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In previous work a RANS based simulation technique for the simulation of broadband slat
noise was established. Good agreement was found between predicted and measured slat noise
spectra. These predictions were based on 2D CAA computations and a connection to 3D measured data is only possible assuming a certain functional behavior of the spanwise coherence
of the essential slat noise source. For this purpose, results from trailing edge noise measurements were used. In this work the simulation strategy is extended to 3D CAA computations,
resolving the spanwise slat noise coherence as part of the CAA computations. The considered
wing span is one main-chord, which is large enough to establish a realistic 3D problem for
the turbulence as well as for the sound radiation. The Fast Random Particle Mesh (FRPM)
method is applied for this study to generate ﬂuctuating sound sources from steady RANS
turbulence statistics. The study is conducted for the 30P30N airfoil with 0.457𝑚 main chord.
The Mach number is 0.17 and the angle of attack is 4∘ . Good agreement is found between
the previous 2D and the 3D results as well as with unsteady simulations published in the
literature. The inﬂuence of sweep on slat noise generation is studied.

I.

Introduction

Developing quieter aircraft is still considered an important factor to enable the foreseen growth of air
traﬃc in the future. One of the main sound sources during approach is airframe noise. To be able to
develop quieter aircraft the understanding of sound sources is helpful and an eﬃcient and fast computation
capability for airframe noise problems mandatory. The fast simulation of broadband noise depends on the
rapid provision of unsteady turbulent sound sources.
The Random Particle Mesh (RPM) method1, 2 is a synthetic turbulence generator that enables the generation of ﬂuctuating sound sources from RANS, taking into account the major speciﬁcations that have to be
realized to be appropriate for an application to aeroacoustic problems. The sound propagation in a viscous
mean ﬂow is computed with the Computational Aero Acoustics (CAA) code PIANO, developed at DLR.
Considerable work has been spent in recent years on the numerical and analytical prediction of slat
noise. Agarval and Morris3 presented a numerical prediction method for slat noise which is based on a 2D
Boundary Element Method (BEM) for uniform ﬂow in conjunction with a statistical noise source model akin
to the jet noise source proposed by Tam & Auriault.4 However they give no numerical prove whether their
model provides the proper Mach number scaling law for slat noise. Pott-Pollenske et al. proposed a semiempirical prediction tool for airframe noise including slats. Koenig et. al. identiﬁed the perturbed Lamb
vector as a major acoustic source in the slat region based on LES computation5 with a spanwise dimension
of 2% chord length (𝑐). Ma and Zhang used LES to get the acoustic sources in combination with acoustic
perturbation equations (APE) for the wave propagation. They investigated the potential for noise control
using acoustic liners in the slat region.6 Imamura et al. computed the unsteady ﬂow around a conventional
slat using a zonal-LES/RANS code.7 Their focus was on the near ﬁeld ﬂow structures. Lockard and
Choudhari performed hybrid RANS/LES computations for the 30P30N geometry.8, 9 They studied the ﬂow
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near the ﬂap for diﬀerent sweep angles and provided far ﬁeld spectra via FW-H extrapolation. The spanwise
extension varied from 5.6%𝑐 to 33.9%𝑐. The cross ﬂow seems not to have a signiﬁcant inﬂuence on the
radiated noise. Guo presented a model for aircraft slat noise predictions based on the theory of aerodynamic
sound generation, taking into account various mechanisms for noise generation and propagation.10
It has been shown in the EU projects TIMPAN2 and LEISA that the RPM method (Random Particle
Mesh) yields very good aeroacoustic predictions. But so far these predictions were based only on 2D computations. This paper will show, that the new improved version, the FRPM (Fast Random Particle Mesh)1
method, developed by Ewert and Siefert, produces results as good as RPM and also covers 3D problems.
The extension of 2D calculations to 3D assume a frequency dependent coherence length scale in spanwise
direction, which was inferred from the surface pressure characteristics at a trailing edge.11 A 3D calculations
model provides the whole stochastic ﬁeld and therefore includes the spanwise source statistics. The advantage of the RPM and FRPM methods in contrast to LES, DES etc. is the possibility to place turbulent
sound sources at various locations, which enables to study their acoustic eﬀects and inﬂuence separately.
Yet another advantage is the signiﬁcantly reduced computational time. A 2D FRPM computation for a
slat noise prediction for 0.14𝑠 takes around 1𝑑 on 8 CPUs. The cluster consists out of Intel Xeon 2.93𝐺𝐻𝑧
processors.
The 30P30N geometry is used in this paper. It consists of a slat, wing and ﬂap in landing positions.
The high lift airfoil is used in two ways, ﬁrst unswept to enable a comparison of RPM and FRPM results as
well as a comparison with 3D FRPM results. The spanwise direction is resolved for one chord length, which
allows for the development of a real 3D sound ﬁeld. Then in a second step the airfoil is used with a sweep
angle of 30∘ in such a way, that the ﬂow properties in a plane normal to the leading edge are the same as
for the unswept wing. The results are compared against results computed with DLR’s DG-CAA code and
against the generic spectra proposed by Guo.10

II.

Aeroacoustic Simulation Approach

Acoustic Perturbation Equations (APE) are the governing equations applied for the computations.
The CAA Code PIANO12 applies curvilinear structured grids. Spatial gradients are approximated
by using the dispersion relation preserving (DRP)
scheme proposed by Tam and Webb.13 The temporal discretization is achieved with the 4th-order lowdispersion Runge-Kutta (LDDRK) algorithm proposed by Hu.14 As a mean-ﬂow a RANS solution
was computed for a high-lift geometry with landing
settings, using the unstructured ﬂow solver TAU of
DLR. The sound sources are modeled by the RPM
and FRPM method.
II.A.

Mathematical Framework of (F)RPM

The (F)RPM framework was was introduced in
Refs.15–18 as a stochastic method to generate synthetic turbulence with locally prescribed one- and Figure 1. Hybrid CFD/CAA approach for eﬃcient prediction of
two-point statistics, with special focus of its appli- broadband airframe noise. (M. Bauer)
cability in CAA. It provides in an Eulerian frame a
statistically stationary ﬂuctuating sound source, which combines source convection with temporal decorrelation models. Due to the inter-relation of temporal and spatial properties the method is considered a 4-D
synthetic turbulence model.
Fig. 2 gives a general overview of its theoretical background. The theoretical framework (Fig. 1) allows to
derived the realized cross-correlations (left branch in Fig. 2). The theoretical framework rests upon the novel
concept of convective white noise. A consistent numerical discretization leads to a numerical realization with
random particles (right branch in Fig. 2). Hence, within the limits of accuracy of the numerical approach the
particle model provides ﬂuctuations which possess the derived cross-correlations (horizontal arrow in Fig. 2).
Two diﬀerent numerical procedures have been proposed to realize the particle model, namely RPM and
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Figure 2. Overview over the theoretical background of the Random Particle Mesh method.

FRPM. Both approaches have in common that convecting particles are used, which carry random values.
To each particle a set of mutually uncorrelated random variables 𝑟𝑖𝑘 is assigned. Their amount deﬁnes the
number of ﬂuctuating source components generated. The ﬁrst index 𝑖 denotes the component of the random
variable set, the second index indicates the considered particle. For spatial 2-D problems one ﬂuctuating
source component is realized, while in 3-D there are three independent source components used.
A speciﬁc ﬂuctuating source component 𝜓𝑖 (𝒙, 𝑡) is generated through the weighted sum over all 𝑁
particles, summing up the random variates associated to the source component 𝑖, i.e.
ˆ
𝜓𝑖 (𝒙, 𝑡) ≃ 𝐴(𝒙)

𝑁
∑

𝑘=1

𝐺 (𝒙 − 𝒙 𝑐𝑘 (𝑡))

𝑟𝑖𝑘 (𝑡)
.
𝜌0 (𝒙 𝑐𝑘 )

(1)

The function 𝐴ˆ speciﬁes the variance of the ﬂuctuations realized. It can be a given as a function of either in
ˆ
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words, the random variables 𝑟𝑖𝑘 are mutually uncorrelated with vanishing mean and a constant
proportional to 𝛿𝑚𝑘 , which is the ﬂuid mass encompassed by the control volume surrounding each
The particle drifts with the local mean ﬂow velocity at the particle position 𝒙𝑐𝑘 . The random values
independent for frozen turbulence (𝜏𝑠 → ∞), otherwise exhibit an exponential time decorrelation.

II.A.1.

FRPM Discretization

The Fast RPM (FRPM) approach makes use of a Cartesian auxiliary mesh, on which random particles freely
ˆ
ﬂoat, Fig. 3. A cloud of 𝑁 particles evenly covers the Cartesian background mesh. The source amplitude 𝐴,
as well as length and time scales together with the mean ﬂow and the mean-ﬂow density are made available
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on the auxiliary mesh by linearly interpolating the values from the vertices of the cell hosting the particle
to the particle position itself. The synthetic ﬂuctuating sound sources are computed in the cell vertices of
the auxiliary mesh.

Figure 3. Random particles and notations for a 2-D auxiliary FRPM mesh; random particles and notations for a 2-D
auxiliary FRPM mesh, Δ𝐴𝑚′ 𝑛′ denotes the node centered control volume around vertex (𝑚′ , 𝑛′ ).

The FRPM discretization realizes white-noise up to a wave-number cut-oﬀ deﬁned by the spatial resolution of the auxiliary mesh. Compared to the initial RPM discretization, the FRPM approach mainly has the
advantage that more easily recirculation areas in the mean-ﬂow ﬁelds can be taken into account. Furthermore, in the FRPM approach very eﬃcient Gaussian ﬁlters based on recursive ﬁlters can be used,19 which
allow to reduce the ﬁltering eﬀort by more than one order of magnitude (compared to a naive application of
sequential 1-D Gaussian ﬁltering). The speed-up becomes even more signiﬁcant for spatial 3-D applications.
II.A.2.

Sound source

For the simulation of airframe noise we apply Acoustic Perturbation Equations (APE-4) with sources (for
their formulation refer e.g. to20 ) as the acoustic propagation model. The homogeneous equation system is
equivalent to the convective wave equation of irrotational ﬂow. In previous studies a vortex force term on
the right-hand side of the momentum equation could be identiﬁed as the most important source term. The
source term reads
⃗ × ⃗𝑢′ − 𝜔
⃗ ′ × ⃗𝑢 − (⃗
𝜔 ′ × ⃗𝑢′ )
(6)
𝑞⃗𝑚 = − 𝜔
| 0 {z } | {z }0 | {z }
𝐼

𝐼𝐼

𝐼𝐼𝐼

in which 𝜔 and 𝑢 are the vorticity and velocity respectively, while an index zero denotes a mean ﬂow quantity
and a prime denotes a(turbulent) perturbation about this mean. The non-linear term 𝐼𝐼𝐼 can be considered
smaller than the linear terms 𝐼 and 𝐼𝐼. The source term Eq. 6 is in general composed out of a rotational
part deﬁned by ∇ × ⃗𝑞𝑚 ∕= 0, and an irrotational part deﬁned by ∇ ⋅ ⃗𝑞𝑚 ∕= 0. Direct turbulent sources can be
attributed to their irrotational part whereas the rotational part primarily is responsible for the generation
of vorticity in the APE, which can be seen by taking the curl of the APE momentum equation. Altogether
the source term yields
∂𝜔 ′
= ∇ × 𝑞⃗𝑚
(7)
∂𝑡
This shows that the induced vorticity on the left-hand side is entirely controlled by the rotational part of
the momentum source. The approach has the advantage that the actual dynamics of the induced vorticity
very closely follows the dynamics as prescribed by the source. With a propagation model based on e.g. the
linearized Euler equations (LEE) this is not necessarily the case, since partly vortex dynamics are directly
resolved by the propagation equations and partly stimulated by the source. It may occur that the eﬀectively
induced vorticity dynamics not exactly follows the behaviour as expected to be induced by the source term.
One essential diﬀerence that appears in comparison with traditional acoustic analogy that the sources not
only act as an acoustic source, but rather induces vorticity as well. Sound is generated as part of the acoustic
simulation process due to the interaction of the airframe with the vorticity stimulated by the source. This is
e.g. diﬀerent to other statistical airframe noise approaches which rely on the availability of a surface pressure
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spectrum. A vorticity based source model gives a more direct connection with turbulence properties and the
generated sound. It is well known that free turbulence generates a sound intensity following an eight power
law, whereas airframe sound generation scales with a somewhat smaller, i.e., ﬁfth power law. Hence, for
small Mach numbers, the airframe noise mechanism is clearly dominating over the sound generation process
of free turbulence. This means that for airframe noise simulation the rotational part of the momentum
source term is the most important contribution.
Source term B
The vorticity in term 𝐼𝐼 can be modeled directly by (F)RPM. In 2D a scalar quantity generated by (F)RPM
can be interpreted as the third component of ﬂuctuating vorticity (𝜔3′ ). In 3D a vector with three independent
realisations is generated and interpreted as 𝜔
⃗ ′ . Often it is assumed that the vorticity components are uncorrelated to the velocity ﬂuctuations, i.e. velocity could be generated by anadditional mutally un-correlated
(F)RPM realization. Here however, we assume that the contribution of term 𝐼 has less importance than
term 𝐼𝐼 and model only term 𝐼, i.e. 𝑞𝑚 = −⃗
𝜔 ′ × 𝑢⃗0 , which we will subsequently call ”source B”. For the
2D source formulation B the variance of the ﬂuctuating quantity provided by (F)RPM has to be matched
to the vorticity variance. To achieve the right vorticity levels the vorticity variance must scale according to
〈

〉
𝑘
𝜔 ′2 ∝ 2 ∝ 𝜔 2 ,
𝑙𝑠

(8)

where 𝑙𝑠 and 𝑘 are the length scale and the turbulence kinetic energy from RANS, respectively, and 𝜔 denotes
the speciﬁc dissipation rate. The integral length scale of vorticity is also matched to the length scale 𝑙𝑠 . Note,
in principle the integral length scale should be proportional to the Taylor length scale, which has for high
Reynolds numbers an intermediate size between the Kolmogorov length scale and integral length scale 𝑙𝑠 .
However, the (F)RPM generated spectra can be deemed to represent a truncated part of the full turbulent
spectrum, i.e. including the sound generated by the most energetic part of the turbulent spectrum by
omitting high-frequency contribution of smaller turbulence. Hence, the generated Gaussian spectrum could
be seen as a model to describe a truncated full turbulent spectrum. Consequently, the vorticity spectrum
derives only from resolved velocity components, thus exhibiting a larger length scale proportional to 𝑙𝑠 .

III.

Set-up

The numerical set-up is a 30P30N high-lift proﬁle at landing conﬁguration with a clean chord length of
0.457𝑚 and a free stream Mach number of 0.17, which leads to a Reynolds number of 1.7 million. The angle
of attack is 4∘ . The Mach number and angle of attack for the swept case are listed in Table 1 below. The
angle of attack and Mach number normal to the leading edge are kept constant at 0.17 and 4∘ for all cases.
AoA
4∘
3.4655∘
4∘

Mach number
0.17
0.196
0.17

Sweep angle 𝛽
0∘
30∘
0∘

Reynolds number
1.7𝐸6
1.7𝐸6
10.𝐸6

Table 1. Table of ﬂow parameters

The RANS calculations were performed using the DLR TAU code. Two diﬀerent grids were built, one
2D mesh and one 3D mesh for the swept wing. The numerical 2D grid is composed of 380000 nodes. The
boundary layers are resolved by 50 nodes with the ﬁrst interior point located at 𝑦 + ≤ 1. Farﬁeld boundaries
are located at 75 𝑙𝑐 distance from the airfoil. The 3D grid consists of 8.𝐸6 points. The boundary layers are
resolved by 30 nodes with a 𝑦 + ≤ 1. The farﬁeld boundaries are located 5 𝑙𝑐 away form the airfoil. Periodic
boundaries are utilized for the span-wise boundaries.
The RANS computations were conducted using a Menter SST turbulence model.The basic equations are
discretized with a central diﬀerence scheme and the turbulence equations by a 2nd order accurate upwind
scheme, which is necessary to yield a high resolution of both the speciﬁc dissipation rate and the turbulence
length scale.
The 2D CAA mesh is designed to resolve frequencies up 15 kHz in the area beneath the proﬁle with 7
points per wavelength. It comprises 49 blocks and around 370𝐾 points. The point density is increased in
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the source area to resolve the turbulent vortices. The mesh is smoothed across the block boundaries to get
the best possible results. The 3D mesh is derived from this 2D mesh by extruding in spanwise direction.
A wing span of to 1 full chord length is realized. The mesh is stretched in such a way that it resolves the
acoustic wave length in the outer region and the turbulence in the inner region. The source area’s dimension
is plotted in Fig. 14.

IV.

Results

The results are sorted in three categories. In the ﬁrst section the diﬀerences in pressure distributions and
turbulence topologies of the RANS simulations are discussed. The second subsection presents the source
statistics. And ﬁnally the acoustic results are presented. The ﬂow coordinate systems are sketched in Fig. 16.
IV.A.

RANS Results

Figure 4. Turbulent energy (𝑘) distribution on slices in the 𝑥𝑛 − 𝑧𝑛 -plane; left for the unswept case and to the right for the swept
case.

The RANS results for the swept and unswept wing show similar topologies for the turbulent kinetic energy
distribution in the slat region (Fig. 4). The kinetic energy near the nose of the swept wing is probably caused
due to the coarser 3D mesh. The amplitude ”𝑘” at the lower side of the slat trailing edge is slightly lower
for the swept wing.

Figure 5. Pressure coeﬃcient distrubutions; at the left for the unswept cases for Reynolds numbers 1.7 and 10 million; to the right
the 𝑐𝑝 distributions for the swept and unswept wing

In Fig. 5 the pressure coeﬃcient 𝑐𝑝 of the wing without sweep is shown for two diﬀerent Reynolds numbers.
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The 𝑐𝑝 -distributions have a similar shape but with higher load for the higher Reynolds number (Fig. 5(a)).
Only the ﬂap trailing edge shows smaller 𝑐𝑝 values for the high Reynolds number case.
Fig. 5(b) depicts the 𝑐𝑝 -distribution of the swept and unswept wing. The pressure coeﬃcient is deﬁnied
as 𝑐𝑝 = (𝑝 − 𝑝∞ )/ 𝜌2 (𝑢2𝑛 + 𝑤𝑛2 ). The distributions are quite similar. Diﬀerences are observed at the slat and
wing leading edge, where the sweep causes lower 𝑐𝑝 values. At the ﬂap trailing edge however, sweep causes
higher 𝑐𝑝 values.

(a)

(b)

Figure 6. Angle PHI between x and the velocity vector(a); Stream traces for the swept (red) and unswept (green) wing near the slat
trailing edge (b)

The mean ﬂow is inﬂuenced by the sweep angle especially in the slat region. Figure 6(a) shows inclination
angles ”PHI” in the slat cove, which is deﬁned as the angle between x and velocity. This angle should
correspond to sideslip 𝛽 in the far ﬁeld, but at the slat it exhibits a more complex behaviour. Below the
slat hook the direction is around 30∘ , then, along the shear layer that separates the slat cove recirculation
curl from the gap ﬂow, it increases to a ﬂow parallel to the wing leading edge. Finally it decreases again to
angles slightly higher than 30∘ near the slat trailing edge and it is again 30∘ behind the slat trailing edge.
The mean ﬂow lies nearly in the plane normal to the wing leading edge at the slat trailing edge. The stream
traces in the normal plane are depicted in 6. The separation line of the unswept wing hits the slat slightly
behind the line of the swept one. The stagnation point stream traces hitting the slat and main element are
slightly shifted to the front of the geometry in case of sweep.
IV.B.

Source statistics

Here, the statistics of the modeled source is presented. A considerable number of sensors are put into
the source area to enable the calculation of the modeled correlation length scales and convection velocity
(Fig. 15). Sensors 1-50 are located in spanwise direction in the area of the maximum of turbulence energy
near the slat trailing edge. Microphones 51-80 follow a stream trace for the unswept case crossing the
maximum again. Sensors 81-130 follow a swept stream trace.
As expected, the spanwise correlation has the shape of a Gaussian (Fig. 7). The integral length scale 𝑙
∫∞
follows from the integral of the correlation function over the distance 𝑙 = 𝑅(𝑟)𝑑𝑟. The Gaussian has the
0
(
)
2
𝜋 (Δ𝑟)
shape 𝑅 = exp − 4 𝑙2 . The shape ﬁts quite well and the target length scale of 0.004 is nearly reached
by the integral length scale with 0.0039.
Fig. 7b shows the decorrelation along a stream trace. Evolving turbulence is described by the model even
if no explicit time-decorrelation model used (e.g. based on a Langevin equation). Here the decorrelation is
merely caused by the non-uniform convection realized
√ for the synthetic turbulence. The theoretical shape of
an envelope for shear decorrelation follows 𝑅 = 1/ 1 + 𝛼2 𝜏 2 . The coeﬃcient 𝛼 can be derived from RANS
( )2
data by: 𝛼 = 12 𝑑𝑢
. The envelope describes the temporal decrease of the correlation coeﬃcient very well.
𝑑𝑦
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(a)

(b)

Figure 7. Spanwise correlation coeﬃcients for unswept airfoil ﬁtted with Gaussian (a); Shear decorrelation in stream wise direction;
envelope shows the theoretical decrease (b)

Using Taylor’s hypothesis (𝑥/𝑐 = 𝜏 ⋅𝑢𝑐 ) the autocorrelation can be transformed to a spatial correlation which
has again a length scale of 0.0039.
The statistics for the swept wing show the same behaviour. The spanwise length scale is as before
0.0039 as well as the streamwise length scale shown in Fig. 8. The shear decorrelation on the stream trace
(Fig. 8b) ﬁts the theoretical decrease well. The envelope was derived for a straight shear layer; therefore the
discrepancy at bigger distances is anticipated.

(a)

(b)

Figure 8. Spanwise and streamwise correlation coeﬃcients of swept airfoil ﬁtted with Gaussian for the swept wing (a); Shear
decorrelation in streamwise direction; envelope shows the theoretical decrease (b)

IV.C.

CAA Results

The RANS results and the stochastic sources prescribed in the previous sections are used to perform the
acoustic computations. The spectra shown in this section are always taken at a microphone located at
Θ = 290∘ , measured in the mathematically positive sense about z with a value of zero for the positive x
direction. The origin is at 𝑥 = 𝑦 = 𝑧 = 0 which is nearly the slat trailing edge. The distance to the origin
is 1.5 chord length. First of all the spectrum computed with FRPM and PIANO is compared against the
spectrum computed with the DG code and FRPM (Fig. 9). Obviously, both codes produce a characteristic
slat noise spectrum. There are two peaks around 1 and 2 kHz. For frequencies higher than 2 kHz the
spectrum exhibits a roll-oﬀ. Between 2 and 5 kHz it decreases with a slope proportional to 𝑓 −2 and for
frequencies higher than 4 kHz with a slope around 𝑓 −4 . The agreement of both spectra is good. Fig. 9(b)
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depicts a 2D FRPM spectrum and a spectrum from Guo’s model.10 The formula for the slat’s spectral shape

(a)

(b)

Figure 9. Spectra compared for the two CAA codes (a); Comparison with Guo’s 10 generic spectrum 𝜇1 = 1.0, 𝜇2 = 0.5, 𝜇3 = 0.4,
𝜇4 = 1.0 (b)

function is:
𝐹 (𝑓, 𝑀 ) =

𝑀 2 𝑐𝑠
𝑆𝑡2
,
𝑐0 (1 + 𝜇20 𝑆𝑡2 )(1 + 𝜇21 (1 + 𝑀 )2 𝑆𝑡2 )(1 + 𝜇22 𝑀 2 𝑆𝑡2 )(1 + 𝜇3 𝑀 𝑆𝑡)

(9)

with the slat chord length 𝑐𝑠 , the Mach number 𝑀 , speed of sound 𝑐0 and the Strouhal number 𝑆𝑡 built
with the slat chord length and the mean ﬂow velocity. The parameters used for Guo’s model are 𝜇1 = 1.0,
𝜇2 = 0.5, 𝜇3 = 0.4 and 𝜇4 = 1.0. Guo’s spectrum ﬁts the computation quite well.
One main diﬀerence between 2D and 3D is the decay of the eﬀective sound pressure level with the
distance. In 3D the eﬀective sound pressure is proportional to the inverse of 𝑟, whereas in 2D it goes with
𝑟−0.5 . The eﬀective sound pressure is depicted for a line from the origin to the observer point at Θ = 290∘
in Fig. 13). The farﬁeld decay can be observed for 2D and 3D for radii greater than 0.3 chord lengths. That
demonstrates that we have a realistic 3D acoustic ﬁeld in the 3D computation.

(a) 3D Computation no sweep

(b) 3D Computation with sweep

(c) no sweep

(d) with sweep

Figure 10. Instantaneous pressure perturbations plotted on slices at 𝑧 = 0, respectivly 𝑥𝑛 = 0.025

Finally the results of the 3D computations for the swept and unswept wing are compared. In Fig. 10
the instantaneous pressure perturbation is plotted for 2 slices; one slice at 𝑥𝑛 = 0.025 and one at 𝑧 = 0.0.
The left picture shows the pressure perturbations for the unswept wing whereas the right one shows it for
the swept wing. One can observe the 3D radial propagation of the sound waves emitted from the source
region, but for the swept wing case the sound ﬁeld is convected by the crossﬂow in z-direction. The Fig. 11
depicts the spectral comparison between 2D FRPM and 3D FRPM for the unswept wing in the left plot
and the comparison between the unswept and swept wing on the right. The spectra for the unswept airfoil
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of the 2D and 3D computations show both a characteristic slat noise spectrum. The lower frequencies are
not as precise as the higher frequencies because of a relatively short data time interval. Two peaks can
be observed at 1 kHz and 1.6 kHz. For higher frequencies the spectra decrease. The comparison between

(a) Comparison 2D/3D 𝛽 = 0∘

(b) Comparison 3D 𝛽 = 0∘ /𝛽 = 30∘

Figure 11. Spectra at microphone position 𝑟 = 1.5𝑐 at Θ = 290∘

the swept and unswept wing show a similar behaviour, but for the swept airfoil no spectral peaks can be
observed. The spectral levels for the unswept and swept airfoil are similar. This result is expected because
the freestream ﬂow speed normal to the leading edge was kept constan. Hence, at the same ﬂight speed a slat
noise reduction may be expected for the aifoil with sweep. For frequencies higher than 15𝑘𝐻𝑧 a deviation
becomes visible in the 3D spectrum, which levels out on a constant level. The reason is the coarseness of
the CAA mesh in span-wise direction. The cross ﬂow seems to trigger high frequency disturbances.
The proper simulation of the spanwise coherence is an important factor to accomplish a proper predicted
3D spectrum. For 2D predictions the spanwise coherence has to be explicitly taken into account by a 2D to
3D correction step to approximately predict a 3D spectrum. The 2D to 3D procedure introduced in Ref.20
reveals that the shape for 2D and 3D spectra is maintained (i.e. the 2D to 3D correction is not frequency
dependent). It was to show, that a 3D simulation covers the correct spanwise coherence. If a 3D simulation
predicts a similar spectrum as a 2D simulation with 2D to 3D correction implicitly proof is given, that the
spanwise coherence is correctly described by the 3D simulation.
IV.D.

Computational time

The computational time for the 2D and 3D FRPM computations is listed in Tab. 2. The history time
identiﬁes the recorded time interval. NoCPUs gives the numbers of CPUs used for the computation. One
CPU is always used for FRPM process; the others for the CAA process. The cluster is built out of Intel
Xeon CPUs with 2.93𝐺𝐻𝑧. The 3D computations are the ﬁrst of this kind and therefore the mesh was not
Kind

Interval

noCPUs

CPUtime/CPU

no. of points

Dimensions

2D
3D

0.053𝑠
0.043𝑠

8
50

0.5 days
11.9 days

370𝐾
30𝑀

4.5𝑐 × 3.0𝑐
4.5𝑐 × 3.0𝑐 × 1.0𝑐

Table 2. Run information

optimal for parallelization. An improved topology should half the computing time.

V.

Conclusion

It has been shown, that RPM and FRPM produce good results which also ﬁt the theoretical spectra from
Guo. The 3D computation has the same spectral characteristics as the 2D computations in a wide frequency
range. Therefore it may be concluded that the coherence length scale assumption for 2D is correct and that
FRPM is able to deal with 3D problems. The high frequency disturbances for the swept wing seem to be
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triggered by a spanwise resolution problem. Therefore it is necessary to spend more points in the source
region.

Figure 12. Instantaneous pressure perturbation for 3D FRPM computation (left); View of the source area (right)

(a) 2D Computation

(b) 3D Computation

Figure 13. Overall sound pressure plotted over the distance r on a line radial from the center to 290∘
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