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Aircraft landing gear noise is a major contributor to the overall airframe noise during the landing approach of a

commercial aircraft. Fairings covering geometrically complex areas of the gears have proved to be very effective in

noise reduction. However, in tests on an A340’s main landing gear, the overall benefit of the fairings was offset by

both a slight increase in low-frequency broadband noise and a strong tonal noise. In this study, the identification and

attenuation of the tonal-noise source has been carried out using a one-quarter-scale A340main-landing-gear model.

Aeroacoustic and aerodynamic tests were conducted in a closed-section wind tunnel, using a phased microphone

array on the ceiling of the test section, flush-mounted pressure transducers on the model surface, and the particle-

image-velocimetry technique. Far-field noise tests were then taken in an open jet aeroacoustic facility, using far-field

microphones to verify the wind-tunnel test results. The experiments demonstrated the tonal-noise mechanism and a

number of different control methods.

Nomenclature

a = leading-edge gap distance
C0 = speed of sound
D = characteristic length
f = frequency
fd = cavity driving frequency
L = door-cavity length
Lm = surface-pressure-fluctuation level
Ln = normalized surface-pressure-fluctuation level
U, V,W = velocity components in Cartesian coordinates
Uref = reference wind speed
U1 = freestream wind speed
X, Y, Z = Cartesian coordinates
� = polar angle of the polar array
� = polar angle of the traversing ring array
�z = spanwise vorticity

I. Introduction

A IRFRAME noise can be equal to or louder than engine noise
during the approach-to-landing phase of an aircraft, especially

when the aircraft is equipped with modern high-bypass-ratio engines
[1,2]. With the growth of air traffic around the world, the annoyance
near airports is increasing, and the environmental concerns and noise
certification regulations make the study of airframe noise an
important research topic.

One of the major sources of airframe noise is known to be the
landing-gear noise, which has been observed in full-scale wind-
tunnel and flight tests, using acoustic mirror/array and far-field
microphones [3–5]. In general, the landing-gear noise is dominated
by broadband noise components due to the complexity of the
geometry. Within the European Union research projects RAIN
(reduction of airframe and installation noise) and SILENCER

(significantly lower community exposure to aircraft noise), fairings
were designed to cover noisy areas of the landing gear on an A340
aircraft, and a good level of noise reduction was achieved relative to
the unmodified landing gear. However, in both full-scalewind-tunnel
andflight tests [3,4], therewas a drop in noise-reduction performance
of the fairings in the 500–800 Hz frequency range (630 Hz at a one-
third-octave band frequency) because of a new tonal-noise source. It
was thought that this effect was likely to be caused by the main
landing gear, which has larger-sized fairings, or possibly from the
leg-door filler fairing or side-stay fairing. The objective of the work
described in this paper was to identify the source of this tonal noise
and investigate various methods of control.

Aone-quarter-scalemodelofA340main landinggearwith fairings
was used for the investigation. Initial measurements were carried out
in a conventional closed-section wind tunnel, using a phased
microphone array and surface-mounted microphones to localize the
new noise source and the laser particle-image-velocimetry (PIV)
technique for aerodynamic measurements. Final tests to verify the
results from the wind tunnel were then conducted in an open jet
aeroacoustic facility, using far-field microphones.

II. Description of Experiments

A. Test Model

The one-quarter-scale model of the A340 main landing gear
installed in the wind tunnel is shown in Fig. 1a with the leg door, the
hinge door, and the drag stay labeled, as these components are
particularly relevant to this study. The leg-door filler fairing covers
the gap between the leg door and the drag stay. On the aircraft, the
main landing-gear leg is laterally inclined by 12.8 degwith respect to
thewing’s lower surface; therefore, in the test setup, a corresponding
angle of 77.2 deg is realized between the gear leg and the tunnel
sidewall. The bogie axis on the gear model is orientated 35 deg toe up
with reference to the gear leg. A Cartesian coordinate system is also
defined with the X coordinate in the streamwise direction.

B. Wind-Tunnel Test Setup

Aerodynamic and aeroacoustic measurements were performed in
the 2:1 � 1:7 m closed-section wind tunnel at the University of
Southampton, shown in Fig. 1b. A sidewall arrangement for the gear
with a wall cavity was used to simulate the in-flight geometric/
aerodynamic environment of the gear under the wing of the aircraft.
The blockage of the wind tunnel was about 10%, based on the model
frontal area, and the tunnel speed was measured by a pitot-static tube
positioned well upstream of the gear. The freestream turbulence
intensity was approximately 0.2% over the velocity range, up to the
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maximum wind speed of U1 � 45 m=s. Most of the tests were
performed at a wind speed of 40 m=s, which is about half of the
actual aircraft approaching speed, so that Strouhal numbers for
the landing-gear noise are approximately half the values of those for
the full-scale flight.

1. Phased Microphone Array Measurements

Twomajor challenges for noise measurements in this type of wind
tunnel are the high background noise levels and the reverberant
sound field, so that measurements using individual microphones are
of little use. One solution to this problem is to use the beamforming
technique [6], in which a phased array of microphones flush-
mounted on the wall surface of the test section is used to produce
noise-source maps for different frequencies. This technique
suppresses uncorrelated pressure fluctuations on the microphones,
mainly caused by the turbulence in the wind-tunnel boundary layer,
and it also helps to suppress background noise propagating up the
wind tunnel and acoustic images of the gear in the wall of the tunnel.
The floor of the test section was also lined with 25 mm of acoustic
foam to further reduce the effect of acoustic image sources,
especially at higher frequencies in which sidelobes in the array
sensitivity might cause problems.

A multiarm log spiral design [7] of the array was employed
because of its good suppression of sidelobes at high frequencies. The
phased microphone array was mounted on the ceiling of the test
section to localize the noise sources along the length of the gear from
the side-viewdirection, as shown in Fig. 1b. The array consisted of 56
flush-mounted Panasonic WM-60A electrets condenser micro-
phones, which were covered by a smooth woven cloth material to
reduce the effect of boundary-layer noise. Each microphone was
calibrated using a reference Brüel and Kjær microphone, that was
positioned adjacent to each array microphone in turn, and a point
source of white noise on the floor of the test section. The transfer
function from the reference microphone to the array microphone
gave a frequency-dependent amplitude correction for each
microphone.

The data were sampled at 48 kHz and analyzed using a block size
of 4096, yielding a frequency resolution of about 12 Hz. To reduce
spectral leakage, a Hanning window function was applied to each
single block before performing the fast Fourier transform, and a total
of 100 blocks were averaged to achieve the required statistical
confidence. Details of the postprocessing of the data, based on
conventional frequency-domain beamforming using a fully popu-
lated matrix of cross-spectral components with the autospectral
elements suppressed, can be found in Fenech and Takeda [8].
Although the noise at each individual microphonewas dominated by

extraneous pressure fluctuations, such as those due to the wind-
tunnel boundary-layer turbulence (despite the cloth covering), it was
found that excellent images of the noise sources on the landing gear
could still be obtained using this well-established array technique.
The scan plane on the landing-gear leg was about 0.75 m from the
microphone array, and the power spectrum for the complete scan
plane was calculated at a number of frequencies within each one-
third-octave frequency band of interest.

The error of the beamforming plots is not particularly important,
because they are only used for a comparison between configurations.
But a rough estimate can be obtained from twowind-tunnel runswith
an identical configuration, which gives a maximum uncertainty of
1.5 dB for the beamforming noise map.

2. Onsurface Microphone Measurements

Thegear also had 20flush-mountedmicrophones, the same type as
those used in the phased array, installed on the surface of the gear
model to record the local surface-pressure fluctuations. However,
only data from microphones P19 and P20, which were mounted on
the lower surface of the leg door (as shown in Fig. 2), are presented
here, as these are the most relevant to the tonal-noise problem.
Microphone P19 is located near the leading edge of the leg door,
whereas P20 is situated near the trailing edge of the door. Both
microphones are positioned in the cavity between the leg door and
the hinge door. The data processing was the same as for the phased
array microphones, except that only the autospectra are used.

Fig. 1 Wind-tunnel test setup with the gear model installed: a) schematic of front view showing the corresponding installation and details of the model

and b) overview in the wind tunnel.

Fig. 2 Positions of onsurface microphones P19 (near the leg-door

leading edge) and P20 (near the leg-door trailing edge.).
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3. Particle Image Velocimetry Measurements

The laser PIV technique was used to visualize the local flow
structure in the open cavity between the leg door and the hinge door,
although it was difficult to set up the equipment because of the
complex geometry in that area and because the cavity was very close
to the wind-tunnel wall. To illuminate the area, the laser had to be
installed upstream of the landing gear. So, to avoid changing the flow
conditions in front of the landing gear, the laser box had to be
positioned outside the wind tunnel, and a small slot was cut in the
wind-tunnel sidewall to provide optical access. As a result, the laser
sheet was angled at about 8 deg from the flow direction, as shown in
the sketch in Fig. 3.

The PIV system was a Dantec dynamics system with a NewWave
Gemini neodymium-doped yttrium–aluminum-garnet dual laser and
a Dantec HiSense 1024 � 1280 resolution charge-coupled-device
camera. The camera was set up perpendicular to the laser sheet and
fixed on a support structure installed on the floor of the test section;
this was sufficiently far from the gear-leg door that the flow in that
areawas unaffected. A total of 250 images of theflowfieldwere taken
for each experimental condition, and each image set was processed
using a 32 � 32 pixel cross-correction area and a 50 � 50% overlap
to improve the resolution of the vector map. Spurious vectors on the
map were then further removed using a range validation, whereby
vectors greater than a specified magnitude would be rejected.

The accuracy of the instantaneous velocity fields can be estimated
by assuming an accuracy in the correlation of 0.1 pixel displacement
[9], which corresponds to a maximum error in the velocity of
0:4 m=s.When using amultisample, as described byMoffat [10], the
uncertainty in a time-averaged vector is 0:02 m=s.

C. Far-Field Noise Test Setup

For the final validation tests, far-field noise measurements were
performed in the QinetiQ Noise Test Facility (NTF) in Farnborough,
U.K. The NTF is a large anechoic chamber with internal dimensions
of 27 � 26 � 15 m, which is effectively anechoic down to a
frequency of 90 Hz, making it suitable for far-field noise measure-
ments over a wide frequency range. The facility is normally used for
model-scale jet-noise research, and these testsmade use of the 1.8-m-
diam jet that is used for the flight simulation in jet-noise experiments.
The facility is capable of flow velocities up to 110 m=s, although
measurements of the landing-gear noise were only made at 40, 62,
and 78 m=s.

The landing gear was mounted in the undercarriage cavity of a
dummywing, which was positioned partially inside the nozzle of the
NTF, as shown in Fig. 4. The gear was located about 1.8 m from the
nozzle exit, fully inside the core flow of the jet, and the downstream
edge of the dummy wing was serrated to minimize noise radiation
from the edge. The assembly datumwas such that,when installed, the

main support leg was horizontal, representing the flyover config-
uration to a polar array of microphones in the horizontal plane. This
was accomplished by rotating the dummy-wing assembly by about
12.8 deg from vertical.

Noise measurements were made using two far-field microphone
arrays. The first was a polar array, which was positioned in the same
horizontal plane as the model at a distance of approximately 12 m,
comprising nine one-quarter-inch normal-incidence microphones at
10 deg intervals, from�� 60 deg (identified asmicrophone P60) to
�� 140 deg (P140) with respect to the aircraft axis, corresponding
to 120–40 deg with respect to the jet axis in the NTF. The second
array was a 12-m-diam ring of microphones that could be traversed
axially to provide azimuthal information at nine axial locations with
nominal polar angles of �� 70–150 deg in 10 deg steps with
respect to the aircraft axis, although the array was located at polar
angle�� 150 deg for most of the tests. The azimuthal microphone
lying closest to plane of the polar array had an actual azimuthal angle
of 91 deg (microphone R91). Here, � and � represent the polar
angles of the polar array and the traversing ring array, respectively, as
shown in Fig. 5.

The noise data were acquired for 18 s, using a 32 channel Datmax
system sampling at 200 kHz. The acquisition time was chosen to
provide statistically satisfactory data in the lowest one-third-octave
frequency band of interest (200 Hz for this model-scale gear). To
effectively use the full dynamic range of the measurement equip-
ment, in the frequency range of interest, theNexus amplifierswere set
to the highest high-passfilter setting of 20Hz to suppress the effect of
low-frequency pressure oscillations in the facility. All noise data
acquired during testing were processed using the QinetiQ noise
analysis programNanSy V5.0. This software provides data in a fully

Fig. 3 Schematic of the PIVmeasurement setup in the wind-tunnel test

section (not to scale). View is from the ceiling of the wind-tunnel test

section.

Fig. 4 NTF noise test setup, with main landing gear installed.

Fig. 5 Microphone positions and definition of radiation angles of the

two microphone arrays from the top-view direction (not to scale).
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corrected form and includes the shift in polar angle and level
correction (shear-layer corrections [11]) that are required to present
the data as if they were from an aircraft in flight in a stationary
medium.

The processing of the data from onsurface microphones P19 and
P20 was the same as the test in the closed-section wind tunnel.

III. Experimental Results and Discussions

This section summarizes a series of tests using the measurement
methods on the landing-gear model as previously described. The
possible tonal-noise mechanism and the control treatments to reduce
the noise level are also discussed here.

A. Tonal-Noise Identification

The first requirement of the tests was to localize the tonal-noise
source and to identify the mechanism. However, with the initial
installation of the landing gear in its baseline configuration (same as
the full-scale andflight tests), no tonewas detected. Tonal sources are
often sensitive to the precise flow conditions, and it was found that
rotating the whole gear just a few degrees in the wind tunnel
(corresponding to the yaw angle of the aircraft) was sufficient to
generate a strong tone at 1450 Hz at a wind speed of 40 m=s. The
level of the tone increased when the gear was rotated to a negative
yaw angle relative to the flow direction, corresponding to a toe-out
orientation of the gear on an aircraft, whereas a positiveyawangle did
not generate the tone.Ayawangle of�3 degwas selected for further

investigation of noise mechanism and control strategies. Although it
was found that the leg-door filler fairing was effective in reducing the
broadband noise in the area behind the drag stay due to the flow
blockage, this fairing could also strength the tonal noise, which can
be shown later.

The microphone array indicated that the noise source was located
in the area around the leading edges of the leg door and the hinge
door. Figure 6 shows noise maps for the one-third-octave frequency
band centered at 1450 Hz. The scan planewas about 0.75 m from the
microphone array surface, and the dash–circle line indicates the edge
of the array on the scan plane. The origin of the Cartesian coordinates
here is on the center of the array surface. In the gear baseline configu-
ration, it was hard to identify the tonal-noise source, as indicated in
Fig. 6a, butwhen the leg-door filler fairingwas installed (Fig. 1a), the
noise source near the leading areas of the leg door and the hinge door
gained strength, shown in Fig. 6b. This was mainly due to the
blockage of the leg-doorfiller fairing that forced the fluid toflowover
the entrance of the cavity between the leg door and the hinge door.
However, the tone was still not audible because of the strong wind-
tunnel background noise.When the landing gearwas rotated to a yaw
angle of �3 deg, a very strong tonal noise could be detected
(Fig. 6c), and the tone was even audible outside the wind tunnel,
despite the high background noise.

Figure 7 shows, for the three different configurations, the power
spectra of surface-pressure-fluctuation signals Lm for microphones
P19 and P20 and also for one of the microphones in the array. In the
baseline configuration without rotation (Fig. 7a), the signal is
completely broadband, with no tonal noise at any of the three

Fig. 6 Noise source map in a one-third-octave frequency band centered at 1450 Hz: a) baseline configuration, without rotation; b) plus leg-door filler,

without rotation; and c) plus leg-door filler, with �3 deg rotation. Flow is from left to right.

Fig. 7 Power spectra of surface-pressure fluctuations (dB, re: 20 �Pa) at measurement points P19 and P20 and one of the array microphones with a

wind speed of 40 m=s: a) baseline configuration, without rotation; b) plus leg-door filler, without rotation; and c) plus leg-door filler, with �3 deg
rotation.
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measurement points. With the leg-door filler fairing installed
(Fig. 7b), two tones appear in the spectra of P19 and P20, indicating
that the altered local flow conditions caused by the installation of the
leg-door filler fairing is starting to excite the resonance, although the
tone was not strong enough to be detected by the array microphone
because of the high level of boundary-layer noise. Finally, applying
the yaw angle of �3 deg (Fig. 7c), the power spectrum of P19 is
dominated by harmonic series peaks, narrow band rather than fully
tonal, dominated by 1450 Hz. There is a broad spectral peak at
nominally 725 Hz, and the other peaks are harmonics of this
fundamental frequency, with 1450 Hz being the first harmonic. The
strength of the narrow band source at 1450 Hz is such that it is even
apparent at the microphone array.

The effect of flow speed on the tonal noise is shown in Fig. 8. The
dominant frequencies are 725 Hz for a wind speed of 20 m=s,
1000 Hz for 27 m=s, and 1450 Hz for 40 m=s, and the peak level
increases rapidly with flow speed. In each case, the peak occurs at the
first harmonic frequencies of a spectral hump at 360, 500, and
725 Hz, respectively. In Fig. 8b, the spectra have been based on a
level-vs-speed dependence according to a U4 power law (Ln�
Lm � 40 log�U=Uref�, whereLn is the normalized power spectrum of
the surface-pressure fluctuation, Uref � 40 m=s, and Strouhal
number (St� fD=U, where f is the frequency and D is the
characteristic length). A U4 power law has been used here, because
this is the expected power law for near-field turbulence. In accord-
ance with previous work [3] in which a characteristic length of 1 m
was used as the reference length scale for a full-scale landing gear
(roughly corresponding to one wheel diameter), in this case, a value
of D� 0:25 m was chosen to represent this one-quarter-scale gear
model. The first peak in the pressure fluctuations occurs at a Strouhal
number of 4.75, and the dominant narrow band frequency at the first
harmonic occurs at a Strouhal number of about 9.5 for all three test
speeds. However, the higher harmonics slightly shift to a lower
Strouhal number as the wind speed increases. The constant Strouhal
number of the dominant peak indicates that the driving mechanism
for the noise must be linked to a vortex shedding process.

B. Tonal-Noise Generation Mechanism

The data in Figs. 6–8 indicate that the tonal noise is associatedwith
the flowover the entrance to the open cavity between the leg door and
the hinge door, the local geometry being presented schematically in
Fig. 9. The theoretical driving frequency for an aeroacoustic
feedback mechanism in the leading-edge gap is [12]

fd � 1=�a=U� a=C0�

where a is the distance between the two leading edges
(approximately 50 mm), C0 is the sound speed, and U is the mean
flow speed. This frequency corresponds to the time taken for a vortex
to be convected across the gap and an acoustic wave to propagate
back. Taking C0 � 340 m=s and the mean velocity U� 40 m=s
gives a predicted driving frequency of approximately 715 Hz,

roughly in accordance with the frequency of the spectrum hump at
about 725 Hz in Fig. 7c.

Considering the cavity as an open-ended pipe, the longitudinal
resonances can be expressed approximately as [13]

fn �
n

2 � �L=C0�
; n� 1; 2; 3; . . .

The length of the cavity L is about 355 mm, and this gives resonant
frequencies of 480, 960, 1440, 1920, 2400, . . . ; N Hz.

Taking the fundamental driving frequency of the vortex shedding
as 725 Hz, with harmonics of the driving frequencies at 1450, 2175,
. . . ; N Hz, it can be seen that, within the accuracy of the formula, the
first harmonic driving frequency of 1450 Hz is coincident with the
third-cavity resonance at 1440 Hz. This helps to drive the vortex
feedback mechanism at the leading edge of the cavity, which results
in the observed strong tone at a wind speed of 40 m=s. At the two
lower wind speeds of 20 and 27 m=s, the first harmonic frequencies
(725 and 1000 Hz, respectively) of the noise generated at the leading
edge are not harmonically related to the resonance frequency of the
cavity, and no strong resonance occurs. The normalized level at
40 m=s is about 20 dB higher than for 20 m=s, whereas theU4 power
law would suggest a change of 12 dB. This indicates that the longi-
tudinal resonance of the cavity between the leg door and the hinge
door plays an important role in enhancing the noise level.

The tonal noise is thus considered to be caused by a combination of
the aeroacoustic feedbackmechanism in the gap between the leading
edges of the two doors and the acoustic resonance in the open-ended
cavity.

C. Tonal-Noise Control

Having identified the source mechanism of the tonal noise, the
next task was to find practical ways of suppressing it. The following
five treatments, shown in Fig. 10, were selected in the wind-tunnel
tests: 1) serrated spoiler attached on the leg-door leading edge, 2) soft
puttylike material (Plasticene) covering the hinge-door leading edge,
3) vortex generators attached to the lower surface of the leg-door
leading edge, 4) hinge door rotated 30 deg relative to the leg door, and
5) hinge-door removal (not shown in Fig. 10).

Fig. 8 Effect of speed on narrowband noise power spectra recorded by the leading-edge microphone P19: a) wall pressure level vs frequency and

b) normalized wall pressure level vs Strouhal number.

Fig. 9 Schematic of the model, simulating the open cavity between the
leg door and the hinge door.
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The first four treatments were designed to eliminate the vortex-
generating and acoustic-feedback mechanisms at the entrance to the
cavity. The last treatment removed the cavity completely, so that
there was no vortex feedback and no cavity resonance. The pressure
fluctuations at microphone P19 on the surface of the leg door were
used to determine the effectiveness of each treatment, as shown in
Fig. 11. In all cases, the landing gear had the leg-door filler fairing
installed, and the gear was rotated to �3 deg yaw.

Compared with the Fig. 7c, in which no control was applied,
Figs. 11a, 11d, and 11e show that the serrated spoiler, the rotation of
the hinge door to 30 deg, and the removal of the hinge door totally
suppressed the tonal noise, because there were not any peaks in the
spectra at all three measurement points. However, the other treat-
ments of puttymaterial on the hinge-door leading edge and thevortex
generators only partially reduced the tonal-noise level, because the
leading-edge P19 could still pick up some periodic pressure
fluctuation (Figs. 11b and 11c).

D. Flow-Field Measurements

To further investigate the physics of the observed tonal noise and
the way in which the control methods worked, the flowfield at the
entrance of the cavity between the leg door and the hinge door was
examined using laser PIV measurements. The only control method
presented here is the serrated spoiler, which is comparedwith the two
uncontrolled configurations, the baseline buildwith no leg-doorfiller
and 0 deg yaw, and the build with the leg-door filler fairing and
�3 deg yaw. Figure 12 shows the time-averaged streamwise
U-velocity contours and the corresponding vectors. Flow is from left
to right.

For the gear in its baseline configuration, Fig. 12a shows that there
was very little recirculation in the gap area between the leading
edges, and most of the flow was directed past the cavity. The flow
velocity below the hinge door was much higher than the freestream
wind speed of 40 m=s.When the landing gearmodelwas rotated by a

yaw angle of �3 deg and the leg-door filler fairing was installed, a
strong flow recirculation in the entrance is observed, and the area of
increased local flow speed below the hinge door is extended
(Fig. 12b). Finally, with the serrated spoiler attached to the leg-door
leading edge, the flow recirculation is slightly weaker and, impor-
tantly, the mean local flow speed below the hinge door was sig-
nificantly reduced (Fig. 12c). Note that the positions of the leg door
and the hinge door in Figs. 12b and 12c are slightly changed when
compared with Fig. 12a due to the rotation of the landing gear.

The corresponding measured instantaneous spanwise vorticity
(�z � @v=@x � @u=@y) of the flow is plotted in Fig. 13. Figures 13a
and 13c show that discrete vortices are convected from the leg-door
leading edge to the hinge-door leading edge, but for the case inwhich
the resonance is strongly exited (in Fig. 13b), there is a continuous
vortex connecting the two leading edges.

E. Far-Field Noise Test Results

Far-field noisemeasurements were carried out in the QinetiQNTF
test facility to verify the results from the closed-section wind tunnel.
Although the serrated spoiler, the vortex generators, and the putty
treatment were all effective to some extent for noise reduction in the
wind-tunnel tests, they were not applied in the NTF tests, because
they are not practical for real aircraft applications. Hence, only the
effects of the rotation or removal of the hinge door are presented here.
The hinge door was rotated by three angles of 0, 15, to 30 deg,
respectively, with respect to the leg-door surface. Because of the
sensitivity of the source-to-flow conditions, some initial tests were
required to ensure that the resonancewas actually present for a hinge-
door angle of 0 deg, and the landing gear was tested with yaw angles
of both 0 and �3 deg. In contrast to the wind-tunnel tests for which
the tonal-noise level was much higher at a yaw angle of�3 deg than
for 0 deg, in theNTF, the tonal levelwas almost the same for both yaw
angles. This indicates slightly altered local flow conditions at the
leading edges of the doors, which is to be expected because of the

Fig. 10 Treatments for controlling the tonal noise: a) a serrated spoiler attached on the leg-door leading edge, b) softmaterial attached on the hinge-door
leading edge, c) vortex generators mounted on the lower surface of the leg-door leading edge, and d) hinge door rotated 30 deg relative to the leg door.
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different wind-tunnel blockage and flow boundary conditions in the
two facilities. To be consistent with the wind-tunnel tests, the
subsequent testing in the NTF was carried out with a yaw angle of
�3 deg.

The effect of wind speeds on the tonal noise in the NTF was
monitored using the flush-mounted leading-edge microphone P19
(Fig. 14), with tests up to 78 m=s now possible. Although a number
of harmonics were excited in the wind-tunnel tests, here, each
spectrum contains only two dominant peaks: the driving frequency
generated by the vortex feedback mechanism in the gap between the
doors and the first harmonic frequency, which is amplified by the
resonance of the cavity between the doors. The frequencies of the
first harmonics are 1260 Hz for a wind speed of 40 m=s, 1950 Hz for

62 m=s, and 2400 Hz for 78 m=s, with the level again increasing by
about 20 dB from 40 to 78 m=s. The Strouhal number of the peak is
not exactly constant, being slightly lower at the highest speeds.

It is interesting to note that, for the 40 m=s test, there is a difference
of about 200 Hz between the tonal frequencies in the closed wind
tunnel and the NTF. The local wind speed at the doors in the closed-
section wind tunnel might be expected to be higher than in the NTF
tests, because the flow is constrained by the walls of the test section;
although it should be noted that the area of the wind tunnel is
somewhat larger than the NTF nozzle, so that the overall blockage in
thewind tunnel is lower. The differences will thus be dependent upon
the effective blockage in the open jet flow of the NTF, but it is worth
noting that the localflow in realflight conditions is probably different

Fig. 11 Effects of the treatments on the power spectra of surface-pressure fluctuations (dB, re: 20 �Pa) at measurement points P19 and P20 and one of
the array microphones.

Fig. 12 Contour plots of time-averaged streamwiseU velocity at the leading-edge entrance area between the leg and the hinge doors, combinedwith the

vectors: a) baseline, without rotation; b) plus leg-door filler, with �3 deg rotation; and c) plus leg-door filler and serrated leading-edge spoiler, with

�3 deg rotation. Flow is from left to right.
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from both tests. The shift in frequency explains why there was a
strong resonance at 40 m=s in the closed wind tunnel but not in the
NTF, because the level of the second harmonic frequency depends on
whether or not it coincides with a cavity resonance. At 78 m=s, the
first harmonic of the driving frequency is now at 2400 Hz, and it
coincides with the fifth longitudinal cavity resonance.

The effects of varying the hinge-door angle or removing the hinge
door on the spectra of the surface-pressure fluctuations are shown in
Fig. 15, demonstrating that the tonal noise is totally suppressed,
although therewas some increase in broadband pressurefluctuations.

To illustrate the effects on the far-field noise, Fig. 16 shows the
narrowband noise spectrum for a hinge-door angle of 0 deg at three
different polar microphones representing the forward arc (P60), the
overhead (P90), and rear arc (P140) radiation direction, respectively.
It is apparent that the tonewasmost prominent in the rear arc andwas
comparable with the broadband noise spectrum in the other two
directions. The azimuthal variation of the tone is shown in Fig. 17,
using data from three microphones on the azimuthal array with the
ring positioned at a polar angle of�� 150 deg (i.e., in the rear arc).
The peak tonal noise was roughly aligned with the landing-gear leg

Fig. 13 Instantaneous contours of spanwise vorticity at the leading-edge entrance area between the leg and the hinge doors: a) baseline, without

rotation; b) plus leg-doorfiller, with�3 deg rotation; and c) plus leg-doorfiller and serrated leading-edge spoiler, with�3 deg rotation. Flow is from left

to right.

Fig. 14 Effects of wind speed on power spectra of wall pressure fluctuations at measurement point P19: a) wall pressure level vs frequency and

b) normalized wall pressure level vs Strouhal number. (Hinge/leg door: 0 deg)

Fig. 15 Effects of noise reduction treatment on power spectra of wall pressure fluctuations atmeasurement point P19 for two freestreamwind speeds of

40 and 78 m=s.
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(i.e., the horizontal direction, here), and the tonal-noise level was
about 7 dB lower at 163 deg azimuthal and 10 dB at 11 deg
azimuthally.

Finally, Fig. 18 presents a one-third-octave frequency band in
sound pressure level (SPL) for the different builds, showing how
dominant the tone was in the NTF facility once the gear was aligned,
so as to maximize the strength of the tone.

IV. Conclusions

A one-quarter-scale A340 main landing gear model was used to
identify and control a source of tonal-noise that had been noted in
previous projects but never fully understood. Aeroacoustic and
aerodynamic measurements were made in a closed-section wind
tunnel with a phased microphone array, flush-mounted microphones
on the model, and the PIV technique, and in an open jet aeroacoustic
facility with two far-field microphone arrays. The tonal-noise source
was very sensitive to the precise yaw angle of the gear in theflow, and
the gear had to be rotated a fewdegrees to generate a strong tone in the
closed wind tunnel, although this was not necessary in the open jet
facility. Microphone array measurements confirmed that the tonal-
noise source was located from the general area of the leg-door and
hinge-door leading edges, and a flush-mounted microphone in the
gap between the doors showed high-level pressure fluctuation at the
frequency of the tone.

The mechanism for the noise source has been shown to be a
combination of a vortex shedding feedback in the gap between the
leading edges of the doors and a resonance associated with the length
of the open cavity between the twodoors. Far-field data from theNTF
showed that the tone was more pronounced in the rear-arc radiation
direction than in the forward-arc or overhead directions.

A number of methods were used to control the tone, the most
practical of which was either rotation of the hinge door, so that it was
no longer parallel to the leg door, or complete removal of the hinge
door.
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Fig. 16 Narrowband noise spectra at a wind speed of 78 m=s for three
different polar angles (60, 90, and 140 deg). (Hinge/leg door: 0 deg)

Fig. 17 Narrowband noise spectra at a wind speed of 78 m=s for three
different azimuthal radiation angles (11, 91, and 163 deg) on the
traversingmicrophone arraywith a polar angle of�� 150 deg. (Hinge/

leg door: 0 deg)

Fig. 18 Comparison of one-third-octave band spectra of micro-
phone R91 at far field of polar angle �� 150 deg (U1 � 78 m=s).
(Hinge/leg door: 0 deg)
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