-order (upwind in the RANS zone, centered in the LES
zone) convection scheme are used. For hybrid RANS/LES, the statistical quantities are evaluated using
both temporal averaging and spatial averaging in the periodic direction (z).

3 Self-adaptive strategy for hybrid RANS/LES

The proposed self-adaptive strategy is summarized in Fig. 2. This method aims at autonomously determining
the LES and transition zones as well as the cell size in the LES zone. It consists in successive simulations
to iteratively update the zones and the cell size until the LES region remains stable. More precisely, the
algorithm is initialized by a grid-converged RANS calculation. The RANS results are used to evaluate, based
on a physical criterion, in which region to switch to LES mode. Two nested boxes are defined, delimiting
the LES region and the RANS/LES transition region. The mesh in these two boxes is then refined to
satisfy a resolution criterion. A new calculation is performed in hybrid RANS/LES using this automatically
refined mesh. The physical criterion for determining the LES zone is updated on the basis of the average
solution obtained in this hybrid RANS/LES simulation. Practically, after each computation, the statistically
averaged quantities are used to determine the LES region and the local grid requirements for LES for
the next one. These instructions are provided to the remeshing tool (GMSH [19]) to generate the grid for
the next computation. If the LES zone is larger than previously, then a new iteration of the algorithm is
performed. Currently, each new computation is started from scratch with adapted zones and mesh. With
view to disseminate the methodology in industry, it would be beneficial to project the velocity and pressure
fields on the new mesh to restart the computation. This would decrease the computational cost and make
the strategy more cost-effective. Otherwise, the algorithm stops and the solution obtained at this iteration
is the result of the auto-adaptive process. This result is not necessarily the closest possible to DNS: an
expert user could potentially achieve a better adaptation of the LES zone and the mesh could be further
refined, but it is worth recalling that the aim is precisely to have a method that does not depend on the
user’s expertise. Furthermore, in an industrial context, the aim is not to achieve a very fine LES, but to
improve RANS results by switching to LES in the appropriate zones.
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Fig. 4: Isocontours of some candidate physical criteria for defining the interface between RANS and LES.

The three steps highlighted in yellow correspond to pivotal aspects of the present study and are detailed
in subsections 3.1, 3.2, and 3.3.

3.1 Where to switch to LES?

It is desirable to switch to LES in regions where the RANS computation may not be reliable, and to
identify this region by applying criteria that can be evaluated from the RANS results only, without
recourse to comparison with experimental or DNS data, which are not generally available in an industrial
configuration. In order to identify a relevant criterion, in this section, we compare in Fig. 3 the RANS
turbulent viscosity against the equivalent DNS turbulent viscosity v &~ —(u'v")/(0U/dy) computed from the
data from Lamballais [28]. The equivalent DNS turbulent viscosity exhibits singularities where the velocity
gradient is zero. Apart from these singularities, the region where the largest discrepancies are observed
between RANS and DNS is highlighted by the red trapeze. The aim of the remainder of this section is to
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Fig. 5: Visualization of the region where P/e > a based the RANS computation performed with the k — w
SST model. The two bounding boxes delimit zones A, B, and C corresponding to the RANS, RANS/LES
transition, and LES zones, respectively.

determine a criterion, based solely on RANS results, without using DNS data, that can be used to identify
this region, in which the hybrid model must switch to LES in order to improve the results.

The physical criteria used to define the refinement region in the framework of self-adaptive hybrid
RANS/LES must be

(i) based on Reynolds-averaged quantities,
(ii) independent of the grid step,
(iii) non-dimensional,
(iv) objective (independent of the reference frame).
Numerous physical criteria corresponding to the constraints listed above have been considered and
evaluated on the basis of RANS results. Those that seem most relevant, at least for the case of the

backward-facing step, are presented in Fig. 4. They involve the turbulent kinetic energy, k, the production
of turbulent kinetic energy, P, the dissipation, ¢, the strain rate S = ,/25;;S;;, the Taylor length scale,

Ip = \/10vik/e, the Von Kérman length scale, Iy x = KS/|H|, where K = 0.41 and |H| is the Freebenius
norm of the Hessian matrix of the velocity, computed as follows:

02u 2 02%v 2 0w ?
IHlr= > (M) +Z (axiax) +Z ((%iawg‘) . W
27] 1’7‘7

4,3

Overall, the criteria studied show a sharp increase downstream of the step, then the region colored in red
extends downstream and moves away from the bottom wall. This is explained by the flow separation and
the development of a reattached boundary layer. In Figs. 4a and 4b, the criteria exhibit high values in the
detached shear layer, the near wall region, and the beginning of the recirculation zone. As the near-wall
region is intended to stay in RANS mode, they are not adopted for this self-adaptive strategy. The third
criterion presented (Fig. 4c) shows three thin red zones: the first follows the wall and is mainly due to
the term e/ k3/2. The second and the third zones are induced by the first-order derivative-to-second-order
derivative ratio involved in the Von Karmén length scale. This criterion, which is used in SAS to identify
regions where turbulent structures appear in the resolved field, is therefore unsuitable for identifying
detached shear layers from a Reynolds-averaged solution. The last criterion identifies the detached shear
layer satisfactorily and corresponds relatively well with the zone identified in Fig. 3, where the RANS might
not be sufficient. For these reasons, it could be used in the case of the backward-facing step. Combining
different criteria, able to capture numerous flow features, to make the adaptive approach ready for a wide
range of applications is beyond the scope of the present paper.

Therefore, in order to demonstrate the applicability of the adaptive strategy, the criterion chosen herein
is simply the production-to-dissipation ratio. This criterion makes it possible to separate the zones close
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to spectral equilibrium (P/e close to unity), where RANS models are generally sufficiently accurate, and
the out-of-equilibrium zones where it is preferable to switch to LES mode to improve the quality of the
results. Indeed, RANS models are designed and calibrated to correctly reproduce attached boundary layers,
which are zones where turbulence is close to equilibrium, and are based on assumptions that are not true
in out-of-equilibrium regions, such as using dissipation to calculate the integral scale and the turbulent
viscosity. In the future, different criteria must be combined to cover a wide range of flows, but for the
particular case of the backward-facing step, this single criterion is sufficient to demonstrate the feasibility
of an auto-adaptive algorithm. Thus, regions where to switch to LES are identified via the threshold

P
— > (2)

where P and ¢ are the total production and total dissipation, respectively, and the threshold is chosen as
«a = 1.4. Note that the case of laminar regions where P and e are both zero can be treated by deactivating
the switch in such regions. The computation of the production-to-dissipation ratio, which relies on quantities
averaged in time and span direction, is updated at the end of each computation to adjust the LES zones
from one computation to the other. Note that the value o = 1.4 has been determined based on the results
shown in Fig. 3 to achieve a relevant size for the LES region for this test case. However, for the application
of the self-adaptive strategy to industrial cases, the threshold selection need to be standardized by domain
experts to ensure consistency across different engineers. This criterion is not sufficient to generalize our
approach, for several reasons: on the one hand, different flows with P/e > 1, such as homogeneous shear
flows, reach a weak-equilibrium state with constant Reynolds stress anisotropies and self-similar mean
velocity profiles, and are well reproduced by RANS models; on the other hand, there are many physical
mechanisms difficult to reproduce in RANS [18], which requires a multi-criteria approach. However, the
threshold o = 1.4 is well suited for the backward facing step case, leading to a relevant LES zone, in
relatively good agreement with the main modeling error region, as seen in Figs. 3 and 4d, such that it is
used here to demonstrate with a simple criterion the feasibility of our approach. Figure 5 shows the region
identified by this criterion. The total production is obtained from

pP=- (u;u;. + T;;) Sij. (3)

u;u; is the Reynolds-averaged (in practice, averaged in time and in span), which is zero in a RANS
' is the Reynolds-averaged sub-filter stress tensor, equal to the Reynolds-stress tensor in

computation. 7;j
RANS mode, and S;; is the mean strain rate tensor. The total dissipation is computed as

€= €m/Te, (4)

where e, is the Reynolds-averaged sub-filter dissipation. r¢ is the ratio of the modeled dissipation em to
the total dissipation e. This ratio is equal to one in RANS, and generally considered very close to one in
LES mode, since the small scales are not resolved [14]. However, in low Reynolds number regions, such as
the recirculation region downstream of the backstep, a small part of the dissipation can be resolved. This
must be accounted for in order not to bias the evaluation of the criterion (2). The determination of r¢ in
the framework of the HTLES model used herein is presented in section 4. Note that, to address inherently
unsteady flows, the Reynolds averaging used to compute the criteria can be replaced with filtering over a
short period of time that is adapted to the flow characteristics. Some work on selecting an appropriate
filtering time for unsteady flows has already been conducted in the PhD thesis of Afailal [1].

3.2 How to ensure the RANS/LES transition?

Bounding boxes are defined around the region satisfying the physical criterion given by Eq. (2) in order
to adapt the mesh, as shown in Fig. 5. For practical reasons, the RANS, RANS/LES transition, and LES
zones are denoted A, B, and C, respectively. They are obtained using the following rules:

(i) The LES zone (zone C) is the smallest rectangle containing the P/e > a region.
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(ii) The transition zone (zone B) is used to smoothly link the meshes used in LES and RANS zones. It is
characterized by a rectangular shape bounding the LES zone with a thickness § = 0.5 <11>P/E>a where
(l[>P/e>a is the mean of the integral length scale in the zone satisfying Eq. (2). If at the end of a
simulation the region corresponding to P/e > « extends until the bounds of the transition zone, the
thickness § of this zone is multiplied by 10 in this direction for the next iteration of the algorithm, to
reduce the total number of iterations to reach the stabilization of the adaptive method. Upstream, the
beginning of the transition zone is fixed with a length of

lint = Cinid, (5)

where C;,,; = 5 is a constant, which is determined by a preliminary study presented in Sec. 5.1. This
is the minimal length required for the volume forcing presented in Sec. 4.2 for generating turbulent
structures. Note that, since a shielding function is applied in the hybrid RANS/LES model from the
wall to yT = 20 to enforce the RANS mode in the near wall region, this shielded region is excluded
from zone B. The implementation of a shielding function, as described in Sec. 4 is essential to ensure
the integrity of results, particularly in cases where near-wall meshes are ambiguous (fine enough to
resolve turbulent structures but too coarse for wall-resolved LES). The parameters of the shielding
function are not intended to be modified by the user.

(iii) The RANS zone (zone A) is the rest of the domain. The RANS mode of the hybrid RANS/LES model
is imposed. In this zone, the mesh will not be refined.

3.3 What is the targeted cell size in each region?

In order to provide a user-independent method, the mesh size in the LES region must now be set by an
objective criterion. The criterion chosen here is the ratio rx of modeled energy ky, to total turbulent energy
kr. Assuming a Kolmogorov spectrum, we have

kw1 [ 30, [ K32\ P
TK_T_E/RC E(k)dk = 3 </<;c€ ) , (6)

m

with ke = m/A the cutoff wavenumber, €, the modeled dissipation, which definition depends on the model
used, and k = km + k. The closer g is to 0 the more resolved energy and the less modeled energy. Equation
(6) reflects the fact that the unresolved energy scales with A?/3 and, consequently, the subgrid viscosity
scales with A%/3 (see [15] for a detailed analysis). The cell size to reach the targeted energy ratio rg is thus

computed as
3/2 ,3/2
N .
A—W(BCK> p— (7)

Since it is linked to the integral length scale k%/2 /em, A is variable in space and is given as a local target
to the meshing tool. The computation of the targeted cell size, which relies on quantities averaged in time
and span direction, is updated at the end of each computation to adjust the cell size from one computation
to the other.

The rules followed to build the new mesh are:

(i) In the RANS zone (zone A): the mesh is kept unchanged.
(ii) In the LES zone (zone C): the new unstructured mesh is built, composed of cells whose local target
size is given by Eq (7).
(iii) In the transition zone (zone B): the targeted cell size in the transition zone is equal to the maximum
cell size obtained in the LES zone and the smooth transition between the structured RANS and
unstructured LES meshes is ensured by the meshing tool.

In this study, the GMSH software [19] is used to generate the grids. The unstructured zones are meshed
with the Packing of Parallelograms algorithm. After each computation, the statistically averaged quantities
are used to determine the LES region and the local grid requirements for LES for the next one. These
instructions are provided to GMSH to generate the grid for the next computation. The interface between
the LES and the RANS mode is smoothed to avoid the numerical errors caused by a discontinuity in the
targeted energy ratio.
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4 Turbulence modeling

Although the self-adaptive methodology can be associated to any continuous hybrid RANS/LES approach,
HTLES-k — w-SST [14] is used in the present study, in its active version recently proposed by Mehta et
al. [33]. For more details, the reader is referred to these two papers.

4.1 Hybrid Temporal LES (HTLES)
Derived from the PITM model [8, 16], the HTLES is a continuous hybrid approach in which the hybridization

term in the energy equation is based on a time scale driven by the energy ratio r. The equations resolved
are the following:

o alksfs
Vsfs = >
max [alw(r)w:fs,FQS}
aksfs 7 aksfs ksfs
= Isfs D sfs — )
5t + U i fs + Dist T (8)
8w*f ~ 8w*f w*f, *
SIS SIS — SIS D
ot +Uk al’k Yw ksfs + wsfs
x 2 *
7ﬂwwsfs +Cwsf57
with the production limiter
Psfs = min |:st5527 QQCﬂksfsw(T)w;fs} ) (9)
the diffusion terms
8 Vsfs 8k*f
D = — —5 1
ksfs ax] |:<l/+ ok ) 81’] :| ( 0)
and
1o} Vsts\ Owlig
Dests = ( );ﬁi, 11
wsfh 8xj{y+ Ow 81:j] (11)

and the cross-diffusion term,

2 1 1 Owlss Oksts

* = (1 - F —_— .
Costs = ( 1) Ouws w(r)w;‘fs dx; Ox;

(12)

Buw =Cu(Ce2 — 1), v = Ce1 — 1, Fy and F» the blending functions, and a1, a2, Ce1, and Cea are the usual
coefficients of the k-w SST model.
T is the turbulent time scale that drives the transition from the RANS mode to the LES mode

r  km + crkr

Tm = _—
(1) Cukmwin

(13)

where ¢, is the coefficient imposing the internal consistency constraint: in the RANS zone, resolved energy
due to the penetration of turbulent structures from the LES region is not counted in the total turbulent
energy in order to strictly tend to the RANS model in this zone,

0if r =1,
CT*{fS if r < 1. (14)

¥ (r) is the hybridization function defined by

_ Buw
Cuvw + T(ﬂw - Cu’Yw) .

P(r)

This expression goes to unity when r = 1, such that the RANS model is recovered.
The energy ratio
r=(1—fs)+ fs xmin[l,rg]. (16)
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Table 1: Coefficients of the HTLES-k — w-SST model.

Bo Y Cy Co p1 p2
0.48 2/3 13.5 1.2 8 6

involves the shielding function fs introduced by Duffal et al. [14] to avoid grid-induced separation and the
log-layer mismatch when ambiguous near-wall meshes are used (fine enough to resolve turbulent structures
but too coarse to perform wall-resolved LES):

fs =1 —tanh [max (51;(1,51]32)} , 1

with £ = C1 (1/3/5)1/4 /dw, and £p = CaAmaz/dw, where dy, is the distance to the wall and Asmaq the local
cell elongation (longest edge of the cell). The energy ratio rg, active far from the wall where the shielding
function goes to one, is obtained analytically from an equilibrium Eulerian temporal spectrum [45],

2/3 —2/3
1 Us k
_ 1 (U L 18
'K 60 (\/E) (UJ 5m> ( )
where
em = Cpkmip(r)wm, (19)

we = min {%7 Ugﬂ} is the cutoff frequency, A = 2'/3 with 2 the cell volume, and Us = U + vk is the
sweeping velocity. Note that in the present study, the time-step is smaller than A/Us everywhere in the
domain, such that we = Usm/A and rg is given by Eq. 6. The constants used are summarized in Tab. 1 and
more details can be found in [14].

As mentioned in Sec. 3.1, the criterion P/e > « is biased if the resolved part of the dissipation is not
taken into account, particularly in the low Reynolds number recirculation region. In order to avoid the
cumbersome computation of the resolved part of dissipation during the simulation, Eq. (4) is used, where
the modeled-to-total dissipation ratio re = e, /€ is evaluated, assuming a Kolmogorov spectrum, from the
definition of the energy and dissipation ratios, r and re, respectively, and the integration of the energy and
dissipation spectra between the integral and the Kolmogorov length scales. Denoting by a hat variables
made non-dimensional based on ¢, k and v¢, we have

re = M _ 1/ "2 6k B, (20)
Re Ry

€ €

where R; = v¢/v is the turbulent Reynolds number, yielding

2

re=1- AA%SR,{ (21)
Similarly, from R R
== o (22)
one can obtain
. A/;// (23)

t
Combining Egs. (21) and (23) gives

1/2\ ~2
r6:1—<1+7'R; ) . (24)

Since dissipative scales are smaller than energetic scales, re > r, such that the final expression is

C rR1/2 -
re =max |1— 14+ L—t . (25)
71'
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Fig. 6: Streamwise velocity profiles in the y direction for 12 streamwise locations. DNS results are from

Lamballais [28].
With this expression, 7 = 1 in the RANS mode since » = 1 and goes to zero at the DNS limit where r = 0.
Cr. = 0.42 is a coefficient calibrated by comparing dissipation fields obtained in hybrid RANS/LES and

RANS.

4.2 Active approach
In continuous hybrid RANS/LES, during the transition from RANS mode to LES mode, the modeled
turbulent energy is reduced by the model. However, the growth of the resolved energy is slow, leading to
a strong local underestimation of the total turbulent energy and the turbulent stresses. To mitigate this
gray area issue, Mehta et al. [33] have developed the active approach, which injects the proper amount of
(26)

energy into the resolved motion via a body force in the momentum equation written as
fi = A;Ui + Bi,
where U; is the resolved velocity. A;; and B; have to satisfy two constraints: (i) energy injection in the
resolved scales is imposed by the rate of energy removal in the modeled scales; (ii) the forcing should not
affect the mean flow. It can be shown that these constraint are satisfied if A;; and B; are determined by
(27)

solving at each point of the domain the system
— — 1dr
Ajpuluy, + Ajpufu, = —T;;‘l;a,

B; = —Aijﬂj7
where u} is the fluctuating part of the resolved velocity and - stands for the Reynolds average. The force
is thus a function of the rate of change of the energy ratio in the flow direction dr/d¢ and goes to zero where
the mesh is uniform. This active version of the HTLES is used for all the simulations in the present paper

5 Results and discussion
This section aims to present the results obtained with the self-adaptive strategy. It is organized as follows: in
subsection 5.1, the influence of the length of transition from RANS to LES is investigated, in subsection 5.2,

the evolution of the LES and transition zones as well as the mesh is commented, and in subsection 5.3, the

results are compared with reference data.
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5.1 Influence of the length of transition

The transition from RANS to LES induces a loss of total turbulent kinetic energy as explained in Sec. 4. To
compensate for this loss, a forcing is added to rapidly generate resolved turbulent structure. The purpose of
this subsection is to set the forcing.

The self-adaptive strategy could be applied to any hybrid RANS/LES model. For this feasibility study,
we are using the Active HTLES model [33], described in Sec. 4. It is important to remember that the
aim of this article is not to evaluate the performance of this particular hybrid RANS/LES model, but to
develop a self-adaptive method. In the active HTLES approach, forcing is introduced to generate resolved
fluctuations at the entrance of the LES region. The intensity of the fluctuating body force added to the
momentum equation is determined by Eq. (27) and relies on the material derivative of the energy ratio
r. Thus, increasing the length l;,,; of the RANS-to-LES transition upstream the step corner (Fig. 5) has
different and contradictory consequences. On the one hand, since the refinement of the mesh in the flow
direction is less rapid, the energy ratio r = kn,/k decreases more slowly and the intensity of the forcing
is reduced. On the other hand, the resolved structures have more space for developing, since the force is
active over a longer region. The influence of I;,,; is in theory moderate, since these two effects compensate
for each other: (1/r) x dr/dt ~ (1/r) x Udr/dzx is of the order of U/l;,;, where U is the streamwise mean
velocity, and since the distance travelled is I;,,;, the work done by the force is globally independent of I;,,;.

However, Mehta et al. [33] showed, in the case of a channel flow, that the realistic turbulent structures
cannot develop if the transition region is too short. Therefore, a preliminary study is performed here to
determine the value of Cj;,; to be used in Eq. (5).

In this preliminary study, a structured mesh of 5.7M cells is used, which is fine enough to be in LES mode
everywhere. However, the RANS mode is artificially imposed in the inlet channel, as well as a transition
in the region x € [Ttrans; 0] upstream of the step. To achieve this, the energy ratio r related to the grid
step given by Egs. (16) and (18) is modified by imposing 7,04 = 1 in the inlet channel up to the position
T = Ttrans and then a gradual decrease of the form

T

Tmod = [+ (1= f)r with f(z) = (28)

Ttrans ’
such that the usual value of r is recovered at the step corner (z = 0). In Fig. 6, the streamwise velocity
profiles are presented for two different cases, trans/H = —1 and @y;a,s/g = —2. The profiles are nearly
superimposed, showing that ztrans/H = —1 is sufficient. Reducing further the transition zone does not allow
to generate realistic structures (not shown here): when the forcing is too intense, the fluctuations generated,
which are solution of the forced momentum equations, no longer resemble turbulent structures, and are then
dissipated when the forcing stops. This is in agreement with the observations of Druault et al. [12]. The
transition zone has to be long enough so that the forcing term is not too strong compared to the other terms
of the resolved momentum equation at the end from the transition zone. Since a slightly better agreement
with DNS is found for the case with the shorter transition length, and with the purpose of reducing the
global cost of the computations, this order of magnitude of l;,,;/H = 1 is retained for building the zone
B (see Fig. 5). Based on the RANS results, this approximately correspond to calibrating the constant in
Eq. (5) as Cjp; = 5.

5.2 Evolution of the zones and the mesh

The region where switching to LES mode is desirable is obtained from Eq. (2), using o = 1.4. The cell size
to reach the targeted energy ratio r is given by Eq. (7). The targeted value r = 0.1 is used, except for the
first iteration, called HTLES1 below, for which the less strict value r = 0.15 is applied to save computational
time, since it is only the first mesh determined by the probably inaccurate RANS results. Note that our
objective here is not to design a mesh corresponding to well-resolved LES. Indeed, the ratio r appears in
the analytical derivation of the HTLES model (as well as in other models, such as PITM or PANS), as
driving the changeover from RANS to LES. Therefore, designing a mesh corresponding to a small value
of r simply ensures that the model switches to LES mode at the next iteration of the algorithm. If one
wants to make sure that a well-resolved LES is performed, it is straightforward to additionally introduce
relevant criteria available in the literature. The mesh and zone obtained for the successive computations are
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Fig. 8: Visualization of the different zones for the RANS, HTLES1, HTLES2, and HTLES3 computations.
The values of A/H? indicated are the non-dimensional area of the region identified by the criterion. HTLESI,
HTLES2, and HTLES3, respectively correspond to the first, second, and third HTLES in the sequence of
performed computations.

Table 2: Grid characteristics. The number of cells is divided by 10°.

RANS HTLES1 HTLES2 HTLES3

N 0.10 2.21 3.37 3.09
NpES+transi 0 1.13 2.45 2.23
NLES 0 0.75 1.27 1.35

presented in Figs. 7 and 8, respectively. The grid characteristics are presented in Table 2. N, NpES+transi,
and Npgg correspond to the number of cells in the domain, the LES and transition regions, and the LES
region, respectively.

A RANS computation, performed on a fully structured grid composed of 95800 cells obtained after a
grid convergence study, is used to initialize the algorithm. Note that the mesh consists of only one cell in
the z direction due to spanwise periodicity. The methodology is designed to mitigate initial RANS errors by
iteratively performing hybrid RANS/LES computations until a stable point is achieved. Nonetheless, it
is important to note that RANS results provide the boundary conditions for the LES zone, highlighting
the necessity of improving RANS modeling. Since the method aims to switch to LES when RANS is no
longer efficient, it can be assumed that where RANS is used, it provides sufficiently accurate results to
support the LES zone. Following the rules presented in Sec. 3.2, the region corresponding to P/e > «
is extracted and used to determine the boundaries of the LES and transition zones of the first HTLES
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Fig. 9: Top: number of cells and averaged value of A in the region where P/e > «. Bottom: area of Zone C.
All the quantities are normalized by the maximum value of the data series. Note that HTLES5 has not
been run, but the mesh, built with the results of HTLES4, is displayed to highlight the fixed point reached
by the algorithm. HTLES1, HTLES2, and HTLES3, respectively correspond to the first, second, and third
HTLES in the sequence of performed computations.

computation (purple boxes). The cell size in the LES region is computed following the rules described in
Sec. 3.3. The HTLES1 mesh is generated by GMSH according to these zones and cell size requirements. In
the HTLES computations, the grids in the transition and LES zones are also refined in the z-direction to
obtain cells which are as isotropic as possible. The HTLES1 computation is then performed and the region
corresponding to P/e > « is updated based on the time-averaged results. Here, it extends until the end of
the transition zone thus, following the rules established in Sec. 3.2, the thickness of the transition zone
utilized for HTLES2 (largest red box in Fig. 8) is increased in this direction to mitigate the total number
of algorithm iterations. The same procedure is repeated for HTLES2 and HTLES3 (Fig. 8). The results
of HTLES3 show that the area of the LES zone is reduced when compared to the one of HTLES2. This
meets the stopping criterion presented in Fig. 2. Specifically, if at the end of a computation, the area of
the LES zone is reduced when compared to the one of the previous one, the process is stopped. Thus the
algorithm is stopped since the LES region is sufficiently large, and trying to optimize its size would lead to
extra iterations of the algorithm that would actually increase the total computational cost. Here, we still
performed a fourth HTLES run, using the same zones but cell sizes computed from HTLES3 results, to
confirm that the algorithm has reached a fixed point.

The cell number, the averaged value of A, the cell size to reach the targeted energy ratio in the region
where the criterion (2) is satisfied and the area of zone C are shown in Fig. 9. Except for HTLES2 whose
transition zone size has been increased, as explained above, to reduce the total number of algorithm
iterations, the grid size exhibits a monotonic increase from RANS to HTLES4. The mesh obtained after the
computation of HTLES4, which would have been used for HTLES5 if the algorithm were not stopped, is
reduced when compared to the one obtained after HTLES3, highlighting the stabilization of the method.

After a monotonic increase, the normalized value (4)p /.~ /maz ((A)p/c~, | obtained with HTLES3 is

reduced when compared to HTLES2, and remains virtually constant between HTLES3 and HTLES4. A
similar behavior is observed in the graph showing the area of Zone C reaching a plateau. From these graphs,
it is clear that the proposed method reaches a fixed point. The cell number, the averaged value of A, the
cell size to reach the targeted energy ratio in the region where the criterion (2) is satisfied and the area of
zone C are shown in Fig. 9. Except for HTLES2 whose transition zone size has been increased, as explained
above, to reduce the total number of algorithm iterations, the grid size exhibits a monotonic increase
from RANS to HTLES4. The mesh obtained after the computation of HTLES4, which would have been
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used for HTLESS5 if the algorithm were not stopped, is reduced when compared to the one obtained after
HTLES3, highlighting the stabilization of the method. After a monotonic increase, the normalized value

(A)p/esa /maz ({8) pjes.q ) obtained with HTLESS is reduced when compared to HTLES2, and remains

virtually constant between HTLES3 and HTLES4. A similar behavior is observed in the graph showing the
area of Zone C reaching a plateau. From these graphs, it is clear that the proposed method reaches a stable
solution. The method relies on a sequence of hybrid RANS/LES computations, thus the question of its
relevancy and the comparison with the computational cost associated with LES arises. The comparison
of the sequence of hybrid RANS/LES computation with one single LES would not be fair because when
performing a LES study it is necessary to carry out at least three computations to assess the grid influence.
For this reason, the number of computations to be performed for a LES study of an industrial test case or
with the self-adaptive strategy is similar, nonetheless, since in hybrid RANS/LES a significant part of the
computational domain is in RANS, the total number of grid points and thus the computational cost are
expected to be lower with the proposed approach. This is amplified if the computations are restarted from
one to another.

5.3 Comparison with DNS

In this section the results obtained after the different iterations of the algorithm are compared with DNS.
The results of HTLES4 computation are not shown since they are virtually superimposed with those of
HTLESS.

In Fig. 10, the targeted energy ratio (i.e., used in the model, given by Eq. (16)), the effective energy
ratio (i.e., the ratio of modeled to total turbulent energy computed during the simulation), the streamwise
velocity, and the turbulent kinetic energy profiles are plotted. Since the DNS and RANS energy ratios are
zero and one, respectively, throughout the entire domain, they are not shown. The HTLES energy ratio
profiles provide information on the local resolution of the computation and depict the interface between
RANS and LES regions. For example, when the target ratio is » = 0.1, the model coefficients (see Sec. 4)
are adapted to switch to LES mode, aiming for a resolved energy share of 90%. The effective ratio reg, on
the other hand, measures during the calculation whether or not this target is actually achieved. Thus, by
plotting the profiles of these two ratios in the domain, we can visualize how the zone in which the model
and simulation switch to LES mode evolves over the iterations of the algorithm. The area of the LES region
significantly increases from HTLES1 to HTLES2, and then stabilizes. The effective energy ratio profiles
(Fig. 10b) globally follow those of the energy ratio even if some discrepancies appear, reflecting the fact
that the partition of energy approximately reaches the expected level. In agreement with previous studies
(Duffal et al. [14]), the effective ratio corresponds well to the target ratio in the heart of the LES zone, but
the most critical areas are the rapid transition zones, where the response of the simulation (measured by
the effective ratio) is not as sharp as the variations in the target ratio. In particular, this issue is critical
upstream of the LES zone, in the transition region from RANS to LES, which motivated the development
of volume forcing by Mehta et al. [33] that is used here and succeeds quite well in generating resolved
energy rapidly. The results indicate that downstream of the LES region, some resolved scales penetrate the
RANS region. Mehta et al. [33] made the same observation for the case of a periodic hill, and concluded
that it was not a problem, since their results are actually better than pure RANS results. Note that close
to the wall, the effective energy ratio is not relevant since both k,, and k, go to zero. The effective energy
ratio decreases near the wall in front of the step because both the modeled and resolved turbulent kinetic
energies approach zero at the wall, resulting in r.¢s ~ 0/0. This behavior is also observed downstream
of the step. Upstream, at z/H = —3.8 and z/H = —1, there are no resolved structures since the RANS
mode is activated, thus, the resolved turbulent kinetic energy is exactly zero. Meanwhile, the modeled part
decreases as it gets closer to the wall, leading to r.s; = 1. The spikes in the profiles are due to the sharp
variations of the total turbulent kinetic energy (Fig. 10d).

Regarding the streamwise velocity (Fig. 10c), upstream the transition region, the RANS mode is imposed
and periodic RANS solution imposed at the inlet is preserved. The mesh refinement from r = 0.15 (HTLES1)
to r = 0.10 (others) in the LES region and the definition of the zones has little influence on the streamwise
velocity and turbulent kinetic energy (Fig. 10d) profiles, which highlights the robustness of the method. The
expansion of the LES zone in the recovery region (HTLES2 and HTLES3) improves the turbulent kinetic
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Fig. 11: Profiles of the Reynolds stresses (left) and anisotropy components (right) in the y direction for
z/H =0 (top) and z/H = 1.5 (bottom). The white, light green and medium green zones show the RANS,
transition, and LES zones, respectively. DNS results are from Lamballais [28].

energy profiles at /H = 3 and, for HTLES2, which has the largest LES zone, until /H = 4. The spikes of
turbulent kinetic energy, principally observed at z/H = 0, are due to the rapid RANS/LES transition in the
vertical direction and to the forcing term that depends on the variations of the energy ratio. The overshoot
of turbulent kinetic energy observed near the step in all HTLES rapidly fades out. This is due to the forcing
term, as observed by Mehta et al. [33] for channel and periodic hill flows. The forcing generates structures
which are solution of the forced momentum equations. When leaving the forcing zone, some of the energy
of these structures is dissipated, because they are not exact solutions of the unforced momentum equations.
It is therefore beneficial to have an energy overshoot on leaving the forcing zone. Comparing RANS with
HTLESS3, it appears that RANS significantly underestimates the amount of turbulent kinetic energy from
z/H =0 to x/H = 2, while it is well estimated by the HTLES3. A close agreement with DNS is found
between z/H = 1 and z/H = 3, which makes possible an accurate prediction of the streamwise velocity
profiles between z/H = 2 and z/H = 4. Downstream of the location z/H = 4, the HTLES streamwise
velocity profiles are slightly improved when compared to the RANS profiles.

The total Reynolds stresses, Ti/j = (@u; — u;u;) + 7;5, and the corresponding anisotropy components,
defined as

/

bij = i - 3% (29)

are shown in Fig. 11 for HTLES3, at the streamwise locations z/H = 0 (top) and z/H = 1.5 (bottom).
The white, light green and medium green zones show the RANS, transition, and LES zones, respectively.
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Fig. 12: Distribution of skin friction on the wall downstream of the step. DNS results are from Lamballais [28].
HTLES1, HTLES2, and HTLES3, respectively correspond to the first, second, and third HTLES in the
sequence of performed computations.

Figs. 11a and 11b show that the fluctuations generated by the forcing do not exhibit the correct anisotropy
upstream of the step. This is explained because the volumic forcing acts as an amplifier of the preexisting
fluctuations based on Eq. (27), in which 7;}' is the anisotropy tensor given by the linear eddy viscosity
models. Correct anisotropy could only be obtained if the RANS model itself was capable of representing it,
as with a Reynolds-stress model or an explicit algebraic stress model. Nonetheless, the cross component 71,
which is the most significant in the computation of the energy production term, is well approximated. At
xz/H = 1.5, the Reynolds stresses is quite well predicted, specifically for the 7{; and 7{5 components. In
Fig. 11d, despite the poor prediction of the anisotropy in z/H = 0, the results observed in the LES region
are remarkably close to those of the DNS.

The skin friction distribution on the lower wall, shown in Fig. 12, highlights the benefits associated
with the self-adaptive method. Indeed, the HTLES3 profile leads to a relatively correct prediction of the
negative peak of Cy and gives a very accurate estimate of the reattachment location. Note that the results
of HTLES1, which mesh is significantly coarser than that of HTLES3 in the transition and LES regions
(see Fig. 7), are quite accurate, underlying the robustness of the HTLES to mesh coarsening. HTLES
gives remarkably better results than RANS in the recirculation zone and downstream of it. Moreover, the
peak of Cy observed in DNS at x/H ~ 0.1, associated with the secondary counterclockwise recirculation
zone, is well reproduced by HTLES while it is not predicted by RANS. The kinks in the Cy profiles at
z/H = 3.3 are explained by the sharp transition from LES to RANS. Far in the recovery region, HTLES
tends toward RANS profiles since the RANS mode is reactivated. The computations HTLES3 and HTLES4
are almost superimposed, emphasizing the stabilization of the self-adaptive strategy around a relevant
hybrid RANS/LES solution, improved when compared to RANS, HTLES1, and HTLES2, and achievable
in industry. It is worth emphasizing that, overall, the HTLES1 computation, carried out with a targeted
energy ratio of 0.15, which corresponds to a quite poorly resolved LES, still gives relatively good results.
This highlights the robustness of the self-adaptive strategy applied with the HTLES and its applicability
with relatively coarse LES mesh. Despite the fact the Reynolds number of the present case is low, this
robustness to coarse meshes suggests that the methodology can be expected to be applicable to industrial
flows at high Reynolds number.

Mean streamlines computed using the line integral convolution (LIC) are displayed in Fig. 13. The two
classically observed recirculation zones [10] are visible. The main recirculation zone (clockwise) extends up
to z/H = 2.1 and the secondary recirculation zone (counterclockwise) to z/H = 0.4, to be compared to the
DNS values, z/H = 2.13 and x/H = 0.63, respectively.

Fig. 14 shows the Q-isocontours obtained with HTLES3, with the intention of showing qualitatively how
turbulent structures appear when the ratio r (shown in the background) driving the transition from RANS
to LES is less than unity. The figure shows that the active HTLES rapidly develops resolved scales, thanks
to the volume forcing. Indeed, turbulent structures are remarkably observed right from the beginning of
the LES region. However, downstream of the LES region, the structures are advected into the RANS zone
and are only gradually dissipated by the RANS eddy viscosity. As can be seen in Fig. 12, the solution
transitions in this region from a LES to a RANS behavior.
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Fig. 13: Mean streamlines of the HTLES3 colored with velocity magnitude. The locations of the probes in
the streamwise direction are 2/H = —0.5, «/H =0, z/H =0.5,2/H =1, 2/H =15, 2/H =2, ©/H = 3,
z/H = 4.
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Fig. 14: Q-isosurfaces colored by the velocity magnitude (Q = 0.5U% /H?) and targeted turbulent energy
ratio for the HTLES3.

6 Conclusions and future work

In this paper, a demonstrator of a self-adaptive strategy is investigated to mitigate the influence of the user
on the results of hybrid RANS/LES computations. Rather than aspiring to outperform expert solutions,
the proposed strategy seeks to achieve a stable, relevant, user-independent, and computationally feasible
solution within an industrial context. In its final version, the various parameters and criteria will be fixed
ensuring the simplicity of the method for users. Since it is still in the ongoing development phase, this is
not fully achieved for now but this feasibility study shows encouraging results and paves the way for the
future development of this agile strategy.

To avoid the definition of the RANS and LES zones by the user choices made at the time of the
construction of the mesh, the zones where to switch to LES are determined by physical criteria, and the
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mesh is also refined in this zone to target a resolution obtained based on a physical criterion. The method
is assessed on a backward-facing step. For this feasibility study, the proposed strategy is applied with the
HTLES-k — w-SST model. It is crucial to emphasize that this strategy is applicable to any other continuous
hybrid RANS/LES model and offers a framework that guarantees the objectivity of results obtained with
continuous hybrid RANS/LES models.

Several possible physical criteria within the context of self-adaptive hybrid RANS/LES are investigated
and the P/e criterion, which assesses the turbulence equilibrium, is selected for this test case. Starting from
a RANS computation for initialization, successive HTLES are carried out using the results of the previous
computation to generate the mesh of the next simulation.

The outcomes of the study show that the self-adaptive strategy reaches a fixed point in four iterations.
Thus, the cost of the self-adaptive method is similar to that of the conventional method, for which simulations
are carried out on several meshes before any conclusions can be drawn. Moreover, since hybrid RANS/LES
can lead to a drastic reduction of the number of cells compared to LES, due to the use of RANS in large
regions of the domain and close to the wall [46, 14], the method remains a good candidate for industrial
applications. The statistically-averaged profiles and the friction coefficient are significantly improved when
compared to the RANS computation and are in good agreement with the reference DNS results.

The proposed algorithm is a global framework in which any continuous hybrid RANS/LES model can be
utilized. Although many parameters can be adjusted and/or generalized, this first study demonstrates that
a self-adaptive strategy can be used effectively. Although using the single criterion based on P/¢ was shown
sufficient in the particular case of the backward-facing step, a combination of several physical criteria will
be necessary in the future. To address real-life flows such as those around wind turbines, full car including
open windows, or the undercarriage of an airplane, the present methodology must be capable of handling
a variety of flow conditions, such as separated flows and reattachment issues, inherently unsteady flows,
complex geometries, and flows with significant heat transfer. Achieving this requires the methodology to be
multi-physics and multi-criteria, thus, it need to be assessed and generalized to various industrial flows. The
method must employ a combination of criteria to detect modeling errors in RANS, as initiated in Fig. 3,
across various types of flows. This process necessitates reference data to determine, either manually or
through machine learning, where to transition to LES. Once the LES region is determined, the cell size is
automatically given by the targeted energy ratio, or could be combined with criteria based on the evaluation
of numerical errors. The choice of the targeted energy ratio (i.e., the mesh resolution in the LES region) and
the threshold to trigger the switching to LES can be adapted by experts in each engineering domain, leading
to user-independent computations. In addition to the efforts related to the development of a multi-criteria
and multi-physics self-adaptive strategy, work has to be carried out to address time-dependent flows. This
can be done by replacing the Reynolds average with filtering over a short period of time that is adapted
to the flow characteristics. It will result in adapting the LES region and the grid during the computation,
making the self-adaptive strategy relevant for time-dependent flows.

As for any new methodology, a great deal of work is still required to make it sufficiently general and
applicable without modification to a large number of different configurations. Although the present test
case is a relativily low Reynolds number, we are confident regarding the applicability of the methodology
to higher Reynolds numbers. Indeed, the main ingredients used in the proposed algorithm are weakly
dependent on the Reynolds number. The zones detected by the P/e criterion are the out-of-equilibrium
regions that depend essentially on boundary layer perturbations due to pressure gradients, separation,
deviations in streamlines due to geometry, etc.; the size of the transition zone between the RANS zone and
the LES zone (section 3.2) is determined as a function of the integral scale of turbulence, which is virtually
independent of the Reynolds number; automatic mesh refinement is set so that a certain proportion of the
turbulent energy is resolved (section 3.3): this criterion is hardly sensitive to the Reynolds number and is
even asymptotically independent of it [25]. Thus, it is expected that increasing the Reynolds number for
the same configuration, such as the backward-facing step, will have very little effect on the algorithm’s
functioning.

As the algorithm is initialized from a RANS calculation, the user’s influence on the results is reduced to
the same level as for a RANS calculation. The user’s subjective choices, based on intuition and a priori
knowledge of the flow physics, may lead to very different zones being defined depending on the user, as
illustrated in Fig. 1. Obviously, the criteria used in the self-adaptive algorithm have a definite influence on
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the results, but if these criteria are fixed by the developers and not by each user, the results are reproducible
and independent of the user, which is of great importance for industrial applications.

Since the method has been developed on a specific flow, future work must be devoted to the application
of the self-adaptive strategy to other test cases involving new flow features. With the aim of developing a
robust methodology useful for a wide range of applications, additional physical criteria will probably be
required to locate the zones of interest.
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Appendix

A Power spectral densities

The Power Spectral Densities (PSD) are computed from instantaneous velocity saved every time step, dt = 0.0012 second,
during 165 seconds of simulations, resulting in 137 500 instants. For each streamwise location, monitoring points are saved at
nine evenly spaced locations in the periodic direction. The data are concatenated leading to a sample size of N = 1237 500
velocities for each PSD. The results are smoothed to improve the readability of the figures. The power spectral densities are
defined by

“+oo
/ E(w)dw = k. (30)
0

In Fig. 15, the PSD reflect the influence of the forcing on the flow, aiming to rapidly develop turbulence structures to
compensate for the decrease of the modeled turbulent energy. The peaks observed for w > 3 Hz highlight the effect of the
forcing on the relatively high-frequency structures while the range corresponding to w < 3 Hz is not affected. Note that
a Strouhal number of 0.1 is found which is in agreement with the study of Celenligil and Mellor [7]. The inertial range
is scaled with the classical —5/3 slope. Because of its lower energy ratio, the probe located at /H = 0 shows a higher
amplitude of the PSD and the sharp decay of the spectrum occurs for higher frequencies than that of z/H = —0.5.

The PSD computed downstream of the step are plotted in Fig. 16. In the region of the downstream sensors, the forcing
is virtually null since the variations of the energy ratio are low. Hence, contrary the probes located in the forcing region, the
PSD decrease monotonously from the inertial to the dissipation ranges. The closer to the wall, the lower the amplitude of
the spectra, which is in agreement with the total turbulent kinetic energy profiles. In the inertial range, the —5/3 slope is
well reproduced for the three y+ locations. In the high-frequency region, the dissipation scale plays a major role, inducing a
fast decay of the turbulent spectrum. The sharp decreases of the slope for very high frequency should not be analyzed since
it is beyond the cutoff frequency (colored in light gray). Overall, the PSD express the physical consistency of the turbulent
structures generated in the LES region. At /H = 4, the RANS mode is activated and the resolved energy is reduced. The
turbulent structures are thus partially filtered out which explains the lower PSD amplitude and the sharper slope in the
decay region when compared to the other locations.
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