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Airframe noise produced by the high-lift devices of an aircraft significantly contributes to noise exposure around
airports. The VALIANT project supported by the EC with this in mind is aimed at providing a reliable experimental
database as well as to assess numerical and theoretical models predicting far-field levels and directivity. In this
context, the proposed paper is about the interaction of a flat-plate wing and a non-lifting airfoil. Aerodynamic and
acoustic measurements performed for several configurations (various streamwise and transverse distances, flow
speeds and incident turbulence rates) are described. An original analytical model in an overlapping configuration
is developed, based on the half-plane Green’s function with uniform flow and an iterative scattering procedure.

1 Introduction

According to a recent report from ODESA [4] (Observa-
toire De I’Environnement Sonore de 1’ Aéroport Lyon Saint-
Exupéry), aircraft noise generated at landing is about 5 dB
higher than at take-off. Then, it is known that airframe noise
is the dominant component of sound-generation during ap-
proach, especially because of high-lift devices which are fully
deployed. High-Lift Device (HLD) noise involves intricate
sound-generating and sound-scattering mechanisms due to
association of different solid surfaces in close vicinity of each
other embedded in a flow. However, these physical mecha-
nisms are not still well understood.

Therefore, a simplified wing/flap system is studied to char-
acterize interactions between the two bodies. Experimen-
tal investigations first lead to the characterization and the
behaviour of the flow around them by several aerodynamic
tests. Then, far-field acoustic measurements bring informa-
tion about spectral content and directivity of the studied con-
figurations. Then, an original model is aimed at studying
overlapping configurations with a uniform flow. An iterative
procedure is proposed, releasing the compactness hypothesis
which is usually assumed in most of the analytical models in
the literature. Few results are finally introduced in compari-
son with experiments.

2 Experimental investigations

2.1 Set-up description

Two series of experiments have been carried out in the
anechoic open-jet wind-tunnel of the Centre Acoustique at
ECL (France). The mock-ups are constituted of two parallel
bodies installed at zero angle of attack in order to focus the
study on interactions between the wing and the flap and to
avoid complex flow mechanisms due to real geometries that
could produce sound (figure 1). The wing is a NACA0012-
ended flat plate with a chord of 0.6 m and a thickness of
15 mm. It is shifted in the nozzle by 0.2 m to avoid pres-
sure fluctuations due to the impact of the flow with the wing-
plate leading-edge. The flap — a NACAOO012 airfoil with a
chord of 0.1 m — can be moved in close vicinity around the
wing-plate trailing-edge. Both bodies are fixed by two brush-
ended plates so that installation noise is reduced by about
5 dB. About 10 relative arrangements of the two bodies are
possible. Configurations 1 and 2 correspond to a flap in the
wake of the wing-plate, whereas the others are overlapping
arrangements with various d and i parameters that respec-
tively correspond to the overlapping length and the transverse
distance as shown in figure 5. Moreover, the configuration 0
is defined as a no aup configuration, id est when the wing-
plate is alone. This reference configuration especially leads
to the deduction of the flap contribution in the total noise.
However, results obtained for configuration 4 only are shown

2366

in this article, so as to focus the interest on an overlapping
configuration. The values of d and / for this configuration
are 20 mm and 15 mm respectively.

Figure 1: CAD of the experimental setup. Configuration 4
with turbulence grid installed at the nozzle outlet.

Two inflow conditions have been investigated: a clean in-
flow where the turbulence rate is under 0.5%, and a turbulent
inflow where the turbulence rate is about 7% is generated by
adding a grid at the nozzle outlet. The flow speed varies from
30 to 100 m/s with most of the investigations done at 50 m/s.
Aerodynamic and acoustic measurements have been carried
out mainly focussed on configurations 0, 2 and 4 (EC-project
VALIANT configurations for comparisons). Three aerody-
namic tests were performed on the one hand — single hot wire
anemometry, steady-state and fluctuating wall-pressure — and
two acoustic tests on the other hand — far-field directivity and
source localization. The latter is not addressed here.

2.2 Tests overview

The flow characteristics are measured by a single hot-
wire anemometry technique in order to estimate the turbu-
lence rates as well as the mean and fluctuating velocity pro-
files in the studied area (around the wing-plate trailing-edge).
The resulting mean profiles in configuration 4 are shown in
figure 2. For both inflow conditions, the boundary-layer rea-
ches 10 mm near the wing trailing-edge. In clean inflow, the
boundary-layer which develops on the pressure-side of the
wing-plate seems to merge on the suction-side of the flap,
whereas it is still important when the inflow is highly turbu-
lent. Furthermore, the wake of the wing is deviated towards
the flap pressure-side because of its interaction with the flap
boundary layer. It is finally interesting to point out that the
flow in the channel between the two bodies is accelerated
because of the convergent-divergent nozzle geometry of the
channel. Few spectra were also obtained at various points
that validate the turbulent characteristics with a ~>/3-slope
decrease as Von Karmén energy spectrum.

Fluctuating wall-pressure has been measured using the
Remote Microphone Probe (RMP) technology developped at
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Figure 2: Normalized transverse mean velocity profiles in
configuration 4. Clean inflow at 50 m/s (-) and 70 m/s (e),
turbulent inflow at 50 m/s (o).

ECL [10]. This is a quasi non-intrusive technology that al-
lows the heavy instrumentation to be outside the jet, by cap-
turing the pressure fluctuations at the body surface through
holes of diameter 0.5 mm connected to B&K !/4-inch mi-
crophone membrane by a capillary tube inside the mock-up.
Most of the 36 probes are located in the horizontal mid-span
plane in order to avoid wall effects of the installation, the
others are along the span to get spanwise coherence. Once
corrected by the frequency response function of the probe,
the wall-pressure power spectral density (PSD) is calculated
for each probe. Figure 3 represents the effect of the two in-
flow conditions on the PSD on the wing-plate suction-side
surface (Fig 3-a) and the flap pressure-side surface (Fig 3-b).
The flap behaves in the same way for both flow conditions
with a higher wall-pressure level in turbulence case. In con-
trast, the wing-plate spectrum — high-frequency main contri-
bution — appears to transition to broadband pattern similar to
flap spectrum. No peak or tone is put in evidence.

Clean
Grid

SPL [dB] - ref 2.10°° Pa
<

Frequency [Hz]

(a)

Clean
Grid ||

e |

SPL [dB] - ref 210" Pa

(b) Frequency [Hz]
Figure 3: Comparison of wall-pressure PSD at 50 m/s for
both inflow conditions. (a) Wing-plate pressure-side
surface. (b) Flap suction-side surface.

The steady-state wall-pressure is also measured using the
RMP holes and pressure gauges instead of microphones. The
pressure coefficient is then calculated around the mock-ups.
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Weak variations of C, around zero confirm the non-lifting
behaviour of the bodies in the flow although a slight increase
is formed at the flap leading-edge, due to vicinity of the wing-
plate and turbulent boundary-layer impingement.

The far-field directivity has been measured using two op-
posite B&K !/,-inch microphones mounted on an automat-
ically rotating two-arm system — each arm has a length of
1.8 m — where the rotation center fits with the axis of the
set-up and the wing-plate trailing-edge. Measurements are
made every 5° from 45° to 135°. Spectra are averaged on
30 blocks with a sampling frequency of 25.6 kHz. Moreover,
the shear-layer refraction corrections proposed by Amiet and
Schlinker [3, 12] are accounted for. Colour maps of noise
level against angle and frequency are then plotted as shown
in figure 4. From this kind of graph, directivity patterns can
be obtained by integrating an horizontal spectral bandwidth
of the map, whereas the spectrum for each angle corresponds
to a vertical cross-section. An asymmetrical behaviour is
typically found for this arrangement because of overlapping
(asymmetrical) configuration, even though the gap is much
smaller than the microphone distance (ratio ~ 120). By sub-
tracting the wing-alone contribution it is possible to deduce
the flap contribution map. A large signature extent with up-
stream radiation is formed for low-frequencies and higher
frequencies seem to mainly radiate downstream, both with
interference fringes.

Pressure Side

Suction Side

Ingm(FrequenLy) (Hz)

-100
Angle )

50 100

Angle ()

Figure 4: Colour map of far-field acoustic level against
angle and frequency. Flap contribution at 50 my/s. (left)
Pressure-side. (right) Suction-side.

Source localizations have also been performed by ON-
ERA at ECL site, using an in-house cross-shape antenna of
109 B&K !/4-inch microphones. A classical beamforming
was used for post-processing. The first results showed that
the whole set-up had no significant parasitical effect on the
far-field measured noise.

3 Analytical improvement for overlap-
ping configurations

3.1 Problem statement

The generic configuration for analytical modelling is shown
in figure 5. The wing is assumed a rigid half-plane and the
flap a thin rigid strip of infinite span and chord length c. The
fluid is moving uniformly at flow speed U, along the chord-
wise direction e; normal to the transverse direction e¢,. The



23-27 April 2012, Nantes, France

unit vector e3 is pointing upwards from what would corre-
spond to the suction-side of the wing, opposite to the verti-
cal shift of the flap. This gap is noted i and the horizontal
shift d is defined between the wing trailing-edge and the flap
leading-edge.

Figure 5: Generic wing-flap configuration and reference
frame. The overlap is defined by negative values of the
horizontal shift d when referred to the scattering edge.

According to the classical statement of linearized unstea-
dy aerodynamic theories in the frequency domain, the pres-
ence of the flap in the incident disturbed flow results in an
additional disturbance potential ¢’ solution of the convected
Helmbholtz equation
Y0y

xt  0x

82 ¢/
6x§

op’
Gx%

B + + 2ikMy—— + k*¢' =0

6]

with # = 1 — M3, assuming a time dependance ¢~*. The
impingement of turbulence on the flap leading-edge needs
being addressed only for an isolated oblique gust of ampli-
tude W(ki, ky) with chordwise and spanwise wavenumbers
ki = K1 = w/Uy and k; respectively.

It is then assumed homogeneous boundary conditions in
ep-direction to reduce the expression of ¢' = ¢(xy, x3) etkexz,
Consequently, the problem can be solved using two-dimensio-
nal version of the half-plane Green’s function. The passage
to three-dimensional version can be done by Oberai’s trans-
position procedure [9].

Original Amiet’s problem of the response of a flat-plate
airfoil to an incident velocity gust [2] is a reduction of the
global problem described above, from which the scattering
half-plane is removed. Reissner’s transformation is used to
obtain a standard Helmholtz equation

@ = M 2= - M2
e =22 =22
kioc k
kiz = % 1= ﬁo
2 2 * 2
zy_?;jLZy;Jr(kiBAZO) (l—é)d)zo )

introducing Graham’s gust parameter ©® = kyMo/(k38). The
associated boundary conditions for a somewhat conventional
origin at the center-chord are

0D —cw(ki, k)

— yi=0 -1<y; <1
ayB Zﬁ 3 1
LN
A[ *—i—icl)]:o, yi=0  yi>1
ayy B )
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and the disturbance pressure follows with a similar factoriza-
tion pjy = p(y1,¥3) ¢'k2y2=n The induced unsteady lift £ or
pressure jump is just twice the disturbance pressure on the
plate surface because of the phase opposition between both
sides of the plate. Depending on gust parameter, eq. (2) is
usually of hyperbolic nature and the gust is therefore said su-
percritical (subcritical gusts do not radiate efficiently for ob-
server in the mid-span plane). Resorting to Schwarzschild’s
technique, the unsteady lift is found as l = b, + &, with

—2poUgwe™*

\/n(k’l‘ +BO(1 +7)

2poUgwe'™*

27k + i)

{1 - -DE 2«1 -yD]}
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where k = 2 — (k;/B)?, u = k}Mo/B* and E is the Fresnel

integral defined as [1]
it

e
E =
©) f N

Tt

dr = Cy(&) +iS2(6)

3.2 Principle, assumptions and developments

Since most realistic configurations involve overlapping
arrangements between the wing and the flap, the modelling is
based on two plates with arbitrary relative positionings. The
wing is considered as a semi-infinite plate whereas the flap
is a finite-chord plate. Most of the models assume compact
cases, id est when the parameters d and A in figure 5 verify
kd < 1, kh < 1 and k¢ < 1, which corresponds to the spec-
tral bandwidth below 500 Hz in the experiments. Among
those configurations, the most pronounced coupling between
both surfaces occurs with a significant overlap. As a result,
the unsteady pressure on each surface combines the unsteady
lift induced by the oncoming aerodynamic disturbances and
the acoustic pressure due to the multiple scattering. The ana-
Iytical model is aimed at reproducing as accurately as possi-
ble this combination on the basis of parallel rigid plates with
zero thickness.

For the scattering of the flap noise due to the impinge-
ment of turbulence, the first iteration procedure is described
as follows. It is first calculated the unsteady lift distribu-
tion on the flap surfaces by using Amiet’s linearized unsteady
aerodynamic theory based on Schwarzschild’s technique. The
equivalent dipole source distribution Z(y*l‘) is discretized and
the scattering of each source point by the trailing-edge of the
wing is calculated using the half-plane Green’s function with
uniform flow. When the direct flap source radiation is sub-
tracted, the solution provides a first evaluation of the pressure
jump AP;:,) over the wing-plate, which is considered as a sec-
ondary source distribution, back-scattered by the flap airfoil
also according to the half-plane Green’s function. The de-
duced flap pressure jump APS) comes to correct the unsteady
lift distribution given by Amiet’s theory as £ + APg). Solving
again the problem until convergence will tend to the true val-
ues of APy and APp. The same procedure can be applied to
trailing-edge noise sources to obtain an estimate of the total
far-field noise.

The two-dimensional reduction of the half-plane Green’s
function for the convected Helmholtz equation has been de-
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rived by Jones [7] and readdressed by Rienstra [11]. Calcula-
tions have been made from the MacDonald’s formulation [8]
of the three-dimensional half-plane Green’s function without

flow. It reads
_'k
G'P(xy.w) = — x
T

{f(ll{_l(ichoshf)d§+f2

where K is the complex conjugate of the modified Bessel
function of the second kind [1] and R and R’ are the dis-
tance observer/source and observer/image of the source by
the plane, respectively. After adding a uniform flow in the
e -direction, the Green’s function reads

K\ (kR cosh &) dg} 3)

G Px.y.w) = = ei%mﬁv])
Mo 3y3 - T
UK KR V1 + u?) J +f“_2 K\GKR"* V1 + u2) J
—  ~ du u
- V1 + u? - V1 + u?

with K = k/B and R* and R’* the distances R and R’ cor-
rected for the presence of the flow. The far-field pressure
is then calculated by multiplying the unsteady lift £ by the
analytical gradient of the Green’s function VG,IVZ and numer-
ically integrated on the flap surface following the aforemen-
tioned procedure.

X

00 00

3.3 Sample results and comparisons

The model has been tested and compared with the experi-
ments. For the first calculations, the flap has been discretized
as about 30 point sources. The calculations were performed
for a single-frequency gust, and the procedure was carried
out for several frequencies in order to estimate the qualita-
tive behaviour on the flap surface as well as in the far-field.
The time of calculation is of two seconds per point source
per complete iteration. For a convergence ratio of 1 %, the
modelling needs only 3 or 4 iterations to converge, for fre-
quencies above 1 kHz.

12345678 910111213 141516 17 18 19 20 21 22 23 24 25 26 27 28 29 30

Figure 6: Source distribution resulting from the iterative
scattering model between 500 to 12,500 kHz.
Configuration 4, 50 m/s.

The first validation was to verify the pattern of the nor-
malized unsteady lift and its evolution during the iterations.
Figure 6 is a plot of what is provided in configuration 4 at
50 m/s, for frequencies ranging from 500 to 12,500 Hz. Sim-
ilarities with the amplitude of the wall-pressure power spec-
tral density (PSD) are found in the experiments, although the
statistics of the gusts are not accounted for yet.
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Moreover, the calculation of the scattering of flap sources
by the wing-plate half-plane is performed at the last iteration
according to the distribution of dipoles provided in figure 6.
This is aimed at getting the far-field directivity pattern and
predicted sound pressure levels. The data can be plotted as
polar colour maps (figure 7) to easily compare to the experi-
mental polar diagram of directivity, or as spectra. The main
variations of the directivity pattern predicted by the model
appear to agree with the total far-field pressure measurements
with few differences which can be caused by the integration
of the experimental data on a bandwidth of 400 Hz around
the frequency of the calculation (4 kHz).

]

180 [

270

Figure 7: Comparison of directivity between the analytical
modelling (colour polar map) and the experiments (polar
diagram) at 4 kHz. Configuration 4, 50 m/s.

4 Conclusion

Some experiments have been performed on a simplified
wing/flap system in order to provide a reliable database for
the understanding of the interactions between two bodies in
various arrangements. The study revealed interesting config-
urations with strong or weak coupling as well as source/scat-
tering screen behaviour. The last has been used in the de-
velopment of an analytical model involving two rigid plates
in an overlapping configuration, with no hypothesis on the
dimensions relationship (like compactness). This model is
based on the two-dimensional half-plane Green’s function in
presence of a uniform flow but it can be extended to three-
dimensional problems. The iterative procedure leads to the
study of coupled bodies and gives interesting results there-
fore. However, the statistics of the gusts and the response of
each body still needs being implemented. Moreover, alterna-
tive analytical approaches from the literature will be assessed
and compared to the present work (Howe’s overlapping the-
ory [5] for instance).
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