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Abstract

Slat Noise simulations are carried out for a high-
Iift airfoil. A low-cost Computational Aeroa-
coustics (CAA) approach is applied, which is
based on acoustic perturbation equations (APE)
in the time-domain that are forced by stochas-
tic sound sources. The newly developed stochas-
tic model is based on the spatial convolution of
white-noise and reproduces very accurately tar-
get distributions of turbulence kinetic energy and
length scales as provided by a steady RANS
computation of the turbulent flow problem. The
method is applied to simulate spectra and direc-
tivities of the slat noise problem. The Mach
number scaling law of the broadband slat noise
component is evaluated based on three different
freestream velocities (M=0.088, 0.118, 0.165).
The acoustic benefit of a slat cove cover on
broadband sound generation is numerically stud-
ied.

1 Introduction

The noise levels of modern jet engines are sig-
nificantly lowered due to the introduction of high
bypass ratios. Today, airframe noise can be iden-
tified as an equally intensive noise source dur-
ing the landing approach of transport aircraft. In
particular, experimental studies have identified
deployed dlats as prominent contributors to the
over-all sound pressure levels of aircraft [2, 16].

To reduce noise emissions further, numerical
tools will become crucial in the future to directly
assist the design of low-noise airframe compo-
nents.

In the last years numerical techniques have
been developed in the framework of Computa-
tional Aeroacoustics (CAA) to simulate on vol-
ume meshes wave propagation through moving
fluids. For example, high-order non-dispersive
spatial and temporal discretization schemes and
high-quality non-reflecting boundary conditions
have been proposed. However, to apply CAA
techniques in a design cycle to airframe noise
problemstwo additional points haveto be consid-
ered. Firstly, to be useful in a design procedure
a potential computational method has to have a
short computational time that allows to study a
large number of geometrical modifications in a
meaningful time frame. Secondly, a characteris-
tic feature of airframe noise, besides the wave-
propagation through non-uniform air and the in-
teraction of waves with complex geometries, is
the involvement of turbulent flow as the primar-
ily cause of broadband sound radiation. Concern-
ing the prediction of broadband airframe noise,
a pure propagation tool is useless unless the tur-
bulent sound sources are appropriately specified
and incorporated into the method.

The highest physical level of description of
the unsteady turbulent flow problem, can be
achieved by means of a direct numerica sim-
ulation (DNS). A less detailed, but for techni-



cal purposes presumably sufficient resolution of
the turbulent flow problem can be achieved via
Large Eddy Simulation (LES). Unlike the DNS
approach, the LES does not resolve the full tur-
bulent flow problems but rather splits the flow
problem into resolved large scal e turbulent struc-
tures and subgrid scales, whose influence on the
resolved scales are appropriately modeled.

In the hybrid aeroacoustic approach, un-
steady acoustic sources of the propagation equa-
tions are computed from LES or DNS simula-
tions, respectively. Such an approach, however,
has an overall computational time orders of mag-
nitudes too high to be considered useful in a de-
sign process. On the contrary, any significant re-
duction of the computational time must notabene
involve a higher degree of modeling compared to
aDNS or LES approach.

In this paper the sound generation at the slat
of atwo element high-lift configuration is stud-
ied using a cheaper computational approach that
involves CAA techniques in conjunction with
stochastic sound sourcesin the time domain. The
stochastic approach to set up turbulent velocity
fluctuations is based on a steady Reynolds av-
eraged Navier Stokes (RANS) simulation of the
turbulent flow problem, which providesin case of
a two equation turbulence closure informations
about local values of the turbulence kinetic en-
ergy and the integral length scale of turbulence.
The ssimplifications inherent in this approach are
due to the approximative turbulence closure used
for RANS that yields an approximative solution
of the time averaged turbulent flow problem. Fur-
thermore, spatial correlation functions (and thus
implicitly the shape of turbulence spectra) have
to be modeled since RANS provides no details
about this turbulence feature.

In general the resolution requirements for
an unsteady LES (which is determined by the
smallest eddy size resolved to achieve an accu-
rate simulation) do not necessarily coincide with
those needed for an aeroacoustic simulation re-
lated to the same problem (which is determined
by a highest acoustic frequency of interest). For
the slat geometry studied in this paper, LES and
acoustic resolution requirements differ in at |east
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one order of magnitude: the smallest eddies to
be resolved by LES can be estimated to gener-
ate frequencies up to 400kHz, whereas the high-
est acoustic frequency of interest is about 10kHz.
In other words, although the stochastic modeling
of turbulent unsteady sources usually demandsto
have a higher CAA mesh resolution in the near
field area where sources have to be resolved, the
resolution requirements are for each spatial direc-
tion about one order of magnitude less stringent
than those of ahighly accurate LES simulation to
solve the turbulent flow problem. Furthermore,
major savings in computational time are due to
the small computational effort involved to set up
unsteady stochastic fluctuationsin comparison to
the effort afull LES simulation needs. Slat noise
computations benefit from the fact that a2D sim-
ulation is possible for this cylindrical problem,
with a2D to 3D correction applied afterwards. A
LES simulation always has to solve the full 3D
turbulent flow problem.

The reduction of computational time can be
estimated to reach approximately three orders of
magnitude for the stochastic approach compared
to a conventional LES, such that the use as a de-
sign tool becomes feasible.

In Refs. [5, 4] a Random Particle Mesh
(RPM) method was introduced as a new stochas-
tic technigue to generate broadband sound
sources in the time-domain. The method is based
on the spatial filtering of random white-noise. It
reproduces first- and second-order one- and two-
point statistics. In particular, in case of homo-
geneous isotropic turbulence it is possible to re-
produce exactly the complete second-order two-
point velocity correlation tensor [1].

The new stochastic method has some ad-
vantages over classical stochastic approaches in
aeroacoustics that are based on random Fourier
modes, following the early work of Kraichnan
[11]. It is time- and memory-efficient, strictly
solenoidal, and can easily be applied to highly
non-uniform mean-flows, e.g., in the slat-cove of
a high-lift airfoil. The method reproduces very
accurately the target distribution of turbulenceki-
netic energy and length scales as provided by the
steady RANS simulation. Furthermore, it avoids
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the occurrence of shear decorrelations and re-
solves broadband spectra continuously.

This paper is organized as follows. The com-
putational problem is introduced in Section 2.
Acoustic simulation techniques are are discussed
in Section 3. Section 4 discusses the computa-
tional results for the two-element airfoil config-
uration. Finally, conclusions are drawn in Sec-
tion 5.

2 Computational Problem

Slat noise simulations are carried out for a mod-
ified two-element high-lift configuration, which
consists of a dat and a main-element. Fig. 1
showsthe airfoil section used for the smulations.
The dat geometry and the main-element corre-
spond up to 40% chord length to the geometry of
a representative three-element high-lift configu-
ration. The remaining part of the main-element
is modified by increasing the camber to aerody-
namically compensate for the omitted flap. The
geometrical design was developed in the German
project FREQUENZ that aims at studying de-
sign modifications at three selected aeroacoustic
problems numerically and experimentally. A re-
moved flap was chosen to avoid additional flap
sound sources in the experiments that accom-
pany the numerical ssimulations. The additional
flap sources would otherwise reduce the mean-
ingful signal-to-noise ratio in acoustic far-field
measurements. The clean chord length of the

{O

Fig. 1 Two-element dat configuration.

model used for the experimentsis 0.4m. This pa
per presents acoustics results for 12° and 13° an-
gle of attack. For these angles the suction peaks
at the dlat and main element leading edge closely
reach the values that occur for a real 3 element
high-lift airfoil under approach conditions with
an angle of attack around 6°. Spectra, directiv-
ities and the Mach number scaling law is stud-

ied using four different free flow Mach numbers
(M=0.088,0.10,0.12,0.16). The acoustic effect of
an add-on device that separates the clean flow
from the recirculation region in the slat cove -
termed slat cove cover - is studied.

3 Acoustic simulation techniques

3.1 Governing equations

For the acoustic simulations acoustic perturba-
tion equations (APE-4) as introduced by Ewert
& Schroder [6] are used. They are amodification
of the genuine linearized Euler equations (LEE).
The system solved for the pressure and velocity
perturbations (p/,U') is
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and exclude the non-acoustic modes otherwise
apparent in the LEE. In egns. (1) and (2) po, Po.
and Uy denote the density, pressure and velocity
of the time averaged flow, respectively. Further-
more, Co = +/YPo/po istheloca speed of sound.
Considering the source term on the right-hand
side, the vorticity equation of the APE system be-

comes -
S =V X 3
Hence, the perturbation vorticity & =V x U, on
the left-hand side is controlled by the right-hand
side (RHS) source term. For the homogeneous
system with all sources removed, the vorticity
equation reduces to the statement that the vortic-
ity remains constant (zero), i.e., the convective
vorticity mode is not present.
The major source termsfor turbulence related
vortex sound can beidentified [6, 7] to be

Gm=—(®x U) = —Goxt —& xUo— (& xT)’,

- 4)
where (...)" :=(...) — (...) denotes the perturba-
tion of terms. A similar vortex source term ap-
pears in the acoustic analogies of Powell, Howe,



and Mohring [15, 9, 13]. The sourcetermiscom-
puted from the velocity fluctuations provided by
the stochastic method. The equations are inte-
grated with the DLR CAA code PIANO apply-
ing the 4th order DRP scheme of Tam & Webb in
space [17] and aLDDRK method [10] intime on
block structured meshes.

3.2 Stochastic sound source model

A widely used [18] model function for space
time-correlations of turbulence is based on Gaus-
sian and exponential functions for the spatial and
temporal correlations, respectively,

; 7 —0ct)?
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The parameters 15 and |s define respectively the
correlation time- and length scales and R denotes
the root-mean-square (RMS) value of the corre-
lated quantity for vanishing separation space 1
and time 1. Taylor’s hypothesis is taken into ac-
count by the convection velocity Uc. For inho-
mogeneous turbulence 1s, U, |s, and R depend on
position .

The Random Particle Mesh (RPM) method
[5, 4] is capable of generating spatially and tem-
porally fluctuating quantities that reproduce tar-
get two-point space-time correlations of the type
described by eg. (5), whereby local target val-
ues for the parameters are realized. To model
turbulent velocity fluctuations some further im-
provements are introduced. The divergence-free
conditions of vorticity related turbulenceis taken
into account by modeling a fluctuating stream-
function y(y,t). Strictly solenoidal 2D perturba-
tion velocities are deduced from this fluctuating
streamfunction at each time instant via

0
U =€ija—;ljf_7 (6)

where gjj denotes the 2D e-tensor. In case of ho-
mogeneous isotropic turbulence the velocity cor-
relations that follow from eq. (6),

Rij(T,7) = Ui (1, t1)uj(T2,t2), (7)
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match perfectly the complete velocity correlation
tensor of isotropic turbulence for T = 0,

riri +9(r)dij| . (8
In the above expressions =711 —T2 and T =
|ty —to| are the spatial and tempora separations
between point 1 and 2. The separation distance
isr =|r| and r; is the ith component of vec-
tor T. The turbulence kinetic energy is denoted
by k and f(r) and g(r) denote the longitudi-
nal and lateral correlation functions, respectively,
which are connected for atwo-dimensional prob-
lem through

o) = () + 140 ©
This neat feature to exactly realize homogeneous
isotropic turbulence in the two-point correlations
can be proven by considering the space-time cor-
relations of the fluctuating streamfunction in this
homogeneous case to be a pure function of the
separation vector T

Ryy(T,7) = W(T,t)y(f2,t2).  (10)

The velocity correlations eg. (7) are connected
via eg. (6) with the correlations eg. (10). By tak-
ing ¥ =y — Tz into account, the relationship is
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arkan ' (11)
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Since v is generated by a procedure that real-
izes correlations of the type described by eq. (5),
the correlation Ry, in eg. (11) can be expressed
through the right-hand side of eg. (5), where the
parameters are constants for the homogeneous
problem. Next, the explicit expressions found for
Ryj in the case T = 0 can be verified to have the
formal shape defined by eq. (8), whereby the re-
sulting longitudinal and lateral correlation func-
tions furthermore satisfy eq. (9). To match quan-
titatively eq. (8) the amplitude Rin eg. (5) hasto
set to
412k

R= .
3n

(12)
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Then, the resulting longitudinal correlation func-
tion that follows from eq. (5) isa Gaussian,

nr

f-eo(-5;). @

with an integral length scale directly determined
by the parameter s,

L:/wa(r)dr:g.

Hence, the parameters R and | in eqg. (5) are di-
rectly linked via egs. (12) and (13) to the turbu-
lence kinetic energy and length scale as provided
by RANS. The fluctuating streamfunction eq. (6)
is generated by spatially filtering a white noise
field, which is numerically approximated through
acloud of random particlesin the resolved source
region. To include the convection property as de-
scribed by the Taylor hypothesis, the random par-
ticles are passively convected through the steady
RANS mean-flow field. Frozen turbulence with
atime scale 15 — o is achieved in eg. (5) if the
random value of each particle is kept constant.
If the random variables are allowed to change in
time through adiscretized Langevin equation, ex-
ponential time correlations according to eg. (5)
can berealized. The approach can be extended to
three dimensions and to include also anisotropic
effects, e.g. as provided by Reynolds stress mod-
els. More details can be found in Ref. [4, 3].

4  Slat noise simulations

4.1 Statistical source features

The stochastic sound sources are generated on a
user defined source patch. Fig. 2 presents the
stochastic source patch at the dat in relation to
the slat geometry and the CAA mesh of the slat
reference geometry. It is believed that the major
source of dat noise is due to the vortex structures
that are generated in the slat cove shear layer and
that convect past the dat trailing edge. To test
this conjecture the source patch resolves the dat
cove shear layer but omits the recirculation bub-
ble in the dat cove. An important feature that
has to be accomplished by the stochastic model
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Fig. 2 Resolution of the dat shear-layer in the
2D test problem.

is the accurate resolution of the turbulence ki-
netic energy topology. To evidence this capabil-
ity of the model, the Fig. 3 juxtaposes the RANS
target solutions for the turbulence kinetic energy
on the source patch to according results from the
stochastic models. For this purpose, 20000 time
levels of the stochastically generated velocities
are sampled and averaged. One free parameter
of the model is the number of random particles
that are used to set up the fluctuating white-noise
field. Theinfluence of the number of random par-
ticles to resolve the source region is highlighted
in Fig. 3. A total of 15000 and 45000 random
particles, respectively, have been considered for
this test. A fairly good realization of the turbu-
lence energy for the energy topology as well as
the absolute magnitudes is found. The stream-
trace variations evidence a sufficient high num-
ber of particles employed, since no dependence
of the statistical outcome on this parameter isvis-
ible.

4.2 Reference slat configuration

The computations in this paper are carried out
with DLR’s CAA code PIANO. The CAA grids
used resolves the acoustic field in a 5¢ x 5¢ box,
where ¢ denotes the main-element chord length.
Based on a dimensiona chord length ¢ = 0.4m,
the grid is sufficient to resolve frequencies up
to 12kHz. The mesh resolution is enhanced in
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Fig. 3 RANStarget distribution of the turbulence
kinetic energy on the source patch (top) and re-
sults from stochastic realization; 15000 particle ,
middle; 45000 particle, bottom.
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the slat-cove to resolve the estimated |ength scale
of the source term properly. The RANS solu-
tion, which serves to prescribe the mean-flow
and the turbulence features used by the stochas-
tic method, is computed with DLR’s flow-solver
TAU on an unstructured mesh. A Menter SST
turbulence model [12] with Kato-Launder mod-
ification is used. First, results for the reference
two-element airfoil are presented for amean-flow
velocity of M = 0.10. Fig. 4 shows a snapshot
of the unsteady pressure field generated at the
dlat. The acoustic fields roughly correspond to
the one expected for a dipole source placed at
the dat trailing edge with its axis normal to the
dat chord. Fig. 5 presents a narrow band spec-
trum for an observer position above the dat. The
computed narrow band spectrum for 0.4m chord
length and 50m/s free flow velocity is juxtaposed
to an acoustic far-field measurement that has
been conducted by EADS Corporate Research
Centre in DLR’s Acoustic Windtunnel Braun-
schweig (AWB) as part of the German national
project FREQUENZ. A qualitative good agree-
ment in the spectral distributionsis obtained.

/

/4

Fig. 4 APE/RPM simulation of broadband sound
generation and radiation from the dat of a high-
lift wing.

Fig. 6 compares an APE/RPM based 1/3-
octave spectrum with the empirical dat-noise
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Fig. 5 Comparison of APE/RPM based narrow
band spectrum with acoustic windtunnel mea-
surement.

model of Dobrzynski [2, 14]. The empirical dlat-
noise model is based on a generic spectrum that
shows a typical peak frequency and falls off for
higher frequencies according to a f =18 law. The
peak frequency depends on the slat deployment
angle. The simulation reproduces these two dis-
tinct features, i.e., the peak frequency inasimilar
frequency range and the rate of decay of the spec-
trum for higher frequencies.

Fig. 7 compares directivities for two differ-
ent frequencies (1kHz, 8kHz). The directivities
are computed for a circle with center at the dat
trailing edge and radius 1.5c. For the lowest fre-
quency of 1kHz, Fig. 7(top), the directivity in
the upper half plane exhibits adirectivity pattern,
which is well known for trailing edge noise [7],
see also Fig. 8 that depicts analytical solutions
to thetrailing edge directivity for different wave-
numbers. However, compared to Fig. 8 the upper
half plane pattern of Fig. 7(top) is mirrored at a
vertical axis. In other words, it agrees with the
directivity of an edge noise source located at the
leading edge of athin profile. Obviously, for the
small frequencies the directivity is dominated by
the scattering of the acoustic waves at the main-
element. At higher frequency, Fig. 7(bottom),
the directivity shows again atypical trailing edge
pattern. But in this frequency range, the pattern
is rotated such that the usual upstream direction
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Fig. 6 Comparison of APE/RPM based 1/3-
octave spectrum with the empirical model spec-
trum of Dobrzynski [2, 14].

points towards the ground. The direction roughly
agrees with the dat chord angle. Hence, for the
higher frequency range, the directivity is mostly
affected by the slat geometry.

4.3 Mach number scaling law

Results of the Mach number scaling study are
plotted in Fig. 9. Three different Mach num-
bers (0.088,0.12,0.16) are considered. From ex-
periments it is deduced that the sound intensities
scale according to aM*° law for dlat-noise, i.e., a
dlightly weaker growth compared to airfoil trail-
ing edge noise, which can be shown analytically
to scale with M®. Usually the exponent can be
attributed to several effects. First, the change
of the convection velocity of vortical structures
causes an increase in the radiated sound pres-
sure. Second, the turbulent velocity fluctuations
grow with increasing flow velocity. For analyti-
cal considerations it is usually assumed that the
turbulent velocity fluctuation scale linearly with
the freestream velocity. In the stochastic model
the convection property is accounted for by con-
vecting the random particlesin the steady RANS
mean-flow. Theincrease of turbulent fluctuations
is taken into account in the model by the change
of the turbulence kinetic energy levels, which
are provided by the steady RANS solution. The
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Fig. 7 Normalized directivities for the Menter
SST model with Kato-Launder modification; the
directivity circle is centered at the dat trailing
edge and hasradiusr = 1.5c.
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Fig. 8 Typical trailing-edge directivity of asemi-
infinite flat plate for different wave-numbers.
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Fig. 9 depictsthe scaling of the root-mean square
(RMS) fluctuating pressure for an observer po-
sition 1.5¢c below the dat trailing edge. A lin-
ear regression fit to the three data points yields
a Mach number scaling law exponent of 1.54
for the RMS pressure. Just considering the first
two Mach numbersthe exponent changesto 1.65.
Since the sound intensities scale with twice that
value, one finds a scaling law with exponents be-
tween 3.08 and 3.3 for the considered 2D case.
In[8] it was discussed that a 2D acoustic solution
has to be corrected to take into account 3D sound
radiation, which increases the scaling exponent
by one. The correction formula was deduced to
read

- A 1+i kL2

P(0,R 6,m) ~ A(R,0, m)T R (14)
Here p denotes the 3D corrected (complex) spec-
tral pressure and p is related to the 2D spectral
pressure. L denotes a length scale of the prob-
lem, see Ref. [6]. Based on Taylor’'s hypothesis
of convecting vorticity, the non-dimensionalizing
of Eq. (14) yieldswithk = w/c, @ «< u/Ay, where
Av isthelength scale of avortical disturbance, the
scaling

pes MY2 B,

i.e., the sound intensities in 3D scale with the
power of the Mach number increased by one,
compared to the 2D case. Accordingly, the cor-
rected 3D scaling becomes 4.08 and 4.3, respec-
tively, which is pretty close to the expected expo-
nent.

4.4 Slat cove cover simulation

Finally the effect of a dlat cove cover on the ra-
diated sound field is studied. Fig. 10 shows the
geometry of the slat cove cover and the topol-
ogy of the CAA mesh in the vicinity of the dat.
Fig. 11 juxtaposes a snapshot of the acoustic field
for the clean dat (top) to that involving the dat
cove cover (bottom). Since the pressure contour
scaling was kept constant in both cases, it is ev-
ident from the field plots that the slat cove cover
achieves a decrease in the acoustic amplitudes.
This effect is also highlighted by comparing the
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Fig. 9 Mach number scaling of root-mean-square
pressure in an observer point at = 270°, 1.5
chord length below the dlat trailing edge.

narrow band spectra for an observer position 1.5
clean chord lengths beneath the dat (6 = 270°),
Fig. 12. In average a decrease of the sound pres-
sure levels around 5dB is found for frequencies
up to 8kHz

.05

-0

Fig. 10 CAA mesh to resolve the slat cove cover.

5 Summary and Conclusions

A low-cost CAA method has been applied to
make dlat noise predictions with an computa-
tional effort in the range acceptable for a design
tool. The turbulence related slat-noise sources
are modeled with arandom particle mesh (RPM)

method, which matches the statistical features of
a steady RANS target solution quite closely. A
modified two-element airfoil, consisting of a dlat
and amain element, isused for the dlat noise pre-
dictions. The dat noise directivity found from
the computations roughly corresponds to that of
a dipole located at the dat trailing edge with its
axis normal to the slat chord. The characteristics
of narrow aswell as 1/3-octave spectraagree with
those found from measurements. The Slat noise
is found to scale with the 4.3 power of the Mach
number. The effect of a dlat cove cover was fur-
thermore investigated. Reductions around 5dB in
a range up to 8kHz (based on 0.4m clean chord
length) are found in the narrow band spectra,
clearly indicating a potential of dlat cove fillers
to reduce sound levels.
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Fig. 11 Pressure contours of the reference (top)
and the dlat cove cover configuration (bottom).
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Fig. 12 Sound pressure spectra underneath the slat.
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