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Abstract

This paper investigates the possibility to extend a
hybrid RANS-LES method that employs a stochastic
backscatter model to Wall-Modelled LES. The coeffi-
cients of the model have been optimized to minimize
the log-layer mismatch for channel flow, while main-
taining the proper decay rate for isotropic turbulence.
Application to the co-flow of a wake and a bound-
ary layer shows that the backscatter model ensures the
rapid development of resolved turbulence in stream-
wise direction after switching from RANS to LES,
both in attached and separated shear layers, without
adding synthetic turbulence. An alternative formula-
tion of the backscatter model is also considered that
ensures a zero mean value of the stochastic forcing.
Results are shown for channel flow and for the co-flow.

1 Introduction

Detached Eddy Simulations (DES) (Spalart, 2009)
and similar hybrid RANS-LES methods originally
have been conceived to simulate flows with massive
separation, which are beyond the reach of RANS. In
such simulations, the separated flow is modelled with
LES, while the attached boundary layers are modelled
with RANS. However, there are also applications with-
out massive flow separation for which RANS does
not suffice. For example, the direct computation of
broadband noise, such as trailing-edge noise, requires
the capturing of resolved turbulence within attached
boundary layers. For such applications, a hybrid
RANS-LES method should be extended to at least a
Wall-Modelled Large Eddy Simulation (WMLES), in
which the outer part of the boundary layer is modelled
with LES and only the inner part is modelled with
RANS.

A well-known problem that occurs when using a
hybrid RANS-LES method in WMLES mode is the
mismatch of the log layers in the RANS and LES
regions. Several approaches have been proposed to
tackle this problem, such as IDDES (Shur et al., 2008)
and stochastic forcing (Piomelli et al., 2003).

A second problem is the slow development of re-
solved turbulence when switching from RANS to LES
inside an attached boundary layer in stream-wise di-
rection (grey-area issue). Typically, some kind of syn-
thetic turbulence generator is used at this location to

accelerate this development (Jarrin et al., 2009). Such
approaches, however, may easily introduce strong ar-
tificial noise, potentially overwhelming the physical
broadband noise.

This paper investigates whether both problems can
be addressed by a single method, in particular, a
stochastic backscatter model that was developed to
mitigate the grey-area issue in separated shear layers
for hybrid RANS-LES methods (Kok, 2017).

2 Method

Here, the X-LES method is used (Kok et al., 2004),
which is a k—w based DES method that includes the
stochastic backscatter model. The method switches
dynamically from RANS to LES when the RANS
length scale Igans = \/E/w is larger than the LES
length scale l;gs = C1A, with the filter width A
taken equal to the maximum mesh width of a grid
cell. The RANS length scale is then replaced by the
LES length scale in the expressions for the eddy vis-
cosity v4 and for the turbulent dissipation €. In WM-
LES mode, the RANS-LES interface is not dynamic,
but kept frozen during the simulations at the location
where lrxans = [Lgs as determined from the initial
RANS solution.

In the LES region, a stochastic source term has
been added to the momentum equation that represents
the backscatter of energy from subgrid scales to re-
solved scales, as follows
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with &(x,t) a vector of three independent stochastic
variables with standard normal distribution and with
Sp determining the strength of the forcing, taken pro-
portional to the subgrid kinetic energy k,
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with C'g a model constant. Note that the source term is
a divergence-free vector and therefore does not intro-
duce any artificial noise. The stochastic source term is
present in the complete LES domain and is correlated
both in space and time for mesh widths and time steps
smaller than the subgrid scales, with the correlation
given by
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with d? = |z —y|* /(CAA?) and 7 = C.A/VE.
The temporal and spatial correlations are obtained by
solving PDEs for the stochastic variables, which are
described in detail by Kok (2017).

The coefficients of the X-LES method in WMLES
mode, including the stochastic model, were optimized
by Henger (2020) for channel flow, minimizing the
log-layer mismatch, while maintaining the proper de-
cay rate for isotropic homogeneous turbulence. Es-
sentially, both the strength and the extent of the spa-
tial and temporal correlations of the stochastic source
term were increased. This resulted in a higher level
of backscatter, which was balanced by an increase of
the level of subgrid eddy viscosity to maintain the net
decay rate. However, this optimization resulted in a
stronger correlation than before between the modelled
turbulent kinetic energy k& and the stochastic variables
& in regions of high vorticity. This implies a larger,
non-zero mean value of the stochastic source term,
constituting a significant artificial contribution to the
total Reynolds stress tensor that was not intended. In
order to ensure a zero mean value, an alternative for-
mulation of the forcing strength Sp and the subgrid
time scale 7 is considered here,

r=CANE @

with f the running time average of f. A full optimiza-
tion has not been performed for this alternative formu-
lation, but three different sets of coefficients have been
selected from a larger range of test computations. The
model coefficients are all given in table 1.

Table 1: X-LES model coefficients

SB :CBpik and

SB 01 CB CA CT
original (2) 008 1.0 0.100 0.050
optimized (2) 012 15 0463 0231

alternative 1 | (4) 0.09 1.3 0400 0.060
alternative 2 | (4) 0.10 1.5 0.450 0.060
alternative 3 | (4) 0.12 1.3 0400 0.140

The flow simulations are performed by NLR’s flow
solver ENSOLYV, which solves the compressible flow
equations on multi-block structured grids. It employs
a finite-volume method in which the convective terms
are discretized by a fourth-order symmetry-preserving
scheme with low numerical dispersion and dissipation
(Kok, 2009), while the viscous terms are discretized
by a standard second-order central scheme. The equa-
tions are integrated in time by the second-order back-
ward scheme, typically using a convective CFL in the
order of 1/8 to ensure a time-integration error com-
parable to the spatial-discretization error. Low-Mach
pre-conditioning is used for the practically incom-
pressible test cases considered here.

3 Channel flow

As first test case, channel flow at a friction Reyn-
olds number Re, = wu,H/v = 1000 is consid-
ered, with u, the friction velocity, H the channel half
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Figure 1: Velocity profiles for channel flow at Re, = 1000

height, and v the kinematic viscosity. As a reference,
the DNS of Lee and Moser (2015) is used, which
had a corresponding bulk Reynolds number Re, =
upH /v = 20000 with u; the bulk velocity. Simula-
tions are performed at a Mach number M}, = 0.1 based
on the bulk velocity. To drive the flow to the desired
friction Reynolds number, a constant body force equal
to pu2 /H is added to the z-momentum equation.

The same grid is used as Henger (2020). The do-
main has a length of 2 H and a width of 7 H. The grid
has 96 cells in wall-normal direction and is stretched
from Ayt = 1 at the wall to Ay™ = 93 at the
channel centreline using a constant stretching factor.
In the other two directions 32 cells are used, giving
mesh widths of Azt = 196 and AzT = 98. The
time step equals At = 0.025H /u; (implying CFL
= upAt/Ax =~ 1/8). The simulations are run for
20000 time steps (a time interval of 500H /uy), start-
ing from a RANS solution, and flow statistics are com-
puted over the last 14000 time steps, which was found
to be sufficient for statistical convergence.

The computed velocity profiles are shown in fig-
ure 1, comparing X-LES in WMLES mode to the ref-
erence DNS and RANS (TNT k-w). The top figure
shows the results with the original stochastic source
term (using the optimized coefficients of Henger) and
the bottom figure with the alternative stochastic term
(using the sets of coefficients as defined in table 1). In
the top figure, the location of the RANS-LES interface
is also indicated by the vertical dashed line (located at
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Figure 2: Shear-stress profiles for channel flow at Re, =
1000 (solid lines: total stress; dashed lines: re-
solved stress; dash-dot lines: modelled stress;
dash-dot-dot lines: stress due to stochastic term)

yT =~ 130). No significant log-layer mismatch is dis-
cernible in the velocity profiles. The results do show
a significant variation of the centreline velocity: alter-
native 1 gives a velocity closest to the DNS, whereas
alternative 3 gives the strongest velocity drop.

Figure 2 shows that the total level of shear stresses
in the RANS and LES regions closely match the DNS
result, but there is a wiggle visible near the interface.
This wiggle may be caused by the stochastic source
term being switched on suddenly at the LES side of the
interface, but also by freezing the RANS-LES inter-
face at a fixed location, which leads to a slight discon-
tinuity between the RANS and LES length scales at the
interface due to the dynamic behaviour of the RANS
length scale. For the original stochastic term, an ad-
ditional non-zero shear stress results from averaging
this term and contributes significantly to the total shear
stress in the LES region. Using the alternative stochas-
tic term removes this additional non-zero stress. It also
results in higher levels of resolved stresses in the LES
region and reduces the wiggle.

Finally, the three normal stresses are compared to
the DNS in figure 3. Clearly, the results strongly de-
viate from the DNS in the RANS regions, as may
be expected from a standard two-equation turbulence
model. At the RANS-LES interface, the modelled
stresses rapidly drop and the total stresses tend more
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Figure 3: Normal-stress profiles for channel flow at Re, =
1000 (solid lines: total stress; dashed lines: re-
solved stress; dash-dot lines: modelled stress)

to the DNS values. Towards the centre of the chan-
nel, generally all WMLES results start to approach the
DNS results more closely.

4 Co-flow

In order to test how well the model mitigates the
grey-area issue in attached and separated shear layers,
the co-flow of a wake and a boundary layer is con-
sidered, as defined as test case in the Garteur Action
Group 54 (Peng et al., 2020). This case is in partic-
ular relevant for high-lift aircraft configurations with
deployed flaps and slats, where the wake from the slat
will mix with the main wing boundary layer. The set-
up follows the experiment of Pot (1979) and consists
of two parallel flat plates with a gap between them of



height h = 35 mm. The upper plate has a length of
L = 0.5 m and its wake mixes with the boundary
layer on the lower plate which extends downstream
for more than 2.5 m. The Reynolds number equals
Rer, = 1.19 - 10° based on the far-field velocity 1,
and the length L. For the simulations, a far-field Mach
number M, = 0.2 was used.

An impression of the geometry and near-field grid
is given in figure 4. The far-field boundary is located
at least 2 m from the upper plate trailing edge, which
is located at x = 0. The target LES region extends
1.5 m downstream from the upper plate (i.e., from
z = 0toxz = 1.5 m). In this region, a grid has been
generated with a target mesh width of 2 mm, both in
stream-wise and span-wise directions (corresponding
to Az™ ~ 200), while downstream of this region the
grid is gradually stretched towards the outflow bound-
ary. A span-wise extent of 0.15 m is used with 72
cells. The wall-normal mesh width equals 0.02 mm
at the wall (Ay* =~ 2). In total, the grid consists
of 10.45 million cells. The time step equals At =
51074 L /u oo, s0 that CFL = u At/Az = 1/8 in the
target LES region. Simulations have been performed
for 18000 time steps (a time interval of 9L /u..), gath-
ering flow statistics over the last 8000 steps.

X-LES in WMLES mode is applied in the tar-
get LES region and in the region immediately down-
stream. Outside this region, RANS is applied. Inside
the WMLES region, the RANS-LES interface is kept
frozen at the location where Igxans = Irgs. Effectively,
the RANS layer along the lower plate has a height of
yT ~ 150 up to x = 1.5 m, while it grows larger and
finally disappears further downstream due to the grid
stretching. There is also a small RANS layer around
the trailing edge of the upper plate. Note that at the up-
stream boundary of the WMLES region, no synthetic
turbulence is added to the flow to speed-up the devel-
opment of resolved turbulence. Instead, the computa-
tions rely on the stochastic backscatter model.

An instantaneous impression of the flow in the
WMLES region, computed using the original stochas-
tic source term, is shown in figures 5 and 6 in terms
of the vorticity magnitude and iso-contours of the
Q-criterion. Qualitatively, the flows computed using
the alternative stochastic terms look very similar (not
shown). The boundary layer and wake develop sepa-
rately up to about x = 0.5 to 0.6 m, after which they
start to mix. Clearly, resolved turbulence rapidly de-
velops, both in the wake and in the boundary layer,
with 3D disturbances visible immediately aft of z = 0.
This is in stark contrast to DES-type computations (in-
cluding X-LES and IDDES) without any synthetic tur-
bulence or stochastic forcing for which the develop-
ment of 3D turbulence is strongly delayed, with typi-
cally the flow remaining practically stable in the first
half of the LES target region and developing essen-
tially 2D span-wise vortices beyond that (Peng et al.,
2020).

Figure 7 shows the mean velocity profiles at six
stream-wise stations, with the first five within the tar-
get LES region, ranging from x = 0.008 m just aft
of the upper plate to z = 1.122 m, and the last one
in the stretched-grid region where the RANS layer has
started to grow (x = 1.722 m). The velocity profiles
closely match the experiment in the wake and in the
outer part of the boundary layer, in particular for al-
ternatives 2 and 3. With the original stochastic term,
the initial turbulent mixing may be too high, leading to
a stronger diffusion of the wake and the outer bound-
ary layer (see station x = 0.372 m). The opposite
can be said about alternative 1, showing a weaker dif-
fusion of the wake and outer boundary layer (see sta-
tions x = 0.12 and 0.372 m). In the inner boundary
layer, the original formulation shows the closest cor-
respondence to the experiment. The alternative results
initially lag behind, with the deficit gradually dimin-
ishing and eventually catching up. Note that the exper-
imental results show a deviation from the log law close
to the wall, where the measurement accuracy may be
reduced.

The shear stresses are compared to the experiment
at the same six stations in figure 8. The top figure
shows the total shear stress, whereas the bottom one
shows the separate components (resolved, modelled,
and stochastic) for the original formulation. At the
first two stations, the original formulation gives the
highest level of total shear stress, close to the RANS
solution, but above the experiment, whereas alterna-
tive 1 gives the lowest level. This is consistent with
the stronger respectively weaker diffusion of the wake
and outer boundary layer as observed for the veloc-
ity profiles. Further downstream the WMLES results
tend to approach each other and the RANS results, in
particular at station z = 1.122 m, although all re-
sults lie slightly above the experiment in the bound-
ary layer and the RANS level is too low at the upper
side of the wake. Looking at the separate components,
the modelled and stochastic terms are dominant at the
first station. At the second station, resolved stresses
have already become the largest contribution. At sta-
tions three to five, a highly resolved LES is obtained in
the wake and outer boundary layer, with the modelled
and stochastic terms being negligible there. They only
become significant when approaching the RANS wall
layer and the modelled stresses become dominant in-
side the RANS layer. At the last station, the modelling
has reverted back to RANS in most of the boundary
layer (up to y/h = 0.2 to 0.3, depending on the value
of 1), with alternative 1 showing the smoothest dis-
tribution closest to RANS.

Finally, The skin-friction coefficient for the lower
plate is shown in figure 9. There is no experimen-
tal data available, therefore only a comparison with
RANS can be made. Immediately after switching to
WMLES at z = 0, there is only a slight drop in skin
friction for the original stochastic term, a stronger drop



mummum|nuuuu\HHHHHH\HIIH\IHHH\H\HHHHI\IIIH\HHHH\HHHHI\HU\\H\HHHHWHHH

“\“W MWmNWII‘MMIIIIIIIMWMIMIIIIWMIImlllll||||1|||||||||‘||||l||} [ H||HHHIﬂIlINUiHHIV?I

il
jli WW% IR HI\IIHHI\HIMHHHHHH}\I\Hﬂlﬂ AR HHI\HHHHNHH\IHW\WHNHHNHHHil\HWN\HNH\HNHI

|
\
I llllllllllllllllllllllll IIII"M"||I|||||I|MI\IHVIMHHHHl\HIHH\ININ\WHHHHHH\HIIHHHHHHH\HHH\ TR I%
\
|
I

il HHII lﬂllﬂllllllﬂlﬂlﬂllllllllllllllllllllll 0
“ \H‘H i mlllﬂlﬂlﬂllllllﬂllllllllllllllIIIIIIIIIIIIIIIIIIIIIIIII||I|| il N\HH IR \unumuummmn\mmmmumuumuu|\ulumuumuuumu\lW\WWnW\\WWHI
F‘\M\WWIHIIMIIIIM A l|l|||||||||||||l||m||||||| i \H\H\H\H\HWH\H\|I\HIHHHH\H\HHH\I|H\V\\HHH\\\\\HH\H\HIHH\HH\HNHl H[IHH\HHHHHHHH\I]H\IH\HHHHH\HH|I|H\IHHHHHHHHHHI\\1I\\\\\HHH\\\\\HH|H\IlHHHHWHHHI
R
%’I‘l’l‘l‘%’l‘l‘l’l’l’l‘lllmlllllll' 111 "mmm"" || i EIWHHHHNHHWN H\IHNHHNHHHlll\HI\HHNHHNHNI\\IIHHHHNNHH}I\Humuu}}}uu}}}}mﬂmwwm ﬂ\HH\\\HH\\\IH\II\\\H\HHHN}H}\INHI\HHHHH\NHM

\
LA |||||||"||||||||||||||||\||| H\m\um\ H‘\ }u}}}}}}}}}}}}\uu}IIU}:}u}u}}}}}}}}}}}}}}IINWWW}HWWW\“|n I
Wlml"lﬂlllllllllll’ i ,u Il

I

I I - I
000 O
i R i

A O

iul
I

\HHHHHH\H\MH\\I|H\I\HHH\HHHHHIII\HIHNH‘ M\H\H\I\|IIHHHHHHH\HHWH |

AR
n
|

I i

I I

T i ! !

I i s

R

I
o

“h il TP T

i MBUIA T

I
10
i

[
i
}HHHHHU l” AR HHH\HI\IIIIIIIIIIIII

i |H\HH“HH\H\H\I\HIIIH\HHHH\H\HWH{M

i
T
i

I

i

T I
IR IIINIHH 1 “HHHWW“HHHH“““HW1

il H\IIHIH\\H\‘\HHHH\HI\H\I\‘H\HH\HHHHHI\HII\H\HHHHHHHHHHI\I ﬂlHHH\HHHWHHHllIH\IHHHHHHHHHHI\\ Ml

|

e

I \H[I\!IU\H\HWHWHW\HI\HHHHHH\H\HH\HII\H\INH‘ ‘H‘ ‘HH\H \\II\HI\\\\H\H\H\HH\dII\\\IHHHHW\“\}\}I}I}I}u\\uu}muwi
M
Il

\ |

[T HH\H\HIN\I\NVH\HHHH\HHHII\HIIHHHHHHHH\HHH\lIH\IN L A T

[ uulluuum A uuumuuuuuu\n\mmmumuuuum\\\lmuuuuuumulw\Ilmlmmmuumul|n\\|\\\\mmm\\\\\\\|||||\mmmmumulmmmumuunnm""""
e N‘HH 1 A

!llH\HHHHHH\IHHIHHHHHHHHHHHNHVIHHH\HHNHHHI\\H\HINHHHHHHNVII\\\I\\\\\HHHHHHH\III|IHH\HHHHH‘\‘HIH\IIIHH\‘HHNHH \IMHH"H\HHHIH\\I\HHH\HHHHHHHHIIHHINHHHHHNHI\\II\\\I\\\\\\\HHHHHH\II\HIHHHHH\\\\\\\\\\I\\\|I\\\HHHHHHH\HI\HIIIHHHHHHI\IIIIIIII
D 000 0 O M A

HHH\HHIHHI\H\I\HHHHH\HHIIH\FIHHHHHHHHH\I\IHWIH\HHHH\HNHIIWI\HHHHHHH HHHHH\HIH\III\\HWN‘HHHHHHII\ \II\HH‘HHH‘ IWNNIﬂuHWWWWIHWNWWHWWHHWWHW Hm:mﬂ”mmm

e

A iR

Figure 5: Instantaneous vorticity magnitude for the co-flow
in z = constant plane
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40

Figure 6: Instantaneous iso-contours of Q criterion for the
co-flow in the WMLES region

(of about 10%) for alternative 1, and the strongest drop
(about 20%) for alternative 3. This is in line with the
shear stress levels in the first half of the LES target
region. The original formulation quickly returns to
the RANS levels (within about 0.2 m). The alterna-
tives lag behind until about half the LES target region.
In the second half, all WMLES results show a sim-
ilar gradient, slightly higher than the RANS results.
Beyond x = 1.5 m, where the modelling gradually
returns to RANS, all WMLES results continue at a
similar slope as RANS, but the alternative formula-
tion shows a temporary increase (with the strongest
increase for alternative 1).

5 Conclusions

The X-LES method has been extended to WMLES
mode using a stochastic backscatter model. With op-
timized values for the model coefficients, the stochas-
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Figure 7: Velocity profiles for the co-flow (additional offset
of 0.1 (top) or 0.15 (bottom) for each subsequent
section)

tic model practically removes any log layer mismatch
between the RANS and LES regions in the velocity
profile of a channel flow. For the original stochastic
formulation, however, this is partly due to a non-zero
mean value of the stochastic source term, which adds
an additional, artificial shear stress term to the mo-
mentum equations. An alternative formulation of the
stochastic model has been proposed that ensures a zero
mean value and removes the artificial stress term. For
this alternative, three sets of model coefficients have
been considered that also essentially remove the log
layer mismatch. In terms of the total stresses, the mod-
elling is not entirely seamless at the RANS—-LES inter-
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Figure 9: Skin-friction coefficient for the lower plate of the
co-flow

face, with a small wiggle remaining in the shear stress
and a rapid change of the levels of the normal stresses.

Application to the co-flow of a wake and boundary
layer shows that the model also strongly mitigates the
grey-area issue both in separated and attached flows.
The backscatter model ensures that resolved turbu-
lence rapidly develops after switching from RANS to
LES without adding any synthetic turbulence. Espe-
cially for the original formulation, the skin friction re-
tains appropriate levels, essentially due to the non-zero
mean stochastic term. For the alternative formulation,

there is a drop in skin friction levels and the veloc-
ity in the inner boundary layer lags behind in the first
half of the target LES region. It may be possible to
improve the results for the alternative formulation by
further optimizing the model coefficients, considering
the variation shown between the three different sets of
coefficients.
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