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Abstract Turbulence-resolvingsimulations have been performed using hybrid RANS-
LES approaches for the turbulent flow around a three-elementhigh-lift configura-
tion. The main purpose is to explore the effect of some modeling-related numerical
aspects on the simulation of resolved velocity and pressurefluctuations as potent
noise-generating sources. Along with a presentation of resolved instantaneous and
mean flow features, the impact of the time step and the spanwise extent of the com-
putational domain is investigated. It is shown that the temporal resolution and the
spanwise extension of the computational domain impose effects not only on the
prediction of mean flow, but more significantly on the correlation of resolved turbu-
lent structures, which may consequently affect the accuracy of flow-generated noise
properties.

1 Introduction

Deploying high-lift multi-element devices during landingand takeoff triggers com-
plex flow phenomena characterized by boundary layer transition, turbulent free
shear-layers, wakes and boundary layers, as well as their confluence and interac-
tions. At a moderate angle of attack (AoA), moreover, boundary layer separation
over the flap may arise in the presence of adverse pressure gradient. High-lift flow
properties are inherently connected with each other, challenging the modeling of
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flow physics in numerical analysis of high-lift systems. A failure in modeling one
of such phenomena may lead to overall discrepancies in the prediction of high-lift
flows.

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

With the rapid increase in computing power and the contemporary improvements
in developing hybrid RANS-LES models, it is nowadays feasible to use turbulence-
resolving methods for predicting the flow around high-lift configurations at takeoff
or landing Reynolds numbers, as recently shown in Refs. [3, 10].

In the present work, the turbulent flow around a three-element airfoil is computed
using a zero-equation hybrid RANS-LES model (HYB0) [8, 9]. For comparison,
also a simulation with the Spalart-Allmaras Detached Eddy Simulation (SA-DES)
model [13] has been performed. Since it is widely acknowledged that the slat stands
for a great deal of the high-lift systems noise generation, emphasis is placed mainly
on the slat cove region, when it comes to the acoustic noise source analysis. An
in-depth investigation of the flow properties, in the form ofspatial correlations is
conducted. Also the influence of time step used in turbulence-resolving simulations
is investigated.

2 Case description

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

For the numerical simulations, the flow has been simulated atfree flight condi-
tions, for which the angle of attack (AoA) has been correctedto α = 6◦ in precursor
RANS computations by taking into account the influence of thewind tunnel side
walls present in the experiment.

For turbulence-resolving simulations, the flow around the 2D high-lift configu-
ration has to be computed in a three-dimensional domain witha certain extension in
the spanwise direction, over which a uniform grid spacing ispatched. The effect of
the spanwise domain size on the transverse correlation of resolved turbulent struc-
tures is investigated by taking two different spans. Thesmall domain has a spanwise
section of 8% of the retracted chord length,C, with 40 cells, and thelarge domain
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has a 16%C span with 80 cells. This yields, respectively, 8.08 and 15.96 million grid
points.

Computations were carried out atα = 6◦, with a freestream Mach number of
M∞ = 0.15 and a chord-based freestream Reynolds number ofRe∞ ≈ 2.1× 106.
Local laminar-turbulent boundary layer transition was prescribed for all three el-
ements of the airfoil. Furthermore, two different time stepsizes were used with,
respectively, asmall time step of ∆ t = 0.001027C/U∞ and alarge time step of
∆ t = 0.002054C/U∞. Periodic boundary conditions were employed at the spanwise
boundaries.

3 Results and discussion

In this section, we will first explore the resolved instantaneous flow and the mean
flow features to highlight the impact of turbulence modelingand modeling-related
numerical issues. It is noted here that the SA-DES computation yields similar or
slightly worse predictions than the HYB0 model compared to wind-tunnel measured
data. In the analysis using unsteady flow properties, we havethus taken only the
results obtained with the HYB0 model, unless otherwise stated.

3.1 Resolved Instantaneous Flow and Mean Flow

In hybrid RANS-LES simulations, in spite of the fact that near-wall grid resolution
in the wall-parallel plane is preferably relaxed, the modeling capability of resolv-
ing turbulent structures in off-wall LES regions relies strongly on the local grid
density. Figure 1 illustrates the resolved turbulent structures in the slat cove. De-
tached from the slat cusp, the free shear-layer plays a significant role in the forma-
tion of the subsequent recirculating flow and the flow throughthe slat-wing gap.
With the present grid resolution, the resolved shear-layerremains fairly stable and
two-dimensional with delayed instabilities taking place at nearly half-way towards
the slat-wing gap. After the shear-layer breaks down, nonetheless, the flow evolves
to three-dimensional vortex motions with relatively rich structures resolved. Those
are subsequently incorporated in part into the recirculating flow inside the cove and
partly ejected through the slat-wing gap into the flow confluence above the main
wing as longitudinally stretched flow structures. With the two different time steps,
moreover, it is shown in Fig. 1 that the resolved turbulent contents are comparable.

The overall mean flow pattern around the airfoil has the appearance of a typical
high-lift flow, including recirculation bubbles in the slatcove and in the cove below
the main wing trailing-edge. Flow separation is observed onthe suction side of the
flap. Nevertheless, as shown below, a detailed exploration shows that the predicted
local mean flow properties may to different extents be affected by the turbulence
model, the time step and the computational domain used.
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(a) small ∆t (b) large ∆t

Fig. 1 Isosurface of Q-invariant in the slat cove region; the structures are colored by vorticity
magnitude (Computed with the HYB0 model on the small domain)

Figure 2 shows a comparison of surface pressure distributions obtained from
different computations. Results from two-dimensional steady RANS simulations at
α = 6◦ are also included as references. The Spalart-Allmaras (SA)model [12] has
under-predicted the pressure on the suction side, whereas the SSTk−ω model [7]
yields very good agreement with the experimental data. Of the turbulence-resolving
computations, the HYB0 model with a large domain and a small time step gives the
best prediction, as is highlighted further in Fig. 2(b) for the distribution around the
slat. Taking the HYB0 prediction with a small domain and a large time step for a
comparison, it is observed that a reduced time step has slightly improved the predic-
tion as indicated by the distribution obtained by the same model on the same (small)
domain. Keeping the small time step and using the large domain, the prediction is
brought closest to the measuredCp distribution with the HYB0 model. The SA-DES
result, on the other hand, gives the largest over-prediction of the surface pressure on
the suction side. In view of the pressure distribution, it isillustrated in Fig. 2 that
both the time step and the spanwise domain extension have played a sensible role in
the prediction of surface pressures, in particular, on the suction side of the slat.

Mean velocity profiles are presented in Fig. 3 for three different locations over
the boundary layer on the suction side at, respectively, theleading-edge (Fig. 3 (a))
and the trailing-edge (Fig. 3 (b)) of the main wing, and at a position close to the
flap trailing-edge (Fig. 3 (c)). The general tendency in the velocity distributions, ob-
tained with hybrid RANS-LES modeling, is similar, but variations in the predicted
profiles are not insignificant. This is particularly true forthe velocity profiles pre-
dicted near the flap trailing-edge, where flow separation takes place. Corresponding
to the under-predicted pressure distribution as shown in Fig. 2, atx/C = 0.09, the
SA RANS simulation has produced the largest streamwise velocity in the vicinity of
the wall surface. Away from the wall, the confluence of the flows from the slat upper
and lower sides after the slat trailing-edge is reflected by the kink in the velocity pro-
file at abouty/C ≈ 0.25. Approaching the main wing trailing-edge, atx/C = 0.88
shown in Fig. 3(b), the hybrid RANS-LES modeling has produced smaller stream-
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Fig. 2 Pressure distribution around the high-lift configuration (a) and around the slat (b); :
HYB0 (small domain, small∆t); : HYB0 (large domain, small∆t); : HYB0 (small do-
main, large∆t); : SA-DES (small domain, large∆t); : 2D RANS, SA model; : 2D
RANS, SST model;◦: Experiment.

wise velocities in the near-wall boundary layer than the 2D RANS computations.
In other words, the RANS computation predicts larger valuesof skin friction over
the wing suction side, and the turbulent diffusion is less extensive in the resolved
boundary layer by the hybrid RANS-LES modeling. Atx/C = 1.08 near the flap
trailing-edge, as shown in Fig. 3(c), the SA RANS model does not capture the flow
separation that was observed in the experiment, whilst the SST RANS model has
predicted it reasonably well. The HYB0 and SA-DES computations are able to re-
produce the flow separation over the flap trailing-edge, but the sizes of the separation
bubble are different. This has been partly reflected by the different magnitudes of
negative velocity in the reverse flow beneath the separationbubble. In Fig. 3, the
RANS-LES interface location is also plotted (by the horizontal dashed line) for the
simulations with the HYB0 model. Atx/C = 0.88 near the main wing trailing-edge
(Fig. 3(b)), the RANS-LES transition takes place inside thewall boundary layer.
It is noted that, different from the SA DES model, which may suffer from the so-
called ”Modeled Stress Depletion (MSD)” due to such a RANS-LES interface, the
HYB0 model has been viewed as being similar to a wall-modeledLES approach.
A RANS-LES interface penetrating in the boundary layer is not expected to trig-
ger any unphysical behavior in the prediction. Inspecting the ratios of the boundary
layer thickness to the local grid spacing,δ/∆x andδ/∆z, for the two locations on
the main wing, reveals that the grid is too coarse to support LES in the boundary
layer. This should not be problematic for the leading-edge position, as the entire
boundary layer is treated in RANS mode, but might prove to have a negative influ-
ence on the boundary layer at the trailing-edge of the main wing, even though only
the outer part of the boundary layer is actually treated by the underresolved LES.

The resolved turbulent kinetic energy,〈k〉, in the slat cove region is depicted in
Fig. 4. The contours are comparable in terms of locations of relatively high or low
values of〈k〉. Using the large time step, has, however, produced a slightly larger
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Fig. 3 Boundary layer profiles on the main wing leading-edge (a), the main wing trailing-edge (b)
and on the flap (c); For legend see Fig. 2.

turbulence intensity around the impingement point of the shear-layer vortices on the
lower slat surface. This has probably been induced by a more delayed and less pro-
nounced shear-layer instability with the large time step than with the small one. The
momentum inherent in the shear-layer vortices is thus less diffused with the large
time step. Consequently, the impingement of the shear-layer on the slat lower sur-
face becomes more extensive and generates relatively largeturbulent energy. On the
other hand, it is shown that the resolved kinetic energy levels are higher further into
the recirculation bubble for the finer temporal resolution,which is expected, since
more energy-bearing eddies characterized by short time scales may be resolved. For
a similar high-lift configuration, experimental and numerical studies were carried
out by Jenkins et al. [4], Choudhari and Khorrami [1] and Lockard and Choud-
hari [6]. In comparison with those results, the resolved energy intensity in the free
shear-layer is much smaller here, but the overall tendency is comparable. The low
resolved turbulent kinetic energy in the present computations is probably due to an
insufficient grid resolution or too high levels of eddy viscosity in the slat cove area.
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(a) small ∆t (b) large ∆t

Fig. 4 Resolved turbulent kinetic energy,k/U2
∞, in the slat cove (Computed with the HYB0 model

on the small domain)

(a) slat (b) flap

Fig. 5 Sampling locations around the airfoil

3.2 Spatial correlations

In relation to potential noise generation, a study of spatial correlations of pressure
and velocity components is conducted. All the spanwise two-point correlations have
been obtained from the HYB0 simulation with the small time step on both the small
and large domains. The correlations for three selected locations in the slat cove
(Fig. 5(a)) are given in Fig. 6. Moreover, the correlations for the locations around
the flap (Fig. 5(b)) are presented in Fig. 7.

As presented in Fig. 6, in the slat cove region the pressure shows a strong corre-
lation over the whole spanwise extension. Strong correlations of pressure in span-
wise direction have been experienced earlier, e.g. in experiments around rectangular
cylinders by Sankaran and Jancauskas [11]. The correlationof velocity fluctuations
at locations S2 and S3 presents similar behavior as the pressure correlation. In gen-
eral, the fluctuations of streamwise and vertical velocities show a much stronger
correlation than the spanwise velocity fluctuation. It is noted here that in isotropic
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Fig. 6 Spanwise two-point correlations in the slat cove region. : small domain,
: large domain; : Cuu,norm, : Cvv,norm, : Cww,norm, : Cpp,norm. Markers on

the lines show the resolution.

turbulenceCww is twice as large as the streamwise correlations,Cuu andCvv, which
is not the case here. At point S1, which is located in the shear-layer shortly after
the slat cusp, a relatively weak correlation is shown, particularly for the velocity
components. From the shown correlations, one can conclude that the domain size
is not sufficient in the spanwise direction even with a span of16%C. Nonetheless,
Choudhari and co-workers [1], [6] have shown that a spanwiseextent of about 80%
slat chord is necessary to accurately capture the major slatflow features. This corre-
sponds to about 16%C as is used in the present work for the large domain. Correla-
tions at locations S2 and S3 appear to be the most critical ones. A strong correlation
over the whole domain in the spanwise direction at these locations can probably
be attributed to the fact that they are placed in close proximity of the free shear-
layer and not right in it. In these regions, the flow is undergoing an acceleration
and bearing very weak turbulent energy or even tending to return to laminar flow.
This may also be partly related to an insufficient grid resolution, due to which the
resolved flow structures are characterized by relatively large scales and correlated
over a large distance. This will be further explored in future work.

At locations F1, F2 and F3 (Fig. 5(b)), the correlation of velocity fluctuations
indicates that the large domain has a sufficient spanwise size to account for all cor-
related turbulent structural modes. The pressure correlations at locations F1 and F2
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Fig. 7 Spanwise two-point correlations in the slat cove region. : small domain,
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suggest that a domain with a spanwise size larger than 16%C should be preferred,
however.

Moreover, the two-point correlations provide a useful measure for the spanwise
resolution of the grid, as they illustrate how many cells areused to resolve the largest
scales. It is shown that the correlations of the velocity components (for most loca-
tions) drop below 0.2 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 spectrum is presented. It
shows that the highest sound levels are found at low frequencies, followed by a
gradual decay for the mid-frequency region and a rather broadbanded peak at high
frequencies. The high-frequency peak is attributed to vortex shedding from the blunt
upper slat trailing-edge, whereas the low-frequency noiseis believed to originate
from shear-layer instabilities and their interactions with the solid walls in their vicin-
ity. In Fig. 8, the Sound Pressure Level (SPL) is plotted against the Strouhal number,
St, defined in terms of the slat-chord length,Cs. A generally broadband spectrum is
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Fig. 8 Sound pressure level; : small∆t, : large∆t

shown, with the peak SPL at low Strouhal numbers. Similar spectra are obtained
for both time steps. The small time step resolves the high frequencies somewhat
better than the large time step. The spectrum resolved with the large time step de-
cays relatively fast at Strouhal numbers larger thanSt ≈ 10. Both time steps have
produced the dominant tonal peak at identical frequency,St ≈ 2.3, at all three sam-
pling locations. It is believed that this frequency is associated with the shear-layer
instabilities.

Besides the main tonal peak, two peaks are also present atSt ≈ 1.8 andSt ≈ 3.1,
respectively. These peaks are resolved more sensibly with the small time step, and
they are narrowly banded with the main peak at all locations in the cove. These may
have been generated due to the interaction of the shear-layer and the solid wall. It
is interesting to note that the noise source intensity increases towards the lower slat
trailing-edge wall (location S3). This implies that the noise source is located around
the reattachment point of the free shear-layer on that wall.Due to insufficient grid
resolution around the blunt slat trailing-edge, the above mentioned broadbanded
peak at high frequencies is not reproduced in the present spectral analysis.
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4 Summary

The turbulent flow around the DLR F15 three-element high-lift configuration at
AoA = 6o andM∞ = 0.15 has been investigated using hybrid RANS-LES modeling
approaches, in relation to noise-generating source analysis with an emphasis on the
flow in the slat cove. The computations have been conducted with two different time
steps in order to examine the effect of temporal resolution on the evolution of turbu-
lent flow structures and, consequently, on the acoustic noise generation. Moreover,
with the same cell spacing in the grid resolution, the effectof two different spans of
the computational domain, with respectively a spanwise extent of 8%C and 16%C,
have been assessed. The computed results are presented and compared for the mean
flow and the resolved turbulent properties. Analysis of spatial correlations is per-
formed, as well as for noise-generating sources due to unsteady flow fluctuations.

For the time-averaged mean flow, both the HYB0 model and the SA-DES model
have produced reasonable results. Using a small time step and a large spanwise do-
main, the solution is improved particularly for the flow around the slat and for the
boundary layer separation over the flap trailing-edge. Thishas been demonstrated
with theCp distribution on the wall surface in comparison with available experi-
mental data. The resolved turbulent statistics have shown reasonable distributions in
relation to local flow features, of which the resolved level is, however, affected by
the local grid resolution.

Analysis of spatial correlations indicates a strong coherence of pressure fluctu-
ations, over a large spanwise distance for the slat cove flow.This suggests that the
spanwise extent of the computational domain should be further increased in order
to better resolve the turbulent structures and to representmore accurately noise-
generating sources in the slat cove. The pressure fluctuation shows usually a stronger
spatial correlation than velocity fluctuations. Spanwise two-point correlations indi-
cate that the grid resolution is not sufficient to support LES, as too few cells are used
in order to resolve the largest scales.

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

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