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Abstract. The sound field generated by full scale landingr geamponents was studied in an
acoustic wind tunnel. Noise characteristics wergwated. The noise contribution of each part
was investigated by removing the gear part indiaiju Three design parameters were also
obtained to assess the noise reduction potentat résults indicate that the noise spectrum of
the component is essentially broadband and maimfgigated by some peaks corresponding to
the constan8. Sound pressure level scales with the sixth posxgéacity law. Noise radiation
from the components has obvious directivities. T&n strut is the least contributor while the
bogie is the largest contributor to the total nolsés also found that the noise level increases
with the gear installation angle from 0° to 16.9ile it decreases via changing the torque link
layout from the front of the main strut to its bamk modifying the bogie shape by filling its
holes.

Keywords: wind tunnel, aeroacoustic measurement, aerodynaoiée, landing gear design.

1. Introduction

Landing gear together with high lift devices ha®readentified as the main source of
airframe noise during the approach and landing etfas commercial aircraft [1-4]. The
properties, such as the extremely unfriendly aanadyically shape or the flow interaction with
protrusions and cavities, make the landing gedretone of the least understood aircraft noise
contributors [5-6]. The landing gear noise repré&s@encomplex aeroacoustic problem and the
underlying noise mechanism has been extensivelpprg

Wind tunnel experiments are usually conducted tantity the landing gear noise
characteristics. Researchers from the industry goxernment agencies, such as NASA [7],
Boeing [8], DLR [9], Airbus [1], ONERA [10], Mesgidowty [11], have performed many
studies in wind tunnel to identify and reduce lawdigear noise on different models and
configurations. Guo [12] tested a full-scale Boeir@y landing gear at Boeing’s low speed
aeroacoustic facility. It was found that differeabmponents had different frequency
dependencies on flow parameters and gear georRetvetta [13] tested various configurations
of a 26% scale Boeing 777 main landing gear avttgnia Tech stability wind tunnel. The test
gained some insight into the noise generation nrashafor some components. Dobrzynski [14]
performed a full-scale test for the Airbus 340 nasd main landing gear. It concluded that the
overall noise increased with gear size and numbaxkles. In more recent work, Zawodny [15]
studied a 1/4-scale Gulfstream G550 aircraft nomedihg gear. The test obtained an
aeroacoustic dataset for nose landing gear duni¢pinding condition.

Several models have been proposed in the pasatauvite the landing gear noise prediction
[16]. The first empirical model developed by Firf§ fvas based on the data from both flight
tests and wind tunnel experiments. Then essenti@bed on the theoretical background, Guo
[8, 16] proposed a component-based model whichrdposed the landing gear noise into three
spectral components. Computational methods [17ec08]d be general but such tools have not
yet been applied to complex landing gears with iletdResults for more generic gear
geometries have not been validated.

Many efforts have been made to reduce the landéag goise. A low-noise gear design [11,
20] has to account for the major constraints. $tieed add-on fairings to protect complex
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gear from high-speed inflow have been tested [SlO¢ontrast to simple passive means, active
control technologies [21] have also been investigato attenuate the landing gear noise.
However, due to the complicated noise generation,dffective methods have been developed
to reduce the landing gear noise.

Post landing gear with one wheel is the base dadratinding gear configurations and it is
primary interest as a prominent noise source. is plaper, the test was conducted in a low
speed aeroacoustic wind tunnel at China AerodynaRésearch & Development Center
(CARDC), utilizing actual full scale post landingayr components from HO300 aircraft. The
test focuses on the noise characteristics, theenmistribution of each gear-part, and noise
reduction potential of design parameters. Fromtéisé results, the noise characteristics of the
noise spectra, the velocity scaling law, and thdiateon directivity are studied. The noise
contribution of each gear-part is obtained by reimgpwgear-part individually. Three design
parameters, i.e. the gear installation angle, trgue link layout and the bogie shape, are
chosen to assess noise reduction potential. Thédtsesn provide a reference for landing gear
noise prediction and low noise landing gear design.

2. Description of Experiment
2. 1. Test Model

The model is provided by China Aviation Industry @eal Aircraft Company. The
visualization of the modes is shown in Fig. 1. Thedel features all the gear parts: the main
strut, the torque link, the bogie and the wheehldb includes most details such as tyre thread,
holes and bolts. However, the braking device amdrétracting system are not included. Any
parts located above the cavity plane are omittegtessuch parts are the connections to the
fuselage in the gear cavity. A six-degree-of-fraadmbot arm support system with acoustic
absorbent is on the side of the nozzle.

Torque link
Main strut

Bogie

Wheel

N

Fig. 1. Visualization of the landing gear model: a) Sidewb) Front view (Unit: mm)

2. 2. Wind-Tunnel Test Setup

Fig. 2 shows the wind tunnel schematic and a pmapdgof the test chamber. This facility is
designed to provide a low turbulence level flow dgnamic and aeroacoustic measurements. It
includes a 400 mm by 550 mm freejet in a largeyfatiechoic test chamber. The freejet exhaust
is through a 940 mm by 810 mm exhaust collectoe dember with the existing foam wedges
allows for broadband measurements, and the lowdtiig frequency is 200 Hz. The facility
can produce a range of flow speeds. The maximum fpeed can reach up to 100 m/s. In
addition, the relatively low turbulent level of shiacility is less than 0.05 %.

Fig. 3 shows the Cartesian coordinate system amtbtfation of the microphones in the test.
The coordinate origin is defined on the center tifighe nozzle and 240 mm from the center
point of nozzle. Thex-coordinate is defined in the streamwise directipasitive pointing
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downstream. Thg-coordinate is perpendicular to the ground, posipeinting the ground. The
main strut is parallel to theaxis inclining perpendicularly to the flow diremti. Three types of
microphones were employed in the test. The firss waolar array positioned in plaX©Z.
The polar array had two rings of 1500-mm-radius @480-mm-radius with respect to the
origin. Each ring consisted of 5 microphones (BSWHR" Prepolarized Condenser
Microphone, Type: MP 201) placed at 83°, 98°, 11183°, 148° with respect to theaxis. The
microphones in this array were named P1-P10 respictThe second was a traverse array,
which had a 1020-mme-radius ring in plavi®Z. The ring contained five microphones (BSWA,
1/2" Prepolarized Condenser Microphone, Type: MR P2placed path at 18°, 36°, 54°, 72°,
108° with respect to thé axis. The microphones in this array were namedmPI respectively.
The last one was a free microphone (B&K, type 22Btpted at point (-850mm, 520mm,
-60mm). Each microphone was mounted on the teshiobawall. Their surfaces were treated
by wind screen to avoid being directly exposed e tvind. The dynamic range of the
microphones was set from 30 dB to 140 dB. The pafealy and traverse array are used to
resolve the directivity of the noise field. Thedraicrophone is used to derive the frequency
spectra data.

... _P3  @Microphone 15
2N .®-__ P14 ® Microphone
P4 18,0
8
P16 ' 4

Exhaust Collector Nozzle y TOP11

Nozzle

Fig. 3. Measurement equipment locations: a) Polar arra§rdverse array (Unit: mm)

Each microphone was calibrated by a piston phorie {C10/2/RS) before measurement.
Noise measurement data was processed by using phimes sensitivities obtained by the
calibration. The correction was also made on theisbaf the reference sound source (B&K
4204) at each microphone. Considering the micropionere not far from the model, the
atmospheric absorption correction was small. Sosthend attenuation in the atmosphere was
not corrected.

The noise data were acquired three times with ardeof 2 s each. Noise spectra are
determined by splitting the data into 39 block206#8 samples with an overlap of 50%. Each
block is multiplied by a Hanning windowing functitmefore applying a Fast Fourier Transform.
The Nyquist frequency of the resulting spectra 00 Hz and the frequency resolution is
9.766 Hz. The results of the 117 blocks have beemaged to determine the final spectra.
Frequencies below 200 Hz are discarded because afhtamber limit. Considering the relative
loudness of sounds in air as perceived by the hiteagm-weighted over frequencies is applied
to SPL in spectra [6]. The reference pressureeardtita analysis is A0Pa.
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2. 3. Test Configurations and Descriptions

It is of great importance to clearly know the s@uoharacteristics, to quantify contribution
of each part to total noise and to assess desigmmeders which can lead to lower noise. Since
this model is an assembly of individual parts,tdek can be possibly conducted.

Firstly, the source characteristics of the baselinafiguration A shown in Fig. 4 are
investigated. The baseline configuration contaives rhain strut, the torque link and the bogie.
The configuration was tested at flow speeds o#8050, 60, 70 and 80 m/s.

Secondly, the contribution from different gear-p&t assembly studied by removing
gear-part individually. Four configurations withetesame side line were tested at flow speeds of
40, 60 and 80 m/s. To facilitate the discussiohfalr configurations, shown in Fig. 5, are
summarized in Table 1. Operations of these corditipms are given in Table 2. The letters in
the first column in Table 2 represent the configjores in Table 1.

Finally, three comparisons are made to assess methaction potential of the design
parameters at flow speeds 40, 60 and 80m/s. Getllation angle was altered from 0° to
16.5°. The torque link layout was changed fromftbat of the main strut to its back. The bogie
shape was modified by filling its holes.

A
I@g . lg_ & o] x \§aV)
¥ ~ Q i / 4
Al 4 1 N
\- Side Ii \- ide 1i - { Acoustic absorbent
~\y 1, Sideline 'Sldeme - [ sideline @k , Side line

Fig. 5. Schematic of the test configurations: a) A; b) BCcd) D

Table 2.Noise contribution of the gear-part

Table 1. Test configuration and description through configurations operation

Configuration Description Operation | Noise contribution of the part
A main strut, torque link, bogie A-B Bogie
B main strut, torque link B-C torque link
C main strut D-(A-B) Wheel
D bogie, wheel B+D Total

Due to the nozzle area limitation, the blockageffadent is taken into account. The ratio
of the configuration A, B, C, D projected area lte nozzle area is about 11%, 8%, 8%, 23%,
respectively. In a square open-jet wind tunnel, tfegnitude of blockage effect is only about
0.29 of that present in the closed tunnel [22-&8).the blockage coefficient for configurations
A, B, C is acceptable [7]. For configuration D, #eor analysis due to the blockage is present.
From the equation (1), the velocity increments eiséed with the solid blockage can be
208
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calculated through the rati@aV /V , which is g, in the (1). For the all the velocity tested

about configuration D, the velocity errokV /V is about 2%.

g, = -.0.211;%'3 (1)

Vol is the model volume,s is (1-M?*)"?, M is Mach number,h is the height of the
tunnel.

3. Results and Discussion
3. 1. Source Characteristics

Fig. 6 shows normalized A-weighted narrow band spefor baseline configuration and
background noise at P16. The SPL have been nomdaby a constant propagation distance
r, based on spherical sound attenuation relativedorteasurement distanae. In this paper,

I« =1 m is chosen. It can be observed that the differebeéseen baseline and background

noise are all greater than 10 dB. So the noisecsooould be identified effectively by the
microphone. The SPL is continuously increased withflow speed. The spectra are essentially
broadband and mainly dominated by some peaks.

baseline(v=40m/s)
background(v=40rm/s)

0 —— baseline(v=30m/s)
background(v=30m/s)

704 — baseline(v=50m/s)
background(v=50m/s)

SPL+2010g, O(rlrref)(dBA)
SPL+20%0g, O(r/rref)(dBA)

lD'OO 1D600 lD'OO lDt')DU IDIDU 10000
Frequency(Hz) Frequency(Hz) Frequency(Hz)

—— baseline(v=60m/s) —— baseline(v=70m/s)
background(v=60m/s)

—— baseline(v=80ms)
background(v=80m/s)

background(v=70ms)

SPL+20I0g, o(rlrref) (dBA)
"

SPL+20%0g, O(r/rref)(dBA)
"

SPL+20%0g, O(r/rref)(dBA)

lDVOO 1D600 lDVOO lDt')DU IDIDO lDt')DU
Frequency(Hz) Frequency(Hz) Frequency(Hz)
Fig. 6. Normalized A-weighted spectra for baseline configion and background at P16

Fig. 7 is A-weighted 1/3-oct band spectra verSugéS = fD/V, where f is frequency,

D is the characteristic length, and is flow speed) for baseline configuration at diéet
flow speeds at P16. In this paper, a valueldf 360 mm corresponding to wheel diameter is
chosen. The reference speeddg =100 m/s. It shows that the data fit the sixth power saalin

well when$ is less than 19. It indicates that the sourceipslds furnished by the unsteady
forces on the body surfaces. Wh&nis above 19, radiation degrades from the dipoles to
guadrupole because the noise reflects and difffaats the unsteady flow, which scales on the
eighth power law. Fig. 7 also illustrates that peakthe spectra scale ot ~2.8, X ~5.7,

S ~9 at different flow speed.
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Fig. 8a) is the noise at polar array microphonePRQ-in the plan&XOZ radiated from the
baseline configuration. The results show that ilapoadiation directivity is from 83° to 148°.
Noise radiates predominantly in backward arc, pepkit 148°, and the minimum value is at
83°. Fig. 8b) is the noise at the traverse arragrophone P11-P15 in the plaW®Z radiated
from the baseline configuration. The results intidhat in the traverse angle from 18° to 108°,
noise radiates predominantly in the lateral arekp® at 18° and the minimum value is at 90°.
The OASPL on P11 is almost equal to the value dh R1s noticed that the two points and the
configuration are approximate symmetry about thés ax so the directivity could also
symmetry about the axis

< i
o
S i
—~
(O]
Zh -
2 d
95dB}
g N
= —e—V=40m/s
I n —a— V=50m/s
N i —v— V=60m/s
o —— V=70m/s
2] | —<—V=80m/s
1 10 60
St

Fig. 7. Non-dimensional A-weighted 1/3 octave band bytspawer scaling law

f OASPL(dBA) 7]
\ 6 70 80 % 10
0 ——— 30mis(p1-p5) OASPL(dBA) \
10 % 80 10

P a

—"—— 40mis{p1-p5)
————  50mys(p1-p5)
—O—— 60mis(p1-p5)
—C—— 70mis{p1-p5)
————  80ms(p1-p5)

—C— 30m/s(p6-p10) e e 30VS(P11-P15)

e 40S{ pB-p10) e 40mis(P11-P15)
—— 50m/s{p6-p10} —— 50ms{P11-P15)
e §OMYS{p6-p10) Angle(*) —— G0MYs(P11-P15)
—C— 70m/s(pb-p10) o 70mis{P11-P15)
o §OMYS{P6-p10) —— g0m's(P11-P15)

Fig. 8. Directivity of baseline configuration from the ays a) Polar array b) Traverse array

3. 2. Noise Contribution from Different Gear-part

The narrow band SPL comparison of configuration G, D with the wind tunnel
background noise at different flow speed on P16kmnbserved in Fig. 9. The results suggest
that the signal to noise ratio of this measureneiictually comfortable at all wind velocities
and in the whole frequency band.

The effect of the bogie is shown in Fig. 10a), whpiots the normalized A-weighted 1/3
octave band spectra of configuration A and B afediiht flow speeds on P16. There is
noticeable difference for frequencies between geeta. Thex difference is between 1.8 and 9,
where the SPL difference is between 6-4 dB atlall fspeeds. When th& is below 1.8, the
spectra of the two configurations fit well; wh8ns above 9, there is about 1 dB SPL difference.
The results indicate that the bogie noise is mdietyveer = 1.8 andx = 9. Adding the bogie
to configuration B also brings some new detail dee¢ and produces some vortex
corresponding to the high frequency noise. Thueetiglittle different in SPL wheft is below
1.8, however, there is about 1 dB in SPL wigewas above 9. Two peaks are foundat 2.8
andS = 5.7 from the spectra of configuration A. Howevas,apparent peak could be found at
theseS from the spectra of the configuration B. The resirdicate these peaks are relevant to
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the bogie noise.

The effect of the main strut can be observed in. Higb), which is the normalized
A-weighted 1/3 octave band spectra of configuratbmt different flow speeds on P16. The
frequencies of the first peak in the spectra anmidating frequencies of the main strut. The
dominating frequencies have the safe= 1.5 corresponding to the characteristic length
D = 360mm which is the wheel diameter. If the chamastic lengthD changed to the main strut
diameterD = 48mm, theX is equal to 0.2. This fits the results of the jwesg experiment on

flow around the cylinder [24]. It indicates the maitrut noise is generated by flow separation
off the cylinder.

B 80—

> xmm&
Tl

SPL+20IOQlO(mref) (dBA)
SPL+20IOQlO(mref) (dBA)

&

SPL+20lo¢ r/r f)(dBA)
9,0 eon

24— B(v=40mis)
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Y
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8 3
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SPL+20|0910(mref) (dBA)

1000

g

1000
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Fig. 9. Normalized A-weighted spectra for configuration@®,D and background noise at P16

The effect of the torque link is also shown in Fi@b). The SPL have an almost uniform
increase 4-6 dB wheft is above 1.5. This clearly demonstrates the todinleis a very
important contributor to the total noise. In theegpa of B, there are three peak frequencies
corresponding t& = 2.9, 5.7, and 9, respectively. The SPL valu&at 9 is the maximum in
the three peaks. Considering the torque link isfront of the main strut, there may be
interaction noise between the two configurations.

Wheel contribution can be derived through taking tbperation: D minus the bogie
contribution. Considering the relative locationtbé wheel and the bogie forms a cavity; there
may be interaction noise between the two configomat So the wheel contribution here
contains purely wheel noise and the interactiosebetween the wheel and bogie.

Fig. 11 shows the operation results at differenwiflspeeds on P16. The normalized
A-weight OASPL is 79.16 dB, 92.21 dB and 100.12adiresponding to the flow speed 40, 60,
80 m/s, respectively. The main strut is the leasttiibutor and the bogie is the largest
contributor to the total noise. During the openatithe torque link noise is included the
interaction noise between the torque link and mstiut. The wheel noise includes the
interaction noise between the wheel and bogieh8a@ontribution of them varies with the flow
speed.

211

© VIBROENGINEERING JOURNAL OF VIBROENGINEERING MARCH 2012 VOLUME 14,1SSUEL. ISSN1392-8716



740.AEROACOUSTIC TESTING OF THE LANDING GEAR COMPONENTS
SHUANGLI LONG HONG NIE, CAIJUN XUE, XIN XU

©
o
1

BA)
3
1

~
=}
L

@
=]
1

—il— B(V=40m/s)
—@— B(V=60m/s)
—A— B(V=80ns)
40 —¥— C(V=40m/s)
—— C(V=60m/s)
—p— C(V=80ms)

SPL+20*l0g, (r/r )(d

30 4+ T

1 10 l(I)O 1 10 1(‘)0
st st
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Fig. 11. Contribution of each component to total noiseif¢ent flow speeds on P16
3. 3. Noise Reduction Potential of the design parasters

A changed configuration (let us name it A') was maxh the basis of configuration A. The
installation angle is altered from 0° to 16.5°. Téféect of installation angle is shown in Fig.
12a), which plots the normalized A-weighted 1/3awet band spectra at different flow speeds
on P16. It should be noted that the differencagsiicant for & between 3 and 7, where the
SPL of the configuration A is 4-6dB more than tlwdtthe configuration A. When th& is
below 3, the spectra of the two configurationsa@il. When the is above 7, there is about 1
dB attenuation. It indicates that increasing thdltation angle does not change noise spectra
in the low-frequency but it can reduce a littleseomainly in the high frequencies.

The torque link was moved from front of the mainustto its back. The altered
configuration (let us name it B’) was based on @urftion B. The effect of the torque link
layout is shown in Fig. 12b), which plots the nolimed A-weighted 1/3 octave band spectra at
different flow speeds on P16. It can be observed tie difference is significant f& above
2.9, where the SPL of configuration B’ is 3-6 dBddhan that of the configuration B. When the
S is below 2.9, the spectra of the two configuradidit well. The results indicates that the
changes can attenuate the SPL fi@m 2.9. There is not much effect on the spectra whésn
below 2.9.

Mechanism of the torque link noise can be analyizenh the spectra comparison in Fig.
12b). In the spectra of configuration B, there #iee peaks whe®& = 2.9, 5.7, and 9,
respectively. However, in the spectra of B’, thexeonly one peak whef& = 2.9. The two
configurations have the first peak at the s@nd&he noise of both configurations contained the
flow noise and interactive noise. The flow noiseléxided by the bluff body geometry while
interaction noise is decided by the position oflthéf body. Thus, the noise, which is the same
part in the spectra of the two configurations, dook flow noise produced by flow separation
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off the main strut and the torque link. As it haeb mentioned above, the domin&nbf the
main strut is 1.5 corresponding to the characterishgth of the wheel diameter. Hence it could
be deduced that the pe&k= 2.9 is produced by flow separation off the tortjok. The noise,
which is the different part of the spectra, is deieed by the interaction effect of the torque
link and main strut. The results indicate that difeerent peaks in the spectra between the two
configurations are caused by the interaction noise.

Using the vacuum plastic mud to fill the holes dw tbogie was done based on the
configuration D. Let us name this configuration Dhe effect of modifying the bogie shape is
shown in Fig. 12c) and 12d), which plots the noireal A-weighted narrow band spectra and
1/3 octave band spectra at different flow speedPb® It can be observed that there is a tone
appearing in the spectra of the configuration De Tiequencies of the tone increase with the
flow speed. The peak level of the tone firstly aases rapidly with the flow speed up to 60 m/s
then decreases rapidly with the flow speed. The pmak occurs at 60 m/s. That is to say, the
peak level lessens no matter whether the flow speetases or decreases from 60 m/s. It
indicates that particular flow speeds can excite thne noise, which is a kind of resonance
caused by the interactive between the bogie anawibe tone noise is eliminated by filling
the holes on the bogie. It also can be clearly sesinthe difference is significant f& between
2.9 and 9 where the SPL of the configuration (848 dB less than that of configuration D. The
results indicate that the modification of the baogfi@pe by filing the holes have important effect
on attenuating the bogie noise and eliminatingadine noise.
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Fig. 12. Normalized A-weighted spectra at different flonesfds on P16: a) effect of altering gear install
angle (1/3 octave band); b) effect of changing titrgue link layout (1/3 octave band); c) effect of
modifying the bogie shape (narrow band); d) theaf6bf modifying the bogie shape (1/3 octave band)

The methods discussed above indicate that alténmgnstallation angle increases the noise
level. Changing the torque link layout and modifyithe bogie shape reduce the noise level.
These noise reduction potential of the design patars at different flow speeds are shown in
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Fig. 13, which reveals that altering the torquek llayout nearly results in about 0.8 dB
reduction for all the flow speeds. Modifying bogieape can lead to about 0.4 dB attenuations
at 40 m/s and 80 m/s, while it can lead to 1 dBrathtions at 60 m/s. This is because the tone
noise excited at 60 m/s is eliminated. Taking batise reduction methods, the reduction is
about 1.2 dB, compared to the total noise radiateprevious one at all flow speeds.

4. Conclusions

Noise characteristics of landing gear componerdsrarestigated in the open jet low speed
aeroacoustic wind tunnel. By testing a series oérgeonfigurations, contributions of
independent gear part to the total noise are oddaifihe noise reduction potential of three
design parameters is assessed. The following csioclsl are drawn. The landing gear
components spectra are essentially broadband andlymdominated by some peaks
corresponding to the constaftt Sound pressure level scales with the sixth pafeselocity.
The polar radiation of components is predominantlybackward arc while the traverse
radiation is predominantly in the lateral arc. Thain strut is the least contributor and the bogie
is the largest contributor to the total noise. Aitg the installation angle of the landing gear
from 0° to 16.5° increases the noise. Changingtdhgue link layout from front of the main
strut to its back reduces the noise. Modifying kogfiape by filling its holes attenuates bogie
noise including the tone noise as well.

X3 change layout

1.5 4 [ change shape
i 271 both
4 %% %% %%
= 1.0+ —
o —
0 1 ]
6( -—
2 0.5 E
0.0 LA N N A
40

Wind speed(m/s)
Fig. 13.Noise reduction potential of design parametediftgrent flow speed on P16
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