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Abstract In order to reduce the high computational effort of wall-resolved large-eddy simulations (LES), the
present paper suggests a hybrid LES—-RANS approach which splits up the simulation into a near-wall RANS
part and an outer LES part. Generally, RANS is adequate for attached boundary layers requiring reasonable
CPU-time and memory, where LES can also be applied but demands extremely large resources. Contrarily,
RANS often fails in flows with massive separation or large-scale vortical structures. Here, LES is without a
doubt the best choice. The basic concept of hybrid methods is to combine the advantages of both approaches
yielding a prediction method, which, on the one hand, assures reliable results for complex turbulent flows,
including large-scale flow phenomena and massive separation, but, on the other hand, consumes much fewer
resources than LES, especially for high Reynolds number flows encountered in technical applications. In
the present study, a non-zonal hybrid technique is considered (according to the signification retained by the
authors concerning the terms zonal and non-zonal), which leads to an approach where the suitable simulation
technique is chosen more or less automatically. For this purpose the hybrid approach proposed relies on a
unique modeling concept. In the LES mode a subgrid-scale model based on a one-equation model for the
subgrid-scale turbulent kinetic energy is applied, where the length scale is defined by the filter width. For
the viscosity-affected near-wall RANS mode the one-equation model proposed by Rodi et al. (J Fluids Eng
115:196-205, 1993) is used, which is based on the wall-normal velocity fluctuations as the velocity scale and
algebraic relations for the length scales. Although the idea of combined LES—-RANS methods is not new, a
variety of open questions still has to be answered. This includes, in particular, the demand for appropriate
coupling techniques between LES and RANS, adaptive control mechanisms, and proper subgrid-scale and
RANS models. Here, in addition to the study on the behavior of the suggested hybrid LES-RANS approach,
special emphasis is put on the investigation of suitable interface criteria and the adjustment of the RANS model.
To investigate these issues, two different test cases are considered. Besides the standard plane channel flow test
case, the flow over a periodic arrangement of hills is studied in detail. This test case includes a pressure-induced
flow separation and subsequent reattachment. In comparison with a wall-resolved LES prediction encouraging
results are achieved.
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1 Introduction

It is well known that the prediction of complex separated unsteady flows based on the Reynolds-averaged
Navier—Stokes (RANS) equations often does not yield satisfactory results. Unfortunately, even the use of
the most modern turbulence models could not essentially improve the situation. Therefore, during the last
decade, many researchers have paid more attention towards large-eddy simulation (LES) and direct numerical
simulation (DNS) as alternative prediction methods. However, these alternatives are actually too expensive
with respect to the required computer performance; this thesis is clear for DNS, but the situation with LES, if
the development of supercomputers is taken into account, seems to be not so drastic. Nevertheless, the analysis
carried out by Spalart et al. [42] shows that for Reynolds numbers of about 107, i.e., normal aerodynamic
values, a computational grid consisting of a minimum of 10'! cells and a minimum of 5 x 10 time steps has to
be used. Such huge computations are out of reach for the next couple of decades. Consequently, LES is a highly
promising technique for the prediction of complex turbulent flows including large-scale flow phenomena such
as massive separation, large recirculation regions and vortex shedding [6], but it still suffers from the matter
of fact that most turbulent flows of practical relevance cannot be computed. In order to go beyond the present
state-of-the-art, extremely fine grids especially required for the resolution of the near-wall region (e.g., thin
boundary layers) have to be avoided.

This circumstance was the main reason for developing new kinds of hybrid methods, which combine
the main features of both LES and RANS simulations (see, e.g., [16,42-50,52,53]). The basic idea of all
approaches is to restrict the application of the time-consuming LES prediction to regions which can hardly be
predicted reasonably by RANS, but to rely on the “cheaper” RANS technique, wherever it is possible.

In spite of the widespread application of RANS predictions for turbulent flows, the main disadvantage of
the method is clear: RANS describes flows in a statistical sense typically leading to time-averaged pressure
and velocity fields. Generally, this approach is not able to distinguish between quasi-periodic large-scale and
turbulent chaotic small-scale features of the flow field. This leads to huge problems when the flow field is
governed by both phenomena. A typical representative is a bluff body flow. The RANS approach is not able
to reproduce the unsteady characteristics of the flow field reasonably, resulting in an inadequate description
of unsteady phenomena such as vortex formation and shedding. Partially, the situation might be improved
by applying the unsteady Reynolds-averaged Navier—Stokes (URANS) equations combined with statistical
models, sometimes also denoted as VLES (very large-eddy simulation) [45]. However, this concept is based
on the assumption that a clear scale separation can be carried out between the largest-scale motion (e.g., vortex
shedding) and all turbulence-induced small scales what is often not the case.

Thus, even with the help of sophisticated turbulence models, such as Reynolds stress models, which are
usually semi-empirically closed containing about 6-9 empirical constants, it is often not possible to model
large-scale phenomena adequately. LES, on the other hand, operates fully with unsteady fields of (filtered)
physical values; the governing equations are the Navier—Stokes equations but, unlike the RANS approach,
spatial filtering is applied instead of averaging in time, and turbulent stresses are divided into resolved and
modeled components. In contradiction to classical turbulence models the small-scale motion can be described
by extremely simple subgrid-scale models, often based on an algebraic eddy-viscosity concept, such as Sma-
gorinsky’s model [40]. As mentioned above, the main disadvantage of LES is the high computational costs
resulting from extremely fine grids used for the direct prediction of the non-modeled vortical structures. A
very fine resolution defined by Ayf;t point = O(1), AxtT = 0(50), and AzT = O(15) is commonly required
in the vicinity of solid walls for wall-resolved LES, where y, x and z denote the wall-normal, streamwise
and spanwise direction, respectively. Additionally, very fine time steps have to be applied for resolving the
turbulent scales in time.

For an hybrid method it is natural that RANS is applied in those regions, where statistical turbulence models
in general perform properly. Moreover, LES is used in regions, where large unsteady vortical structures are
present, which should be resolved directly. Overall this strongly reduces the resolution requirements. For
example, if RANS is applied for the prediction of attached boundary layers, this kind of division of the flow
field then allows one to decrease the near-wall resolution in streamwise and spanwise direction dramatically
since with the exception of the wall-normal direction the resolution does not have to be very high for RANS [27].
These facts raise the hope that hybrid LES-RANS techniques can be used with acceptable effort even for high
Reynolds numbers, typically encountered in technical applications.

Several hybrid LES-RANS strategies were suggested during the last few years. Nevertheless, the most
widely known is the detached-eddy Simulation (DES) [27] based on a slight modification of the one-equation
Spalart—Allmaras (SA) RANS model [41]. The target aimed by the DES designers was external aerodynamic
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flows at high Re. Therefore, the main application area should be unsteady turbulent flows with large separation
regions for which RANS predictions do not work properly. DES modeling of non-separated flow typically
leads to some problems as demonstrated by Nikitin et al. [27]. On the other hand, all DES applications of
separated flows were mainly successful (see, e.g., [39,52]). Hence hybrid LES—RANS applications to such
turbulent flows seem to be reasonable and reliable whose dynamics are defined by large-scale separated vortices
playing a dominant role in the energy balance. Therefore, very often DES results for flows around complex
geometries, e.g., the flow around an airplane carriage [47] and a forebody cross-section [48], are presented in the
literature.

A variety of different hybrid concepts were proposed during the last years. A crude distinction between
various proposals is given by zonal and non-zonal techniques. Nevertheless, these epithets tend to be differently
interpreted, which can lead to a certain confusion. In order to avoid this situation, the definition retained by the
authors is explained. By definition an hybrid LES—RANS method is the application of these two techniques
within the same simulation selected according to their advantages. This leads to two distinct areas, namely
the RANS and LES zones. In this sense, an hybrid LES-RANS technique is zonal. However, the various
definitions of zonal/non-zonal are more precise and deal with the types of models selected in each mode
(LES or RANS) or the manner of defining both zones, etc. Here, the authors are inclined to define these
terms as the method used to select the LES and RANS modes. In the first case (zonal approach), the user
predefines the LES and RANS regions prior to the start of the simulation through the grid design, an explicit
border (e.g., yT value, wall distance, etc.) or the selection of domains not especially related to wall regions.
Conversely, the non-zonal approach chooses (more or less) automatically the simulation technique within the
computation and thus avoids the region predefinition. Here a gradual transition between both methods takes
place which weakens the problem of setting up an appropriate coupling strategy between RANS and LES zones
not available today. Furthermore, the term seamless has been proposed by Hanjali¢ et al. [17], but not detailed
here, to specify that the “same model is applied throughout the flow with a continuous sub(-grid)-scale model
modification”.

Different examples of zonal/non-zonal approaches can be found, starting from the DES, which is defined
as a non-zonal approach by the authors [39]. Nevertheless, by scrutinizing the switching criterion, which is
based on the comparison of the RANS and LES length scales, a grid dependency is noticed. Thus the interface
location is predefined by the grid design. Hence, depending on the definition chosen DES can be seen either
as a zonal or a non-zonal method. The hybrid strategy outlined by Batten et al. [2] and named LNS for limited
numerical scales can be obviously seen as non-zonal. LNS is announced to identify resolvable and unresolvable
fractions of the turbulent kinetic energy. The switching from RANS to LES is performed by a factor appearing
in the formulation of the eddy viscosity v; and expressed by the comparison between the product of the length
and velocity scales of RANS and LES. Contrarily to DES, the grid has no influence on the interface position. A
zonal approach is used for example by Schliiter et al. [36]. Here the method does not concentrate on near-wall
or outer regions but divides the flow domain according to RANS or LES advantages. Two separate solvers
(one LES solver and one RANS solver) running simultaneously and exchanging information at the interfaces
compute the flow. In this case, the problem of performing a realtime communication between the two codes
arises. Another option is to implement both modes in a single code. Several of these kinds of zonal approaches
were proposed. e.g., von Terzi et al. [54] suggested a procedure in which the LES region is first followed by a
3D URANS region and then finally switches to 2D RANS. However, none of these various techniques showed
an overall superiority over the others and the question zonal or non-zonal is still open and might remain open
depending on the flow problem considered.

The main questions concerning hybrid techniques generally arise when considering the interface between
LES and RANS. First the case in which RANS is applied in the near-wall region and LES in the core region is
addressed. Different studies mentioned above tend to prove that hybrid LES—RANS simulations can provide
good results without special LES-RANS interface treatment. Nevertheless, the characteristics of how turbu-
lence is tackled in both regions are by definition different. Moreover, unphysical behavior encountered around
the interface when simulating wall-bounded flows such as the plane channel flow lead to the assumption that
an interface treatment could improve the predictions of hybrid approaches. Indeed, the literature [3,10,30,50]
provides a large range of questions about this topic. The location and definition of the interface as well as the
nature of the matching conditions should be mentioned here. Another important point is the blending of the
filtering method applied in LES with RANS models using time-averaged data. In other words, which response
does the RANS model give when fed with an unsteady field provided by LES and vice versa? For Temmerman
etal. [50] an additional question arises. According to the level of unsteadiness observed in the near-wall region,
where the RANS model operates, are the assumptions on which the RANS models are closed still valid? A
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related contradiction pointed out by several groups [3,10,21,30,36,50] is the use of statistical information
coming from the RANS region whereas LES requires small-scale motions close to the interface in order to
sustain the turbulence dynamics.

Concerning the interface influence Temmerman et al. [50] obtained better predictions of the log-law region
when the interface is located remotely from the wall and additionally this influence is found to be weakened.
However, this conclusion is in contradiction to the observation that less realistic turbulent features are obtained
when the RANS model spreads away from the wall. This point has also been observed by Piomelli et al. [30].
As noticed by numerous researchers, an unphysical step named “DES buffer layer” by Piomelli et al., appears in
the prediction of the mean streamwise velocity. This behavior originates from a mismatch of the different scales
involved in both regions: long unphysical wall streaks in the RANS region (super-streaks) but shorter scales
in the LES region. The “DES buffer layer” occurs in those regions where these short scales are generated.
By decreasing the RANS region, the extent of the long streaks is reduced and structures characterized by
shorter wavelengths and time-scales are noticed in the near-wall region. Nevertheless, the “DES buffer layer”
still exists despite the generation of short-scale fluctuations. Piomelli et al. [30] concluded that the “coupling
between the physical picture of the LES-RANS transition region and the mean velocity profile may be weaker
than conjectured”. Following a suggestion of Baggett [1] that a “stochastic backscatter model has the effect
of breaking up the super-streaks and thus introduce a de-correlation of the velocity allowing a more rapid
formation of Reynolds-stress generating eddies”, Piomelli et al. [30] applied in the region below the interface
(RANS region) a model of this type representing the effect of the subgrid scales. This implementation resulted
in a break-up the long unphysical streaks, the generation of smaller scales near the interface as well as the
elimination of the “DES buffer layer”. It was found that the backscatter model inputs a substantial amount
of turbulent kinetic energy at the interface as well as introduces vorticity. Thus the model modifies the mean
velocity profile by “generating rotational motions that are effective in supporting Reynolds shear stress®. As
acknowledged by the authors [30], however, the technique used is based on a backscatter model without
physical justification. Further investigations are required.

Temmerman et al. [50] also proposed a correction of the RANS model, which is announced to be “similar
in spirit but procedurally simpler and more natural” than the method of Piomelli et al. The response of a
near-wall RANS model fed with an unsteady motion extracted from a wall-resolved LES was studied. The
conclusion is that the RANS model reproduced realistic turbulent features at least for larger scales. These
results could be seen as positive. However, it shows that the “total (modeled + resolved) second moments”
provided by the RANS model is larger than in LES, leading to a discontinuity in the turbulent kinetic energy
and total eddy viscosity. Indeed the resolved contributions of both RANS and LES modes are comparable
whereas RANS provides a larger modeled contribution than LES. For this purpose, Temmerman et al. [50]
corrected the near-wall RANS model in order to obtain an eddy-viscosity continuity between both RANS and
LES. This modification was tested on a plane channel flow as well as on a periodic hill flow yielding good
results in both cases. Nevertheless, this technique has to be further studied to confirm these results and test its
generality. Moreover, the modification suggested does not solve the problem of long unphysical wall streaks
in the near-wall region.

A commonly studied strategy aimed at improving the RANS-LES transition and providing LES with
relevant turbulent structures is to add reconstructed turbulent fluctuations at the interface. Davidson et al. [10]
proposed a treatment of this type. Instantaneous turbulent fluctuations taken from a DNS of a channel flow are
rescaled and applied at the interface in order to act as a forcing term to drive the momentum equations to “start
resolving turbulence”. These scaled fluctuations which should be physical in time and length scale related
to the ones of the grid cells, are considered by the authors, even if disputable, as “generic”. The treatment
suggested [10] improved significantly the predictions in the channel flow test case. However, when performed
on a 3D hill flow test case, it did not give any significant improvement. The explanation proposed by the authors
was that in the second case realistic turbulence was imposed to the hybrid LES-RANS method because of
the relative proximity of the inlet from the hill. On the other hand, for the fully developed channel flow the
LES only sees poor turbulent features transported from the RANS region to the LES zone. It is assumed
that a remotely located inlet in the 3D hill flow case would lead to improvements of the simulation using
reconstructed turbulent fluctuations in comparison with standard hybrid LES—-RANS strategies.

Batten et al. [3] proposed a treatment of the LES-RANS interface based on a reconstructed, synthetic
turbulence field which “preserve a given set of space/time correlations and second moments”. Although the
study is mentioned to be at a preliminary state, the technique tested on a plane channel flow is found to
“preserve the total shear stress across regions into which turbulence is transported via mean convection” and
help to sustain the fluctuations in the LES region.
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In a non-exhaustive review of strategies in which the RANS mode is allocated to a part of the domain
instead of being restricted to the near-wall region, some methods are now briefly mentioned. Schliiter et
al. [36] studied a method to “specify meaningful” turbulent inflow conditions in the case that the RANS/LES
interface is located in the midst of the computational domain. Here the addition of the “mean flow field of
the RANS solution” with “turbulence obtained from a database created by an additional preprocessed LES
computation” is used as inflow condition for LES. This method gave interesting results on the test cases
investigated, but is not practicable in general.

An alternative is the so-called “random vortex method” proposed by Sergent et al. [38] and Mathey et
al. [23] which generates appropriate inflow conditions for LES at the RANS-LES interface.

Finally, another technique, even if not yet used in a hybrid LES-RANS simulation, was introduced by
Keating et al. [21] who try to overcome the issue of the “generation of turbulent eddies capable of supporting
the Reynolds stresses in the LES region from a smooth RANS field”. In order to tackle this problem, Keating
et al. uses synthetic turbulence [3] coupled with a controlled forcing term added to the wall-normal momentum
equation that amplifies the velocity fluctuations in that direction. This method is found by the authors to
be effective in generating realistic turbulence. Nevertheless, it has the disadvantage to be computationally
expensive.

In the present work, a non-zonal hybrid LES-RANS approach relying on a unique modeling concept is
suggested. In both modes a transport equation for the turbulent kinetic energy is solved, either for the trace of
the modeled stresses in the viscosity-affected near-wall RANS zone or for the subgrid-scale contributions in
the LES zone. The closure is completed by algebraic relations for the length scales in the near-wall region and
the assumption that the length scale in LES can be represented by the filter width. The simulations assessing
the hybrid LES—-RANS approach are performed on the “flow over periodic hills” test case including pressure-
induced flow separation and subsequent reattachment [24] as well as on the plane channel flow test case. The
plane channel flow is a challenging and common test case for hybrid LES-RANS simulations [3,11,27,50].
Indeed the flow is dependent on the near-wall region. On the other hand the periodic hill flow was found to
be difficult for a wide range of RANS models [20,22]. This type of closures fails in the estimation of the
reattachment location since they cannot capture the large-scale dynamics in the separated shear layer.

The paper is organized as follows. First, the SGS and RANS models are presented in Sects. 2.1 and 2.2 as
well as the interface criteria (Sect. 2.3). Section 3 will propose an overview of the numerical solution method
applied. In the subsequent paragraph the geometry and the details of the flow configuration are defined,
including details on the grids and boundary conditions used. First results are presented in Sect. 5. Afterwards,
different modifications performed on the RANS model are mentioned (Sect. 6). Finally, the improved results
are presented and analyzed.

2 Hybrid LES-RANS method

In the present study a non-zonal approach is selected signifying that the LES and RANS domains are not known
beforehand but dynamically computed within the simulation. Besides, the LES-RANS interface is based on
physical quantities and not on numerical ones, such as the grid resolution. Thus, the predefinition of these zones
is avoided for unknown flows. The method suggested could be qualified as a natural hybrid method combining
RANS and LES. This means that near solid boundaries the governing equations work in RANS mode, i.e., the
turbulent stresses are modeled with the help of a statistical turbulence model. Furthermore, unsteady attached
vortical structures should not be resolved directly. Far from solid boundaries, the method switches to LES
mode. From the physical point of view, it means resolving all large-scale vortical structures and modeling the
small eddies based on a subgrid-scale model, which can be formally similar to a statistical turbulence model.
From the numerical point of view, one has to deal with unsteady fields of pressure and velocity in this mode.
However, the flow is not explicitly subdivided into two zones, and thus the computational domain contains no
explicit boundaries or interfaces between the two modes of operation. Instead, the boundary is dynamically
determined by the code and flow characteristics.

Another important issue is the question of suitable models for such hybrid methods. For the non-zonal
methodology a unique modeling strategy as used by DES has certain advantages. Two of such benefits are that
the use of boundary conditions (for k, €, . ..) at the LES-RANS interface can be avoided and the switching
between RANS and LES can be performed in a simple manner. In the context of eddy-viscosity models for
RANS, a two-equation model is a natural choice since one transport equation is solved for the velocity scale
and one for the length scale. LES zero- or one-equation models are more obvious since the length scale is
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naturally given by the filter width A. Consequently, these facts are in contradiction to a unique model. However,
if the near-wall region is the main target for RANS, the length scale can be prescribed by an algebraic relation.
This leads to a one-equation model for both zones.

This one-equation modeling methodology has already been applied (e.g., Davidson et al. [10,11] and
Temmerman et al. [50], the latter using the SGS model of Yoshizawa [57] combined with the one-equation
model of Wolfshtein (RANS) [56]). However, the choice of one-equation models diverges in the present
investigation. For the near-wall RANS region the model adopted in the present study is based on the two-layer
approach proposed by Rodi et al. [33]. They used a one-equation model for the viscosity-affected near-wall
layer and combined it with a standard k-€ model for the outer region to a two-layer RANS model. Hence the
formulation for the inner layer is taken over, but the outer region is basically replaced by LES. The resulting
unique model consists of a transport equation for the modeled turbulent kinetic energy kmoq in RANS mode
and the subgrid-scale (SGS) turbulent kinetic energy kggs in LES mode, respectively. Both models are then

distinguished by their definitions of the dissipation rate € of the turbulent kinetic energy k (= 1/2- (u}u;})) and
the eddy viscosity v; (Sects. 2.1 and 2.2).
The general transport equation for k reads

8k+U_8k d ( +v,)8k N 3E+3U_j aU; W
— i— =— W+ —)— vl — +— ) — —«
Jat fax‘,- ox; o 0x; ! 0x; ox; ) dx;

P

U; has to be understood as time-averaged U; in RANS mode and filtered U; in LES mode. This equation has
to be closed by appropriate modeling assumptions for € and v;, which are treated differently in the LES and
RANS zones, respectively.

2.1 SGS model for the hybrid technique

Before applying the present hybrid LES—RANS technique, it is necessary to agree on a subgrid-scale model
for the LES mode. The basic idea is to employ a similar one-equation model for k£ in RANS and LES modes.
Consequently, for LES the transport equation (1) is taken into account in order to describe the subgrid-scale
turbulent kinetic energy ksgs. The standard formulations of € and v, for the SGS one-equation model [31,34,
37,57] are defined as

vo=Cu kil A, (2)
€= Cq kJZ/A, 3)
A= (Ax - Ay - A)'/3. “4)

Thus, the decision has to be taken on the value of the constants C4 and C,, used for the definition of € and
vy, respectively. For this purpose several sets of constants have been tested on the plane channel flow test
case. These tests have been performed applying constants suggested by Schumann [37], Yoshizawa [57] and
Pope [31] relying on the Kolmogorov energy spectrum as well as a model proposed by Sagaut [34] also based
on the energy spectrum but using spectral methods such as EDQNM (eddy-damped quasi-normal Markovian)
theory for the adjustment of the constants. All models have given similar results. Therefore, it has been decided
that the main set should be C,, = 0.05 and Cy = 1.0 as proposed by Schumann. However, the LES models
have to be checked for more complex flow situations and under varying grid resolutions.

2.2 RANS model for the hybrid technique

The next step is to define the RANS model which is applied in the hybrid LES-RANS technique. The objective
is to use a simple model based on the turbulent kinetic energy and due to the restricted area in which the model
operates, especially designed for the viscosity-affected near-wall region. Moreover, it is preferred to avoid
the disadvantage of using damping functions, which are normally required for the length scale /,, and the
dissipation length /.. The following model meets these mentioned key points and to the authors’ knowledge
has not been applied in an hybrid method yet.
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In order to improve the quality of the prediction of the RANS technique, Rodi et al. [33] formulated a
one-equation near-wall turbulence model. Its particularity is the use of the wall-normal velocity fluctuations
v'? as velocity scale instead of k (= kmog). As a consequence only one damping function is required. The
formulation shown below is the original model suggested by Rodi et al. [33], which was combined with the

k-€ model in the outer region to a two-layer RANS approach. The empirical relations for v; and v2 of the
near-wall RANS model read

v= WD, (5)

lyw=Cryu-y with C, = 0.33, (6)

02/ kmod = 4.65 x 1075y*2 +4.00 x 10~*y* for y* < 60, @)
1/2

V= ko /v, ®)

Here y and y* denote the wall-normal distance and its scaled variant, respectively. The empirical relations for
€ are given by

€ =W kmod/le.w, ©9)

v
€, y/( (v/2)l/2y) (10)

As shown by Rodi et al. [33] and originally introduced by Durbin [13], for the near-wall region (RANS

mode) the wall-normal velocity fluctuations (v’ 2)1/2 are better suited to characterize the turbulent motion than

kmod as characteristic velocity scale. The length scale [, ,, appearing in the eddy-viscosity relation v;, generally
defined as [v, =Cy - k721 u] in a one-equation model now scales linearly with the wall distance y and needs
no damping function anymore. Indeed the eddy-viscosity reduction in the vicinity of the wall is an effect of the
decreasing v’ fluctuations rather than a viscous one and hence is naturally taken into account. The dissipation
length /. , used to define the dissipation rate €, which usually reads [e =Cy-k3?) lé] in a one-equation
model, also scales linearly near the wall. Only in the immediate vicinity of the wall the distribution must be

modified to yield the correct behavior of € ~ y? as y goes to zero. In order to apply (v’ 2)1/2 a5 the velocity

scale in the model, Rodi et al. provided (7) to relate the wall-normal velocity fluctuations to the distribution
of k (equivalent to kpoq in RANS mode) so that the transport equation does not have to be adjusted. Instead
of using the scaled variable y*, formulated with the wall-shear stress velocity u., they have introduced y*,
which allows the model to be applied in separated flows, for which t,, is zero or negative. This formulation

of v2 is valid up to y* ~ 60, which according to DNS results [26] corresponds to y* =& 30 for the channel
flow test case. Finally, one can notice that the constant C,, usually used in the eddy-viscosity definition is now
included in the eddy-viscosity length scale relation.

2.3 LES-RANS interface

Regarding the LES-RANS interface, two critical points are how to combine both techniques and how to
choose a criterion to shift from RANS to LES. In the present study a non-zonal approach involving an interface
treatment without synthetic or reconstructed turbulence is preferred as one of the objectives at this phase of
the investigation is to assess the suggested method in its simplest form prior to further developments. The
introduction of such mechanisms (synthetic and reconstructed turbulence) or the derivation of a solution for
the “DES buffer layer” is the subject of the ensuing stages of the investigation.

In Rodi et al.’s two-layer approach [33], the ratio of the eddy viscosity to the molecular viscosity v; /v is
employed as switching criterion. In the vicinity of the wall, the one-equation near-wall turbulence model is
applied until the ratio v, /v reaches a fixed value Cgyiich. Then the outer model is used. In order to keep the
requirement y* < 60, Cgwitch Was set to 16 by Rodi et al. [33]. In the hybrid LES-RANS technique this value
cannot be applied as v; in the LES mode is much lower than v, in the RANS mode. Furthermore, once the
critical value of v, defined as [u,,crit =v- Cswitch] is attained in the RANS mode, v; strongly decreases in the
LES mode and hence fall below the critical value v; it again. Then the entire simulation is treated in RANS
which is not desired. The suitable ratio for the LES—-RANS switch is found for Cqywitch < 1. However, this
criterion does not offer suitable results. Although the simulation shifts from RANS to LES at a reasonable
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Fig. 1 Channel flow test case at Re; = 590. RANS-LES domain layout for hybrid versions A (left) and B (right). RANS domain
black zone. LES domain grey zone

distance from the wall, the technique switches back from LES to RANS in the core of the domain when v;
decreases and finally reaches the critical ratio v; ¢ri¢. Therefore, this criterion has been abandoned. As a remedy
for the present hybrid LES—RANS technique, different dynamic switching criteria have been tested to define
the interface between RANS and LES.

Criterion y* based on the modeled turbulent kinetic energy kmod: hybrid version A

The objective of the method is to use a dynamic interface criterion based on physical parameters (mainly
turbulent parameters). Therefore, the idea is to introduce the turbulent kinetic energy k in this criterion. It
has been decided to apply the dimensionless value y* defined by [y* =k'2.y/ v] as switching condition.
Moreover, y* is already computed within the one-equation RANS model of Rodi et al. and used in the algebraic

expression of (v'2). y* has also the advantage to be applicable in separated flow configurations. By applying
this criterion the method is supposed to be able to determine automatically the zones of high or low turbulent
intensity in the near-wall region through the use of k. The wall distance y is assumed to prevent the method
from switching back to RANS in the core LES region of the domain. The interface is defined as

yi < Cswitch,y* =—> RANS mode
¥* > Cswitch, y» = LES mode an

with y* = k2 - y/v and  Ceyiteh,,+ = 60
Thus, the dynamic criterion y* based on kg is applied to define the LES—-RANS interface. As no averaging

is required in the determination of the interface, the method is self-starting (in time). Below y* = 60 (va-

lidity restriction of (ﬁ)) the simulation is performed in RANS mode. However, this condition gives, in the
channel flow test case, no sharply delimited LES-RANS regions (see Fig. 1 and the following criterion y; for
explanation).

Criterion y5 based on the total turbulent kinetic energy kio(: hybrid version B

In order to get over the last remark, the new criterion yj is introduced, which is defined as follows [yék = ktlo/tz-

y/v]. Hence y§ is amodification of y* by replacing kmoq by kot described by [ktot = kmod + %res]. Here ko and
kres denote the total and the resolved turbulent kinetic energy, respectively. kres is defined as [l /2 - ((ug u;)res)]

where (u;u;)res is averaged in time and homogeneous directions (if available). A drawback of this formulation
is that the time averaging makes the interface type B not fully self-starting in opposition to A. Furthermore,
time averaging is not always possible (e.g., for time-dependent boundary conditions). Then other techniques
such as a recursive digital low-pass filter [6] or an averaging procedure along trajectories of particles [25] can
be envisaged. Both methods mentioned above are notably applied within the dynamic SGS model procedure
in order to solve equivalent problem.

After assessing the switching criterion based on y*, it has been seen that no clearly delimited RANS
and LES regions are obtained. This fact is a consequence of using kpyoq in the formulation of y*. As can
be seen in Fig. 2 (left) based on the averaged values, Kmod closely follows the curve k¢t, which is defined



Hybrid LES—RANS technique based on a one-equation near-wall model 165

I kcrit

61 Kkiot \
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Fig. 2 Channel flow test case at Re; = 590. Behavior of kpoq in comparison with kit (left). Kmods kres and ko Of hybrid version
A (center). Behavior of ko in comparison with ket in hybrid version B (right)

as [kcrit = (Cgwitch - v/ y)z] and represents the limit between RANS and LES (kpmog < kcrit meaning RANS
mode). Thus, it is obvious that the instantaneous knog used in hybrid version A fluctuates around the curve
kerit, which creates these mixed LES—RANS zones. As a remedy the presence of resolved turbulent scales in
the RANS region (Fig. 2, center) is accounted for. Indeed, in steady RANS kpoq is expected to correspond to
kior and thus ks should be zero. That is not the case here. Since it operates as an unsteady RANS (URANS),
also the RANS mode resolves some turbulent scales. Thus, kpoq in y* is replaced by k¢, which gives a higher
value of k used in the switching criterion. Although ki is calculated with the instantaneous kg in order to
keep the dynamic nature for the interface type B, the resolved contribution is averaged. Indeed, the purpose
here is to add a contribution to kyoq in order to remove the RANS islands. To use the instantaneous distribution
of ks here is critical since the fluctuating character of ks may not completely cancel out the problem. Thus,
Kres 1S preferred. Moreover, an additional feature of applying kres is the smoothness of the interface obtained
as shown for the hill flow test case (Sect. 7.4).

Hence, yi“ provides two distinct RANS and LES domains. The effect of this modification is observed in

Figs. 1 and 2 (right). Unlike y*, yi“ provides a sharp interface between RANS and LES (k¢rie > kot = RANS
and kerit < kot = LES). Thus, the interface is defined as

3 < Cyuitch,y; = RANS mode
Y5 > Cswiteh, i = LES mode 1)

. 1/2
with y3 = ki - ¥/v and  Cyyieh,y5 = 60

It has to be noticed that the condition y; < 60 always keeps the requirement y* < 60 and that y* is kept in
the formulation of the model, i.e., (7)—(8). The LES-RANS interface using y; < 60 as criterion is located at
yT & 30 for the plane channel flow.

Criterion y* with sharp interface treatment: hybrid version Asi

The computations performed with the interface criterion based on y; showed that the gain of a clear interface
is accompanied by a large reduction of the RANS region (Fig. 1) as a result of y5 > y*. Although Ciyicn, 5
can be increased to values larger than 60, the prediction beforehand of a concrete limiting value is not possible.
Thus, C switch,y} = 60 is kept, which reduces the RANS region significantly. In order to retain a RANS
region of similar extension as hybrid version A but in conjunction with a sharp interface, a new approach is
implemented. This converts all undesired RANS islands back to LES and provides a sharp interface when the
hybrid version A is applied. The procedure is as follows. A RANS control volume is converted to LES if among
its six neighboring control volumes (CVs sharing a common surface) the CV characterized by the lowest wall
distance is treated in LES mode (see Fig. 3 for explanation).

This treatment of the interface will provide useful outcomes to check whether the RANS islands mentioned
for the hybrid version A influence the results or not. The comparison between the treatment A and Asi is presented
for the hill flow test case (Sect. 7.4; Fig. 14) for which the interface criteria are further discussed.
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Fig. 3 Conversion of a RANS CV to LES (fop). The RANS CV is selected (dark grey). The neighboring CVs are distinguished
by the crossed patterns. The neighboring CV characterized by the lowest wall-distance (bright grey with crossed patterns) is
selected for testing. If this CV is in LES mode, the dark RANS CV is converted to LES. The opposite case is shown below

3 Numerical methodology

All simulations were performed with the LES code LESOCC, used for the solution of the filtered Navier—Stokes
equations. This is a 3D finite-volume solver for arbitrary non-orthogonal and non-staggered (block-structured)
grids [4-6]. The spatial discretization of all fluxes is based on a central scheme of second-order accuracy. A low-
storage multi-stage Runge—Kutta method (second-order accurate) is applied for time-marching the momentum
equations in the first step of the predictor—corrector method. Subsequently, a Poisson equation is solved for the
pressure correction in the corrector step leading to a divergence-free velocity field. The additional transport
equation (1) for the turbulent kinetic energy is discretized with the same scheme. Pressure—velocity coupling is
achieved on the colocated grid using the momentum interpolation technique suggested by Rhie and Chow [32].
By applying an incomplete lower—upper decomposition, the Poisson equation is iteratively solved. Beside the
hybrid approach described above, different SGS models for LES are implemented (Smagorinsky model [40]
and dynamic Smagorinsky model [15]) as well as DES (Spalart—Allmaras model [41]). These features are used
to provide data for comparison with the new hybrid method.

4 Test cases
4.1 Plane channel flow

The first test case used for validating the basic settings and model modifications, is a plane channel flow
with periodic boundary condition in streamwise and spanwise directions and no-slip boundary condition at
the walls. The dimensions of the computational domain are: 27 (streamwise) X 7 (spanwise) x 2 (wall-
normal). The results are compared with DNS data of fully developed plane turbulent channel flow at Reynolds
numbers Re; = 590 and 2,003 supplied by Moser et al. [26] and Hoyas and Jiménez [18], respectively. The
computations are performed on three grids (Table 1). Grid F (fine) consists in 128 x 128 x 128 control volumes
in each directions, which represents a resolution of Ax+ = 0(30) (streamwise) and AzT = O(15) (spanwise)
at Re; = 590 but Ax™ = 0(98) and Azt = 0(49) at Re; = 2, 003. The first grid point (half first cell)
is located at position yfgt pt = 0.68 (Rer = 590) and 2.3 (Re; = 2,003). A second grid, namely grid C1,
much coarser than grid F and more in adequacy with the objective of the hybrid technique is used for the case
Re; = 590. Grid C1 contains 64 x 64 x 64 CVs leading to a resolution of Ax™ = 0(60) and AzT = 0(30).
The first grid point is located at position yf”st pt = 1.46. Finally, grid C2 is designed with 64 x 64 x 64
CVs and used at Re; = 2,003 leading to the following resolution: Ax™ = 0(196), Azt = 0(98) and
yf;t pt = 2.01. The difference between grids C1 and C2 is found in the wall-normal stretching factor. Tables 1
and 2 summarize the characteristics of the grids and the various computations (hybrid LES-RANS and LES)
performed, respectively. Two different sources can be cited defining grid resolution requirements for wall-
resolved LES. Piomelli and Chasnov [29] set the limits to AxT = O (50 — 150), Azt = O(15 — 40) and
yf;t ot < 2. According to Sagaut [55], a poor resolution starts with Axt > 0(100) and Azt > O(30). Thus,
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Table 1 Grid resolutions for the channel flow test case

Grid Re; Rey Ny x Ny x N; Axt Azt Vi ot Stretching factor
F 590 10,935 128 x 128 x 128 30 15 0.68 1.05

F 2,003 48,505 128 x 128 x 128 98 49 2.3 1.05

Cl 590 10,935 64 x 64 x 64 60 30 1.46 1.1

C2 2,003 48,505 64 x 64 x 64 196 98 2.01 1.143

Rey, Reynolds number based on the bulk velocity; Ny, Ny, N, number of control volumes in streamwise, wall-normal and spanwise
directions, respectively; AxT, Az and yltt ot resolution in streamwise, spanwise and wall-normal directions, respectively
Stretching factor in the wall-normal direction

Table 2 Channel flow simulations

Sect. Case Grid Re; Sim. Models Const. Int. Funct. ta/t;
Section 5 A F 590 Hyb. NWOER/OEsch orig. A - 29.93
B F B - 14.01
LESI Cl1 LES Smag. - - - 31.82
A F A - 27.04
A C1 A - 19.10
Section 7.1.1 Asi F 590 Hyb. NWOER/OEsch mod. Asi - 23.89
Asi C1 Asi - 19.10
B F B - 17.51
B C1 B - 19.10
LES2 F LES OEsch - - - 28.96
LES3 F LES Smag. - - - 36.29
Afdyn F A fdyn 24.89
Afdyn C1 A fdyn 20.16
Section 7.1.2 Asidyn F 590 Asi fdyn 23.50
Asidyn Cl1 Hyb. NWOER/OEsch mod. Asi fdyn 28.53
Bf F B f 15.70
Bfdyn F B fdyn 16.81
Bfdyn C1 B fdyn 20.40
LES4 C2 LES Smag. - - - 23.87
A F A - 20.54
A C2 A - 17.17
Section 7.2 Asi F 2,003 Hyb. NWOER/OEsch mod. Asi - 19.19
Asi C2 Asi - 17.91
B F B - 19.01
B Cc2 B - 17.24

Sect section in which the simulation is studied; Sim simulation type; Hyb hybrid LES-RANS; Smag Smagorinsky SGS model;
NWOER near-wall one-equation model of Rodi et al.; OEsch SGS one-equation model of Schumann; Const set of constants in
the RANS model of Rodi et al. (Sect. 6.1); orig original set of constants; mod modified set of constants; Int interface type; funct
type of compensating function (Sect. 6.2); f empirical compensating function; fdyn dynamic compensating function; ¢, averaging
time; ¢, flow-through time

the grids F (at Re; = 2,003) and especially C2 do not fulfill these requirements but enter in the range of
resolution aimed by hybrid LES-RANS simulations.

4.2 Periodic hill flow

The hill flow configuration was a test case at the “ERCOFTAC/IAHR/COST Workshop on Refined Turbulence
Modeling” in 2001 [20] and 2002 [22]. Moreover, it has been extensively studied for DES assessments by
Breuer et al. [7,8], Jaffrézic et al. [19] and Sari¢ et al. [35]. The basic idea was to set up a geometrical simple
test case which allows one to perform basic investigations based on a complex flow, including pressure-induced
separation and subsequent reattachment. Figure 4 shows a sketch of the configuration. The dimensions of the
domain are: Ly = 9.0h (streamwise), Ly = 3.035h (wall-normal) and L, = 4.5h (spanwise) [24]. The flow
is assumed to be periodic in the streamwise direction.

As no DNS was performed at the Reynolds number of Re, = 10, 595 (based on the bulk velocity Uj and
the hill height /), the solution used for evaluating the hybrid simulations is a highly wall-resolved LES [7,9]
consisting of a block-structured curvilinear grid with about 12.4 x 10° control volumes using the finite-volume
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x/h

Fig. 4 Periodic hill flow test case. 3D sketch (upper left). x—y sketch of the grid (upper right). y™ distribution at the lower wall
(lower) for three hybrid simulations and a DES on the coarse grid as well as the wall-resolved LES prediction [7,9]

code LESOCC (Sect. 3). Some details about this solution denoted in the following WR-LES should be provided
here. The grid points are clustered in the vicinity of the lower and upper walls as well as in the region where
the free shear layer appears. The resolution of the near-wall region is described by the distribution of non-
dimensional yT values defined as [ vt = Ayee - ug/ v] where Ay.. denotes the distance from the wall of the cell
center (Fig. 4). On the lower wall, y™ is below 0.45 with a mean value of about 0.2 except at the windward side
of the hill. Here the largest values of the wall shear stress are observed and y™ reaches its maximum of about
1.2. Regarding the wall-normal resolution the grid satisfies the requirements of a wall-resolved LES prediction.
Compared to previous studies [ 14,49] who employed in their highly resolved simulations a curvilinear grid with
about 4.6 x 10® CVs, especially the number of grid points in the wall-normal direction is increased in the present
WR-LES solution. Furthermore, the upper wall is also resolved by a DNS-like representation (y*+ < 0.95).
Thus, in contrast to [14,49] the application of a wall function is avoided. Overall the grid is much finer than
in [14,49]. For example, the cell sizes at the hill crest, which is a key region for the periodic hill flow, are in the
current case Axcrest/h = 0.026 and Aycpest/h = 2.0 X 103 whereas the corresponding values in [14,49] are
Axerest/h = 0.032 and Aycres/h = 3.3 X 1073, respectively. Owing to the increased resolution in streamwise
and spanwise directions the cell sizes expressed in wall units are below Ax™ = 20 and Az™ = 9 and thus lower
than in [14,49] and substantially lower than the recommendations for wall-resolved LES given by Piomelli
and Chasnov [29]. That also holds at the windward slope of the hill where the largest shear stresses are found.
Concerning the subgrid-scale modeling, the dynamic Smagorinsky eddy-viscosity model [15] is applied. The
boundary conditions are as follows: no-slip condition at the walls and periodic boundary condition in spanwise
and streamwise directions (fixed mass flow rate). To gather reliable statistical data the flow has been averaged
in time (dimensionless averaging time T,ye = 1277.34) and along the homogeneous spanwise direction.

Besides, the results obtained by this highly resolved LES have been compared with the highly resolved
LES performed by Frohlich et al. [14]. This assessment has shown a high degree of agreement between both
predictions. Moreover, with respect to further studies [7] and a DNS at Rep = 5, 600 performed by Peller and
Manbhart [28], the Reynolds number in the range presently mentioned (Re, = 5, 600 to 10, 935) does not have
a strong impact on the results. The current highly resolved LES has also been evaluated against the DNS at
Rep =5, 600, which has allowed one to observe equivalent results.

In the present investigation, simulations for the hill configuration are performed on a coarse grid (Fig. 4)
consisting of 160 x 100 x 60 CVs in streamwise, wall-normal (res.: Aycrest/h = 5.0 x 1073, 1stCV height)
and spanwise directions, respectively. Figure 4 presents the wall-normal resolution through the distribution of
yT of the various computations performed. It has to be mentioned that this grid was originally designed for
DES. The number of grid points in the spanwise direction is moderate so that the RANS region becomes larger.
In this configuration the DES technique using the Spalart—Allmaras model switches from RANS to LES at a
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Table 3 Periodic hill flow simulations

Case Sim. Models Int. Ny x Ny x N, Axt Azt iy ot AtUp/h ta/t,
WR-LES LES Dyn. - 280 x 220 x 200 20 9 0.45 0.0018 141.0
LES LES Smag. - 160 x 100 x 60 30 30 1.0 0.004 69.6
DES DES SA DES 160 x 100 x 60 35 33 1.1 0.004 67.3
A Hyb. NWOER/OEsch A 160 x 100 x 60 35 55 1.8 0.004 91.9
Asi Hyb. NWOER/OEsch Asi 160 x 100 x 60 35 55 1.8 0.004 56.5
B Hyb. NWOER/OEsch B 160 x 100 x 60 35 46 1.5 0.004 58.0
Asag Hyb. NWOER/OEsag A 160 x 100 x 60 35 55 1.8 0.004 92.3
Bsag Hyb. NWOER/OEsag B 160 x 100 x 60 35 46 1.5 0.004 89.5

WR-LES wall-resolved LES; Sim simulation type; Hyb hybrid LES-RANS; Dyn dynamic Smagorinsky SGS model; Smag
Smagorinsky SGS model; NWOER near-wall one-equation model of Rodi; OEsch SGS one-equation model of Schumann; OEsag
SGS one-equation model of Sagaut; SA Spalart—Allmaras model; Int interface type; Ny, Ny, N, number of CVs in streamwise,

wall-normal and spanwise directions, respectively; Ax+, Azt and yltt ot resolution in streamwise, spanwise and wall-normal

directions, respectively (these are the maximal values for the range x /# = 0 to 8.0. At the windward side of the hill the resolution
decreases owing to the increased value of u, in this region). At Uy, / h normalized time step; ¢, averaging time; ¢, flow-through time

distance of about 7-9 RANS cells. Table 3 summarizes the characteristics of the simulations carried out on
the hill flow test case.

5 First results for the channel flow at Re,; = 590

The results presented and discussed here concern the hybrid LES—RANS variants A and B and the fine grid
only. The objective of this section is to show the deficits of the primary formulation leading to some possible
enhancements described in Sect. 6. For the plane channel flow test case (Sect. 4.1) the new hybrid model
provides encouraging statistical results, which are displayed in Fig. 5. The switching location of the LES—
RANS interface is located at y™ A 30 for hybrid version B, which is the position expected and estimated based
on DNS results. As mentioned in Sect. 2.3, hybrid version A does not give a precise interface location.
Compared with the DNS data a higher u, value is found in the case of the hybrid LES—RANS version
B (deviation of +3.4%) whereas version A predicts a lower u, value (deviation of —2.3%). The streamwise
velocity of both hybrid versions show discrepancies in comparison with the DNS reference starting from
the core of the RANS region (Fig. 5). Furthermore, U™ presents an inflection point at the location of the
interface (y* =~ 30), which is the starting location of an unphysical step related to the switching from LES
to RANS. This step is often referred to as “DES buffer layer” and generally observed in hybrid simulations,
c.f. [27,30]. Nevertheless, the slope of U™ in the LES zone is recovered with respect to DNS. An inflection
point is also observed in the distribution of the root-mean-square of the resolved Reynolds stress 715 (1t ) es.
At the interface one can observe the sudden drop of VtH,IROdANS which passes from a RANS to a LES amplitude

at the interface (Fig. 7). Another issue is the overestimation of kiot. Both hybrid versions show a similar result
despite slightly lower values of kmoq by hybrid version B. Thus the loss of modeled turbulent kinetic energy
is overcompensated by a gain of resolved energy. As expected, the resolved scales do not vanish rapidly at the
LES-RANS interface and in the RANS region. The consequence is a high proportion of the resolved field also
in the vicinity of the wall (RANS area). Moreover, these results show the influence of the interface criterion.
It should be kept in mind that the difference between hybrid versions A and B is solely found in the switching
criterion, whereas the formulation of the RANS model remains the same in both cases. The effect of the interface
position on the resolved field is seen in Fig. 5 by noticing the lower proportion of (u;.u’j)res predicted by the
hybrid version A compared with version B. Version A does not switch from RANS to LES at a clear position,
however, it is clear that it offers a more extended RANS region. The consequence is the larger proportion of
the modeled scales in version A. Since the results displayed are not fully satisfactory, two different adjustments
of the RANS model are considered in the next section leading to an improvement of the predictions.

6 Modified formulations of the RANS model and resulting enhancements
6.1 Adjustment of the RANS model to a higher Reynolds number

In order to match the objectives of the present study, i.e., to apply LES to high Reynolds number turbulent flows,
the model performance has been assessed with data of a more recent, higher Reynolds number (Re; = 590)
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Fig. 5 Channel flow test case at Re; = 590, results of hybrid versions A and B on grid F. Mean streamwise velocity U™ (upper
left). Root-mean-square of the resolved Reynolds stresses rms (1’ W)res (upper center) and rms(v'v')es (upper right). Resolved

Reynolds shear stress u’v’res (lower left). Turbulent kinetic energies ko (lower center) and kmod (lower right). Values scaled with
u, of each case, respectively. DNS data provided by Moser et al. [26]

DNS of a channel flow (Sect. 4.1). Compared to the reference DNS used originally by Rodi et al. (Re; = 180
and 395) to set up the RANS model, the present data are more representative for practical applications since
they show a distinct log-region. This study shows that an adjustment of the constants is worth being tested
(Fig. 6). An enhanced RANS model using the same architecture but modified constants leading to a much

better agreement between the modeled and the real distributions of (ﬁ/ k), l;tv and (Cll/ . l;fv) is defined.

The range of interest for the RANS model is approximately y™ < 30. The new empirical relations for v, and
€ in this range read

02/ kmod = 3.55 x 1075y*2 4+ 6.50 x 10~*y* for y* < 60 with y* = k'/2 . y /v, (13)

Cr, =04, (14)

lew =15y /(14+765—2—). (15)
(v/2)1/2y

Now the constant for the length scale is as expected for a log-layer, i.e., the classical von Kdrmén constant.
This new set of constants can be applied to each previously described model version (A, Asi and B). All
simulations presented in the following are computed with this new set of constants, whereas the computations
performed with the original set by Rodi et al. is called A0 and BO. Moreover, the new set of constants has
been freshly assessed with the data of the DNS at Re; = 2, 003 [18]. It has been observed that the constants

could be further adapted, especially for the formulation of (v'2). The current expressions for the length scales
are still found to be in reasonably good agreement. Thus, a third set of constants has been derived (not shown
here). However, tests (not shown here) performed in this direction have not delivered significant differences
relatively to the one obtained with the constants presented above.
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Fig. 6 Channel flow: Distribution of V2 /k (left), lJr (center) and C ,U (right). Modified model: New model formulation
using DNS results of Moser et al. [26] at Re; = 590 Orrgrnal model: Rodi et al.’s formulation [33] based on low-Re results but
plotted for DNS results of Moser et al. [26] at Re; = 590

6.2 Adjustment of the RANS eddy viscosity

The second modification is a consequence of the presence of resolved turbulent scales in the RANS region.

Indeed, as previously mentioned (Sect. 2.3) in steady RANS (u u' )mod should correspond to (u u' )mt and the

modeled eddy viscosity vtrﬁggNS provided by the model should be the total eddy viscosity vt R ANS* Nevertheless,

the first campaign of tests carried out on the hybrid approach (Sect. 5) showed a different outcome with the

pronounced presence of resolved turbulent scales in the RANS region. Under this condition v}% ANs cannot be

mod : : res
longer seen as ut R ANS but represents the sum of v g’ g and a resolved eddy viscosity vy ns- This ul RANS

is obviously not explicitly calculated but depicts the effect of the resolved field. According to this remark the
important resolved field contribution might also be taken into account and the formulation of the RANS model,
as part of the hybrid approach, can be appropriately adjusted.

In the present RANS model, vt R ANS is calculated based on kn o4, Which differs from ki because of the
unsteady character of the simulation. Therefore, the resolved field is already implicitly accounted for in the

calculation of v;f‘ROdANS. Nevertheless, the underprediction of U™ in the channel flow test case (Fig. 5), which

can be explained by the overprediction of v sng» S€ems to show that this automatic adjustment of the model

is insufficient. This statement is confirmed by Fig. 7 (left), which presents v;f‘ROdANS. In the RANS region the

modeled eddy viscosity vtrfll‘{dANS closely follows the distribution provided by DNS results derived by the relation

[v, = —W/ @U/d y)] However, it should be kept in mind that this reference curve represents the total eddy

viscosity vt R ans- Therefore, it is obvious that vt R ans 18 overpredicted in the case of the hybrid technique.

Thus, if the assumption that vlrfl}gdANS should still be adjusted according to the resolved field, the contribution

(u'V')res (Fig. 5, lower left) should be taken into account in the automatic eddy-viscosity adjustment. In order
to demonstrate its relevance, the ratio (u/v/)res/(u'v')or versus y; obtained from the statistical results of the
plane channel flow with hybrid version B is depicted in Fig. 7 (right). From that figure it is clear that the ratio
never passes below 0.3 (value at the position y; = 12 or yT & 7) in the relevant RANS region and reaches
0.65 close to the interface (y; = 60 or y* & 30). This result exhibits the importance of the resolved field
in the RANS region and the persistence of the resolved scales. The significant level of the resolved field is
plausible due to the position of the interface relatively close to the wall as well as the high resolution of the
grid used in this particular simulation. The following questions are arising: How should vt R ANS be readjusted?

Should this adjustment be performed according to (u/v')es? If yes, how should the resolved Reynolds shear
stress field be “introduced” in the RANS formulation?

Assuming that the second question can be answered positively, the remaining one is how to adjust the
eddy viscosity. A natural choice to observe the importance of the resolved shear stress in the simulation is the

ratio (u'v’)res/ (U’ )1or- A function providing this ratio is an interesting starting point and the adjustment of

tmlg?\NS then resembles to [v;f‘lgdANs = v:l lg%t\%n Poa—f )] with f representing the effect of (#/v’)res. In order

to verify these assumptions, an empirical function f(y3) mimicking the ratio (/0 )res / 'V )ot (Fig. 7, right)
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is formulated as a feasibility test before further developments are carried out. It reads

f(y3)=03-y; for0 < y; <1
f(») =03 for1 <y} <12 (16)
FO3 =03+ (1.55 x 107*(y5 — 12)?) for 12 < yj < 60

This function f(y;) compensating for the presence of (u/v)res in the formulation of UtrflROdANS is used as

. mod . . . . . . -1 mod, temp
follows. First v/ gAng 1s calculated as previously mentioned in hybrid version B providing v, gaNg - In a

second step the function f(y3) is applied supplying the effective v{?ROiNS. An important remark is that the

function f(y3) is not dynamically predicted within the simulation and is designed for hybrid version B. This
is denoted “Bf”.

The results obtained by the implementation of this empirical function have been judged encouraging
(Sect. 7.1.2) so that a new non-empirical function f was designed to replace the empirical formulation f (y5).
This new function is dynamically predicted within the simulation and thus can be applied to each hybrid
version. f is defined as follows

'V )res

B S ith (W' v )es = (0 — ) - (v —0). 17
me+wwmthw” (u—u)-(v—"2) (17

() has to be understood as the averaged value in time and homogeneous directions (if available). The use of
(u’v")mod In f has been found to give better results than formulations without averaging especially by keeping
an acceptable level of modeled eddy viscosity vt'f'}gdANS. The suffix “fdyn” is used in the appellation of an
hybrid variant when the dynamic function is applied. As noticed for the interface type B, the method could be
blamed for not being self-starting. However, in order to account for this feature the computations performed
with the function f contains three phases before collecting statistics which are briefly mentioned. First, the
simulation is computed without function f so that the flow develops. In a second phase, the averaging of
'V mod found in (17) starts. After a short period (& 2 flow-through times), f is applied for a few flow-through
times (* 5). Finally, the statistics are collected. Nevertheless, in order to improve the self-starting character of
the simulations (namely to compute the whole simulation with f) the techniques mentioned in Sect. 2.3 can
be consider.

A remark has to be added concerning this eddy-viscosity correction. Indeed, a similar idea of adjustment
has already been performed by Templeton et al. [5S1]. However, they used a different formulation and it has been
executed in the context of wall modeling for LES (not for an hybrid LES-RANS approach). Their technique
relies on tabulated data of the wall-shear stress and the eddy-viscosity distribution obtained from averaged data
of a resolved LES of channel flow at Re; = 395, which makes it applicable to this flow case only, whereas
the present approach (17) is more general.
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Fig. 8 Channel flow test case at Re; = 590 on grid . Predictions of the mean streamwise velocity U (upper left), the total
Reynolds shear stress u/v'io; (upper center) and the total turbulent kinetic energy ko (upper right) for the hybrid versions A, Asi
and B. Resolved Reynolds shear stress u’v’es (lower left). Distributions of the modeled (AOmod | gmod 5nd Bmody and resolved
(A™S and B™) turbulent kinetic energies for hybrid versions A0, A and B (lower center). Distributions of the modeled (A™°¢ and
B™°) and resolved (A™ and B'™®) Reynolds shear stresses u/v’ for the hybrid versions A and B (lower right). Values scaled by
u, of each case, respectively. DNS data provided by Moser et al. [26]

7 Results
7.1 Channel flow at Re; = 590
7.1.1 Versions A, Asi and B

The first modification carried out on the near-wall model (Sect. 6.1) as well as the interface criterion Asi are
assessed on both grids F and C1. Regarding the interface location, the sharp-interface version Asi switches at
yT A 45 (since a precise value cannot be given owing to the range of positions, this is an approximation).
Concerning grid F, which was also used in Sect. 5, only a marginal variation of the resolved field is visible
as depicted in Fig. 8 (lower left). However, the total turbulent kinetic energy given by the DNS is now predicted
accurately by each hybrid version (Fig. 8). The modeled and resolved contributions of the turbulent kinetic
energy can also be seen in Fig. 8 (lower center). This as well as the equivalent graph for the Reynolds shear
stress (Fig. 8, lower right) supply another evidence of the influence of the interface location, which was pointed
out in Sect. 5. Comparing hybrid versions AO (RANS model with original set of constants by Rodi et al.) and A
depicted in Fig. 8 (lower center), one can easily see that the adjustment of the RANS model leads to a reduction
of the modeled turbulent kinetic energy. However, as previously mentioned, ks is kept nearly unchanged.
The u, value for versions A and B are equivalent (although slightly better) compared to versions A0 and BO,
respectively. The version Asi provides u, with a deviation of —2.26% with respect to the DNS value. The
prediction of the mean streamwise velocity U™ is also nearly unchanged (Fig. 8). Both hybrid versions A and
Asi show familiar deviations from the DNS at the interface location and are almost not distinguishable over
the entire y™ range. One noteworthy point, which was previously not noticed because of missing modeled
data, is a kink observed around the interface in the predictions of the total Reynolds shear stress UV o (Fig. 8,
upper center). This behavior can be explained by scrutinizing Fig. 8 (lower right). In both versions versions A
and B the modeled contribution u’v'h0q €xperiences a strong drop at the interface, which is not compensated
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Fig. 9 Channel flow test case at Re; = 590, results of hybrid versions A, Asi and B on grid C 1. Predictions of the mean streamwise

velocity U™ (left), the total Reynolds shear stress u'v'io (center) and the total turbulent kinetic energy kot (right). DNS result of
Moser et al. [26]

by the resolved scales. This kink is another impact of the interface similar to the inflection point in the U™
velocity profile mentioned in Sect. 5. It can be observed that this kink is not as pronounced for version A.
The explanation is probably that the interface of version A is not as clear as in version B, providing a kind of
unexpected “blending region”. The drop of u’v’,es for the variant A being slightly weaker (weaker slope) than
in B (Fig. 8, lower right) accredits this assumption. Moreover, a slight overprediction of u/v’i; can be seen in
the RANS region in both versions. Finally, the hybrid versions A and Asi exhibit equivalent results.

The results obtained on the coarser grid C1 (Fig. 9) are not fundamentally different than the ones generated
by grid F. This satisfactory stability in the results with two different grid resolutions is not observed in the case
of LES using the Smagorinsky model [40]. Indeed, the LES using the Smagorinsky model on grid F, although
not shown here, is in good agreement with the DNS, whereas on grid C1 the mean streamwise velocity U™
is strongly overestimated in the logarithmic region (Fig. 9, left). The moderately coarse resolution of grid C1
appears to already be an obstacle for the LES using the Smagorinsky model. U™ is reasonably predicted in
each hybrid case. Nevertheless, the inflection point remains. Slight differences between the versions A and Asi
are visible above y™ = 100. This can be the consequence of the coarser grid spacing C1, which can amplify
hardly perceptible differences on grid F in this situation. However, the curves stay in good agreement with
the DNS data [26]. u is slightly better predicted (+0.33, +2.09 and +1.78% for A, Asi and B, respectively,
compared with —1.96, —2.26 and +3.22% for A, Asi and B on grid F). It is notable that both versions (A and B)
on grid C1 converge towards the reference solution, whereas their behavior in the logarithmic region on grid
is different (overprediction for A but underprediction for B). The kink in the prediction of u/v/ i for the hybrid
simulations is still observed (Fig. 9, center). The total turbulent kinetic energy is slightly overpredicted by the
hybrid simulations (Fig. 9, right). The distributions of the modeled and resolved parts in comparison with grid
F show that the resolved contribution is increased. Conversely, the modeled kinetic energy is similar from
one grid to the other. This increased energy phenomenon has also been observed by Breuer [6] in the LES
context when the grid is coarsened. Overall, the hybrid versions A and Asi present almost identical curves. The
advantage of Asi is not obvious in the present situation. The influence of the RANS islands in the LES region
on the results seems to be weak. This statement was also assumed by De Langhe et al. [12] who encountered a
similar behavior in their hybrid LES-RANS approach. Moreover, Fig. 1 presents snapshots of the LES—RANS
fields. This signifies that a RANS spot appearing at one time step may not be observed at the next one. Thus,
this phenomenon is not thought to have a real impact on the statistical results.

7.1.2 Compensating functions f(y5) and f

The results presented are based on grids F and C1. The dynamic function (17) designed to compensate the
high level of resolved scales in the RANS region (Sect. 6.2) has been applied to the hybrid versions A, Asi
and B. The empirical function (16) devoted to variant B is also presented. The results are depicted in Figs. 10,
11. It is obvious that the distribution of the mean velocity profile U™ (Figs. 10, 11) is significantly improved
by the application of the functions in the RANS region. Besides, both dynamic and empirical functions give
similar results (Fig. 11, upper left). A slight deviation from the DNS data can still be observed around the
interface. Nevertheless, the amplitude of the unphysical step is apparently reduced. The behavior of the model
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Fig. 10 Channel flow test case at Re; = 590, results of hybrid versions Asi and Asifdyn on grid F. Predictions of the mean
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at the interface is presently studied in order to propose a solution to resolve this remaining discrepancy. The
prediction of u; is also enhanced. This statement is obvious on grid F. Regarding the versions A and Asi,
the deviations to DNS are —1.5 and —1.03% for Afdyn and Asifdyn, respectively, compared with —1.96 and
—2.26 for A and Asi. For the version B, this is manifested by the following variations: +0.26 and +1.2% for Bf
and Bfdyn, respectively, compared with +3.22% for B. On grid C1, the version Asifdyn shows an improvement
(from +2.09% for Asi to +0.28% for Asifdyn), whereas the remaining variants provide similar predictions.
Regarding k, the reduction of the modeled part kg in the RANS region is apparent (Fig. 11, lower center).
Nevertheless, this decrease does not balance the increase of the resolved turbulent kinetic energy kyes (Fig. 11,
lower left), which results in the overprediction of the total contribution ko (Figs. 10, 11). Another interesting
remark concerns the (1t/v’) o kink (Figs. 10, 11). Although it does not completely disappear, the magnitude is
significantly reduced owing to the modified formulation of the eddy viscosity.

The functions are presently used to adjust V;I,IROdANS according to the proportion of (/v)res in the RANS
region, which leads to its reduction (Fig. 11, lower right). However, the purpose is not to reach an LES-like
eddy-viscosity level. A first evidence is given by comparing kpoq computed by the hybrid simulations with
an LES using the one-equation model of Schumann [37] (LES2, Table 2). The former are significantly higher
(Fig. 11, lower center). In order to further verify this point, the ratio of the eddy viscosity to the molecular
viscosity is checked. The maximal averaged values of the ratio vll‘TlROdANS /v on grid F are 3.7, 1.3, 1.25 and
0.2 for the hybrid versions B, Bf, Bfdyn and LES3, respectively. Thus, although the functions drive the hybrid
LES—-RANS method regarding the eddy-viscosity values towards an LES level, the v;?ROdANS amplitude is still
much larger than in LES (Fig. 11, lower right). Moreover, these results concerns the hybrid versions B, which
offers lower modeled contributions and v{?ROdANS values than the versions A and Asi. Regarding variant A, the

maximal averaged ratios vtrﬁ‘{iNS /v for grid F are 7.65 and 4.2 for A and Afdyn, respectively. Thus, as expected
the Vzr?fz)dANs level is larger than for the versions B and much larger than in the LES case.

7.2 Channel flow at Re; = 2, 003

Since the final objectives of hybrid methods is to tackle high-Re flows, in this section the hybrid variants A, Asi
and B are assessed on the same channel flow configuration but at higher Reynolds number, i.e., Re; = 2, 003.

The general behavior of the method found for Re; = 590 remains for the computations at Re; = 2, 003
(Figs. 12, 13). The methods A and Asi supply basically the same results. This strengthens the assumption that
the switching back to RANS in LES mode is not as critical for the results. Besides, the number of RANS
spots in LES is significantly reduced compared with the channel flow at Re; = 590. This follows from the
increased level of turbulent kinetic energy in the channel flow at Re; = 2,003 compared to Re; = 590
(Fig. 12, lower left). Subsequently, the modeled contribution kpoq in the hybrid approach also grows in the
core region (comparison of A™°4:3%0 and AM°d.2.003 ip Fig 12, lower center). Thus, kmoq moves further away
from the critical value k¢ defining the LES—-RANS border (Sect. 2.3), which produces fewer islands (Fig. 12,
lower right).
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Fig. 11 Channel flow test case at Re; = 590, results of the hybrid versions B, Bf and Bfdyn on grid F. Mean streamwise velocity
U™ (upper left). Total Reynolds shear stress u’v'io; (upper center). Total turbulent kinetic energy ko, (upper right). Resolved
turbulent kinetic energy kres (lower left). Modeled turbulent kinetic energy kmod (Iower center). Normalized averaged modeled
turbulent viscosity vt‘f‘ﬁdANs /v (lower right). LES-RANS interface at y™ ~ 30. DNS data provided by Moser et al. [26]

Concerning the normalized mean streamwise velocity U™ the RANS region is similarly underestimated
(Figs. 12, 13). The version B suffers from the “DES buffer layer” earlier than the two other variants as its
interface is located closer to the wall as a consequence of the switching criterion. Versions A and Asi cannot
be really distinguished. It is obvious that the shift-up produced at the interface is more pronounced for B than
for the variants A and Asi. For grid F, except a slight underestimation for the hybrids A and Asi the slope
of the logarithmic layer is satisfactorily reproduced. The coarse resolution (C2) seems to amplify the “DES
buffer layer”. The fine resolution of grid F might yield the LES recovery in the vicinity of the interface. For
comparison an LES prediction performed on grid C2 with the Smagorinsky model (LES4, Table 2) is added in
Fig. 13. As visible it does not perform well. U™ is underestimated until y* &~ 30. Regarding the logarithmic
region, LES4 provides, as already noticed at Re; = 590, a velocity profile which is less accurate than that of
the hybrid method. Comparing the results of both Reynolds numbers the main difference is remarked in the
distribution of ko (Figs. 12, 13). Here, a strong overestimation characterizes the hybrid method. By comparing
the predictions of kg at Re; = 590 and 2,003 on grid F (same grid for both Re; ), no variation is noticed near
the wall (Fig. 12, lower center). However, the situation differs for kyes. Although Fig. 12 (lower left) displays a
growth of kot between the DNS at Re; = 590 (DNS1) and 2,003 (DNS2), kres undergoes an important intensity
increase, which is much larger than the one observed for DNS (Fig. 12, lower center). This can be explained
by the tendency of LES to produce more turbulent kinetic energy under coarse grid resolution (Table 1).

7.3 Summary of channel flow results

Over the range of simulations performed the results are satisfactory. Regarding the LES-RANS interface, the
tests carried out on the plane channel flow lead to various comments. The comparison between variants A and
Asi tend to show that the RANS spots located in the LES core-region are not critical concerning the statistical
results. The definition of the criterion y* is based on the instantaneous value of ko4, which signifies that a
RANS island perceptible at one time step may not show up at the following one. Thus, in a statistical point
of view the influence of these RANS spots appears to be weak. Besides, the phenomenon gets weaker as the
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Fig. 12 Channel flow test case at Re; = 2, 003, results of hybrid versions A, Asi and B on grid F. Predictions of the mean
streamwise velocity U™ (upper left), the total Reynolds shear stress u’v’ oy (upper center) and the total turbulent kinetic energy
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between the DNS at Re; = 590 (DNS1) and the DNS at Re; = 2, 003 (DNS2) (lower left). Distributions of the modeled and
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kinetic energy at Re; = 2, 003 (AM0d.2.003 54 Ares.2,003 respectively) for hybrid version A (lower center). Behavior of kmoq in
comparison with kerj; for hybrid version A (lower right)
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Fig. 13 Channel flow test case at Re; = 2, 003, results of hybrid versions A, Asi and B on grid C2. Predictions of the mean
streamwise velocity U (left), the total Reynolds shear stress u/v’yo; (center) and the total turbulent kinetic energy ko (right).
DNS result of Hoyas and Jiménez [18]

Reynolds number increases. Hence, since the hybrid variant A represents a cheaper formulation than Asi, the
former is preferred.

The so-called “DES buffer layer” is present in each hybrid case as generally seen in various hybrid LES—
RANS approaches proposed in the literature (Sect. 1). However, the intensity of the phenomenon varies
according to the switching criterion or the grid resolution applied. The compensating function also has an
enhancing effect on this issue. Indeed, in addition to provide closer results with respect to the DNS, the
empirical and dynamic functions reduce the shift-up in the prediction of U as well as for other values such

as M/U,mt.
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The hybrid version A gives a clear advantage over B in terms of RANS domain extension and ratios
between the modeled and resolved contribution levels (higher level of modeled scales for variant A). Although
the predictions of U™ do not exhibit any clear advantage to variant A or B, conversely the former is inclined
to predict u’v'yo in a better agreement (especially a smoother curve at the LES—-RANS interface). Thus, the
preference goes to the interface type A. As seen in Sect. 7.4, the periodic hill flow test case will also yield a
slight preference to variant A.

Another point is the constancy in the behavior and results of the hybrid LES—-RANS approach observed over
the various assessments carried out, i.e., different Reynolds numbers as well as fine and coarse grid resolutions.
This stability is not noticed for LES, which for coarse resolution is not able to reproduce the logarithmic layer
correctly.

Moreover, the hybrid version A has been assessed on the channel flow test case at Re; = 20, 000. The
grid used is based on grid F excepting the wall-normal stretching factor which is increased to 1.115 in order
to keep yf;t pt < 2. The resolution reaches values such as Ax* = 0(980) and Az = O (490), which is far
beyond the wall-resolved LES requirements whereas in the wall-normal direction the first grid point is located
at lerst pt 1. As the prediction of U™ taking the law of the wall as reference remains equivalent in terms
of behavior to the comportment observed for Re; = 590 and 2,003, this has not been included here. The
near-wall region is slightly underestimated whereas the logarithmic region is somewhat overestimated behind
the “DES buffer layer” although its slope is recovered.

7.4 Periodic hill flow simulation at Rep, = 10, 595

The second, reasonably complex test case is the flow over periodic hills (Sect. 4.2). In addition to the hybrid
approaches A, Asi and B, a DES applying the SA model and an LES using the Smagorinsky model have been
performed (Table 3).

7.4.1 Extension of the LES and RANS zones

The RANS and LES domains are shown in Fig. 14 whereas Table 4 presents the repartition of the RANS CV
layers in the main regions. It has to be recalled that Fig. 14 presents snapshots of the domains. Besides, the
time step at which the figures are extracted do not correspond one to each other. For the hybrid version B,
the interface position occurs at a distance of 5-10 RANS cells from the wall (depending on the streamwise
location). A large portion of the recirculation region (x/h ~ 0.6-3.5) contains ten RANS cells normal to
the wall, whereas the hill crest, where the separation occurs, is covered by five cell layers. Concerning the
reattachment zone (x/h & 5) seven CV layers are found in the RANS mode. For the hybrid version A the
interface at the lower wall is located above 6-16 RANS cells with a similar RANS cell distribution as the
version B over the main zones of concern (6—7 CVs around the separation point, 8—16 CVs in the recirculation
region and 9-10 CVs around the reattachment location). It is of interest to note that for the hill flow test case
the problem of a frayed LES—RANS interface (with RANS islands in the LES core region) encountered in the
channel flow case nearly vanished. Solely on the upper wall and at a few locations on lower one the problem
still persists. The features and the intensity of the distribution of the modeled turbulent kinetic energy at the
lower wall for variant A are such that it sharply crosses the curve kj; (Sect. 2.3) characterizing the LES—-RANS
interface (Fig. 15). The hybrid version Asi switches to LES at a wall-normal distance according to 6-18 CVs.

Besides, it is interesting that three different interface layouts are obtained. Although hybrid version A is
characterized by the RANS islands, the variant Asi is RANS-island free. However, the interface of the last
is rough (significant irregularities on the upper wall). Version B is RANS-island free and presents a smooth
interface.

It is noteworthy to mention that the method minimizes automatically the number of RANS cells in the
region of separation as a consequence of the high turbulent intensity near the wall in this region (Fig. 14, lower
right). This statement is clearly visible in Fig. 14 and especially for the hybrid versions A and B. Regarding
Asi, alocal minimum of the RANS domain is observed at x /& ~ 0.3. A verification confirms that at this time
step the beginning of the separated shear layer is pointed around this value. Here it is worth to report that
the instantaneous separation point occurs on a streamwise location range of x/h ~ —0.1 to 0.7 according
to Frohlich et al. [14]. This can explain some differences noticed in Fig. 14 (e.g., the local minimum of the
RANS region in the separation region does not correspond with the averaged value of the separation point
given in Table 4). The region around the separation is characterized by large velocity gradients, which result
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Table 4 Periodic hill flow at Re;, = 10, 595

Case Separation Recirculation Reattachment
loc. RANS RANS loc. RANS

WR-LES 0.190 - - 4.694 -

LES 0.201 - - 4.547 -

DES 0.173 8 7-8 5.197 9

A 0.254 6-7 8-16 4.751 9-10
Asi 0.255 6-7 11-18 4910 8-12
B 0.269 5 7-10 5.156 7

Separation and reattachment locations and number of RANS cells at the lower wall for the separation, core of recirculation
(x/h = 0.6-3.5) and reattachment regions
loc location, RANS number of RANS cell layers

in an increased production term P in (1) and subsequently in the rise of the modeled turbulent kinetic energy
around the separation location. Since the switching criterion is based on knod, it recognizes this phenomenon
and echoes it through a thinner RANS region around the separation. This signifies that the interface condition
y* is able to locate the instantaneous separation point and that the local minimum of the RANS region moves
according to this point. Thus, spatially the beginning of the separated shear layer is computed with a minimum
of RANS modeling, which yields the simulation to compute almost the entire shear layer in LES mode.
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Within the range x/h =~ 0.6-2 (Fig. 14, lower right), where the turbulent kinetic energy is low near the
wall in comparison with the separation region, the RANS domain spreads. However, after x/h & 2-2.5, the
intensity of kg increases near the wall. Here again, the method adapts itself to the turbulent flow features
by progressively reducing the RANS region. Consequently, the reattachment region is computed with fewer
RANS cells than in the range x/h =~ 0.6-2. Hence, the hill flow test case gives the first evidence that the
present switching method based on & is, in this configuration, able to give priority either to LES or RANS by
automatically detecting the zones of high or low turbulent intensity level, respectively.

7.4.2 Evaluation of the velocity profiles and the separation/reattachment points

The hill flow results of the different variants of the hybrid model are plotted together with DES results and the
highly resolved LES data [7,9] denoted WR-LES. The mean velocity normalized with the bulk velocity U/ U,
is plotted at the positions x/h = 0.5-8 (Fig. 16). The streamwise locations x/h = 0.5, 2 and 6 represent the
beginning and the center of the recirculation region and the post-reattachment region, respectively. The mean
velocity U is overall well reproduced by the new models at each streamwise position (Fig. 16, upper).

Since the recirculation region as well as the separated shear layer are the most important characteristics of
the present flow, the analysis of U/ Uy, is focused on these zones (Fig. 16, lower). In the region priortox/h = 2,
the variant B provides, despite a somewhat delayed separation (Table 4), a slightly better agreement for the
negative velocity part near the wall at positions x/h = 0.5 and 1 even if a weak underestimation is visible.
The shear layer at these positions is in good agreement with the WR-LES solution for each hybrid version.

y/h

ylh

AU/ Uy 4zl h

Fig. 16 Periodic hill flow at Re, = 10, 595. Mean velocity U/ Uj. Comparison of the three hybrid versions A, Asi and B with
DES and the wall-resolved LES prediction [7,9]. Upper plot complete domain. Lower plot zoom of the recirculation region. The
same legend is used for both plots
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Fig. 17 Periodic hill flow at Re, = 10, 595. Streamlines of the averaged flow. Comparison of hybrid versions A and B, DES and
the WR-LES prediction

At x/h = 2 the shear layer is still well predicted. The SGS model does not suffer from the RANS treatment
applied at the wall. In the near-wall region, each hybrid version predicts similar peaks (slightly underestimated
but close to the WR-LES curve) although version A is now closer to the highly resolved LES prediction than
the other variants. At x/h = 3, the hybrid approach overestimates the negative peak in a similar manner for
each variant. Between x/h = 3.5 and 4.5 the deviations get larger among the versions. Variant A supplies the
best predictions followed by Asi and finally B. This statement remains valid in the post-reattachment region
(x/h = 6). The DES exhibits similarly good results except in the near-wall region around the reattachment
(x/h = 4-6) where an overprediction is observed in the pre-reattachment region but an underprediction in
the post-reattachment zone. One remark is made on the fact that no manifestation of the interface presence
is visible. In other words, a discrepancy such as the “DES buffer layer” observed for the channel flow is not
perceptible here.

The separation/reattachment location study shows that the LES based on the Smagorinsky model predicts
the best separation point with respect to the WR-LES prediction (Table 4). Whereas the DES underpredicts
the separation location but stays in close agreement with WR-LES, the hybrid simulations somewhat delay
this point. Hybrid version A gives slightly better results than version B. However, the variation is not large.

All hybrid and DES simulations show a delayed reattachment compared to WR-LES (Table 4). The hybrid
version B is in closer agreement with the WR-LES data than the DES result. That also holds for the hybrid Asi
which slightly overpredicts the reattachment point with respect to the WR-LES value. More interesting is that
the hybrid version A shows the most accurate prediction, better than all other hybrids, the DES, and even the
LES. In comparison with LES and DES, which show deviations of —3.1 and +10.7%, respectively, version A
leads to a deviation of +1.2% only. Figure 17 shows plots of the averaged streamlines for the hybrid versions
A and B, the DES and the WR-LES solution. Both hybrid and DES techniques, for which the center of the
recirculation zone is predicted similarly, exhibit slightly larger recirculation regions with respect to WR-LES.
Moreover, in comparison with the WR-LES data, the location of the recirculation center is slightly shifted
downstream. However, these three simulations still offer satisfactory results.

7.4.3 Evaluation of the Reynolds stress profiles

In general, the Reynolds stresses are well predicted by all hybrid variants (Fig. 18, left). The profiles are
overall recovered with respect to WR-LES, especially for u’u’, and u’v’io. Regarding v/v’ o, the apparition
of peaks in the vicinity of the lower and upper walls not present in the WR-LES is noticed. The modeled
contribution provided by the linear near-wall eddy-viscosity RANS model is responsible for this fact which
is a well-known deficit of such models. Regarding the intensities, only slight under- or overestimations are
observed in the predictions of 1o and u'v' 1. The underestimation is more pronounced for /011 but still
reasonable. However, at the position x / i = 0.5 the versions A and Asi show discrepancies (underestimation) in
the prediction of the peaks located in the vicinity of the lower wall for Wtot and Wmt, which are not observed
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Fig. 18 Periodic hill flow at Rep = 10, 595. Total normal Reynolds stresses Wit or (upper) and V'Vt (middle). Total Reynolds

shear stress u’v’o; (lower). Left plots complete domain. Right plots zoom of the recirculation region. The same legend is used

for the plots on the left and right sides. For the sake of visibility the profile of u’u’y at position x /& = 0.05 is not plotted on the
left-hand figure

in version B. The modeled stresses are similar in both simulations A and B, thus these underestimations mainly
result from a lack of resolved scales in this region for the variants A and Asi compared with version B for which
good agreement is obtained.

The analysis is now refined on the pre-separation region (Fig. 18, right). The best predictions of u/u/
among the hybrid versions are given by the variant B, especially for the main peak located at the lower wall.
The variants A and Asi tend to underestimate this Reynolds stress. An equivalent remark is done for V'V (o1
Here, the discrepancy in the prediction of v/v' for the version B mentioned above (peaks at the lower wall) is
also smaller than for the variants A and Asi. In the range x/h = 0.05-0.3, the variant B again shows a better
performance for u’v’. The local maximum located at y/h =~ 1.5 is best reproduced by B. Concerning the
peak found at the lower wall, version B gives the best predictions for x /7 = 0.05 and x / & = 0.3. Nevertheless,
A and Asi show more agreement with WR-LES at x/h = 0.1 and 0.2 (not shown here).
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Fig. 19 Periodic hill flow at Re, = 10, 595. Total turbulent kinetic energy ko (left) of the hybrid versions A, Asi and B and the
WR-LES prediction [7,9]. Wall shear stress t,, at the lower wall (right) of the hybrid versions A, Asi and B, the DES and the
WR-LES prediction. The same legend is used for both plots

The study is now focused on the post-separation and reattachment regions (Fig. 18, right). First, the normal
Reynolds stress u'u’y is considered. Whereas the version B is generally superior to the others (mainly by
the constancy of its predictions), near the lower wall in the recirculation region the version A shows better
results. The version B tend to underpredict u’u’(; whereas version A is closer to the WR-LES solution. This is
clearly visible for the streamwise positions x/h = 3 to 4.5. The resolved contribution does not exhibit large
variations among the variants in the near-wall region. By studying the modeled contribution u'u/ 04, one can
observe that the peak value near the wall supplied by the versions A and Asi is almost twice as large as for B.
This lack of modeled scales originates from the LES—-RANS interface location. Indeed, the version A offers a
thicker RANS region, which leads to a higher value of the eddy viscosity near the lower wall. Thus, uu/ poq is
larger for A than for B. The latter seems to switch from RANS to LES at a critical position (high gradient). The
RANS region does not spread enough to capture the entire near-wall peak. Here, the resolved field does not
compensate the discrepancy as it starts vanishing in the RANS mode towards the wall. Conversely, the larger
RANS extensions of A and Asi prevent this phenomenon as the near-wall peak is entirely taken into account
by the RANS model. The maximal value of u/u’i, located around y/h = 1 is also larger for A than for B
due to a higher Wi ves intensity. A similar behavior is detected for V'V 0. However, in the range x/h = 2-5,
version A gives the best predictions on the entire y/h range. For u’v’, B provides the best predictions outside
the recirculation region. However, in this special zone the variant A gives for the whole wall-normal range the
closest results with respect to WR-LES. The same comments as for u/v’(, are effective for the total turbulent
kinetic energy ko (Fig. 19, left).

These observations can explain the differences in the prediction of the reattachment point. Indeed, this
location is mainly governed by the turbulent fields in the recirculation region and the separated shear layer. In
these regions the hybrid version A provides the best results. The higher turbulence intensity of the variant A
leads to a shorter reattachment region.

7.4.4 Evaluation of the wall shear stress distribution

Concerning the wall shear stress distribution 7, (Fig. 19, right), the hybrid simulations show at the hill crest
larger deviations than the DES, which is in good agreement with the WR-LES. This behavior was also noticed
in RANS simulations of the hill flow test case and is caused by a highly inaccurate prediction of the (modeled)
Reynolds stresses. For the hybrid approach, the discrepancies found are caused by the same reason. Indeed,
a strong peak (especially for A and Asi but also for B) appears in the prediction of v/v/i at x/h = 0.05 but
is neither present in the WR-LES nor in the resolved contribution v'v’res of the hybrid approach. This peak
originates from the modeled field and thus from the RANS modeling leading to the 7,, deviations.

7.5 Summary of the hill flow results

In conclusion, all hybrid simulations give encouraging statistical results similar (or in some cases better) than
DES. In a general point of view, one can conclude that the hybrid version B shows better predictions of higher-
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order statistics than the versions A and Asi. However, if the study is localized on the governing flow features
(separated shear layer and recirculation region) hybrid version A can be seen as superior in the prediction of
the second-moment correlations. This statement is confirmed by the locations of separation and reattachment
as well as the results concerning the mean streamwise velocity. For the latter, although the variations are not
large over the entire domain, hybrid version A show the best performance in these crucial flow regions. This
also holds for DES, which does not supply results as good as the hybrid version A with the exception of the
separation region.

Here again, the comparison of the hybrid versions A and Asi sustains the idea that the RANS islands
appearing in the LES core-region are not fundamentally prejudicial for the simulations. No indication of
deterioration has been detected.

Regarding the interface criterion, it has been observed that the conditions y* and y3 based on k are able to
adapt itself to the flow conditions, what DES is not able to perform due to its interface condition involving a
direct grid dependency.

Another interesting remark is the fact that no sign of any phenomenon such as the “DES buffer layer” is
perceptible here.

Whereas the previous hybrid LES—RANS results shown for the channel flow test case were performed
with the SGS model of Schumann (Sect. 2.1) in LES mode, the hybrid LES—RANS versions A and B were also
assessed with the SGS model proposed by Sagaut [34] using C,, = 0.062 and C; = 1.0 as constants. These
tests (not shown here) were carried out in order to check the influence of the SGS model. The results showed
a slight advantage of the model of Schumann.

Finally, the current study relies on a simple RANS model. Indeed, the substitution of the near-wall RANS
model of Rodi et al. [33] by a more advanced formulation, such as an explicit algebraic Reynolds stress model
(EARSM), may further improve the performance of the hybrid approach and avoids unphysical results, i.e.,
the strong v'v’o; peak near the wall (or the underestimation of U™ in the RANS region for the channel flow
test case).

8 Conclusions

This study has focused on the hybrid LES—-RANS technique. A new non-zonal hybrid LES—RANS approach
which splits up the simulation into a near-wall RANS part and an outer LES part was suggested and tested. This
technique is based on the association of a one-equation SGS model (LES zone) with the near-wall one-equation
model proposed by Rodi et al. [33] in the RANS zone. The RANS model was adjusted to higher Reynolds
numbers taking new DNS data into account. Furthermore, a second adjustment was suggested which takes
into consideration that resolved scales are found in the near-wall RANS regions. These measures significantly
improve the hybrid LES—RANS predictions. From a more general point of view, the investigations of this new
approach reveal encouraging results for both, the plane channel flow and the periodic hill flow. These results
were achieved with an interface formulation which avoids the usage of a reconstructed synthetic velocity field.
That outcome is not astonishing for the separated hill flow case, but for the fully attached channel flow, which
cannot rely on natural instabilities found in separated flows.

Regarding the test performed on the channel flow test case, the stability of the behavior observed between
Re; =590 and 2,003 remains for the step from Re; = 2, 003 to 20, 000. This positive comportment makes us
optimistic in the capability of the method to be applicable to high Reynolds numbers, especially when the trend
to underestimate the near-wall region is solved (compensating function, new RANS model such as EARSM,
etc.).

Another topic was to study the newly suggested interface criterion based on the turbulent kinetic energy.
Three alternatives have been proposed and their influence on the predictions checked. Among these three
proposals, the version A based on the modeled turbulent kinetic energy has exhibited the most encouraging
results. Moreover, it allows a larger expansion of the RANS region further away from the wall compared
with the others what is advantageous from the practical point of view. Although a clear line of demarcation
between RANS and LES region is occasionally missing, this particularity has not been found to deteriorate
the predictions. Compared to the criterion defining a sharp interface Asi only marginal deviations are found
for this version. An additional advantage of A (and Asi) is its self-starting character. Indeed, no time averaging
(as well as averaging in homogeneous directions) is required in the formulation of y*. However, the most
interesting feature obtained with any of the three interface criteria is obviously that the method has shown
abilities to adapt the LES—RANS interface location according to the flow conditions.
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The current study relies on an interface treatment in its simplest form leading to phenomenon such as the
“DES buffer layer” in the channel flow. However, as mentioned above no sign of any phenomenon such as the
DES buffer layer is perceptible for the periodic hill flow. It is generally admitted that the “DES buffer layer” is
the consequence of non-matching turbulence characteristics between the RANS and LES domains. The region
where the different modeling approaches coexist is often related to “grey area”. In this region, the LES mode
has to reconstruct a suitable turbulence type for itself. In the channel flow test case the turbulence production
is located in the vicinity of the wall and therefore in RANS mode. Thus, the LES cannot trust on other source
of turbulence which could further stimulate the LES turbulence recovery. Conversely, the main source of
turbulence for the hill flow test case is the separated shear layer, which in the present hybrid LES-RANS
simulations is computed almost entirely in LES mode. The shear layer feeds a large portion of the flow with
LES-type turbulence. Therefore, the LES-RANS interface region receives some turbulent fluctuations from
the shear layer which as a consequence triggers the LES recovery. The problem is thus weakened compared
with the channel flow test case. However, this does not signify that no interface treatment is necessary as the
turbulence originating from the RANS region has still to be somehow adapted to LES requirements.

Here, the question of suitable grids for hybrid LES—-RANS methods arises. Indeed, it is likely that a fine
resolution in the grey area would help the LES recovery. However, this contradicts the philosophy of grid
design for hybrid techniques.

The gain of CPU-time of the present method compared to LES has not been mentioned. Even if no detailed
CPU-time comparison was carried out, it appears that the hybrid method provides better results on coarse grids
where LES is already affected by the resolution. The constancy of the results obtained with the hybrid method
after successive grid coarsening should also be noticed. In conclusion, the hybrid method is able to provide
equivalent predictions as LES but on a much coarser resolution for which the gain of CPU-time is obvious.
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