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Hybrid RANS-LES Simulation of Turbulent
High-Lift Flow in Relation to Noise Generation

Bastian Nebenfiihr, Shia-Hui Peng and Lars Davidson

Abstract Turbulence-resolving simulations have been performettusybrid RANS-
LES approaches for the turbulent flow around a three-elemightlift configura-
tion. The main purpose is to explore the effect of some madelelated numerical
aspects on the simulation of resolved velocity and prestucéuations as potent
noise-generating sources. Along with a presentation aflved instantaneous and
mean flow features, the impact of the time step and the sparexient of the com-
putational domain is investigated. It is shown that the terapresolution and the
spanwise extension of the computational domain imposetsffieot only on the
prediction of mean flow, but more significantly on the cortiela of resolved turbu-
lent structures, which may consequently affect the acquvaftow-generated noise
properties.

1 Introduction

Deploying high-lift multi-element devices during landiagd takeoff triggers com-
plex flow phenomena characterized by boundary layer triansiturbulent free
shear-layers, wakes and boundary layers, as well as thefluemce and interac-
tions. At a moderate angle of attack (AoA), moreover, boupndayer separation
over the flap may arise in the presence of adverse pressutegtaHigh-lift flow

properties are inherently connected with each other, ehglhg the modeling of
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flow physics in numerical analysis of high-lift systems. Aldee in modeling one
of such phenomena may lead to overall discrepancies in gigiion of high-lift
flows.

Along with the lift performance, another major concern oghilift devices in
aircraft design is that they are potent generators of airéranoise. In aeroacous-
tic analysis, it is known that conventional RANS methods raoé suitable, since
noise-generating sources in a high-lift flow are associatighl unsteady flow mo-
tions in relation to extensive turbulent fluctuations. Thiage reliable predictions of
aeroacoustic noise radiated from a high-lift system, tlebce-resolving modeling
approaches have to be invoked.

With the rapid increase in computing power and the conteanyomprovements
in developing hybrid RANS-LES models, it is nowadays febesib use turbulence-
resolving methods for predicting the flow around high-lifinfigurations at takeoff
or landing Reynolds numbers, as recently shown in Refs.(B, 1

In the present work, the turbulent flow around a three-eldmiefoil is computed
using a zero-equation hybrid RANS-LES model (HYBO) [8, 9%r Eomparison,
also a simulation with the Spalart-Allmaras Detached Edidyufation (SA-DES)
model [13] has been performed. Since it is widely acknowéstipat the slat stands
for a great deal of the high-lift systems noise generatiomleasis is placed mainly
on the slat cove region, when it comes to the acoustic noisece@nalysis. An
in-depth investigation of the flow properties, in the formspfatial correlations is
conducted. Also the influence of time step used in turbulerselving simulations
is investigated.

2 Casedescription

The geometry under investigation is the DLR F15 three-etgrhgh-lift configu-
ration. It consists of a leading-edge slat, a main wing anaiting-edge flap. The
same geometry has previously been studied in the LEISA ¢trajeDLR [14, 15]
and is a test case in the EU-project ATAAC (Advanced TurbcgeSimulation for
Aerodynamic Application Challenges). All elements of thgadl possess blunt
trailing-edges, except the sharp slat cusp.

For the numerical simulations, the flow has been simulatdkatflight condi-
tions, for which the angle of attack (AoA) has been corretbea = 6° in precursor
RANS computations by taking into account the influence ofuied tunnel side
walls present in the experiment.

For turbulence-resolving simulations, the flow around tBehigh-lift configu-
ration has to be computed in a three-dimensional domainauittrtain extension in
the spanwise direction, over which a uniform grid spacingatched. The effect of
the spanwise domain size on the transverse correlationsofued turbulent struc-
tures is investigated by taking two different spans. $inall domain has a spanwise
section of 8% of the retracted chord lengh,with 40 cells, and théarge domain
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has a 16% span with 80 cells. This yields, respectively, 8.08 and &@5@lion grid
points.

Computations were carried out et= 6°, with a freestream Mach number of
Ms = 0.15 and a chord-based freestream Reynolds numb&egf~ 2.1 x 1.
Local laminar-turbulent boundary layer transition wasgeréed for all three el-
ements of the airfoil. Furthermore, two different time st@pes were used with,
respectively, asmall time step of At = 0.001027C/U. and alarge time step of
At =0.002054C/U.,. Periodic boundary conditions were employed at the spanwis
boundaries.

3 Results and discussion

In this section, we will first explore the resolved instargans flow and the mean
flow features to highlight the impact of turbulence modelamgl modeling-related
numerical issues. It is noted here that the SA-DES compmurtatields similar or
slightly worse predictions than the HYBO model compareditedatunnel measured
data. In the analysis using unsteady flow properties, we Hawetaken only the
results obtained with the HYBO model, unless otherwisesdtat

3.1 Resolved Instantaneous Flow and Mean Flow

In hybrid RANS-LES simulations, in spite of the fact that reall grid resolution
in the wall-parallel plane is preferably relaxed, the matglcapability of resolv-
ing turbulent structures in off-wall LES regions reliesastgly on the local grid
density. Figure 1 illustrates the resolved turbulent striees in the slat cove. De-
tached from the slat cusp, the free shear-layer plays afiignt role in the forma-
tion of the subsequent recirculating flow and the flow throtigh slat-wing gap.
With the present grid resolution, the resolved shear-lagarains fairly stable and
two-dimensional with delayed instabilities taking pla¢eaarly half-way towards
the slat-wing gap. After the shear-layer breaks down, rfuless, the flow evolves
to three-dimensional vortex motions with relatively ridhugtures resolved. Those
are subsequently incorporated in part into the recircuggfiow inside the cove and
partly ejected through the slat-wing gap into the flow confkeeabove the main
wing as longitudinally stretched flow structures. With twtdifferent time steps,
moreover, it is shown in Fig. 1 that the resolved turbulemtteats are comparable.

The overall mean flow pattern around the airfoil has the agpe= of a typical
high-lift flow, including recirculation bubbles in the sledve and in the cove below
the main wing trailing-edge. Flow separation is observethansuction side of the
flap. Nevertheless, as shown below, a detailed exploratiows that the predicted
local mean flow properties may to different extents be a#fédiy the turbulence
model, the time step and the computational domain used.
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(a) small At (b) large At

Fig. 1 Isosurface of Q-invariant in the slat cove region; the dtres are colored by vorticity
magnitude (Computed with the HYBO model on the small domain)

Figure 2 shows a comparison of surface pressure distribsitabtained from
different computations. Results from two-dimensionahdieRANS simulations at
o = 6° are also included as references. The Spalart-Allmaras (&#del [12] has
under-predicted the pressure on the suction side, whenea83Tk — w model [7]
yields very good agreement with the experimental data. ©fuhbulence-resolving
computations, the HYBO model with a large domain and a srimaé step gives the
best prediction, as is highlighted further in Fig. 2(b) foetdistribution around the
slat. Taking the HYBO prediction with a small domain and @éatime step for a
comparison, it is observed that a reduced time step hadlgligiproved the predic-
tion as indicated by the distribution obtained by the samdehon the same (small)
domain. Keeping the small time step and using the large durttzé prediction is
brought closest to the measur@gldistribution with the HYB0 model. The SA-DES
result, on the other hand, gives the largest over-predicfdhe surface pressure on
the suction side. In view of the pressure distribution, iillisstrated in Fig. 2 that
both the time step and the spanwise domain extension hayedxesensible role in
the prediction of surface pressures, in particular, on thtien side of the slat.

Mean velocity profiles are presented in Fig. 3 for three défe locations over
the boundary layer on the suction side at, respectivelyighaing-edge (Fig. 3 (a))
and the trailing-edge (Fig. 3 (b)) of the main wing, and at aifian close to the
flap trailing-edge (Fig. 3 (c)). The general tendency in takwity distributions, ob-
tained with hybrid RANS-LES modeling, is similar, but vaitans in the predicted
profiles are not insignificant. This is particularly true fbie velocity profiles pre-
dicted near the flap trailing-edge, where flow separatioaggiace. Corresponding
to the under-predicted pressure distribution as showngn Eiatx/C = 0.09, the
SA RANS simulation has produced the largest streamwisecitglim the vicinity of
the wall surface. Away from the wall, the confluence of the #dvom the slat upper
and lower sides after the slat trailing-edge is reflectedhieykink in the velocity pro-
file at abouty/C ~ 0.25. Approaching the main wing trailing-edge »dC = 0.88
shown in Fig. 3(b), the hybrid RANS-LES modeling has prodlsmaller stream-
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Fig. 2 Pressure distribution around the high-lift configurati@) &nd around the slat (by—:
HYBO (small domain, smallit); ——: HYBO (large domain, smalfit); : HYBO (small do-
main, largeAt);——: SA-DES (small domain, largat); ----: 2D RANS, SA model----: 2D
RANS, SST modely: Experiment.

wise velocities in the near-wall boundary layer than the 28NS computations.
In other words, the RANS computation predicts larger valofeskin friction over
the wing suction side, and the turbulent diffusion is lestelesive in the resolved
boundary layer by the hybrid RANS-LES modeling. A{C = 1.08 near the flap
trailing-edge, as shown in Fig. 3(c), the SA RANS model dasscapture the flow
separation that was observed in the experiment, whilst 8ie BANS model has
predicted it reasonably well. The HYBO and SA-DES compateiare able to re-
produce the flow separation over the flap trailing-edge ieistzes of the separation
bubble are different. This has been partly reflected by tffferéint magnitudes of
negative velocity in the reverse flow beneath the separdtidgoble. In Fig. 3, the
RANS-LES interface location is also plotted (by the horiedlashed line) for the
simulations with the HYBO model. At/C = 0.88 near the main wing trailing-edge
(Fig. 3(b)), the RANS-LES transition takes place inside wadl boundary layer.
It is noted that, different from the SA DES model, which mayfeufrom the so-
called "Modeled Stress Depletion (MSD)” due to such a RANSslinterface, the
HYBO model has been viewed as being similar to a wall-modEEf approach.
A RANS-LES interface penetrating in the boundary layer i$ expected to trig-
ger any unphysical behavior in the prediction. Inspecthgratios of the boundary
layer thickness to the local grid spaciny,Ax andd/Az, for the two locations on
the main wing, reveals that the grid is too coarse to suppBf in the boundary
layer. This should not be problematic for the leading-edgsitipn, as the entire
boundary layer is treated in RANS mode, but might prove tcehmwegative influ-
ence on the boundary layer at the trailing-edge of the manmgwéven though only
the outer part of the boundary layer is actually treated leythderresolved LES.
The resolved turbulent kinetic energ¥), in the slat cove region is depicted in
Fig. 4. The contours are comparable in terms of locationglatively high or low
values of(k). Using the large time step, has, however, produced a slidérther



6 B. Nebenfiihr, S.-H. Peng and L. Davidson

(a)x/C =0.09 (b) x/C=0.88
0.04¢ v [ -
0.035¢
o003 LES
QO.OZS’
> 0.02
0.015} .
001l RANS
0.005;___l_______________________ _____
Gl 1.2 1.4 :

Fig. 3 Boundary layer profiles on the main wing leading-edge (@ nlain wing trailing-edge (b)
and on the flap (c); For legend see Fig. 2.

turbulence intensity around the impingement point of treesHayer vortices on the
lower slat surface. This has probably been induced by a meles/dd and less pro-
nounced shear-layer instability with the large time stegmtivith the small one. The
momentum inherent in the shear-layer vortices is thus |@assdd with the large
time step. Consequently, the impingement of the shear-lay¢he slat lower sur-
face becomes more extensive and generates relativelytlatgdent energy. On the
other hand, it is shown that the resolved kinetic energyléeaee higher further into
the recirculation bubble for the finer temporal resolutiajch is expected, since
more energy-bearing eddies characterized by short tinflesozay be resolved. For
a similar high-lift configuration, experimental and nuneatistudies were carried
out by Jenkins et al. [4], Choudhari and Khorrami [1] and Laxckand Choud-
hari [6]. In comparison with those results, the resolvedrgpéntensity in the free
shear-layer is much smaller here, but the overall tendesncpinparable. The low
resolved turbulent kinetic energy in the present compaoratis probably due to an
insufficient grid resolution or too high levels of eddy visdy in the slat cove area.
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Fig. 4 Resolved turbulent kinetic energg/U2, in the slat cove (Computed with the HYBO model
on the small domain)
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Fig. 5 Sampling locations around the airfoil

3.2 Spatial correlations

In relation to potential noise generation, a study of spatarelations of pressure
and velocity components is conducted. All the spanwisepwini correlations have
been obtained from the HYBO simulation with the small timepsdn both the small
and large domains. The correlations for three selectedtiotain the slat cove
(Fig. 5(a)) are given in Fig. 6. Moreover, the correlations the locations around
the flap (Fig. 5(b)) are presented in Fig. 7.

As presented in Fig. 6, in the slat cove region the presswyesh strong corre-
lation over the whole spanwise extension. Strong coraiatof pressure in span-
wise direction have been experienced earlier, e.g. in éxgeits around rectangular
cylinders by Sankaran and Jancauskas [11]. The correlafioelocity fluctuations
at locations S2 and S3 presents similar behavior as theyyeessrrelation. In gen-
eral, the fluctuations of streamwise and vertical velosigaow a much stronger
correlation than the spanwise velocity fluctuation. It igetbhere that in isotropic
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Fig. 6 Spanwise two-point correlations in the slat cove regier—: small domain,

----: large domain/——: Cyy norm: =™ Cw,norm; = Canorms . Cpp,norm. Markers on
the lines show the resolution.

turbulenceCy,y is twice as large as the streamwise correlati@hg.andC,, which
is not the case here. At point S1, which is located in the slegar shortly after
the slat cusp, a relatively weak correlation is shown, pal#rly for the velocity
components. From the shown correlations, one can conchatdiie domain size
is not sufficient in the spanwise direction even with a spah6¥C. Nonetheless,
Choudhari and co-workers [1], [6] have shown that a spanesksent of about 80%
slat chord is necessary to accurately capture the majdil@mafeatures. This corre-
sponds to about 16@6as is used in the present work for the large domain. Correla-
tions at locations S2 and S3 appear to be the most critical. @astrong correlation
over the whole domain in the spanwise direction at thesetitmts can probably
be attributed to the fact that they are placed in close priyiof the free shear-
layer and not right in it. In these regions, the flow is undé@mgaan acceleration
and bearing very weak turbulent energy or even tending tormetb laminar flow.
This may also be partly related to an insufficient grid resohy due to which the
resolved flow structures are characterized by relativalgdascales and correlated
over a large distance. This will be further explored in fetwork.

At locations F1, F2 and F3 (Fig. 5(b)), the correlation ofogiy fluctuations
indicates that the large domain has a sufficient spanwisetgiaccount for all cor-
related turbulent structural modes. The pressure coioalst locations F1 and F2
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Fig. 7 Spanwise two-point correlations in the slat cove regieh—: small domain,

----: large domain/——: Cyy norm: =™ Cw,norm; = Canorms . Cpp,norm. Markers on
the lines show the resolution.

suggest that a domain with a spanwise size larger tharCl§96uld be preferred,
however.

Moreover, the two-point correlations provide a useful meador the spanwise
resolution of the grid, as they illustrate how many cellswsed to resolve the largest
scales. It is shown that the correlations of the velocity ponents (for most loca-
tions) drop below @ within 4—6 cells, which is below the minimum cell-count for
a coarse LES recommended by Davidson [2].

3.3 Sound pressure level due to pressure fluctuations

In a previous work [5], the typical shape of a slat noise spectis presented. It
shows that the highest sound levels are found at low freqasnfollowed by a
gradual decay for the mid-frequency region and a ratherdivaaded peak at high
frequencies. The high-frequency peak is attributed toexoshedding from the blunt
upper slat trailing-edge, whereas the low-frequency nisdeelieved to originate
from shear-layer instabilities and their interactionshitie solid walls in their vicin-
ity. In Fig. 8, the Sound Pressure Level (SPL) is plottedagfahe Strouhal number,
S, defined in terms of the slat-chord leng@i, A generally broadband spectrum is
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Fig. 8 Sound pressure levek—: smallAt, —: large At

shown, with the peak SPL at low Strouhal numbers. Similacspeare obtained
for both time steps. The small time step resolves the highueacies somewhat
better than the large time step. The spectrum resolved Wwéharge time step de-
cays relatively fast at Strouhal numbers larger tsan: 10. Both time steps have
produced the dominant tonal peak at identical frequeBtcy, 2.3, at all three sam-
pling locations. It is believed that this frequency is asata with the shear-layer
instabilities.

Besides the main tonal peak, two peaks are also preséntat.8 andS ~ 3.1,
respectively. These peaks are resolved more sensibly hétismall time step, and
they are narrowly banded with the main peak at all locatiorthé cove. These may
have been generated due to the interaction of the sheardagethe solid wall. It
is interesting to note that the noise source intensity towards the lower slat
trailing-edge wall (location S3). This implies that the smsource is located around
the reattachment point of the free shear-layer on that \Baie to insufficient grid
resolution around the blunt slat trailing-edge, the abowentioned broadbanded
peak at high frequencies is not reproduced in the presentrgpanalysis.
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4 Summary

The turbulent flow around the DLR F15 three-element highddnfiguration at
Ao0A = 6° andM., = 0.15 has been investigated using hybrid RANS-LES modeling
approaches, in relation to noise-generating source aaljth an emphasis on the
flow in the slat cove. The computations have been conductibdwo different time
steps in order to examine the effect of temporal resolutiothe evolution of turbu-
lent flow structures and, consequently, on the acousticrgeseration. Moreover,
with the same cell spacing in the grid resolution, the efédédwvo different spans of
the computational domain, with respectively a spanwiserexaf 8% and 169,
have been assessed. The computed results are presentedrgrated for the mean
flow and the resolved turbulent properties. Analysis of igpparrelations is per-
formed, as well as for noise-generating sources due to adgtibow fluctuations.

For the time-averaged mean flow, both the HYBO model and thé&®&& model
have produced reasonable results. Using a small time stép klmge spanwise do-
main, the solution is improved particularly for the flow anolithe slat and for the
boundary layer separation over the flap trailing-edge. Hiais been demonstrated
with the Cp distribution on the wall surface in comparison with avaitabxperi-
mental data. The resolved turbulent statistics have sheasonable distributions in
relation to local flow features, of which the resolved lewlhowever, affected by
the local grid resolution.

Analysis of spatial correlations indicates a strong coheeeof pressure fluctu-
ations, over a large spanwise distance for the slat cove Tlaig. suggests that the
spanwise extent of the computational domain should be duiticreased in order
to better resolve the turbulent structures and to represeme accurately noise-
generating sources in the slat cove. The pressure fluctusttimys usually a stronger
spatial correlation than velocity fluctuations. Spanwise-point correlations indi-
cate that the grid resolution is not sufficient to support |L&Stoo few cells are used
in order to resolve the largest scales.

The instability of the slat cove shear-layer is reflectedhie SPL spectra that
were computed using the pressure fluctuations in the slat. davalysis shows that
the instabilities create a dominant tonal peaat 2.3 in the spectra. Several tonal
modes can be found, which are thought to stem from the irgiebiof the shear-
layer and their interaction with the solid walls. Moreoube analysis finds that the
region around the slat-wing gap (including the shear-laygingement point) is a
potent noise-generating area.

In future work, computations with a refined grid will be comtied. The noise-
generating source analysis will be taken by a more systerpfiroach on an acous-
tic surface using analogical methods and volumetric sotewas, as well as their
connection with different modes of local flow structures.
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