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Abstract

The flow field and the acoustic field of a high-lift configuration consisting
of a slat and a main wing are numerically investigated by a hybrid method.
In a first step, the unsteady flow field is computed via a large-eddy simula-
tion (LES) and in a second step, the acoustic field is determined by solving
the acoustic perturbation equations (APE). The mean flow field is compared
to experimental findings followed by an investigation of the turbulent struc-
tures which are visualized by λ2 contours. A comparison of the numerically
obtained pressure spectrum with measurements shows a good agreement in
the magnitude and the decay which is found to be approximately f−2. Fur-
thermore, a mixture of broadband and tonal noise between 1 and 3kHz exists
in the slat gap region which is identified analyzing correlations between the
noise sources and the acoustic pressure.

1 Introduction

Due to the increasing air traffic during the next decade the development of larger aircraft
and a higher take-off and landing frequency are expected. Both imply a significantly higher
noise exposure to the people living or working near airports whereas the sensitivity concerning
noise rises. Therefore, stricter regulations for airplane licenses and night flying restrictions are
required. Hence, it is essential for the aviation industry to consider a low-noise design during
the aircraft development process.
The generated noise can roughly be divided in engine and airframe noise. Since quite some
progress has been made in the reduction of jet noise, airframe noise has become more and more
important. Especially during landing, when engines run almost in idle condition, airframe noise
is an essential part of the emitted sound. The major contributors of airframe noise are high-lift
devices, e.g. slats and flaps, and landing gears. For a low-noise design of these airplane parts
a detailed understanding of the underlying sound generating turbulent flow field is required.
In the current work the noise generated by the flow over a high-lift configuration consisting of
a slat and a main wing is numerically investigated using an efficient hybrid LES/CAA method.
That is, in the first step, a three-dimensional compressible large-eddy simulation is performed
to study the unsteady turbulent flow field and to sample data, which is required for the further
acoustic analyses. Then, in the second step, the acoustic simulations are based on solutions
of the acoustic perturbation equations (APE) [1, 2]. The simulations are done for a flow at a
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Mach number of M=0.16 and a Reynolds number, based on the freestream velocity and the
clean chord length, of Re=1.4·106. The angle of attack is α=13 deg. These flow parameters
are related to the experiments of Kolb et al. [3].
The paper is organized as follows. In section 2, the numerical methods and the computational
setups of the flow field and the acoustic field are described. Subsequently, in section 3 the results
are shown. First, the flow field is analyzed starting with the mean flow properties followed by
the evaluation of the turbulent flow structures. Then, the results of the acoustic simulation and
the associated post-processed data are discussed. A more thorough discussion is given in [4, 5].

2 Numerical Analysis

The investigation of the unsteady, three-dimensional flow field is done by an explicit flow solver
of second order accuracy in space and time. For a detailed description of the numerical methods
and a discussion of the accuracy of the LES the reader is referred to [4, 6, 7, 8, 9].
To analyze the acoustic field the acoustic perturbation equations (APE) are used [1]. A thor-
ough discussion of the applied numerical methods can be found in [10, 2, 4].
The computational mesh used for the LES consists of 32 blocks with a total number of 55
million grid points. The spanwise extension of 2.1% of the clean chord length C is resolved by
65 points.
On the far-field boundaries of the computational domain boundary conditions based on the
theory of characteristics are applied. An additional sponge layer following [11] is added to
these boundaries to avoid spurious reflections, which would harm the acoustic analyses. On the
walls, an adiabatic no-slip boundary condition is imposed with a zero pressure gradient normal
to the wall. In the spanwise direction periodic boundary conditions are used.
The computation is performed at a freestream Mach number of Ma=0.16 at an angle of attack
of 13 deg. The Reynolds number which is based on the clean chord length and the freestream
velocity is Re=1.4·106.
The acoustic perturbation equations are solved on a two-dimensional domain of 24 blocks which
comprises 1,790,146 cells to resolve the acoustic field.
A detailed description of the computational setup is given in [4].

3 Results

3.1 Flow Field

The following section starts with some general information about the LES computation and
data sampling. Then, the mean flow field is analyzed and numerical and experimental findings
are juxtaposed. Subsequently, the instantaneous turbulent flow structures are investigated fol-
lowed by a discussion of some turbulence statistics. Finally, the distribution of the major noise
source, i.e., the Lamb vector L = ω × u being defined as the cross product of the vorticity
vector and the velocity vector is analyzed. A more detailed and thorough discussion is given
in [4, 5].
The simulation has been run for approximate 5 non-dimensional time units based on the
freestream velocity u∞ and the clean chord length C to sample unsteady flow data at a time
interval of approximately 0.0015 time units.
The Mach number distribution and some selected streamlines of the time and spanwise av-
eraged flow field are depicted in Fig. 2. It is evident that the slat cove region is an area of
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very low Mach number, which is characterized by a strong recirculation being illustrated by
the streamlines. This recirculation area is separated from the flow passing the slat gap by a
shear layer, which emanates at the slat cusp. Shortly downstream of the slat gap the high
Mach numbers mark the pronounced suction region on the main wing. In Fig. 3 the result of
a monoscopic particle-image velocity (PIV) measurement is shown.
It is obvious that regarding the overall flow structure, i.e., the location of the stagnation point
on the main wing, the size of the cove vortex and its center position, and the shape of the shear
layer covering the cove vortex, of the computational and experimental findings on the pressure
side are in very good agreement. The unusual distribution between the slat cusp and the main
wing stagnation point is due to some diffuse reflections being caused by the support to position
the slat.
Figures 4 to 7 show the LES and experimental velocity distribution on the lines A, B, C, and
D as a function of the non-dimensional coordinate s. The locations of these lines are defined in
Fig. 2. The discrepancy near the wall and in the recirculation region visible in Figs. 5 and 6 is
caused by too few seeding particles in this region in the measurements. This is true upstream of
the cusp and also inside the cove. Further off the wall, the numerical and experimental results
are in very good agreement. Especially, the peak values which indicate the location of the shear
layer do coincide. Figure 5 shows that the large-eddy simulation and the PIV measurement
determine recirculation zones of approximately the same size in the slat cove.
Since the vortex-vortex and vortex-wall interaction is extremely important for the noise gener-
ation process the unsteady turbulent structures in the slat region will be investigated in detail.
The vortical structures are visualized by λ2 contours [12]. Figure 8 illustrates the overall de-
velopment of the vortical structures in the boundary layers of the slat and of the main airfoil,
downstream of the slat trailing edge, and in the slat cove region. The grey scales mapped onto
the λ2 contours visualize the Mach number distribution.
The recirculation zone in the slat cove is bounded by the turbulent shear layer emanating from
the slat cusp and reattaching near the slat trailing edge. Immediately downstream of the cusp
the shear layer possesses two-dimensional, spanwise oriented vortex structures. These rollers
result from the velocity profile in the shear layer and the associated Kelvin-Helmholtz instabil-
ity [13]. Figure 9 shows the λ2 contours near the slat cusp where these spanwise rollers occur.
Furthermore, the vortical structures from the slat cove recirculation area penetrate into the
shear layer and distort the rollers. This mixing and interaction of shear layer structures with
structures from the recirculation area seem to enhance secondary instabilities which lead to the
development of streamwise oriented vortical structures between two rollers. Similar structures
which are termed rib vortices have been described e.g. in [13, 14].
Figure 10 shows some rollers and rib vortices shortly before the shear layer enters the reat-
tachment area. Also note the sinusoidal appearance of the rollers, the rollers develop a slightly
curved or wavy shape, respectively, due to their interaction with the rib vortices.
Furthermore, Fig. 10 illustrates some more pronounced vortices in the reattachment region,
whose axes are aligned with the streamwise direction. These structures seem to be generated
by the sinusoidal form of the spanwise rollers and by the convection of the rib vortices which
are highly stretched by the accelerated slat gap flow. It is obvious that the parts of the rollers
extending into this accelerated flow region undergo a stronger deformation leading to a pro-
nounced distortion of the rollers such that they finally collapse. The remaining structures are
predominantly aligned with the streamwise direction.
In the following some turbulence statistics are presented. First, the distribution of the turbulent
kinetic energy k = 1

2
(u′2 + v′2 + w′2) /u2

∞
is shown in Fig. 11. High k values occur in the shear
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layer, the recirculation area, and in the wake of the slat trailing edge. The peak value of k is
produced by the reattaching shear layer where the flow is split into a recirculation part, i.e.,
the slat-cove vortex, and a slat-gap-shear-layer part. A similar distribution of the turbulent
kinetic energy with likewise locations for the local maxima of k is reported in [15].
The analysis of the turbulent structure of the slat-gap flow is based on the anisotropy-invariant
map [16]. Figure 12 shows the results for several points along a grid line approximately per-
pendicular to the slat wall and located in the slat-gap region. The position of the points is
indicated by the thick solid line in Figs. 13 to 15. The origin of the map defines isotropic tur-
bulence. The other two vertices represent isotropic two-component turbulence (left vertex) and
one-component turbulence (right vertex). The curve connecting the origin and the left vertex
defines axisymmetric turbulence the statistical properties of which are invariant under rotation
around one axis with fluctuation intensities along the axis of rotation being smaller than in the
remaining directions. The curve between the origin and the right vertex represents axisymmet-
ric turbulence with fluctuation intensities along the axis larger than in the other directions. The
connection of the left and the upper vertex defines two-component turbulence. It is noticeable,
that the points close to the wall are characterized by two-component turbulence which is typi-
cal for wall bounded flows. Moving away from the wall the turbulence becomes axisymmetric
with one pronounced fluctuating velocity component and further off the surface axisymmetric
with two distinct components. This structure is determined by the above described streamwise
orientated vortical structures just downstream of the slat cove shear layer reattachment point
which induce velocity fluctuations in the wall normal and spanwise direction whereas the wall
normal fluctuations close to the wall are highly damped. This statement is substantiated by
the high values of the spanwise w′w′ component in Fig. 15 of the Reynolds stress tensor close
to the wall. Compared to this spanwise component the components parallel to the slat wall
u′u′ (Fig. 13) and normal to the slat wall v′v′ (Fig. 14) are extremely small. Further away from
the wall the v′v′ component reaches the same value as the w′w′ component. The overall small
u′u′ can be explained by the small variation of the streamwise velocity u in the slat-gap. That
is, there is hardly any the difference of the streamwise velocity u on its way through the gap
and therefore u′ is small.
Finally, the distribution of the major source term generating the acoustic field is shown. When
airframe noise is considered this major source is described by the Lamb vector L = ω × u [2].
Figure 16 shows a snapshot of the norm of the spanwise perturbed Lamb vector. It is obvious
that the strongest sources occur in the regions with the highest vortical activity and the highest
turbulent kinetic energy (cf. Fig. 11), i.e., in the shear layer, the reattachment area, and the
slat wake.
As far as the flow field is concerned it has been shown that the large-eddy simulation results
are in good agreement with the experimental findings. A detailed investigation of the turbulent
structures of the slat cove shear layer visualized by λ2 contours revealed the periodic occurrence
of spanwise orientated rollers and streamwise aligned rib vortices. Just before the shear layer
impinges on the slat trailing edge these structures undergo a strong deformation due to the
highly accelerated slat gap flow. The resulting vortex-vortex interaction and vortex-wall inter-
action are expected to be responsible for the generation of tonal components in the acoustic
frequency spectrum. A detailed investigation of the sound generated by the above discussed
turbulent flow field is given in the following section and in [4, 5].
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3.2 Acoustic Field

Based on the LES solution of the turbulent wall-bounded flow, where the motion of the vortical
structures determines the effective acoustic source, the near far-field acoustics is computed by
the APE-4 system. A schematic view of the present computational setup is shown in Fig. 1.
The data processing for the acoustic simulation is based on 3750 LES samples at a time step
0.009C/c∞. The acoustic computations are run for a non-dimensional time period of 34.2C/c∞.
During this time interval the acoustic waves initiated in the slat region propagate a distance
six times larger than the maximum extent of the computational domain.
In the Figs. 17 to 19 the acoustic field generated by the turbulent flow over the slat-wing
configuration is shown. In the slat region strong acoustic pulses are generated by the vortical
structures in the slat cove and high frequency waves are produced by the turbulent shear layers
passing over the trailing edge of the main wing. The wavelength of this high frequency acoustics
is about λ ≈ 0.14C, which corresponds to a frequency f = (c∞−U∞)/λ of approximately 5kHz
when the pressure wave propagates upstream.
The computed sound spectra at the four locations ‘P1’ to ‘P4’ which are defined in Table 1
and Fig. 1, respectively, are presented in Fig. 20 and compared with experimental findings.
According to the previous investigation [3] the sound spectra at the near far-field have two

Table 1: Location of the artificial microphones in the acoustic field.

Microphone No. P1 P2 P3 P4

||r||/C 3.4 3.4 3.5 3.7
θ (degree) -70 -62 -53 -44

features. The first feature is the broadband noise to form an f−2 dependence due to the turbu-
lence of the wall-bounded shear layers. The second characteristic property is the discrete tones
induced by aerodynamic interactions between the wall shear-layer and the solid wall and by
the vortex-vortex interaction. At 5kHz an acoustic hump is observed due to the trailing edge
noise which has been discussed in the context of Fig. 16 and whose wavelength is indicated in
Fig. 17.
Next, the dominant noise structures are analyzed which can be determined by a cross-correlation
function RAB between far-field acoustics and turbulent flow motion. For a detailed description
of the cross-correlation used in the present investigation the reader is referred to [4, 5].
In a first analysis the cross-correlation function is computed using the original acoustic signal
and in another investigation a filtered version of this signal is used. That is, a band-pass filter of
shape factor 1.2:1 at 30/3dB is applied to the frequency domain and subsequently, the filtered
signal is transformed back into the time domain. In the presented study a 2kHz band-pass filter
at the center frequency of 2kHz is used which leads to an acoustic pressure signal containing
only tonal and broadband components between 1kHz and 3kHz.
The cross-correlations between the near-field noise source and the original acoustic signal and
the filtered acoustic signal, respectively, at microphone position ‘P3’ are juxtaposed in Fig-
ures 21 to 24 for several retarded times τ . For the original acoustic pressure signal correlations
occur at all retarded times in regions of high turbulence. Unlike the distribution of the origi-
nal acoustic pressure signal the filtered acoustic pressure signal shows significant values of the
correlation function RAB(ξ, τ) only at a time shift of about τ ≈ 3.5. These peak values occur
between the reattachment area of the slat cove shear layers and the leading edge of the main
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wing. Hence, the tonal and broadband noise in the range of 1kHz to 3kHz is mainly generated
in the slat gap region. The comparison of Fig. 23 and Fig. 11 evidences that the region where
the correlation peaks does not exactly coincide with the location where the maximum turbulent
kinetic energy occurs. The reason for this behavior is caused by the vortical structures which
impinge upon the slat surface and generate strong pressure fluctuations. These fluctuations are
reflected on the surface of the main wing. According to a numerical investigation by Tam and
Pastouchenko [17] the periodic shedding of vortices is linked to an acoustic feedback loop by the
pressure pulse impinging upon the opposite surface. When the frequency of the noise source
matches that of the feedback modes, a strong tone is generated by the acoustic resonance [18].
In other words, an acoustic resonance is initiated due to the slat gap boundaries. In the present
slat flow the periodic vortex shedding from the slat cusp can trigger the generation of such an
acoustic pulse. The cross-correlation of the noise source term (L′), which includes the solenoidal
vortical perturbation and the acoustic perturbation [1], expresses the noise generation due to
a fluid-acoustic feedback mechanism.
The cross-correlations at four locations in the slat gap are presented in Fig. 25. The distances
from the trailing edge of the slat are 1.6h, 4.2h, 10.5h, and 14.6h, respectively, where h is the
thickness of the trailing edge of the slat. The minimum distance to the surface of the main
wing is about 30h. The pronounced correlation peak is obtained for the location ‘c’ at a time
difference of 3.5C/c∞ which corresponds to the time required by a wave traveling at the speed
of sound to reach the microphone position ‘P3’. This agreement with the wave propagation
time evidences the immediate relation with the noise generation due to the slat gap and the
pressure pulse enhanced by a periodic interaction with a solid surface.
It can be concluded that periodic turbulent shear layer structures determine the noise compo-
nents between 1kHz to 3kHz. Therefore, a low noise design may be achieved by modifying the
shear layer, e.g., by active flow control mechanisms, such that the periodicity in the shear layer
is suppressed.

4 Conclusions

The flow field and the acoustic field of turbulent flow over a slat-wing configuration have been
analyzed. The Reynolds number based on the clean chord length C has been Re=1.4·106 and
the freestream Mach number has been Ma=0.16. The numerical method has been based on a
hybrid LES/CAA approach, i.e., first, the flow field has been computed by a large-eddy sim-
ulation and then, the acoustic field has been determined by solving the acoustic perturbation
equations in the APE-4 form.
The time averaged flow field computed by the second-order accurate LES has been shown to
be in good agreement with the experimental pressure and velocity distributions. High areas
of turbulent kinetic energy have been observed in the slat cove shear layer, the recirculation
area, and in the wake of the slat trailing edge. The analysis of the unsteady flow structures,
visualized by λ2 contours, evidences the periodic occurrence of rollers and rib vortices in the
shear layer. When these structures reach the reattachment point of the shear layer slightly
upstream of the slat trailing edge, they are partly destroyed and convected through the slat
gap. In the immediate vicinity of this reattachment region the turbulent kinetic energy reaches
its maximum. The analysis of the anisotropy invariant map shows the axisymmetric structure
of the turbulence in the gap region.
The acoustic field determined by the hybrid LES /CAA approach is in convincing agreement
with the measurements. The sound spectra in the near far field have two characteristic proper-
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ties. The first characteristic is the typical broadband noise due to wall-bounded turbulence, i.e.,
the corresponding acoustics is proportional to f−2. The second eminent property is the tones
induced by the aerodynamic interaction between the wall shear layer and the solid surface, i.e.,
several tones are generated over a frequency range of 1kHz to 3kHz. The tones in the frequency
range below 3kHz are related to the slat gap, the size of the recirculation zone, and the wake
of the trailing edge of the slat. The trailing edge of the main wing generates a high frequency
tone at 5kHz.
Based on the cross-correlation between the acoustic signal which is determined by the solution
of the APE-4 equations and the noise source which is obtained by the large-eddy simulation,
the present analysis shows the main vortex sound source to be the shear layer which emanates
from the slat cusp and impinges upon the lower slat surface. Furthermore, the cross-correlation
analysis identifies the fluid-acoustics mechanism in the slat-gap region to be generated by the
pressure wave pulsating between the slat trailing edge and the main wing surface. This pulsa-
tion is triggered by the spatial fluctuation of the impingement point of the shear layer which
covers the cove vortex.
From these findings it could be concluded that active flow control seems to be a reasonable
means to suppress the periodicity in the shear layer and to lower slat noise.
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Figures

Figure 1: Schematic of the acoustic
domain including the definition of the
microphone positions.

Figure 2: Streamlines and Mach number
contours of the time and spanwise averaged
LES flow field data. The dashed box marks
the section shown in Fig. 3. The velocity
distributions normal to the lines A, B, C,
and D as a function of the normalized co-
ordinate s along these lines are shown in
Figs. 4 to 7.

Figure 3: Streamlines and Mach number con-
tours of the PIV measurement. The dotted
area marks the location of the slat strake to
fix the position of the slat.
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Figure 4: Velocity profile along line A, which
is defined in Fig. 2, as a function of the nor-
malized coordinate s along this line; compar-
ison of LES and PIV data.
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Figure 5: Velocity profile along line B, which
is defined in Fig. 2, as a function of the nor-
malized coordinate s along this line; compar-
ison of LES and PIV data.
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Figure 6: Velocity profile along line C, which
is defined in Fig. 2, as a function of the nor-
malized coordinate s along this line; compar-
ison of LES and PIV data.
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Figure 7: Velocity profile along line D, which
is defined in Fig. 2, as a function of the nor-
malized coordinate s along this line; compar-
ison of LES and PIV data.

Figure 8: Turbulent structures in the
slat area visualized by λ2 contours with
mapped on Mach number distribution.
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Figure 9: Development of rollers downstream
of the slat cusp and penetrating vortical
structures from the recirculation area visu-
alized by λ2 contours.

Figure 10: Vortical structures in the reat-
tachment area of the slat cove shear layer
visualized by λ2 contours.

Figure 11: Turbulent kinetic energy k non-dimensionalized by u2
∞

in the slat region.
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Figure 12: Anisotropy-invariant map for sev-
eral points along a grid line normal to the slat
wall located in the slat-gap region; the thick
solid line in Figs. 13, 14, 15 defines locations
of the points.

Figure 13: u′u′ component of the Reynolds
stress tensor. Black line marks the points
extracted for the anisotropy-invariant map.

Figure 14: v′v′ component of the Reynolds
stress tensor. Black line marks the points ex-
tracted for the anisotropy-invariant map.

Figure 15: w′w′ component of the Reynolds
stress tensor. Black line marks the points ex-
tracted for the anisotropy-invariant map.
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Figure 16: Snapshot of the norm of the span-
wise averaged perturbed Lamb vector in the
slat region.

Figure 17: Acoustic pressure contours deter-
mined by the APE-4 system.

Figure 18: Acoustic pressure contours in the
slat region determined by the APE-4 system.

Figure 19: Acoustic pressure contours at the
trailing edge of the main wing determined by
the APE-4 system.
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Figure 20: Sound spectra at the near farfield locations. Solid line: computation, symbol:
experiment. Vertical lines mark the 1 to 3kHz range in which tonal and broadband noise is
noticeable.
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Figure 21: Cross-correlation contours of RAB(ξ, τ = 1.5) determined by the acoustic source |L′|
and the acoustic pressure p′ at the microphone position ’P3’. Left: original acoustic pressure
signal. Right: filtered acoustic pressure signal.
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Figure 22: Cross-correlation contours of RAB(ξ, τ = 3.0) determined by the acoustic source |L′|
and the acoustic pressure p′ at the microphone position ’P3’. Left: original acoustic pressure
signal. Right: filtered acoustic pressure signal.
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Figure 23: Cross-correlation contours of RAB(ξ, τ = 3.5) determined by the acoustic source |L′|
and the acoustic pressure p′ at the microphone position ’P3’. Left: original acoustic pressure
signal. Right: filtered acoustic pressure signal.
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Figure 24: Cross-correlation contours of RAB(ξ, τ = 4.5) determined by the acoustic source |L′|
and the acoustic pressure p′ at the microphone position ’P3’. Left: original acoustic pressure
signal. Right: filtered acoustic pressure signal.
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Figure 25: Temporal distribution of RAB at four locations ’a’ · · · , ‘b’ · , ’c’ , ‘d’ ,
which are defined in the upper subfigure.
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