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1 Introduction

Historically, industrial CFD simulations have been based on the Reynolds Averaged
Navier-Stokes Equations (RANS). For many decades, the only alternative to RANS
was Large-Eddy Simulation (LES), which has however failed to provide solutions
for most flows of engineering relevance due to excessive computing power require-
ments for the simulation of wall-bounded flows. On the other hand, RANS models
have shown their strength essentially for wall-bounded flows, where the calibration
according to the law-of-the-wall provides a sound foundation for further refinement.
For free shear flows, the performance of RANSmodels is much less uniform. For this
reason, hybrid models are gaining acceptance, where large eddies are only resolved
away from walls and where the wall boundary layers are entirely covered by a
RANSmodel e.g. Detached Eddy Simulation DES [1] or Scale-Adaptive Simulation
SAS [2].

Such simulations are possible today for industrial-scale applications on medium
sized computing systems (100–1,000 cores) and make their way into the industrial
environment. These models are typically applied to flows with strong flow instabili-
ties which cover a wide range of applications. Examples are the simulation of heat-
transfer phenomena [3], acoustic stimulations [4] or gas turbine simulations [5]. The
grids used in such simulations are typically in the range of 107–108 and therefore
not drastically larger than high quality RANS meshes. The increase in computing
costs results mainly from a need to integrate the equations in the time domain. This
requires sufficiently long running times for establishing a proper flow-field and for
allowing sufficient time for statistical averaging.
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While thesemethods can lead to a significant increase in accuracy, their application
is still not a routine procedure in most companies, partly due to the intricacies in
mesh generation and simulation setup and partly because of the long turn-around-
time. Nevertheless, such methods are well on their way of gaining acceptance into
the industrial design cycle within the next few years.

A further step in hybridmodeling involves the resolution of parts of the turbulence
inside of wall boundary layers. Due the well-known resolution demands of classical
wall-resolved LES, industrial methods aim at the application of a RANS model in
the innermost part of the wall boundary layer and then to switch to an LES model
for the main part of the boundary layer [6]. Such models are termed Wall Modelled
LES (WMLES). It can be shown that this approach avoids/reduces the unfavorable
Reynolds number scaling of classical LES, which results from ever decreasing scales
(with increasing Reynolds number) close to the viscous sublayer. While such models
are available in advanced industrial CFD codes, their exploration as industrial CFD
tools is just starting. There are several reasons for that. The first being that RANS
models are fairly strong in predicting attached and mildly separated boundary layers.
The second is that the CPU power required for WMLES is still too high for most
applications to be practical for complete configurations. However, such methods can
be used for studying reduced parts of the flow domain, either in separation or in the
framework of an embedded or zonal LES method.

Another essential element of Scale-Resolving Simulations (SRS) are methods
for generating resolved turbulence structures at inlets to the LES domain. This is
most conveniently achieved by synthetic turbulence generated from the information
from the upstream RANS model. One of the methods favored by the authors group
is the Vortex Method [7], which offers a fair compromise between complexity and
accuracy.

Finally, for large domains, it is frequently only necessary/possible to cover a
small portion with Scale-Resolving Simulation (SRS) models, while the majority of
the flow can be computed in RANS mode. In such situations, zonal or embedded
LES methods are attractive e.g. [8, 9]. Such methods are typically not new models
in the strict sense, but allow the combination of existing models/technologies in
a flexible way in different zones of the simulation domain. Important elements of
zonal models are interface conditions, which convert turbulence fromRANSmode to
resolvedmode at pre-defined locations. In most cases, this is achieved by introducing
synthetic turbulence based on the length and time scales from the RANS model,
however with direct coupling with the upstream RANS model.

The challenge for the engineer is to select the most appropriate model for the
intended application. Unfortunately, none of the available SRSmodels is able to effi-
ciently cover all industrial flows. A compromise has to be made between generality
and CPU requirements. The paper will discuss the main modeling approaches avail-
able in todays industrial CFD codes and provide some guidelines as to their optimal
usage. Numerous examples of validation cases will be shown and the pros and cons
of the different methods will be highlighted.



Elements and Applications of Scale-Resolving … 181

2 Elements of Hybrid RANS-LES Turbulence Models

In this chapter, different elements and aspects of modeling industrial flows with
hybrid RANS-LES methods will be discussed, focusing on formulations favored by
the authors group.

2.1 Global RANS-LES Hybrid Model Formulation

The authors group focuses on two types of global hybridRANS-LESmodels, namely,
Detached Eddy Simulation (DES) and Scale-Adaptive Simulation (SAS). The first is
an explicit blend of RANS and LES based on the ratio of the turbulence length scale
and the grid spacing. The second is a so-called second generation URANS model,
which does not involve the grid spacing explicitly in the RANS formulation. Both
formulations have their advantages and disadvantages.

The main potential problem with DES is that the RANS solution can be affected
by the grid spacing. If that happens inside boundary layers, the result is often “Grid-
Induced Separation (GIS)” [10]. In order to protect the boundary layer from this
effect, the use of shielding functions has been proposed [10] and later adopted by
[11]. The resulting model is termed Delayed Detached Eddy Simulation (DDES). It
should be noted that shielding can only reduce the problem, but not eliminate it. This
means that GIS can still happen in case of strongmesh refinement.Without shielding,
the problem appears approximately if Δmax < δ and with shielding if Δmax < 0.2δ
(Δmax being the max. edge length of a local cell and δ the local boundary layer
thickness) [12]. In addition, DDES can show “grey zones”, where the model does
operate neither in RANS nor in LES mode. This can happen either, because the grid
resolution is not sufficient for LES (but already affects the RANS model) or when
there is insufficient instability in the flow to generate turbulence structures quickly
enough in the zone of interest.

The main potential problem with SAS is that it can remain in (U)RANS mode,
even though the user is interested in a scale-resolved simulation. This situation occurs
in flows, which do not show a strong enough flow instability to push the model into
the LES regime [13].

2.2 Models for Large Eddy Simulation (LES)

There is a variety of model formulations for LES implemented in the ANSYS CFD
codes.

• Smagorinsky (standard and dynamic [14, 15])
• k-equation based model (dynamic [16])
• WALE model [17]
• Wall Modelled LES (WMLES, [18])
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In industrial CFD (and not only there) theLESmodels of choice are eddy-viscosity
formulations. Their main purpose is to provide proper dissipation at the small scales.
This is in principle not a very demanding task and can be achieved by all models
listed. LESmodel selection is therefore much less demanding on the user than RANS
model selection.However, the standard Smagorinskymodel has the disadvantage that
it does not provide zero eddy-viscosity for simple shear flows (laminar flows, viscous
sublayer). This problem is avoidedby the dynamic and theWALEmodel.Due to some
of the conceptual problems of the dynamic modeling approach (need for averaging,
potentially negative eddy-viscosities, large variation of dynamic coefficient), the
more optimal choice in this authors opinion is the WALE model.

Wall Modelled LES (WMLES) models are a fairly new member of industrial
LES formulations. Their main goal is to allow integration to the wall, even at high
Reynolds numbers, without the excessive grid resolution requirements of classical
wall-resolved LES. WMLES is based on the concept of covering the inner portion
of the boundary layer by a RANS and the outer portion by a LES formulation. This
avoids the very high resolution requirements of LES in the inner wall layer. A very
simple and promising approach to WMLES has been proposed by Shur et al. [18]. It
is based on a reformulation of the length scale used in the LES zone and by blending
it with the mixing length (RANS) model in the inner part of the boundary layer. The
formulation of Shur et al. is given by:

vt = min
{
(κdW )2 , (CSM AGΔ)2

} {
1 − exp

[
− (

y+/25
)3]}

S (1)

where dW is the wall distance, S is the shear strain rate and Δ a measure of the cell
size. This model was originally calibrated for a 4th order central difference scheme
(Shur et al. [18]), and needs to be lightly adjusted for lower order schemes.

2.3 Periodic Channel Flow

Simulations were carried out for periodic channel flows on grids with the charac-
teristics given in Table1. The domain size was L X = 16h, LY = 2h, L Z = 3h
(h being half the channel height—this corresponds approximately to the boundary
layer thickness for wall boundary layers). The main characteristics of WMLES is
clearly visible from Table1: the non-dimensional values for ΔX+ and ΔZ+ are far
beyond the limits of standard LES methods (which are ΔX+ = 40, ΔZ+ = 20).
For WMLES, one only has to ensure a minimum number of cells per boundary layer
volume δ × δ × δ. In the current formulation the minimum resolution per boundary
layer volume is of the order of 10×40×20 cells (streamwise, normal and spanwise).

Figure1 shows thevelocity profiles in logarithmic scale for these simulations using
ANSYS-Fluent. It is well known that the use of hybrid models like DES can result
in a strong log-layer mismatch and a corresponding error in the wall shear stress
when applied as a WMLES model. Figure1 shows that the log-layer miss-match
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Table 1 Grids for periodic channel flow at different Reynolds number using WMLES

Reτ Cells Nodes ΔX+ ΔY+ ΔZ+
395 384,000 81 × 81 × 61 040.0 0.2 ÷ 30 20.0

395 1,764,000 141 × 141 × 91 026.6 0.2 ÷ 20 13.3

760 480,000 81 × 101 × 61 76.9 0.2 ÷ 30 38.5

1,100 480,000 81 × 101 × 61 111.4 0.2 ÷ 30 55.7

2,400 528,000 81 × 111 × 61 243.0 0.2 ÷ 30 121.5

18,000 6,240,000 81 × 131 × 61 1822.7 0.2 ÷ 30 911.4

Fig. 1 Velocity profiles in logarithmic scale for periodic channel flow using WMLES for various
Reynolds numbers

can be reduced to a relatively small shift at the RANS-LES interface, resulting in a
high quality solution even at very high Re numbers for the above formulation (see
also [18]).

2.4 Flat Plate Boundary Layer

A more challenging test case is the flow over a flat plate boundary layer, where the
boundary layer grows and where synthetic turbulence needs to be provided at the
inlet. The grid for the boundary layer test case has the parameters given in Table2.

Table 2 Grids for boundary layer flow at different Reynolds number using WMLES

ReΘ Cells Nodes

1,000/10,000 1,050,000 251 × 71 × 62
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Fig. 2 Turbulence structures
for wall boundary layer flow.
Top ReΘ = 1,000, Bottom
ReΘ = 10,000

Figure2 shows the turbulent structures for a wall boundary layer flow using the
WMLES option. Again the outer part is covered by LES and the near wall part by
RANS. The flow was computed with ANSYS-Fluent and the turbulence at the inlet
was generated by the VortexMethod (e.g. [19]). The turbulence was well maintained
as can be seen from Fig. 2. In Fig. 3 the wall shear stress is displayed. The WMLES
recovers quickly from the synthetic turbulence and maintains a proper wall shear
stress downstream.

Figure4 shows the velocity profile of a simulation for the boundary layer at ReΘ =
10,000. Such a Re number is typically out of reach for wall-resolved LES due to the
large grid resolution required. In the present study a grid with only ≈ 1.3×106 cells
was used (Δx+ ≈ 700,Δz+ ≈ 350). Synthetic inlet turbulencewas generated using
the Vortex Method. The logarithmic layer is captured very well as seen in Fig. 4.

It should be noted thatWMLES is still substantially more computationally expen-
sive than RANS. However, it avoids the excessive Re number scaling of classical
wall-resolved LES and allows the simulation of limited parts of technical devices
at high Reynolds numbers for which RANS model simulations are not of sufficient
accuracy.

2.5 Zonal RANS-LES Models

As pointed out in the previous sections, hybrid models like DES and SAS rely on
flow instabilities to generate turbulent structures in large separated regions without
the explicit introduction of unsteadiness through the boundary conditions. However,
there are situations, where such instabilities are not present or are not reliable to
serve this purpose. In such cases, it is desirable to apply RANS and the LES models
in predefined zones and provide clearly defined interfaces between them. At these
interfaces, the modeled turbulent kinetic energy from the upstream RANS model is
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Fig. 3 Wall shear stress
coefficient for wall boundary
layer flow. Top
ReΘ = 1,000, Bottom
ReΘ = 10,000

converted explicitly to resolved scales at an internal boundary to the LES zone. The
LES zone can then be limited to the region of interest where unsteady results are
required. There are numerous zonal RANS-LES concepts, and it is not possible to
cover all of them. The following results are therefore limited to the Embedded LES
(ELES) method implemented in ANSYS-Fluent [8].

This approach has been selected as it is attractive from an industrial CFD per-
spective. It allows the user to pre-specify RANS and LES zones in a single CFD
simulation. At the RANS-LES interface, the modeled turbulence from the RANS
model is converted into resolved turbulence using the methods previously available
for this purpose at inlets. ELES allows the selection of virtually all RANS models in
the RANS domain and all algebraic LES models in the LES region. Figure5 shows
the application of ELES to a channel flow. The front portion of the channel is covered
by the SST RANS model [20]. The RANS-LES interface uses the Vortex Method
to convert modeled turbulence to resolved synthetic turbulence and the WALE LES
[17] model to provide an LES eddy-viscosity. Downstream, the method switches
back to RANS. The numerical method allows switching from Second Order Upwind
to Central Difference between the RANS and the LES region.
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Fig. 4 Profile information for the flat plate boundary layer simulations. ReΘ = 10,000

Figure6 shows a comparison of the LES results inside the embedded region with
DNS data, both for the mean flow profile and the turbulence RMS values. The agree-
ment is quite close, considering the limited length of the LES zone.

3 Application Examples

Numerous application examples will be shown. They typically originate from
industry-specific validation projects/workshops in which the authors group has par-
ticipated. Such test cases are characterized by reduced geometric complexity, but
provide experimental data, typically not available for industrial applications.
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Fig. 5 Channel flow. Viscosity ratio on iso-surfaces of Q-criterion (−500)

Fig. 6 Fully developed
channel flow. Mean velocity
values inside LES zone (top),
rms values inside LES zone
at x = 1.5 + 1.5π (bottom)
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3.1 Acoustic Cavity

Air flow past a 3-D rectangular shallow cavity was calculated in order to test the
SASmodels ability to predict correct spectral information for acoustics applications.
The cavity geometry and flow conditions corresponding to the M219 experimental
test case of Henshaw [21]. The experiment investigates the noise generation due to
turbulent structures forming from the front lip of the cavity and interacting with the
cavity walls.

Figure7 shows the turbulent structures, produced by the SST-SAS model (iso-
surface Q-criterion). The power spectral density (PSD) of the transient pressure
signals calculated and measured by sensors on the cavity bottom near the leading
and the downstream wall respectively is plotted in Fig. 8. These plots show that the
PSD levels are captured in good agreement with the data. Similar agreement was
achieved for the other experimental locations (not shown here) Kurbatskii et al. [22].

3.2 NACA 0021 Airfoil Beyond Stall

This low Mach number flow around a symmetric NACA 0021 airfoil was experi-
mentally investigated by Swalwell et al. [23]. The flow is characterized by a massive
separation zone behind the airfoil. The experiment was carried out at a high angle of
attack of α = 60◦ and at a chord-based Reynolds number of Re = 2.7 × 105.

The spanwise extension of the computational domain was selected to be four
chord-lengths for this calculation, and an O-type hexahedral grid with 140 × 101 ×
134 nodes, provided for the DESider consortium, was used for the SST-SAS sim-
ulation with the ANSYS-CFX solver. A timestep equal to 3% of the convective
timescale (chord length over the inlet velocity magnitude) was used. This corre-
sponds to a Courant number of about unity in the separated zone just downstream of
the airfoil.

Fig. 7 Resolved turbulent
structures for cavity flow:
iso-surface Ω2 − S2 =
5 × 105 s − 2
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Fig. 8 Power spectral
density of the transient wall
pressure signals on the cavity
bottom left sensor K20
located close the front wall,
right sensor K29 located
close to the rear wall

Figure9 shows a comparison of the computed and the experimental pressure
distributions. The agreement is good and within the range of other simulations in the
DESider project. Figure10 shows the turbulent structures (iso-surface Q-criterion)
computed by the SST-SAS model behind the airfoil. The structures are essentially
resolveddown to the grid limitwith the larger structures indicating the grid coarsening
away from the airfoil. Unsteady SST simulations show the typical single-mode vortex
separation expected from classical URANS models.

The experience gained during the simulation of this flow showed the importance
of sufficiently long physical time integration for the correct prediction of the average
surface pressure and for the low-frequency part of the spectra of forces. During the
reported simulation, about 400 convective units based on chord length have been run
for the transient statistics after first establishing the solution. In order to achieve better
averaging, the spectra of forces have been calculated for each grid section separately
and then averaged across the spanwise direction. Figure11 shows the power spectral
densities of the lift and drag coefficients, which are in good agreement with the data,
demonstrating the correct temporal response of the model.

The integral lift and drag coefficients, presented in Table3, are predicted with 2%
accuracy compared to the measurements. It should be noted that a slight dependency
of these values on the spanwise size of the domain was observed by some partners
in the DESIDER project. This ratio was not varied in the current simulations.
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Fig. 9 Comparison of
experimental and numerical
wall pressure distribution

Fig. 10 SAS-resolved
turbulent structures behind
the airfoil

The good prediction of the power spectral densities for this test case using the SST-
SAS model demonstrates the accuracy of the model in the time/frequency domain.
In Refs. [2, 24] the SAS model is described in detail and is applied to a wide variety
of generic and industrial-like flows.

3.3 Generic Fighter Aircraft

Figure12 shows SAS simulations over a generic airplane geometry. The simulation
(Re = 2.8 × 106, α = 15◦) has been carried out on an unstructured mesh with
11 × 106 control volumes. The upper part shows the geometry and the turbulent
structures produced by the simulation. The lower part shows a comparison between
the experimental data and the time averaged simulation. The simulation is in good
agreement with the exp. data [25].
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Fig. 11 Turbulent spectra of
forces for NACA0021
airfoil: top power spectral
density of the lift coefficient,
bottom power spectral
density of the drag
coefficient

Table 3 Lift and drag
coefficients for the NACA
0021 at 60◦ angle of attack

Lift coefficient, C L Drag coefficient, C D

SST-SAS 0.915 1.484

Experiment 0.931 1.517

3.4 Heat Transfer in T-Junction

The following example is a flow through a pipe T-junction with two streams at differ-
ent temperatures. This testcase was a used as a benchmark of the OECD to evaluate
CFD capabilities for reactor safety applications [26]. The geometry and grid are
shown in Fig. 13a, b. The grid consists of ≈5 million hexahedral cells. This flow is
not easily categorized. In principle it can be computed with SAS and DDES models
in SRS mode (not shown). This means that the instability in the interaction zone
between the two streams is sufficiently strong to generate unsteady resolved turbu-
lence. However, it was also observed, that these simulations are extremely sensitive
to the details of the numerical method employed or the shielding function used. The
SASmodel provided “proper” solutions only when a pure Central Difference scheme
was selected, but remained in URANS mode in case of the Bounded Central Differ-
ence scheme. The DDESmodel provided correct solutions, when a non-conservative
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Fig. 12 Flow over generic
airplane configuration FA-5.
Top flow structures. Bottom
comparison of exp. and SAS
axial flow component
(Geometry and data are
Courtesy of EADS
Deutschland)

shielding function was used but produced only weak unsteadiness in case of a con-
servative shielding function. It is therefore better to apply the ELES model, where
modeled turbulence is converted into synthetic resolved turbulence in both pipes
upstream of the interaction zone at pre-defined RANS-LES interfaces. In addition,
the turbulence model was switched from SST to WMLES at these interfaces. This
approach then avoids the need for the flow instability of the interacting streams to
generate resolved scales.

Figure13c shows that the resolved turbulence starts already upstream of the inter-
action zone due to the introduction of synthetic turbulence. Figure13d shows a com-
parison of computed and experimental axial velocity profiles in the main pipe at
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Fig. 13 T-Junction
simulation. a Geometry.
b Grid. c turbulence
structures. d Axial velocity
at station X/D = 1.6 for
horizontal and vertical lines
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X/D = 1.6. The method provides a good agreement between the simulations and
the experimental data. It can also be seen that the switch from CD to BCD does
not affect the solutions. This is different from the observation with the SAS model,
which reacts sensitive to such changes in the current testcase.

4 Summary

An overview of Scale-Resolving Simulation (SRS) technologies developed for the
ANSYS CFD codes was presented. The underlying principles, as well as some of the
pros and cons of different modeling approaches haven been discussed. Numerous
genetic and application-oriented examples have been shown.
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