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Abstract

In this paper a zonal RANS-LES approach is presented in which the regions with attached boundary-
layers are computed via RANS and the regions with separated flows by using LES. The transition from
RANS to LES takes place in an overlapping region between the RANS and LES zone. Two different
turbulent inflow generation methods are presented and coupled with a controlled forcing ansatz which
enable a fast and smooth transition from two-dimensional RANS- to the three-dimensional unsteady
LES solutions. Both approaches require local Reynolds shear stresses of a RANS solution which is
located upstream of the LES. The inflow generation methods are validated for boundary-layer flows
and the fully coupled zonal approach is applied to a transonic flow over an airfoil including a shock

boundary-layer interaction.

1 Introduction

Most of all industrial CFD applications at high
Reynolds numbers are nowadays based on so-
lutions of the Reynolds averaged Navier-Stokes
(RANS). The reasons for their application are ob-
vious: they are simple to apply and computation-
ally efficient. Therefore, they are used for the
flow analysis at design and off-design conditions,
for optimization and for cases where experimen-
tal data may not be easily obtained. However, it
is known that solutions provided by one- or two
equation eddy viscosity models are not reliably
predicting complex flow cases [1]. Although vari-
ous modifications and new concepts of turbulence
modelling, i.e. algebraic Reynolds stress models,
non-linear eddy-viscosity closures, etc., were pro-
posed over the last decades, the optimum univer-
sal model has not been found yet.

The alternatives to RANS modelling are Direct-
and Large-Eddy Simulation (DNS and LES). To-
days available computer resources, however, pre-
vent these methods to become standard simula-
tion tools for high Reynolds number flows. Since
in many applications complex flow regions are lim-
ited to a smaller part of the domain, hybrid meth-
ods, combining the computational efficiency of of
RANS with the higher accuracy of LES or DNS
should in principle be able to provide better results
at minimized additional costs.

An overview of hybrid and zonal RANS/LES
approaches is given in [2]. There are at least
two major techniques to couple RANS with LES
in hybrid computations. The first approach uses a
continuous turbulence model, which switches from

RANS to LES mode in a unified domain, such as
the detached eddy simulation (DES) proposed in
[3],[4]. The other technique uses two separate
computational domains which are linked via an
overlapping zone where the transition from RANS
to LES and vice versa occurs. This technique is
also applied and further investigated with respect
to the interface conditions in this paper. Within this
method the turbulent flow properties at the LES in-
let have to be prescribed by using information from
the RANS solution. There are three distinct types
of such inflow boundary conditions [5]: recycling a
plane of flow characteristics downstream of the in-
flow plane; instantaneous flow fields from precur-
sor simulations or fluctuations (random or physi-
cal) which are superimposed on a mean velocity
profile. The latter method is well suited for the in-
terface problem because the fluctuations, that con-
tain the moments of the RANS simulation, could
be either generated by local forcing, or computed
separately and superimposed on a mean velocity
profile that is also provided by the upstream RANS
solution.

Recent applications that apply the synthetic
eddy method (SEM) by Jarrin et al. [6] or that are
based on the synthetic, homogeneous turbulence
method by Kraichnan [7], which was extended to
inhomogeneous flows by Smirnov et al. [8] and
Batten et al. [9] suffer from long transition lengths
for realistic turbulence to be generated. Following
the idea of Keating [10] this development region
can be significantly shortened by combining syn-
thetic turbulence generation methods (STGM) with
controlled forcing [11] that is applied downstream
of the LES inlet, which will be demonstrated in this
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paper.

The article is organized as follows: In section 2,
the numerical methods of the flow solver and the
synthetic turbulence generation methods are de-
scribed. Subsequently, in section 3, the results
are presented. First, the various STGM are com-
pared for different configurations in zero-pressure
gradient boundary-layers. Then, the fully coupled
zonal RANS-LES approach is compared with a
corresponding full domain LES for a transonic flow
over the DRA2303 profile. The LES and the zonal
RANS-LES approach, respectively, were chosen
since RANS simulations have not yielded satisfac-
tory results in this particular buffet case [12].

2 Mathematical formulation

2.1

The Navier-Stokes equations for  three-
dimensional compressible flows are solved by a
block-structured finite-volume flow solver. A modi-
fied AUSM method that was introduced by Liou et
al. [13] is used for the Euler terms which are dis-
cretized to second-order accuracy by an upwind-
biased approximation. For the non-Euler terms a
centered approximation of second-order accuracy
is used. The temporal integration from time level
n to n + 1 is done by a second-order accurate ex-
plicit 5-stage Runge-Kutta method, the coefficients
of which are optimized for maximum stability. For
a detailed description of the flow solver the reader
is referred to Meinke et al.[14].

The subgrid scale modelling for the large-eddy
simulations is based on an implicit ansatz, i.e., the
MILES (monotone integrated LES) approach of
Boris et al. [15] is used.

For the RANS computations the Spalart-Allmaras
turbulence model [16] was chosen to close the
Reynolds-averaged Navier-Stokes equations.

Numerical methods

2.2 Synthetic turbulence generation
methods (STGM)

A proper coupling of RANS and LES flow domains
is considered to constitute the key feature of a
zonal RANS/LES approach. In order to keep over-
lapping regions of both computational domains as
small as possible, effective mechanisms for turbu-
lence generation have to be applied in LES inflow
regions. The turbulent characteristics coming from
the RANS domain are introduced first at the LES
inflow plane via synthetic turbulent eddies (Jarrin
et al. [6], Batten et al. [9]) and controlled further
downstream by employing control planes accord-

ing to Spille and Kaltenbach [11]. The synthetic
turbulence generation methods of Jarrin et al. and
Batten et al. were implemented and tested for in-
compressible and compressible flows.

Method of Jarrin et al. The method of Jar-
rin et al. [6] is based on the considering of tur-
bulence as a superposition of coherent structures.
These structures are generated over the LES inlet
plane and are defined by a shape function which
describes the spatial and temporal characteristics
of the turbulent structure.

The shape function f, that has a compact sup-
porton [—o, o] where ¢ is a length scale which sat-
isfies the normalization condition

1) 2 M d 1
( ) A./—A/Qf(I !

where A defines the extent of the domain. A one
component velocity signal can then be described
by the sum of the contribution (%) (z) of a turbulent
spot i to the velocity field. Let N be the number
of prescribed synthetic eddy cores at the inlet and
€; is a random number within the interval from —1
to +1 then the one-dimensional velocity fluctuation
component reads

1 N
2) W (x,t) = Nici > eifo (x— i)
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The generalization of the one-dimensional proce-
dure to time dependent two-dimensional fluctua-
tions is straight forward.

Turbulent length and time scales are determined
by the Reynolds shear stress component (uv’)
and the turbulent viscosity v;; both are extracted
from corresponding RANS simulations. In this
work, the Spalart-Allmaras turbulence model [16]
was used for the incoming RANS solution. The
turbulent time scale can be written as ¢t = k/e and
the turbulent length scale as L = ¢ V}, with V}, = VE
where k and ¢ stand for the turbulent kinetic energy
and turbulent dissipation, respectively. By applying
the experimental correlation of Bradshaw et al. the
turbulent kinetic energy is related to the Reynolds
shear stress (u/v") and the turbulent viscosity v,
which is available from the RANS solution

@3) |- W)=w
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with a1 = /¢, and ¢, = 0.09. The turbulent dissi-
pation ¢ is approximated by the definition of the
eddy viscosity from the k& — ¢ turbulence model
(Menter [17])

2
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The final flow field at the inlet is constructed from
the resulting vortex field of Eq. 2

(6) wi = + aju]

where «a;; is computed from the prescribed
Reynolds stress tensor applying a Cholesky de-
composition.

Method of Batten et al. The second method
was introduced by Batten et al. [9] based on
the work of Smirnov [8] and initially developed
by Kraichnan [7]. To create a three-dimensional,
unsteady velocity field at the inflow plane of the
LES region, velocity components are constructed
using a sum of sines and cosines with random
phases and amplitudes. The intermediate veloc-
ity, v;, reads

6) v (z;.t)= \/% ﬁ: [pf cos (d?:ﬁ? + w”f)
n=1
+ ¢}'sin (CZ;%;L + w"fﬂ ,

where & are spatial coordinates being normalized
by turbulent length- and time scales. These scales
are reconstructed from the incoming RANS solu-
tion via Egs. 3 and 5. The amplitudes of the signal
are calculated by
7) pi=epGldy, @ =egng]dy

where ¢ and ¢ are equal to N (0,1) and ci}" =
dj V/c". The wave number di = N (0,0.5) is elon-
gated by the following relation according to Batten
[9]:

n__ 3 1.7 dlndnm
(8) ¢ —\/2 (ujuh,) adn

In Eq. 6 the random frequencies w™ are taken from
the normal distribution V (1,1). Like in the method
of Jarrin et al. the synthetic turbulent fluctuation
field is finally reconstructed using the Cholesky de-
composition. The methods are suitable in incom-
pressible flows. In compressible flows, however,
the velocity fluctuations are coupled with the den-
sity field. Thus, Morkovin’s hypothesis is applied to
relate density and velocity fluctuations by assum-
ing that the pressure fluctuations over the inflow
plane are negligible

~

9) %=W—UM2
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Spille-Kaltenbach control planes Synthetic
turbulent methods provide a reasonable first es-
timate of the fluctuating turbulent velocity field at

the LES inlet. Downstream of the inlet, however,
many of the relevant turbulent scales may have
been dissipated retarding the transition to fully tur-
bulent flow. Local control planes which introduce a
volumetric forcing term to the Navier-Stokes equa-
tions regulate the turbulent production in the shear
stress budget [11]. As discussed, for example, in
the work of Keating et al. [10] or Zhang et al. [18],
local flow events such as bursts and sweeps are
enhanced or damped by the local forcing thus con-
tributing to the Reynolds shear stress (u/v)

(10) e(y,t) = (W) (z0,y) — (W) (x0,y,t)

where (u/v')" is the target Reynolds shear stress
at the control plane which is provided by the RANS
solution and (u/v)*" is the current Reynolds shear
stress in the LES domain which is averaged over
the spanwise direction and time. For the time aver-
age a window function with a time constant equal
to ~ 1009y /us is used.

The force magnitude is given by

(11) f(x07yazat) = T(y7t) |:’U, (vayaZat) - <u>2’t

with
(12) r(uut) = ac(yt) + 6 [ elut)dr
0

The proportional part is the main contributor to the
force when the error ¢ in Eq. 10 is high at the
beginning of the simulation. Proceeding in time,
the integral part gives the force the necessary re-
sponse to enhance or damp the local flow events.
The constants o and  were set to 10 and 25 re-
spectively, to ensure on the one hand, a rapidly
decreasing error e and on the other hand, a sta-
ble simulation process. In subsequent sections the
STGM of Jarrin et al. combined with the control
plane approach is referred to as 'zonal I’ and the
STGM of Batten et al. combined with the control
plane approach is referred to as 'zonal I'.

3 Results

3.1 Validation of STGM

A zero-pressure gradient boundary-layer was in-
vestigated and compared to reference solutions
using two synthetic turbulence methods, based on
the controlled forcing approach downstream of the
inlet. Four simulations were carried out: a full do-
main LES (referred as to ’full LES’), a full domain
RANS, and two synthetic turbulence-LES simula-
tions with controlled forcing. All four cases were
computed with the same flow and numerical con-
figuration, M., = 0.4, Res, = 10000 where §,
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refers to the boundary layer thickness at the inlet
of the computational domain. The numerical de-
tails are given in Tab. 1.

The reference full LES was computed using the
rescaling method according to El-Askary et al.
[19]. The full domain RANS calculation based on
the Spalart-Allmaras model (referred to as 'RANS
S-A’) was performed for comparison purposes and
to provide the target data for the synthetic turbu-
lence inlet and for the control planes. In the zonal
simulations the control planes are distributed over
a length of one boundary-layer thickness 4.

Figure 1 (left) compares the evolution of the
wall friction coefficient ¢y for all four flow cases.
The solutions of full LES and full RANS do not
differ much regarding the wall shear stress for
this simple zero-pressure gradient boundary-layer.
Thus, the applied rescaling method at this numer-
ical configuration is valid for LES and RANS simu-
lations and poses no difficulty to match them at the
beginning of the computational domain. Both, the
zonal | and the zonal Il approach, show, despite
their fundamental differences in their formulations,
a comparable required length until they converge
to the full LES solution. The van Driest velocity
profiles obtained at /6, = 5 which are presented
in Fig. 1 (right) show that both STGM produce the
expected asymptotic near-wall behavior of a tur-
bulent flow, but the results differ somewhat at the
edge of the boundary-layer.

Figure 2 depicts the turbulent kinetic energy
k and Reynolds shear stress component (u'v") at
two different locations downstream of the inlet. It
is shown that the flow generated by the zonal 1l ap-
proach undergoes a slight laminarization process
downstream of the interface but the control planes
increase the turbulent shear stress budget to the
full LES level. The turbulent structures generated
by the zonal | approach do not dissipate down-
stream of the inlet but the control planes introduce
a local overshoot of the turbulence level which de-
creases to the full LES turbulence level at around
five boundary-layer thicknesses dy.

Ao-contours (Jeong et al. [20]) of both zonal
cases and the full LES are visualized in Fig. 3. It
is shown that the structures which are introduced
into the domain by the zonal | approach are not
dissipating. The structures at the inlet of the case
computed with the zonal Il approach fade away
and the control planes downstream of the inlet
have to enhance the locally rare events like tur-
bulent bursts and sweeps to reach the turbulence
level of the full LES computation.

Due to the low Reynolds number for this case it
was expected that the ’artificial’ turbulence would
dissipate at the beginning of the domain to develop
‘physical’ turbulence further downstream after the

transition process at about /6y ~ 10. However,
Figs. 1 (left) and 2 (left) show that when the zonal |
approach is used the Reynolds shear stress (u'v’)
does not decrease below the level of the full do-
main LES but generates an overshoot of turbulent
kinetic energy. The zonal Il approach tends to pro-
vide a lower Reynolds shear stress level which is
to be increased by the control planes which are lo-
cated downstream of the inlet. For the following
computations the zonal | approach is used since
the quality of the results is acceptable and it is
computationally less expensive than the zonal Il
approach.

A compressible zero-pressure gradient boundary-
layer (Ma = 2.4, Res, = 52000) was also investi-
gated to evaluate the efficiency of STGM in com-
pressible flows. A full LES simulation was used as
reference and a full RANS simulation provided tar-
gets for the zonal RANS-LES solution. In this case
just the zonal | approach was used and evaluated
concerning two different control plane configura-
tions. The first configuration uses one single con-
trol plane (referred as to ’1 c-p’) which is located
at /6y = 0.7. The second configuration applies
four control planes (referred as to 4 c-p) which are
located between x/dy = 0.3 and = /dy = 2. Numer-
ical details are given in Tab. 2.

The downstream evolution of the skin friction
coefficient ¢y is shown in Fig. 4 (left). It seems
that the zonal | solution with one control plane
already converges at about z/§; = 1.5 whereas
the case with four control planes still regulates the
shear stress budget. However, Fig. 5 compares
the turbulent kinetic energy k& and Reynolds shear
stress (u/v’) at position /69 = 1. A second spuri-
ous peak is exhibited at y/dy = 0.7 for the zonal |
simulation with one control plane. This distribution
of turbulence energy is due to the presence of a
low frequency mode which is introduced at the in-
let and may survive at least the first control plane.
Touber et al. [21] observed the same phenomenon
when applying synthetic turbulence techniques to
compressible boundary-layers. This might occur
due to the high Reynolds and Mach numbers used
here which stabilizes the outer mode. However,
this mode was not found in subsonic boundary-
layers. When four control planes are used the flow
already passes two control planes and the spuri-
ous peak in the wake region of the boundary-layer
at position x/d; = 1 is somewhat more damped.
At position x/dy = 5 both control plane configu-
rations show no trace of this second peak in the
turbulent kinetic energy k. From these results it is
suggested to apply more than one control plane
in supersonic boundary- layers at high Reynolds
numbers to avoid the large wave length mode in-
troduced by the STGM and thus to keep the tran-
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sition region as small as possible. The van Dri-
est velocity profiles obtained at /5, = 5 in Fig. 4
(right) show that both STGM produce the expected
asymptotic near-wall behavior of a turbulent flow,
but the results differ somewhat at the edge of the
boundary-layer.

3.2 DRA2303 transonic profile

The DRA2303 transonic airfoil [22] was chosen
as the aerodynamic reference case for the buf-
fet phenomenon. Associated with buffet are self-
sustained shock wave oscillations on airfoils at
transonic flow. The flow configuration, which was
to lie well within the buffet boundaries, was chosen
with Ma = 0.72, Re = 2.6 - 10° and a = 3°. The
flow configuration was chosen accordingly to avail-
able experiments that were recently conducted at
the AlA Trisonic wind tunnel.

In this work the buffet is computationally tar-
geted with three different simulations: a full do-
main LES which constitutes the reference solu-
tion and a fully coupled zonal RANS-LES solu-
tion. First, the RANS solution is compared with
the full domain LES results of the DRA2303 airfoil
and then, a fully coupled zonal RANS-LES solu-
tion yielding preliminary results is presented.

A grid resolution was chosen for the full LES
and the LES domain of the zonal RANS-LES sim-
ulation according to the experience of Zhang et al.
[18]. The numerical details of the full LES solu-
tion and the zonal RANS-LES are given in Tab.
3 and Tab. 4, respectively. The number of re-
quired grid points for the zonal RANS-LES simu-
lation contains less than 50 % of the grid points
used in the full domain LES simulation.

A full LES simulation was set up to examine
the physical aspects of buffet phenomenon with-
out using standard turbulence models. The simu-
lation time for this configuration was about 40¢/U
which can be considered as a long term simulation
where effects of initial perturbations or flow devel-
oping effects possess no influence anymore on the
solution and a periodic flow behavior determines
the result.

In Fig. 7 the instantaneous pressure coeffi-
cient ¢, and the average pressure coefficient fluc-
tuations at the upper side of the profile are pre-
sented. Note that the extension of the horizon-
tal shock oscillation is a ~ 0.07c. The peak in
the average pressure fluctuations is pronounced at
about z/c = 0.55 and near the trailing edge the in-
tensity of the fluctuations increases but they never
exceed the strength of the shock.

The reduced frequency w* of the lift coefficient
oscillation of the full LES solution presented in Fig.

8 is about 0.74. Oscillation of the lift coefficient is
highly periodic which is indicated by the peak in
the frequency spectrum. The amplitude of the lift
coefficient is ACy ~ 0.03.

Figure 9 compares the fluctuating pressure in-
tensity at different locations. At the upper side
at 0.25¢ the amplitude of the fluctuation is very
low, however, a small distinctive bump is evident
at w* ~ 0.7. Near the shock at 0.55¢ a peak oc-
curs at the reduced frequency w* = 0.74 and the
distribution of the values is very similar to that in
Fig. 8. Close to the trailing edge at 0.9¢ the major
peak is still at w* ~ 0.73 but the pressure fluctu-
ations at higher reduced frequencies have grown
stronger compared to the position near the shock.
This is due to the turbulent shear layer which is
at this flow configuration maximum in size at the
trailing edge. Although the pressure fluctuations
are averaged in the spanwise direction the pres-
sure fluctuations at very high reduced frequencies
can be related to the turbulent shear layer. At the
lower side of the profile at 0.9¢ the intensity level of
the fluctuations is one order of magnitude smaller
compared with the corresponding position at the
upper side. However, a distinct peak at w* ~ 0.73
is visible which is caused by the direct influence of
the oscillating shock at the upper side.

The Reynolds shear stresses of the averaged
full LES solution at two different locations is ex-
hibited in Fig. 6. At 0.4 ¢ the distribution resem-
bles that of a flat plate boundary-layer flow and
its turbulent features. Behind the shock, however,
the maxima of all components moves to the cen-
ter of the boundary-layer and the intensity level of
(v'v"), (w'w'), and (u'v") is much higher compared
with the position ahead of the shock. Downstream
of the shock the intensities of (u'v’), (v'v’), and
(w'w’) are at the same level which indicates that
the turbulent structures show an isotropic behav-
ior compared with the high level of anisotropy of
the near-wall turbulence upstream of the shock.

The \;-contours [20] are shown in Fig. 10.
After the interaction with the shock, the turbu-
lent boundary-layer separates and a shear flow
is formed that develops large coherent structures
that convect near the trailing edge. These large
structures are responsible for the high level pres-
sure oscillations at high frequencies near the trail-
ing edge.

The experimental findings showed a horizon-
tal shock amplitude at the upper side of the air-
foil of a..p ~ 0.05¢ with a corresponding reduced
frequency of w;,, = 0.68. Hence, the full LES
results regarding buffet dynamics agree well with
the available experimental data (@, ~ 0.07¢ and
whm = 0.74).

In order to analyze the buffet phenomenon with
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a higher order turbulence model, i. e. a local
LES, and to use a global efficient Ansatz the zonal
RANS-LES approach was applied. The computa-
tional set up is shown in Fig. 11. The Spalart-
Allmaras turbulence model [16] was used to close
the RANS equations of the zonal RANS-LES ap-
proach. Due to the complexity of this particular
case the results can be considered just prelimi-
nary.

RANS and LES domains used periodic bound-
ary conditions in the spanwise direction and a no-
slip, adiabatic condition was set at the wall. Non-
reflective boundary conditions were applied at the
far field boundaries. At the inlet of the LES do-
main on the upper and lower side of the airfoil, the
zonal | approach according to Jarrin et al. [6] (see
section 2.2) was used to generate synthetic turbu-
lent structures. Downstream of the inlet four con-
trol planes are located between 0.37¢ and 0.4¢ at
the upper side and between 0.7¢ and 0.73c¢ at the
lower side of the airfoil. The turbulent flow prop-
erties of the upstream RANS solution were used
as target conditions for the zonal | approach and
the control planes that were located downstream
of the LES inlet. At the LES outlet the method
of Konig et al. [23] was employed to reconstruct
the required turbulent viscosity v, for the RANS
domain that is located downstream of the LES re-
gion. At the RANS outflow a time averaged pres-
sure from the LES domain located downstream is
prescribed whereas density and velocity profiles
are extrapolated. At the LES inflow the density and
velocity profiles are transferred from the RANS do-
main located upstream and the pressure is extrap-
olated from the interior of the LES-domain. The
term ‘fully coupled’ refers to the above mentioned
treatment of the in- and outflow boundaries of the
RANS and LES domains. The LES domain is sur-
rounded by a sponge layer to damp pressure fluc-
tuations that otherwise might be reflected at the
boundaries. Further details of such a sponge layer
are given in [18].

Since pressure waves, caused by the transient
shock behavior , travel from the LES domain to
the RANS domain and vice versa the time win-
dow where the solutions are averaged has to be
carefully defined. On the one hand, the turbulent
flow properties of the LES solution have to be av-
eraged properly over a sufficiently large time win-
dow before being transferred to the RANS domain.
On the other hand, the amplitude and frequency of
the traveling pressure waves caused by the shock
must be captured in a time window which is as
small as possible to prevent a significant alteration
of the pressure wave signal. A time window of the
size of 1 ¢/U,, was found to satisfy these require-
ments .

In Fig. 12 the instantaneous pressure coeffi-
cients ¢, are given. The zonal RANS-LES solu-
tion shows a good agreement with the full LES
solution concerning shock position and strength.
Downstream of the shock the ¢, evolution shows
minor discrepancies near the trailing edge. How-
ever, upstream of the shock the zonal RANS-LES
results agree pretty well with the findings of the
full LES. Note the smooth transition from RANS
to LES of the pressure coefficient near the over-
lapping zones at approximately 0.37¢ (upper side)
and 0.7¢ (lower side).

The M\s-contours of the instantaneous zonal
RANS-LES solution are depicted in Fig. 13. They
show the same features compared to the contours
of the full LES simulation such as large coher-
ent structures downstream of the shock interaction
zone convecting towards the trailing edge.

4 Conclusion

In this article, different inflow conditions for zonal
RANS-LES simulations at the LES inlet where
evaluated and compared. To couple the RANS
with the LES domain, synthetic turbulence gener-
ating approaches and control planes were used to
prescribe the turbulent intensities of the RANS so-
lution for the LES domain. Two different STGM
were tested and validated for a subsonic zero-
pressure gradient boundary-layer flow. The zonal
| approach was found to be superior compared to
the zonal Il approach and therefore used in subse-
quent computations.

The application of two different control plane
configurations in a supersonic zero-pressure gra-
dient boundary-layer flow showed similar as
in [21], that long wave oscillations are generated,
which disturb the solution, if only one control plane
is used. Such disturbances can be removed by us-
ing several control planes.

Finally, the zonal RANS-LES was applied to
simulate the transonic flow around a DRA2303 air-
foil. The results of a pure LES long term simulation
agreed well with experimental findings. The cou-
pled zonal RANS-LES approach provided prelim-
inary results which indicate that the quality of the
solution is comparable to that of the full domain
LES solution. The computational costs could be
reduced by a factor of 2 for this case.
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Table 1: Numerical details for the simulation of a turbulent boundary layer at M a = 0.4 and Res = 10000

for LES and RANS solutions

streamwise x wall normal y spanwise z
Domain size in §g 15 5 0.7
Grid points 484 65 49
Resolution, wall units Azt ~ 20 Ayt ~0.8 Azt ~ 12

Table 2: Numerical details for the computation of a turbulent boundary layer at Ma =

Res = 52000 for LES and RANS solutions

2.4 and

streamwise x wall normal y spanwise z
Domain size in §y 10 3 0.7
Grid points 140 65 49
Resolution, wall units Azt ~ 20 Ayt ~0.8 Azt ~12

Table 3: Numerical details for the of transonic flow over the DRA2303 airfoil for a full domain LES

simulation
streamwise x wall normal y spanwise z
Domain size in ¢ 20 20 0.021
Grid points (30.4-10) 2364 130 99
Resolution, wall units ~ Az™ ~ 100 Ayt ~1.0 Azt =20

Table 4: Numerical details of the LES domain for a zonal RANS-LES simulation of transonic flow over

the DRA2303 airfoil

streamwise « wall normal y spanwise z
Grid points (13.7-105) 1430 97 99
Resolution, wall units ~~ Az™ ~ 100 Ayt~ 1.0 Azt ~ 20
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Figure 1: Evolution of skin friction coefficient c; (left) and van Driest velocity profile (right) for boundary
layer flow at Ma = 0.4 and Res, = 10000 for different computational configurations x:/6y = 5
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Figure 2: Turbulent kinetic energy k£ and Reynolds shear stress (u'v’) at /6o = 1 (left) and at 2 /6 = 5
(right) for a full domain LES and a zonal RANS-LES computation

Figure 3: \s structures of a mildly compressible flat plate boundary layer flow computed by (top) a full LES,
(middle) using zonal Il approach and (bottom) applying the zonal | ansatz
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Figure 4: Evolution of skin friction coefficient c; (left) and van Driest velocity profile (right) for boundary
layer flow at Ma = 2.4 and Res, = 52000 for different computational- and control plane configurations at
.’t/(so =5
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Figure 5: Turbulent kinetic energy k& and Reynolds shear stress (u/v') at /5y = 1 (left) and at 2:/dp = 5
(right) for a full domain LES and a zonal RANS-LES computation
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Figure 6: Reynolds shear stresses of a full LES at two different positions at the DRA2303-profile: at
x/c = 0.4 (left) and x/c = 0.6 (right)
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Figure 7: Fluctuating wall pressure coefficient ¢, (left) and corresponding rms-values at the upper side
of the profile (right) for a full LES computation
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Figure 8: Power spectral density of fluctuations of lift coefficient C';, and corresponding fluctuations over
time for the full domain LES of a transonic flow around a DRA2303 airfoil

5 x 10
6 x10 . . . 6 T T T
sl ’ x/c=0.25, upper side‘ 1 5l x/c=0.55, upper side ||
4+ i i
w& 3r 1 “—‘& 1
2+ d d
1t 0)'=O.73\ 1 1
0 -2 ‘71 0 1 2 2
10 10 10 10 10 10
reduced frequency ® reduced frequency ®
x10° x10°
6 . . . 6 . . .
51 x/c=0.90, upper side | | 51 x/c=0.90, lower side
4t 4 4t 4
= kS
&3 1 &3 ]
=3 B =3
» =0.73—>
2t 2t 4
1+ 1+ ﬁ)*=0.73\) 4
0 -2 -1 0 1 2 0 -2 —_"/‘4\/-\/\1\;““ - _-.1 2
10 10 10 10 10 10 10 10 10 10
reduced frequency ® reduced frequency

Figure 9: Power spectral density of pressure fluctuations computed by a full domain LES at different
positions of the DRA2303-airfoil

207



Deutscher Luft- und Raumfahrtkongress 2010

Figure 10: )\, structures of transonic flow around a DRA2303 profile for a full domain
LES simulation

Figure 11: Computational setup of a fully coupled zonal RANS-LES simulation of a tran-
sonic flow around a DRA2303 airfoil
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Figure 12: Comparison of instantaneous pressure coefficient ¢, between full domain LES and zonal
RANS-LES computation of a transonic flow around a DRA2303 airfoil

Figure 13: A structures of transonic flow around a DRA2303 airfoil for a fully coupled
zonal RANS-LES solution
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