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Turbulent mixing of jets in crossflow plays a crucial role in many technical applications,
such as fuel injection in internal combustion systems, film cooling in gas turbines or envi-
ronmental pollution discharge from piping systems. In the present investigation, numerical
simulations at jet to crossflow velocity ratios of 0.5 and 2 were conducted at Reynolds num-
bers of 20500 and 82000 respectively. Three different turbulence models are applied and
compared with respect to model capabilities and costs. The main focus is on the validation
of the Scale-Adaptive Simulation (SAS) model. It is a hybrid of the Reynolds-averaged
Navier-Stokes (RANS) method and the Large Eddy Simulation (LES). The capabilities
are compared with pure the RANS and LES modeling. Special attention is payed to the
modeling accuracy in the upper shear layer, recirculation zone and wake. The numerical
results are compared with experimental data for the velocity and mixture fields. For both
velocity ratios, the SAS stays in RANS mode in the upper shear layer, as well as in the
recirculation zone for velocity ratio 0.5. In contrast, at the higher velocity ratio, the SAS
model reproduces the recirculation zone with LES quality. For both velocity ratios, the
accuracy achieved in the wake by the SAS model is comparable with LES.

Nomenclature

Symbols
D jet pipe diameter, m
k turbulent kinetic energy, m2/s2

Q 2nd invariant of vel. gradient tensor, 1/s2

R velocity ratio
Re Reynolds number
S strain rate, 1/s
T temperature, K
x, y, z stream-, length-, spanwise coordinates, m/s
u, v, w stream-, length-, spanwise velocities, m/s
Z mixture fraction
µ dynamic viscosity, kg/m s
ω specific dissipation rate, 1/s

Subscript
cf crossflow

jet jet pipe Stream
mod modeled
res resolved
t turbulent

Operators

(̃) filtered variable

() Favre-averaged variable

Abbreviations
CFD Computational Fluid Dynamics
LES Large Eddy Simulation
SAS Scale-Adaptive Simulation
SST Shear Stress Transport
RANS Reynolds-Averaged Navier-Stokes
WALE Wall-Adapting Local Eddy-Viscosity

I. Introduction

The present investigation is part of a research project1 on fuel injection in the Alstom Reheat Gas
Turbine GT24/26.2In this project hydrogen fuel is injected perpendicular to a hot oxidizer stream. Fast
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chemical reactions take place in the mixing region, which can induce premature autoignition events in the
mixing duct upstream of the combustion chamber. Accurate prediction of turbulent mixing is crucial to
avoid autoignition in the mixing duct. To this end, the model capabilities in the upper shear layer are of
special interest, since autoignition favors very lean conditions (mixture fraction Z < 0.1). Additionally, the
recirculation zone is very critical due to possible flame stabilization processes, as shown by Fleck et al.3

The technical system is characterized by high pressures and temperatures as well as high Reynolds
numbers. Furthermore, the mixing process is superimposed by wall cooling and chemical reaction. Due to
these challenging conditions, detailed measurement of the velocity and mixing field is not possible. Beyond
that, information about the boundary and inflow conditions is limited.1 Due to the high uncertainty in the
reference data, an accurate validation of the turbulence models is not possible at real technical conditions.
Therefore a generic test case has been selected to gain a better understanding of the turbulence model
capabilities. Characteristic flow quantities are maintained between the generic test setup and the combustion
chamber application case, such as the momentum ratio and level of turbulence. However, in the selected
experiment by Andreopoulos and Rodi,4,5 pressure and temperature are atmospheric and the gas consists of
pure air. Due to these simplified conditions, detailed and reliable validation data of the velocity and mixing
field could be obtained. The reference data comprises averages, higher moments and scalar fluxes at high
Reynolds numbers and with well defined boundary conditions. It has been demonstrated in several previous
studies6–8 that this test case can be reproduced well with LES.

For modeling turbulent flows in industrial applications, RANS models are still the prevailing method.9

Although this method is very reliable for one-dimensional flows, RANS-based models have deficiencies in
capturing three-dimensional flow structures (e.g. separation zones) due to the underlying eddy viscosity
approach. These flow types can be better reproduced by LES approaches, where large turbulent structures
are directly resolved. However, a high grid resolution is required and LES can become prohibitively expensive
for technical applications with high turbulent Reynolds numbers. A very convenient alternative is offered by
hybrid RANS/LES modeling. One-dimensional or less important flow regions are modeled by cost-efficient
RANS methods, while the scale-resolving (LES-like) mode is applied for relevant three-dimensional flow
regions. In the present investigation the SAS approach by Menter and Egorov10 is applied to model the
transition between RANS and LES interfaces. This model has the advantage that the RANS mode switches
to scale-resolving mode automatically as soon as large unsteady turbulent structures can be resolved by the
mesh; in addition, no rigid predefined interface is required. It was shown by Ivanova11 that SAS modeling is
more accurate compared to RANS modeling for transverse jets at intermediate velocity ratios. However, the
automatic switch from steady-state to scale-resolving mode is initiated by large unsteady structures. The
transition at the interface is therefore not well defined, especially for weak flow instabilities as present in the
shear layer at low momentum jets as has been shown by several studies.12–15 Though, these investigations
were mainly based on applied configurations. The present study aims to analyze the capabilities of SAS,
URANS and LES turbulence models in a generic test case. Of special interest are the capabilities in the
upper shear layer and the recirculation zone and the potential influence on chemical reaction.

II. Reference Data

The generic turbulent jet in crossflow configuration by Andreopoulos and Rodi4,5 is applied as reference
for model validation. The experiment was conducted in a closed-circuit wind tunnel with air at atmospheric
conditions. Since the density is almost identical for both streams, the momentum ratio corresponds to the
velocity ratio R. The Reynolds number is Re = 82000 for a velocity ratio of R = 2, based on a pipe diameter
of D = 50mm and a mean jet velocity of 27.8m/s. The Reynolds number for R = 0.5 is Re = 20500. The
jet stream is heated 4K above the ambient crossflow temperature. The steady mixture field is then assessed
by thermocouple measurements. Temperature fluctuations were measured by cold-wire probes, the velocity
fields were determined by cross-wire probes. The boundary conditions are adequately defined. Both streams
are developing flows. The pipe flow has a length of 12D from plenum to jet exit. The crossflow is defined
by a boundary layer thickness of 0.278D at 4D upstream of the jet exit.

III. Modeling Approach

All computations are performed with the DLR CFD code THETA.
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Computational Set-Up

The computational domain has following dimensions: streamwise −2 < x/D < 7, lengthwise −2 < y/D <
24.4, spanwise −6 < z/D < 6 with its point of origin in the center of the pipe exit plane. The grid resolution
of the main flow region is consistent for the computations of all three turbulence models. In the jet mixing
region (−2 < x/D < 7, y/D < 4 and −2 < z/D < 2), the unstructured mesh has a grid size of 1.5mm.
However, different resolutions are applied adjacent to the walls. For the LES computation the turbulent
boundary layer at the walls is fully resolved. Here the first wall cell height is set to y+

1 ≈ 2. This results in a
total number of about 30 million grid points. The advantage of SAS and (U)RANS models is a the possible
reduction of computational cells in one-dimensional flow regions. A large number of cells can be saved, if
the turbulent wall layer is modeled by wall functions. With this approach the first wall cell height can be set
to y+

1 ≈ 30. With a resolution of 1.5mm in the mixing region (y+ ≈ 60 with respect to crossflow), the final
grid for SAS and (U)RANS consists of about 10 million grid points. Further reduction of the cell number
could be achieved by grid coarsening upstream of the jet-crossflow interface. To obtain the velocity fields at
the inlet additional LES were conducted for a flat plate and a turbulent pipe inflow. Time-resolved slices are
extracted and applied to the inlet boundaries in accordance to the experimental measurements. Unsteady
fields with resolved fluctuations are applied for LES while for RANS and SAS the LES inflow data is used
to generate steady profiles of averaged velocities and turbulent quantities.

Turbulence Models

RANS-SST

As described above different turbulent models are applied. As can be seen in the results section, knowledge
of the statistical flow properties is sufficient for many applications. Therefore the Navier-Stokes equations
can be averaged, called RANS modeling. In the averaged equation an unclosed Reynolds stress tensor τij
occurs, which can be modeled by the eddy viscosity approach.

τij = ρ
(
u′′i u

′′
j

)
≈ µt

(
∂ui
∂xj

+
∂uj
∂xi

)
(1)

In the present work the the two-equation Shear Stress Transport (SST) model by Menter16 is applied for
closure of the turbulent viscosity µt. This model combines the advantages of the Wilcox k-ω turbulence
model17 in proximity to walls with the standard k-ε model18 in the mean flow field by introducing an
automatic blending between both models (F1 and F2).

µt = min

(
ρ
k

ω
, ρ
a1k

F2S

)
(2)

With strain rate S =
√

2SijSij and Sij = 1
2

(
∂ui

∂xj
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∂xi

)
.

The two transport equation for k and ω are derived from from the Navier-Stokes equations.
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+ uj

∂(ρk)

∂xj
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∂ω
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ρ

µt
P̃k − βρω2 + 2(1 − F1)ρσω2

1

ω

∂k

∂xj

∂ω

∂xj
(4)

The exact description of the blending function F1 and F2, the limited production term P̃k as well as the
model constants a1, σk, σω, σω2

, β and β∗ can be found in the publication by Menter et al.19 The RANS
computations are performed time-resolved to ensure a good comparability with the likewise unsteady SAS
runs. Since the validity of unsteady (U)RANS is questioned by some authors,9 additional steady RANS
computations are also performed.
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SAS-SST

The SAS model is an extension of the SST model.

PSAS = max

[
ζ̂κS

Lt

Lvk
− C

2

σΦ
kmax

(
1

ω2

∂ω

∂xj

∂ω

∂xj
,

1

k2

∂k

∂xj

∂k

∂xj

)
, 0

]
(5)

model constants

ζ̂ = 3.52, C = 2, κ = 0.41, σΦ = 2/3 (6)

von Karman length scale LvK

LvK = max

κ S√
∂2ui

∂x2
k

∂2ui

∂x2
j

, Cs

√
κζ̂

βω2/βk − γ2
∆

 (7)

The constants βw2, βk and γ2 are set according to the SST-model. Cs is set to 0.145.

An additional production term PSAS is added to the right-hand side of the ω-equation 4. This term
depends on the second velocity derivate and therefore becomes effective when large unsteady structures can
be resolved by the grid. The model then switches into scale-resolving mode where it is able to provide a
broad turbulent spectrum, similar to LES. This extension allows to apply RANS methods in steady flows
and close to walls. In large unstable separation regions the model automatically switches into scale-resolving
mode, if the grid is resolved sufficiently. The model is implemented as proposed by Menter and Egorov.10

LES-WALE

The most sophisticated turbulence model applied in the present contribution is the LES method. In LES a
spatial filter function is applied to the Navier-Stokes equations. The filter width is usually similar to the size
of the grid cells. The full turbulent spectrum of turbulent scales is directly resolved in the whole domain up
to the length of the grid cells. The impact of the unresolved scales smaller than the is modeled by a subgrid
model. The filtered Navier-Stokes equations are very similar in structure to the RANS equations. In the
present contribution the unclosed subgrid scale stress tensor τij,sgs is modeled by the Wall-Adapting Local
Eddy-Viscosity (WALE) model by Ducros et al.20

τij,sgs = µt

(
∂ũi
∂xj

+
∂ũj
∂xi

)
(8)

µt = ρ (∆Cw)
2

(
Sd
ijS

d
ij

)3/2(
S̃ijS̃ij

)5/2

+
(
Sd
ijS

d
ij

)5/4
(9)

Sd
ij =

1

2

(
∂ũi
∂xk

∂ũk
∂xj

+
∂ũj
∂xk

∂ũk
∂xi

)
− 1

3
δij

(
∂ũk
∂xk

)2

(10)

The WALE coefficient is set to 0.325.

Scalar Transport

The scalar heat transport is described by an additional transport equation for the temperature. In the
statistical equation the turbulent heat fluxes qi,t must be closed. Similar to the Boussinesq hypothesis it is
assumed that the flux is proportional to the temperature gradient. The turbulent thermal diffusivity at is
modeled by the Reynolds analogy with a turbulent Prandtl number Prt = 1.0.

qi,t = at
∂T

∂xi
=
µt/ρ

Prt

∂T

∂xi
(11)
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IV. Results

Velocity Ratio R = 2.0

The time-averaged distributions for mixture fraction Z and dimensionless streamwise velocity u/ucf are
presented in figures 1 and 2. The section is located at the plane of symmetry z/D = 0. The dimensionless
mixture fraction Z is defined by equation 12. It ranges from 0 to 1 and is, by definition, 0 in the pure
crossflow and 1 in the jet pipe.

Z =
T − Tcf
Tjet − Tcf

(12)

Figure 1. R = 2: Time-averaged mixture fraction Z at plane of symmetry z/D = 0.

Figure 2. R = 2, Time-averaged dimensionless streamwise velocity u/ucf at plane of symmetry z/D = 0.

At this relatively low velocity ratio, the jet is bent strongly by the crossflow. The jet in turn displaces
the crossflow. This leads to increased streamwise velocities in the upper shear layer. A large recirculation
zone forms on the downwind side of the jet and a second small recirculation zone can be found close to the
wall. Downstream, the wake is lifted from the wall and crossflow fluid pours inwards below the wake.

Figure 3. R = 2: Isosurface of Q-criterion at Q = 10000 colored with viscosity ratio.

First, the modeling of the turbulent mixing is investigated in the upper shear layer. The instantaneous
examples in figures 3 and 4 give an impression of the turbulent structures for all three turbulence models.
In figure 3 vortices are visualized by the Q-criterion21 at a level of Q = 10000. The isosurface is colored
with the viscosity ratio. It is an indicator for the amount of resolved turbulence and is defined as the
quotient of turbulent and molecular viscosity. The smaller the ratio, the more turbulence is resolved. The
corresponding instantaneous mixture fraction distributions are presented in figure 4. With LES (left) a
broad range of turbulent structures is resolved. Also the roll-up of jet shear layer vortices is captured in the
windward jet side upstream of x/D = 1 (cp. figure 4). The SAS model resolves only very large structures
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Figure 4. R = 2: Instantaneous mixture fraction Z at plane of symmetry z/D = 0.

in the upper mixing region. Especially the upper shear layer does not start to roll up before x/D = 1 .
Downstream also smaller vortical structures are resolved. Finally, the results with the time-resolved RANS
model are presented on the right. Here only the largest structures are reproduced, such as the horseshoe
and the counter rotating vortices.22 A spectrum of turbulent scales is not captured at all.
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Figure 5. R = 2: Profiles of time-averaged mixture fraction Z at plane of symmetry z/D = 0 and different streamwise
locations x/D = −0.5 to 1 (left) and x/D = 2 to 6 (right).
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Figure 6. R = 2: Profiles of time-averaged dimensionless streamwise velocity u/ucf at plane of symmetry z/D = 0 and
different streamwise locations x/D = −0.5 to 1 (left) and x/D = 2 to 6 (right).

The time-averaged mixture fraction and velocity profiles are shown in figures 5 to 8. The profiles are
plotted at 7 streamwise locations at the plane of symmetry z/D = 0. The streamwise position is given at the
bottom x-axis, the scaling of the parameters can be found at the top. The LES results agree well with the
experimental data in the upper shear layer and are in the range of experimental uncertainties. The URANS
and steady RANS results are very similar. The gradients of mixture fraction and velocities are very high.
The eddy-viscosity approach does not capture the mixing sufficiently. The model works well if the flow is
one-dimensional, such as in turbulent boundary layers. However, large three-dimensional vortices are present
in the jet shear layer (compare figures 1 and 2 left). Since these are not resolved, the turbulent fluctuations
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Figure 7. R = 2: Profiles of time-averaged dimensionless streamwise velocity v/ucf at plane of symmetry z/D = 0 and
different streamwise locationsx/D = −0.5 to 1 (left) and x/D = 2 to 6 (right).
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Figure 8. R = 2: Profiles of time-averaged dimensionless turbulent kinetic energy k/u2
cf at plane of symmetry z/D = 0

and different streamwise locations x/D = −0.5 to 1 (left) and x/D = 2 to 6 (right).

are underpredicted in the shear layer as shown in figure 8. Therefore turbulent mixing is underestimated by
the model. Also further downstream in the lifted wake, the upward motion is overpredicted by the RANS
approach. The SAS model is in RANS-mode at the front of the upper shear layer. At about x/D = 2 it
starts to switch to scale-resolving mode and more and more vortices are resolved. In the wake the mixture
fraction distribution is similar to LES.

Good agreement with experimental data is achieved for the mixture fraction in the recirculation zone
(x/D < 2, y/D < 3) for all three turbulence models (cp. figure 5). The temperature is slightly overpredicted
at the right wall of the jet exit x/D = 0.5. This can be attributed to potential wall cooling in the experiment,
which is not considered in the simulation or uncertainties in the pipe inflow conditions. Unfortunately, no
experimental data was collected for velocity quantities in the recirculation zone. Nevertheless, the SAS results
are similar to the LES results for velocities and mixture fraction downstream of the jet exit at x/D = 0.5.
In contrast, the RANS results differ from LES and SAS results in the three-dimensional recirculation zone.
In the two-dimensional velocity plots in figure 2 the locations of the two recirculation zones are on top of
each other and at the same streamwise location with SAS and LES. With RANS the large recirculation zone
is located more upstream and closer to wall and the lower recirculation zone is much smaller. The region
around x/D = 2 close to the wall is of special interest for potential flame stabilization processes in premixed
combustion systems3 as discussed below. In figure 6, it is evident that the velocities are negative at this
location for SAS and LES, whereas the streamwise velocity is positive for RANS. Again, there is almost no
difference between the steady RANS and URANS results.
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Velocity Ratio R = 0.5

At R = 0.5 the jet velocity is two times smaller than the cross stream. The jet is bent even more by the
crossflow than in the previous case. The recirculation zone is smaller (cp. figure 10) and the mixing process
takes place mainly very close to the lower wall. Downstream of the recirculation zone (x/D ≤ 2) the wake
is even pressed downwards (cp. figure 10, LES).

Figure 9. R = 0.5: Time-averaged mixture fraction Z at plane of symmetry z/D = 0.

Figure 10. R = 0.5: Time-averaged dimensionless streamwise velocity u/ucf at plane of symmetry z/D = 0.

Figure 11. R = 0.5: Instantaneous mixture fraction Z at plane of symmetry z/D = 0.

Although the overall form is slightly different to the R = 2 case, similar model characteristics are evident
from the instantaneous mixture fraction plots in figure 11. With LES, turbulent structures are captured at
the leading jet-crossflow interface, although the roll-up of the shear layer is less pronounced. With SAS the
front zone of the upper shear layer is still quite smooth and no distinct vortices are resolved. After a short
distance, the SAS switches to the scale-resolving mode. However, the instantaneous mixing field seems to
be less stirred compared to LES. And again, almost no time-dependent vortices are resolved with the RANS
model, not even in the unsteady simulation.

A detailed comparison with experimental data is shown in figures 12 to 15. The mixing and velocity
fields in the upper shear layer are very well reproduced with LES. The average velocity profiles (in figure 13)
are very similar for all three turbulence models in the upstream part of the jet up to x/D = 1. This is very
similar to the R = 2 case. In contrast, turbulent mixing (figure 13) is underpredicted with RANS and SAS
in the upper shear layer due to underprediction of turbulent kinetic energy. In the wake, downstream of
x/D = 2, the SAS results approach the LES and experimental data and a good agreement is achieved at
x/D = 6. At this location the mixing process is advanced quite far and the gradients of mixture fraction
and velocity are small. However, the RANS model does not reproduce this feature.

In the recirculation zone (x/D = 1 − 2 and y/D < 0.5), high accuracy is achieved for the mixture
fraction (cp. figure 12). The difference in temperature at x/D = 0.5 have also been observed in the R = 2
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Figure 12. R = 0.5: Profiles of time-averaged mixture fraction Z at plane of symmetry z/D = 0 and different streamwise
locations x/D = −0.5 to 1 (left) and x/D = 2 to 6 (right).

x/D

-0.5 0 0.5 1

y
/D

0

0.5

1

1.5

2

2.5
u/u

cf

Experiment

LES

SAS

URANS

steady RANS

0 2

x/D

2 4 6

y
/D

0

0.5

1

1.5

2

2.5
u/u

cf0 2

Figure 13. R = 0.5: Profiles of time-averaged dimensionless streamwise velocity u/ucf at plane of symmetry z/D = 0
and different streamwise locations x/D = −0.5 to 1 (left) and x/D = 2 to 6 (right).

case. It might be due to heat transfer at the wall as described above. There are larger deviations for
the streamwise velocities at x/D = 1. In the experiment the streamwise velocity u has a different sign.
However, the magnitude corresponds quite well. Furthermore, it seems that the turbulent kinetic energy is
too high in the LES and SAS simulations. Similar results were obtained by Schlüter and Schönfeld6 as well
as by Wegner et. al.7 As already explained by these authors, the hot-wire measurement which is applied
in the experiment does not measure flow directions. Furthermore, Andreopoulos4 mentions that the hot-
wire measurement underestimates turbulent fluctuations in highly turbulent regions. He did not attempt to
measure fluctuations in known recirculation regions. However, in the present case, the recirculation zone has
not been identified. Nonetheless, it can be asserted that the SAS is in URANS mode.

V. Conclusion

The capability of different turbulence models was investigated for jet in crossflow mixing at low velocity
ratios. The results are evaluated with respect to the application in fuel premix ducts of combustion systems.
In these systems the critical phenomena are potential autoignition in the lean shear layer and subsequent
flame stabilization in the recirculation zone.

LES captures the mixing field in all regions very well and is in good agreement with the experimental
reference data. The RANS approach underpredicts the turbulent mixing in the three-dimensional shear
layer vortices and in the recirculation zone. Especially in the R = 2 case, the LES results indicate a
negative velocity at x/D = 2 close to the wall. The accurate prediction of this region is very important
to capture flame propagation and stabilization mechanisms in the recirculation zone. However the RANS
model, however, predicts a positive streamwise velocity. This result corresponds to the findings by Ivanova
et. al.23 The authors have shown that URANS modeling fails to reproduce flame stabilization in such a
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Figure 14. R = 0.5: Profiles of time-averaged dimensionless streamwise velocity v/ucf at plane of symmetry z/D = 0
and different streamwise locations x/D = −0.5 to 1 (left) and x/D = 2 to 6 (right).
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Figure 15. R = 0.5: Profiles of time-averaged dimensionless turbulent kinetic energy k/u2
cf at plane of symmetry z/D = 0

and different streamwise locations x/D = −0.5 to 1 (left) and x/D = 2 to 6 (right).

configuration. Furthermore there is almost no difference between unsteady and steady time discretization of
the RANS equations.

The accuracy of the hybrid SAS model is similar to RANS modeling in the front shear layer. This is
due to a delayed transition into the scale-resolving mode. In the wake it slowly switches into scale resolving
mode between x/D = 2 − 4. Downstream at about x/D = 6, good agreement with LES and experimental
data is achieved. In the recirculation region the SAS model stays in RANS mode for the smaller velocity
ratio, where this zone is less pronounced. For the R = 2 case the SAS model is almost immediately in LES
mode and is therefore a good alternative for the prediction of flame stabilization.
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