
 i 

Aeroacoustic Study of a Model-Scale Landing Gear in a Semi-Anechoic Wind-Tunnel 
 
 

Marcel C. Remillieux 
 
 
 
 
 

Thesis submitted to the Faculty of the Virginia Polytechnic Institute and State University 
in partial fulfillment of the requirements for the degree of 

 
Master of Science 

in 
Mechanical Engineering 

 
 
 
 
 
 

Dr. Ricardo A. Burdisso, Co-Chair 
Dr. Wing F. Ng, Co-Chair 

Dr. Saad A. Ragab 
 
 
 
 
 

March 19, 2007 
Blacksburg, Virginia 

 
 
 
 
 
 
 
 
Keywords: Phased Array, Landing Gear Noise, Conventional Beamforming, 
Beamforming in Flow, Hard-Walled Wind Tunnel, Semi-Anechoic Wind Tunnel, Passive 
Noise Control. 
 
 

Copyright 2007, Marcel C. Remillieux 
 



 ii 

Aeroacoustic Study of a Model-Scale Landing Gear in a Semi-Anechoic-Wind-Tunnel 
 

Marcel C. Remillieux 
 

ABSTRACT 
 

An aeroacoustic study was conducted on a 26%-scale Boeing 777 main landing gear 
in the Virginia Tech (VT) Anechoic Stability Wind Tunnel. The VT Anechoic Stability 
Wind Tunnel allowed noise measurements to be carried out using both a 63-elements 
microphone phased array and a linear array of 15 microphones.  The noise sources were 
identified from the flyover view under various flow speeds and the phased array 
positioned in both the near and far-field.  The directivity pattern of the landing gear was 
determined using the linear array of microphones.  The effectiveness of 4 passive noise 
control devices was evaluated.  The 26%-scale model tested was a faithful reproduction 
of the full-scale landing gear and included most of the full-scale details with accuracy 
down to 3 mm. The same landing gear model was previously tested in the original hard-
walled configuration of the VT tunnel with the same phased array mounted on the wall of 
the test section, i.e. near-field position. Thus, the new anechoic configuration of the VT 
wind tunnel offered a unique opportunity to directly compare, using the same gear model 
and phased array instrumentation, data collected in hard-walled and semi-anechoic test 
sections. 

 
The main objectives of the present work were (i) to evaluate the validity of 

conducting aeroacoustic studies in non-acoustically treated, hard-walled wind tunnels, (ii) 
to test the effectiveness of various streamlining devices (passive noise control) at 
different flyover locations, and (iii) to assess if phased array measurements can be used to 
estimate noise reduction.  

 
As expected, the results from this work show that a reduction of the background noise 

(e.g. anechoic configuration) leads to significantly cleaner beamforming maps and allows 
one to locate noise sources that would not be identified otherwise. By using the integrated 
spectra for the baseline landing gear, it was found that in the hard-walled test section the 
levels of the landing gear noise were overestimated.  

 
Phased array measurements in the near and far-field positions were also compared in 

the anechoic configuration.  The results showed that straight under the gear, near-field 
measurements located only the lower-truck noise sources, i.e. noise components located 
behind the truck were shielded. It was thus demonstrated that near-field, phased-array 
measurements of the landing gear noise straight under the gear are not suitable.  The 
array was also placed in the far-field, on the rear-arc of the landing gear.  From this 
position, other noise sources such as the strut could be identified.  This result 
demonstrated that noise from the landing gear on the flyover path cannot be characterized 
by only taking phased array measurement right under the gear. 
 

The noise reduction potential of various streamlining devices was estimated from 
phased array measurements (by integrating the beamforming maps) and using the linear 
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array of individually calibrated microphones.  Comparison of the two approaches showed 
that the reductions estimated from the phased array and a single microphone were in good 
agreement in the far-field.  However, it was found that in the near-field, straight under the 
gear, phased array measurements greatly overestimate the attenuation. 
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1 INTRODUCTION 
In less than a century, the invention of the Wright brothers has become one of the 

major means of transportation for individuals and freight.  A fact of this expansion is the 

current 29 millions jobs globally generated by the air transport industry.  We could also 

enumerate the various sectors of an economy that depend on this industry.  In order to 

ensure their commercial success, aircraft and aircraft engine manufacturers have made 

significant progress in fuel efficiency and noise reduction over the past decades.  

Therefore, aircraft entering today’s fleets are 75% quieter and 70% more fuel efficient 

than comparable aircraft 40 years ago.  The fuel efficiency responds to a direct demand of 

the airlines and freight companies to fly at lower cost, and the noise reduction responds to 

the stringent regulations imposed by the aviation authorities to reduce the environmental 

impact of aircraft. 

 

Aircraft noise began being an issue in the late 1950s with the introduction of turbojet 

engines that increased the level of noise on many aircraft.  Rapidly, the “noise pollution” 

generated by these new aircraft prompted complaints among the communities 

surrounding the airports.  The first attempts in regulating aircraft noise include the rules 

imposed by the airport authorities of London Heathrow and New York JFK airports that 

constrained long range aircraft to take off at reduced weight so that they could get farther 

from populated areas faster.  More standardized regulations were later imposed by the 

Federal Aviation Administration with the firm intention to have technologies developed 

toward quieter aircraft.  Earliest efforts were focused on reducing engine noise.  Some 

solutions were proposed such as, venting the exhaust with tubes or corrugating the outer 

edge of the exhaust nozzle, but provided only marginal results.  In the 1970s, the 

development of high bypass ratio turbofan engines, prompted by the need of greater 

thrust and fuel efficiency that the new generation of aircraft required, achieved some 

significant noise reduction. 

 

At take-off, maximum engine power is required and engine constitutes the principal 

noise source in spite of the significant progress in engine noise reduction over the past 

decades.  However, on approach to landing, aircraft operate at lower thrust and airframe 
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noise has become comparable to engine noise.  In the case of some modern aircraft, 

airframe has even become the predominant noise source in the landing phase.  Besides, in 

traditional approaches, aircraft begin descending many miles from the runway, spending 

substantial time at relatively low altitude, as shown in Figure 1.1.  Expected increases in 

air traffic associated with the fact that many airports are surrounded by highly populated 

areas is likely to reinforce the noise impact on the communities as well as the need for 

further airframe noise reduction. 

 

 
Figure 1.1: Aircraft approaching the Hong Kong International airport [1] 

 

1.1 Literature review 
With the development of quieter turbofan engines, airframe noise has become a major 

component of the overall noise generated by an aircraft in its landing configuration.  

Research in airframe noise reduction began in the 1970s.  Basic insights were gained 

such as by Heller and Dobrzynski [2] who showed that, in its landing configuration, an 

aircraft generates a level of noise 10 dB higher than in its cruise configuration.  More 

recent studies revealed that high lift devices (flaps and slats) and landing gears are the 

components contributing the most to the airframe noise [3].  Airframe noise is also highly 

dependent on aircraft size.  In the case of large capacity aircraft, airframe noise is 

dominated by landing gears [4].  The relevance of investigating landing gear noise is thus 

emphasized by the current tendency of the aircraft manufacturers to design super-sized 

aircraft such as the A380 of Airbus. 
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A landing gear is a very complex structure primarily designed to support the load of a 

landing aircraft.  In order to ease inspection and maintenance, the aerodynamic design is 

not refined.  As a result, many components such as, hydraulic cables, electric wiring, 

torque links, front and rear braces are exposed to the air flow.  Flow separation over the 

landing gear components constitutes the potential noise source mechanism through 

unsteady wake flow and large-scale vortex instability and deformation [5].  On the other 

hand, the magnitude of the sources is determined by their aerodynamic load, a function of 

the 6th power of flow velocity [6].  As pointed out by Heller and Dobrzynski [2], from 

the main landing gear components, low frequency noise will be radiated whereas small 

elements such as wire hoses, screw holes, and so forth, will generate high frequency 

noise.  It was also shown in a later investigation on a full-scale A320 landing gear, by 

Dobrzynski and Buchholz [4], that aerodynamic noise is essentially broadband.  

Moreover, noise levels in 1/3 octave bands are almost constant from low frequencies up 

to few thousands Hz. 

 

After having been set aside for about a decade, airframe noise regained interest in the 

1990s.  In October 1993, NASA started a major noise reduction program, AST 

(Advanced Subsonic Technology).  This program aimed to develop technologies to 

ensure that the U.S. aviation industry would be prepared to meet the demands placed on 

the aviation system by growing traffic volume and safety requirements.  The AST 

Program called for 10 EPNLdB (Effective Perceived Noise Levels) over 1992 technology 

[7,8].  As opposed to the 1970s, this new era of research has been focused on specific 

components of the airframe.  This has been eased by the simultaneous development of 

measurement “tools” such as microphone phased arrays and elliptic mirrors.  The advent 

of microphone phased arrays has also made possible the investigation of airframe noise in 

hard-walled wind tunnels. 

 

Traditionally, open-jet and hard-walled wind tunnels are the two types of facility 

where aeroacoustic measurements are performed.  Open-jet wind tunnels offer a large 

space in an anechoic environment but achieve a lower maximum Reynolds number than 

hard-walled wind tunnels.  When a small-scale model is tested, a high Reynolds number 
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is required to keep the dimensionless parameters constant with regard to the full-scale 

model.  In this case, hard-walled wind tunnels are preferred.  However, if these facilities 

are not acoustically treated, background noise levels are relatively high and in some cases 

may exceed the noise radiated from the model tested.  The major wind-tunnel 

components that contribute to the background noise are the drive fan, flow through tunnel 

circuit components such as corner turning vanes and screens, wall boundary layer from 

high speed flow in the test section in the case of hard-walled wind tunnels or shear layer 

turbulence in the case of open-jet wind tunnels [9].  The importance of these sources 

usually varies from one facility to another.  The background noise issue was first 

overcome by testing in anechoic facilities.  The advent of microphone phased arrays has 

then offered the advantage over a single, or possibly a pair of microphones, of locating 

noise sources and performing accurate acoustic measurement regardless of the 

background noise.  In other words, microphone phased arrays allow aeroacoustic testing 

to be conducted in hard-walled wind tunnels.  Before the Virginia Tech (VT) Stability 

Wind Tunnel was upgraded to an anechoic facility, only open-jet wind tunnels were 

acoustically treated.  The VT wind tunnel is an alternative to hard-walled and open-jet 

wind tunnels.  The hard-walls of the test section were replaced by stretched Kevlar 

membranes with low acoustic impedance.  Anechoic chambers were mounted on the 

sides of the test section which allowed the acoustic instrumentation to be located in the 

far-field, outside the flow.  This hybrid facility is open from an acoustic point of view and 

closed from a fluid point of view.  More details about the facility are given in Section 2.2.   

 

Full-scale models are rarely tested.  Most of the recent experimental airframe noise 

research has been performed using small-scale models, [3,10-13].  Dobrzynski et al. 

pointed out the difficulty of using model-scale results for full-scale noise predictions due 

to the lack of details in the geometrical modeling, [2].  Therefore, it was suggested that 

experimental airframe noise research should be based on full-scale aircraft landing gears.  

Although open-jet wind tunnel tests on full-scale models were performed successfully 

[14,15], they do not represent a cost-effective way to investigate airframe noise, mainly 

because the facilities required as well as the experimental setup need to be extremely 

large.  Working with full-scale models also reduces the ease in changing configurations.  
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In order to reduce the gap between full-scale flight tests and wind tunnel tests on small-

scale models, Boeing and Rolls-Royce joined their efforts in the Quiet Technology 

Demonstrator (QTD) program that took place in Glasgow, MT, in September 2001.  A 

total of 60 hours of flight test was performed using a Boeing 777-200ER with Rolls 

Royce Trent 800 engines.  Although the primary purpose of this program was to evaluate 

the engine noise reduction concepts developed from model-scale research, airframe noise 

flight tests were also conducted.  Data was collected using over 200 microphones and a 

phased array located on the flyover path of the aircraft.  As a continuation of the QTD 

program, Boeing, associated with General Electric Aircraft Engines, Goodrich 

Corporation, NASA, and All Nippon Airways, conducted a three-week flight test 

program in 2005 under the name QTD2 [16].  More details about the program are given 

in reference [17].  During these tests, a fairing designed by Goodrich was mounted on the 

777’s main landing gear.  Because the program is relatively recent, no literature is yet 

available to discuss the performance of the fairing. 

 

The gear fairing used in the fly-test was based on the measurements and evaluation of 

multiple fairing designs tested on a small-scale gear model in a hard-wall wind-tunnel.  

To this end, a high-fidelity 26%-scale 777’s main landing gear was used [11-13,18-20].  

Through the incorporation of complex parts made by stereo lithography up to an accuracy 

of 3 mm in full-scale, this model addressed the issues associated with the low fidelity 

models used in past investigations.  Figure 1.2 depicts the 26%-scale Boeing 777 main 

landing gear as mounted in the Virginia Tech (VT) Stability Wind Tunnel, hard-walled 

test section and fitted with a model-scale lower truck fairing [21]. 
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Figure 1.2: A photograph of the 26%-scale, high fidelity Boeing 777 main landing 
gear as mounted in the Virginia Tech (VT) Stability Wind Tunnel, hard-walled test 

section and fitted with the model-scale lower-truck fairing [21]. 
 

As a first step in noise control design, new insights were gained in the noise 

generation mechanisms of this particular landing gear.  Stoker and Sen [13], Stoker et al. 

[18] and Horne et al. [19] investigated the airframe noise of the Boeing 777, using 6.3%- 

and 26%-scale models.  Detailed high lift systems and landing gears (low and high 

fidelity) were mounted on a semi-span 26%-scale Boeing 777.  The presence of a landing 

gear – flap interaction was pointed out from the tests.  It was also shown that 

discrepancies exist between the low and high fidelity models and between the flight and 

wind tunnel tests.  Although the landing gear noise was present in the three scales, the 

fact of using a higher level of fidelity produced more sound at higher frequencies, which 

is in agreement with previous investigations [2].  The possible reasons for the 

discrepancies observed between flight and wind tunnel tests were given as: the significant 

variations of the Reynolds number between full- and model-scale airframes, the difficulty 

to maintain constant speed when testing in flight, the fact that different methods were 

used to locate the noise sources and the lack of details on some of the components of the 

model-scale airframe. 
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Jaeger et al.,[11], Burnside et. al [20], and Ravetta et al. [12] conducted aeroacoustic 

studies on the high fidelity 26%-scale 777 landing gear, isolated, in hard wall wind 

tunnel.  Noise sources of the landing gear were identified and ranked according to their 

sound level.  In term of noise reduction, only an estimate was given based on idealized 

configurations of the landing gear.  It was speculated that noise could be reduced from 2 

to 6 dB through careful design of the main components of the landing gear and some 

additional reduction could be achieved via fairings and streamlining.  As mentioned by 

Lazos, [22], high frequency noise is generated by small components and can be easily 

suppressed through streamlining.  Low frequency noise is associated with the major 

landing gear components and streamlining that allows easy access to the gear for 

inspection and maintenance is not trivial.  A prototype of the fairing designed for the 

QTD2 program was tested on the high fidelity 26%-scale landing gear in the VT Stability 

Wind Tunnel and showed that a noise reduction of 3 dB was achievable (results not 

published yet). 

 

Within the European homologue of the AST program started in 1998 and known as 

RAIN (Reduction of Airframe and Installation Noise), Dobrzynski et al. [15] investigated 

some noise reduction devices on full-scale Airbus 340 nose- and main landing gears.  

Figure 1.3 depicts a full-scale Airbus 340 main landing gear fitted with various 

streamlining devices such a bogie beam undertray, brake fairings, wheel caps, leg door 

filler, and articulated link cover.  Dobrzynski et al. [15] were able to reduce noise by as 

much as 3 dB, which is consistent with the results obtained more recently from the QTD2 

program. 
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Figure 1.3: Passive noise control devices mounted on the 

Airbus 340 main landing gear [15]. 
 

More advanced methods to control landing gear noise have been attempted.  Thomas 

et al. [23] proposed plasma actuators to control flow separation from a generic landing 

gear model.  They were shown to be effective in reducing flow separation and associated 

vortex shedding.  Unfortunately, the implementation of such devices is not trivial and the 

research being at its early stage, their noise reduction potential has not been evaluated 

yet. 

 

Predicting accurately airframe noise would be desirable.  This would allow 

accounting for aerodynamic aspects and its noise in the early design stages of an aircraft.  

It would also significantly reduce the cost associated with wind tunnel and flight testing.  

In the few numerical investigations on landing gear noise [24-27], flow field 

computations were performed in the near-field and noise was predicted in the far-field 

using the Ffowcs Williams-Hawkings (FW-H) equation [28].  Unfortunately, memory 

limitations of current computers restrain the study to very simplified landing gears.  To 

address these limitations, other methods have been considered to predict noise.  These 

include a semi-empirical model, which is based on a data base of full-scale tests [29]; a 

statistical model that classifies the landing gear components into three groups: low, 

medium, and high frequencies, so as to consider more detailed landing gears [30]; and a 

directivity pattern approach [31].  Since accurate models to predict landing gear noise are 

not available yet, experimental investigations remain necessary for landing gear noise 

reduction. 
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1.2 Objectives 
Many investigations on landing gear noise have been conducted in hard-walled wind 

tunnels.  Although it allows one to work at higher Reynolds number than in open-jet wind 

tunnel, it also includes some limitations, 

 

1. Measurements are often taken in the near field, due to the space limitation in the 

wind-tunnel test section. 

2. Tests conducted in hard-walled wind tunnel are subjected to acoustic-wave reflections 

on the walls of the test section.  For the case of a model semi-span symmetry plane, it 

was shown that the reverberation at the center of the test section could be responsible 

for some discrepancies in the aeroacoustic noise measurement, [32].  More generally, 

the interaction between direct and reflected waves results in the corruption of the 

sound field. 

3. Background noise might, in some cases, be higher than the sound from the model 

tested. 

4. Usually, the aeroacoustic model is located in the flow stream whereas the sensor is 

outside the flow.  Sound passes through the boundary layer (or shear layer in the case 

of open-jet wind tunnels) before reaching the sensor.  It was shown that when elliptic 

mirrors or phased arrays are used, the loss of coherence of the acoustic wave passing 

through the boundary or shear layer, results in the loss of effective gain of the sensor 

and leads to estimated sources levels that are too low [33]. 

 

In the herein study, the noise source identification on a 26%-scale 777 main landing 

gear model is discussed.  Aeroacoustic tests on this model have already been performed 

in the VT Stability Wind Tunnel, and specific noise sources could be located through the 

use of a microphone phased array [12].  In July 2006, the VT Stability Wind Tunnel was 

upgraded to an anechoic facility (for a detailed description, see Section 2.2).  This new 

configuration of the VT wind tunnel offered a unique opportunity to directly compare, 

using the same landing gear model, data collected in hard-walled and semi-anechoic test 

sections.  The specific objectives of this study are: 

 



10 

a. To evaluate the validity of conducting aeroacoustic studies in non-acoustically 

treated, hard-walled wind tunnels. 

The background noise in the semi-anechoic VT wind tunnel was significantly lower 

than hard-walled wind tunnels.  The effects of the acoustic environment on phased 

array measurement are discussed through a comparison between hard-walled and 

semi-anechoic, near-field, phased-array data. 

 

In Ravetta et al. [12] study, the measurement systems were in the geometric near-field 

of the model because of the dimensions of the hard-walled test section.  When 

measurements are taken in the near-field, the acoustic field is not strictly 

representative of the sound propagating to the far-field.  Unlike in the far-field, in the 

near-field results cannot be integrated.  Therefore, if measurements are taken in the 

near-field, they need to be extrapolated.  To do so, it is necessary to know each source 

location of the model tested and extrapolate from each source to the far-field, which is 

allowed by the phased array technology.  Using the new configuration of the wind 

tunnel, acoustic data was collected at various locations in the far-field, on the flyover 

path.  The validity of collecting acoustic data in the near-field was investigated by 

comparing data collected in the semi-anechoic wind tunnel in the near-field and in the 

far-field. 

 

b. To test the effectiveness of various streamlining devices (passive noise control). 

The performance of various streamlining devices was tested in hard-walled wind 

tunnel by Ravetta et al. [12].  In the herein study, the effectiveness of these 

streamlining devices on the flyover path was tested again but in an environment 

suitable for aeroacoustic measurements. 

 

c. To assess if phased array measurements can be used to estimate noise reduction 

Additional acoustic measurements were taken in the semi-anechoic wind tunnel with 

a linear array of 15 microphones located in the far-field.  The noise reduction of the 

various streamlining devices measured with the linear array is compared to the far-

field, phased-array results. 



11 

 

1.3 Organization 
This thesis is organized in four chapters and two appendices.  Chapter 1 is an 

introduction to the problem studied and a comprehensive literature review on landing 

gear noise.  In this chapter, the objectives of this study are also presented.  Chapter 2 

describes the experimental setup for measurement of the landing gear noise.  This 

includes the model scale gear, the semi-anechoic test section of the VT Stability Wind 

Tunnel, the instrumentation, and the tests configurations.  Chapter 3 reports the 

experimental results.  First, phased array data collected in hard-walled and semi-anechoic 

test sections are compared to evaluate the effects of the acoustic environment on phased 

array measurement.  Then, the validity of taking phased array measurements in the near 

field is discussed by comparing acoustic data collected in the near- and far-field in the 

semi-anechoic wind tunnel.  Finally, the effectiveness of various passive noise control 

devices is evaluated from far-field phased array measurements.  Chapter 4 presents the 

main conclusions of the work presented in this thesis. 

 

Appendix A presents a brief derivation of the conventional beamforming algorithm.  

Some elements of theoretical acoustics necessary to modify the conventional 

beamforming algorithm so as to account for flow effects are also presented.  Appendix B 

reports results from preliminary tests conducted in the VT semi-anechoic wind tunnel.  

First, tests were conducted to validate the theoretical approach developed in Appendix A.  

Then, a calibration procedure for the array levels is described. 
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2 EXPERIMENTAL SETUP 
This chapter describes the experimental setup for measurements of the landing gear 

noise.  This chapter is divided in subsections describing the high fidelity 26%-scale 

landing gear, the noise control devices, the new test section of the VT Stability Wind 

Tunnel, the instrumentation, and the testing configurations. 

 

2.1 The high fidelity 26%-scale 777 main landing gear model 
Experiments were conducted using a high fidelity 26%-scale model of the Boeing 777 

main landing gear.  The model was originally tested by Horne et al. [19] in the NASA 

Ames 40- by 80-ft wind tunnel as a part of the STAR (Subsonic Transport Aeroacoustic 

Research) program.  It was designed to address the issues associated with low fidelity 

models.  Figure 2.1 depicts CAD drawings (braces-side and bottom views) of the Boeing 

777 gear and a photograph of the landing gear model.  Key gear components are also 

identified in this figure.  The major parts constituting the primary structural framework 

were made of steel and aluminum.  Using stereo lithography, most of the full-scale details 

were reproduced with accuracy down to 3 mm in full scale.  The details include wheel 

hubs, brakes cylinders, hydraulic valves, and so forth.  Other significant details, not 

present in the low-fidelity model, are the hydraulic lines and cables that were reproduced 

using electrical wires.  Note that in the CAD drawings, the lower truck is at an angle of 

attack of 0°, whereas during the tests it was set at 13°. 
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Figure 2.1: CAD drawings, braces-side view (a) and bottom view (b), and a photograph 

(c) of the high fidelity 26%-scale Boeing 777 main landing gear model. 
 

Figure 2.2 is a photograph of the full-scale Boeing 777-200 main landing gear.  

Although the model depicted in Figure 2.1 is a very faithful representation of the full-

scale gear, several details were omitted.  The small door mounted on the top of the main 

door in the full-scale model, is not present in the small-scale model.  Wheel hubs, which 

should be open, do not allow air to pass through.  The wheel threads shown in Figures 

2.1a and b were taped since Jaeger et al. [11] showed that these threads were an 

unrealistic noise source due to possible scaling effects.  The wing cavity, where the 

landing gear is stored in the cruise configuration of the aircraft, is not modeled in this 

study. 
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Figure 2.2: Photograph of the full-scale Boeing 777-200 main landing gear, [1]. 

 

2.2 The Virginia Tech (VT) Stability Wind Tunnel 
The landing gear was mounted in the VT Stability Wind Tunnel.  Originally it was a 

NACA facility located at Langley Field in Virginia, designed to provide a very low 

turbulence-level flow for dynamic stability measurements.  The wind tunnel was installed 

at Virginia Tech in 1958.  Figure 2.3 is a schematic description of the wind tunnel.  The 

facility is a closed-loop tunnel with an air-exchange tower open to the atmosphere.  The 

test section is 7.3 m (24 ft.) long with a constant square cross section of 1.83 m (6 ft.).  

The flow passing through the test section undergoes a 9:1 area contraction.  The test 

section is enclosed in an air-tight control room so that the pressure in the control room 

equates the pressure in the test section via a window located downstream the test section.  

The problem of air leakage into the test section flow is thus minimized.  Since its 

installation at Virginia Tech, the wind tunnel has undergone some modifications such as 

the renovation of the fan and a re-insulation of the motor windings, resulting in the 

increase of the overall tunnel efficiency.  Although the Stability Wind Tunnel was shown 

to have very good flow quality and was used for aeroacoustic measurement in the past, it 

was not primarily built as an acoustically quiet facility. 
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1 2

34567  
Figure 2.3: The VT Stability Wind Tunnel : (1) drive fan; (2) air exchange tower; (3) test section; (4) air-

tight control room; (5) air lock; (6) turbulence screens; (7) corners. 
 

In July 2006, as a part of a project to render the Stability Wind Tunnel suitable for 

aeroacoustic measurements, the hard-walled test section was removed and replaced by an 

anechoic one.  Other parts of the wind tunnel were quieted such as the drive fan [34].  

Figure 2.4 is a CAD drawing depicting a three-dimensional view and a cross-sectional 

view of the test section.  The test section is supported with 6 by 6 inches steel beams (1).  

The bottom and the top of the test section are fitted with acoustic wedges (6).  Stretched 

Kevlar® membranes glued on perforated metal sheets (4) separate the flow area from 

these acoustic wedges. 

 

Two anechoic chambers (10) are mounted on both sides of the test section as shown 

in Figure 2.4b.  The anechoic chamber has an inner height of 102 inches, an inner width 

of 97.5 inches, and an inner length of 162.75 inches.  Stretched Kevlar cloth forms the 

side walls of the test section.  Kevlar is hold in tension by aluminum frames (2) that are 

bolted to the structural beams (1) with L-brackets (3).  Steel panels (7) seal the ends of 

the test section. 
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Stretched Kevlar membranes were first utilized in aeroacoustic measurement by 

Jaeger et al. [35] as an answer to flow induced noise.  Relevant properties of Kevlar for 

aeroacoustic measurement were shown to be: 

i. very high strength and durability that makes it tolerate flow-induced fatigue very well, 

ii. when stretched, it appears as a hard surface to the flow, and 

iii. very low acoustic impedance up to high frequencies. 

 

Depending on the type of fabrics utilized, the acoustic attenuation may vary.  In this 

application, 120 style, 7.9 grams/cm2 (1.7 oz/in2), plain weave Kevlar was chosen [36].  

Jaeger et al. [35] found that the insertion loss varied from nearly 0 at low frequencies to 

about 2 dB at 25 kHz. 

 

Theoretically, the new wind tunnel configuration is open from an acoustic point of 

view and closed from a fluid point of view.  Therefore, noise measurements could be 

performed through the Kevlar membrane to the anechoic chamber.  However, the 

experimental setup exhibited some limitations.  It was observed that the Kevlar 

membrane does not exactly appear as a hard surface to the flow but let air go through in a 

relatively small amount.  The same problem was observed with the material used to seal 

the gap between the structural beams of the test section and the ones of the anechoic 

chamber.  Last, Kevlar is not completely transparent from an acoustic point of view and 

its impedance needs to be considered when post-processing the acoustic data. 
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Figure 2.4: (a) Perspective view and (b) cross-sectional view of the test section: (1) structural beams of the 
test section; (2) aluminum Kevlar tensioning frame; (3) L-brackets connecting the Kevlar tensioning frame 
to the structural beams of the test section; (4) Kevlar membranes glued on perforated metal sheets; (5) 
supports for the perforated metal sheets; (6) emplacement for acoustic wedges; (7) steel panels (thickness: 
1/8 inch) sealing the test section; (8) flow area; (9) hoist beams, (10) anechoic chambers. 
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For the purpose of our experiments, one anechoic chamber was removed and the 

corresponding Kevlar wall was replaced by a hard wall.  The hard wall consisted of 

aluminum honeycomb core sandwiched between 2 aluminum sheets.  A frame made of 3 

by 1.75 inches oak beams supported the panels and was connected to the test section via 

the L-brackets the Kevlar tensioning frame was bolted to.  Therefore, experiments were 

conducted in a semi-anechoic environment.  Figure 2.5 is a photograph of the semi-

anechoic test section.  An opening with dimensions 44 by 45 inches was located at the 

center of the hard wall to allow the model to be supported from outside the flow area.  

During the various experiments, this opening was sealed. 

 

Sealed opening

Hard wall

Kevlar wall

 
Figure 2.5: A photograph of the semi-anechoic test section. 

 

Figure 2.6 illustrates the setup of the landing gear.  In Figures 2.6a and b, the model is 

observed from outside and inside the test section, respectively.  The model was mounted 

sideway in the test section.  A structure made of steel (2), whose bottom was bolted to a 

turn table (5) and whose top was bolted to the top structural beam of the test section, 

supported the model (3).  The opening in the wall was sealed with a transparent Plexiglas 

plate (4) so that the experiments could be observed from outside the test section. 
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Figure 2.6: Photographs of the landing gear mounted in the semi-anechoic test section, (a) viewed from 
outside, and (b) view from inside the test section:  (1) test-section hard wall; (2) supporting structure for the 
landing gear; (3) model-scale landing gear; (4) Plexiglas window; (5) turn table. 
 

2.3 Instrumentation 
Two instrumentation systems were used for the acoustic measurements of the landing 

gear.  A 63-element microphone phased array was primarily used to locate noise sources 

of the model.  A linear array of 15 microphones was also used to determine the directivity 

pattern.  Flow measurements were carried out in the test section during the experiments 

to estimate the Mach number. 

 

2.3.1 Microphone phased array system 

The acoustic data acquisition was primarily carried out with the 63-element 

microphone phased array depicted in Figure 2.7a.  This array was designed for VT by J. 

Underbrink and R. Stoker from the Boeing Co.  The microphones of the phased array 

(Panasonic WM-60AY Electret microphones) were patterned in a multi-arm spiral 

manner as depicted in Figure 2.7b.  The microphones were found to be reliable only up to 

about 20 kHz, i.e. the microphone signal rolled off steeply at 20 kHz.  An aluminum plate 

was used to position the microphones accurately.  Tapped holes in the plate, at the 

microphone locations, allowed the custom-made microphone adaptors to be bolted in the 

plate so that the microphones were mounted flush with the plate surface.  The 63 
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microphones signals were sampled simultaneously at 51200 samples per second in 25 

separate blocks of 16384 samples each. 

 

Time domain data was processed using a frequency-domain, phased array 

beamforming developed at Virginia Tech using Intel Fortran Compiler 7 and Intel Math 

Kernel Library 6 [37].  This beamforming differs from the conventional one used in 

Ravetta’s study [37] because it accounts for flow effects.  The beamforming algorithm 

used in the herein study is presented in detail in Appendix A. 

 

Data was processed from 2 to 25 kHz in 1/12th octave bands.  The spatial resolution 

of array is given in term of the beamwidth (BW), i.e. the region of the beamforming map 

within 3 dB of the peak level.  It was shown that the beamwidth of this array for a plane 

at 36 inches is BW36 = 2.45 λ [37], where λ is the sound wavelength.  The signal to noise 

ratio was found to be about 10 dB at high frequencies [37].  Figure 2.8 depicts the array 

response for the frequencies f = 5, 10, and 25 kHz [37].  Data visualization was helped by 

the software Tecplot®. 

 

(a) 

 

(b) 

 
Figure 2.7: (a) A photograph of the 63-element microphone phased array.  (b) The microphone 

pattern of the array [37]. 
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(a) (b) (c)

 
Figure 2.8: 63-element phased array response for a) 5, b) 10 and c) 25 kHz in a plane 36 inches 

from the array [37]. 
 

a. Phase calibration of the microphone phased array 

Following Mosher et al. [38], the microphone phased array was calibrated in an 

anechoic chamber to account for phase mismatch in the signals that can arise from using 

an inaccurate estimate of the microphone locations, phase mismatch in the electronic 

circuitry, and phase mismatch in the microphones. 

 

A speaker located consecutively 37.8 and 135.4 inches from the center of the array 

and driven with white-noise was used to generate the calibration matrices.  These 

matrices contained the phase delay for each microphone, when the source was close and 

far from the array.  These factors were subsequently used to correct the data in the 

beamforming process.  A comprehensive derivation and implementation of the 

calibration procedure may be found in reference 37. 

 

b. Calibration of the array levels 

Tests were conducted in the VT semi-anechoic wind tunnel to determine the 

sensitivity of the array as well as to account for the presence of the Kevlar wall and the 

dissipation effects of the boundary layer in the wind-tunnel test section.  In the following, 

the calibration procedure is briefly described.  A more comprehensive description of the 

procedure may be found in Appendix B. 
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The calibration of the array levels was based on a calibration of the beamforming 

output and not an individual calibration of each of the 63-microphones.  A point source 

with known characteristics and driven with whitenoise was used to calibrate the levels of 

the phased array.  First, the sound field of the source was accurately measured in an 

anechoic chamber using a single microphone positioned at various directions from the 

source.  Subsequently, the point source was installed in the test section and the 63-

element microphone phased array was used to locate the source.  The beamforming maps 

of the point source were integrated 8 dB down the peak value.  The integrated spectrum 

was compared to the single microphone measurements to determine the sensitivity of the 

array.  Note that tests were conducted in the presence of the Kevlar wall at the interface 

of the test section and the anechoic chamber.  Therefore, the presence of Kevlar is 

accounted for in the calculation of the array sensitivity. 

 

The levels of the array were also corrected for flow effects.  The point source was 

located with the phased array at various wind tunnel speeds.  Correction factors for flow 

effects were determined by comparing the integrated spectra with and without flow. 

 

2.3.2 Linear array of microphones 

The linear array of 15 microphones shown in Figure 2.9a was used to determine the 

directivity pattern of the landing gear.  The microphones used in this array were 1/4-inch 

diameter PCB TMS130.  The microphones were individually calibrated with a B&K 

model 4231 pistonphone prior to measurement.  The beams supporting the microphones 

were treated with acoustic foam to minimize acoustic reflections.  The pattern of the 

linear array is depicted in Figure 2.9b.  The array was designed to have its microphones 

spaced apart by a constant angle with respect to a reference point located on the model 

gear during the various wind tunnel tests. 

 



 

23 

9.5 9.6 9.7 9.9 10.2 10.6 11 inches
(b)

(a)

 
Figure 2.9: (a) A photograph of the linear array of microphones.  (b) The microphone 

pattern of the array. 
 

2.3.3 Flow measurements 

During the various experiments, flow measurements were carried out in the test 

section to estimate the Mach number.  The quantities measured were the temperature and 

the dynamic pressure also known as tunnel Q, using, respectively, a thermometer and a 

pitot-probe installed upstream the test section.  The fan RPM was also recorded for each 

test.  The flow speed was computed from Bernoulli equation, 

 Constant
2
1 2 =++ ghVp ρρ , (2.1) 

where p is the pressure, ρ is the density, V is the flow speed, h is the elevation, which is 

neglected, and g is the gravitational acceleration. 

 

2.4 Testing configurations of the landing gear 
The experimental setup for noise measurement of the model gear is presented in the 

following.  The various configurations of the measurement systems and the landing gear 

will be described.  The setup of the landing gear in the test section was presented in 

Section 2.2. 
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2.4.1 Test setup for phased array measurement of the landing gear 

The 63-element phased array was placed in the anechoic chamber at three locations 

labeled from 1 to 3 in Figure 2.10.  The array was positioned in such a way as to take 

acoustic data on the flyover path of the model, i.e. at the mid-height of the anechoic 

chamber.  To help locate the landing gear with respect to the array, a laser pointer was 

installed at the center of the array.  The laser beam was pointing toward the lower truck 

of the landing gear, as shown in Figure 2.11.  The position of the laser beam on the lower 

truck served as a reference point to place the landing gear model in the beamforming 

maps. 

 

The array position labeled 1 corresponds to the same position used by Ravetta et al 

[12].  The array was positioned 2.75 inches behind the Kevlar wall.  The gap between the 

array and the Kevlar membrane was to provide significant attenuation of flow-induced 

noise caused by the unsteadiness of the boundary layer, as demonstrated by Jaeger et al 

[35].  Comparing results between position 1 in this test entry and the flyover position in 

Ravetta et al.’s work allows investigation of the effects of the acoustic environment on 

phased array measurement, i.e. hard wall versus semi-anechoic wind tunnel.  The 

relevance of the comparison is emphasized by the fact that both experiments took place in 

the same facility using the same landing gear model.  However, some discrepancies 

between the two experiments should be pointed out.  Ravetta et al’s array was recessed 

1.25 inches behind a Kevlar membrane significantly smaller than the one used in this 

study.  The deflection of the Kevlar wall observed during the tests forced us to recess the 

array deeper, i.e. 2.75 inches. 

 

The array in position labeled 2 was located in the far-field, 82.5 inches from the 

Kevlar wall.  This distance was limited by the dimensions of the anechoic chamber and 

the need for the array to be at least half a wavelength away from the wedges, for the 

range of frequencies considered, i.e. 2 to 20 kHz.  The distance d between the array and 

the model was sufficiently large for the array to be in the acoustic far field (d > 10λ) and 

nearly in the geometric far field (d was about 3 times the largest dimension of the landing 

gear).  Phased array measurements carried out from this position were compared to the 
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near field data (position 1).  Therefore, the validity of collecting acoustic data in the near-

field with a microphone phased array could be evaluated. 

 

Additional far field measurements were carried out with the array in position 3.  In 

this position, the center of the array was located 82.5 inches from the Kevlar wall.  Data 

from these measurements was used to determine other possible noise sources of the 

landing gear on the flyover path.  To avoid distortion effects, the phased array was 

oriented such that the normal to its surface was pointing toward the center of the hard 

wall. 

 

In addition to the baseline model, various streamlining devices were tested.  Past 

experiments in the VT hard-walled Stability Wind Tunnel allowed the noise reduction 

potential of these devices to be evaluated.  Since the opportunity was given to conduct 

tests with the same landing gear model, in the same facility but in an anechoic 

environment and in the far-field, the noise reduction potential of the streamlining devices 

was evaluated again.  Three fairings were developed at Virginia Tech by Ravetta [37] to 

streamline the landing gear components identified as major noise sources.  The devices 

were made of a double-layer of elastic “lycra-like” cloth and were held in place with 

Velcro.  The material used was light, stretchable, strong, and did not interfere with the 

steering mechanism of the landing gear.  The devices streamlined the truck, the braces 

and the strut, and achieved significant noise reduction as shown by Ravetta [37] from 

measurements in a hard-wall tunnel configuration and in the near-field.  A more 

comprehensive description of the fairings design may be found in reference 37.  A rigid 

fairing streamlining the lower truck and referred to as toboggan was also tested.  This 

model-scale device was originally designed by NASA, the Boeing Co., and Goodrich, for 

mitigation purposes in the QTD2 Program.  Figures 2.12a through c are photographs of 

the VT lower truck fairing, the VT braces, strut and lower truck fairings, and the NASA 

toboggan, as mounted on the landing gear, respectively. 

 

The various configurations of the experimental setup are listed in Table 2.1.  Four 

configurations of the landing gear were tested: Baseline, VT lower truck faring, all VT 
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fairings, and NASA toboggan configurations.  Each configuration was tested at 3 wind 

tunnel speeds, M = 0.12, 0.15, and 0.17, and for the 3 phased array positions.  The fan 

RPM, tunnel Q, atmospheric pressure, and tunnel temperature, which were utilized to 

calculate the Mach number in the test section, are also listed in the table. 
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Figure 2.10: The phased array measurement setup. 
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Figure 2.11: (a) Laser pointer installed at the center of the phased array.  (b) Laser beam 

pointing on the lower truck of the landing gear. 
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Figure 2.12: Photographs of the streamlining devices as mounted on the landing gear: 

(a) the VT lower truck fairing, (b) all VT fairings, (c) the NASA toboggan. 
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Table 2.1: The various configurations of the experimental setup for phased-array measurement of the 
landing gear noise. 

 
Array Fan Tunnel Q Atm Tunnel Flow Speed Mach

Position RPM (in WC) Pressure Temp (F) (m/s) Number
Baseline 1 394 3.55 27.75 89.4 40.59 0.118
Baseline 1 489 5.5 27.62 90.4 50.69 0.148
Baseline 1 549 7 27.51 91.8 57.37 0.167

VT lower truck fairing 1 386 3.55 27.67 96 40.89 0.119
VT lower truck fairing 1 477 5.5 27.54 96.9 51.06 0.149
VT lower truck fairing 1 538 7 27.43 98.1 57.78 0.168

All VT fairings 1 392 3.55 27.67 94.3 40.83 0.119
All VT fairings 1 487 5.5 27.53 95.5 51.01 0.149
All VT fairings 1 548 7 27.43 97 57.73 0.168

NASA toboggan 1 393 3.55 27.74 95.6 40.83 0.119
NASA toboggan 1 486 5.5 27.61 96.3 50.97 0.149

Baseline 2 382 3.55 27.7 90.3 40.66 0.119
Baseline 2 474 5.5 27.56 91.4 50.79 0.148
Baseline 2 535 7 27.45 92.7 57.48 0.168

VT lower truck fairing 2 383 3.55 27.7 92 40.72 0.119
VT lower truck fairing 2 475 5.5 27.56 93.7 50.90 0.148
VT lower truck fairing 2 535 7 27.46 95.3 57.61 0.168

All VT fairings 2 391 3.55 27.7 100 41.02 0.120
All VT fairings 2 487 5.5 27.56 100 51.18 0.149
All VT fairings 2 550 7 27.46 100.6 57.88 0.169

NASA toboggan 2 377 3.55 27.7 87.9 40.57 0.118
NASA toboggan 2 466 5.5 27.56 89.7 50.71 0.148
NASA toboggan 2 527 7 27.46 91.6 57.41 0.167

Baseline 3 399 3.55 27.58 107.4 41.44 0.121
Baseline 3 492 5.5 27.45 108.6 51.77 0.151
Baseline 3 555 7 27 110 52.87 0.154

VT lower truck fairing 3 390 3.55 27.59 97.5 41.01 0.120
VT lower truck fairing 3 482 5.5 27.46 98.3 51.20 0.149
VT lower truck fairing 3 541 7 27.35 99.6 57.94 0.169

All VT fairings 3 410 3.55 27.59 98.2 41.03 0.120
All VT fairings 3 502 5.5 27.45 99.1 51.25 0.149
All VT fairings 3 555 7 27.34 100 57.98 0.169

NASA toboggan 3 381 3.55 27.6 91.6 40.78 0.119
NASA toboggan 3 472 5.5 27.47 92.4 50.92 0.148
NASA toboggan 3 530 7 27.37 94.1 57.64 0.168

LG Configuration

 
 

2.4.2 Test setup for linear array measurement of the landing gear 

Figure 2.13 illustrates the experimental setup for acoustic measurement of the landing 

gear noise using the linear array of 15 microphones described in Section 2.3.2.  The linear 

array was used to determine the radiation pattern of the model.  The array was positioned 

10 inches from the back of the anechoic chamber.  Microphones were spaced 4.3° apart 

with respect to a reference point located on the landing gear’s lower truck. 

 

Like for the phased array measurements, the same 4 landing gear configurations were 

planned to be tested with the linear array.  These configurations were described in detail 
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in Section 2.4.1.  However, due to time limitation, only part of tests could be completed.  

The configurations tested and relevant flow data are listed in Table 2.2. 
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Figure 2.13: The linear array measurement setup. 
 

Table 2.2: Configurations of the experimental setup for linear-array measurement of the landing gear 
noise. 

 
Fan Tunnel Q Atm Tunnel Flow Speed Mach

RPM (in WC) Pressure Temp (F) (m/s) Number
Baseline 391 3.55 27.6 89.7 40.6 0.118
Baseline 484 5.5 27.65 90.4 50.7 0.148

NASA toboggan 393 3.55 27.74 95.6 40.8 0.119
NASA toboggan 486 5.5 27.61 96.3 51.0 0.149

LG Configuration
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3 EXPERIMENTAL RESULTS 
In this chapter, results from the landing gear tests are presented.  Though 3 speeds 

were tested for each configuration of the landing gear, only the case for M = 0.17 is 

presented.  Data from the 63-element microphone phased array and from the linear array 

of 15 microphones was used to locate noise sources in the landing gear and to determine 

the radiation pattern of gear, respectively.  Phased array data was primarily post-

processed with a revised beamforming code that accounts for flow effects.  More details 

about the modifications of the conventional beamforming algorithm are found in 

Appendix A.2.  For comparison purposes, some acoustic data was also processed with 

conventional beamforming.  All the frequencies discussed in this section have been 

scaled to full-scale frequencies by the following relation: 

 measuredscalefull ffactorscalef *=− , (3.1) 

where the scale factor is 0.26. 

 

In Section 2.3.1 the calibration procedure for the array levels was briefly explained.  

Although absolute levels of the landing gear noise were obtained, in this thesis, only 

relative levels are presented from 0 to -15 dB.  At the beginning of each subsection 3.1, 

3.2, and 3.3, the reference 0 dB will be defined. 

 

To better aid in the visualization of the key components of the gear noise, cross-

sectional plots of the 3-dimensional beamforming maps originally generated are 

presented.  The locations of the cross-sections are depicted in Figure 3.1 as red lines.  The 

cross-sections located at the bottom and at the top are the most representative of the noise 

generated by the truck, and by the strut, door, and braces, respectively.  For the sake of 

clarity, these planes are referred as “truck” and “strut” planes in the rest of the document.  

In the figure, the lower truck is at an angle of attack of 0° whereas it was at 13° during 

the tests.  Despite what the drawing suggests, the “truck” plane does not pass through the 

rear and front brakes.  Therefore, on the truck plane, noise levels of the front and rear 

brakes are slightly off the actual levels.  However, it should not alter the content of the 

discussion since in this chapter, the beamforming maps are presented for qualitative 

analysis mainly. 
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Figure 3.1: Locations of the cross-sectional plots presented. 

 

First, the effect of the acoustic environment on phased array measurement is 

discussed. Data collected in the semi-anechoic wind tunnel, in the near-field of the 

baseline model, is compared to the data collected in hard-walled-wind-tunnel. Data was 

processed with both a conventional and a revised beamforming code, which allowed for 

comparison between the two post -processing algorithms. Subsequently, the relevance of 

taking phased array measurements in the far-field is underlined by comparing the data 

collected in the near-field and far-field of the baseline model, in the semi-anechoic wind-

tunnel test section. Ultimately, the effectiveness of various passive noise control devices 

will be compared. 

 

3.1 Effects of the acoustic environment on phased array 

measurement and limitations of conventional beamforming in a 

moving medium 
In this section the effects of the acoustic environment on phased array measurement 

are discussed.  Then, conventional beamforming and beamforming accounting for flow 

are compared.  The discussion is based on beamforming maps of the landing gear noise 

on the “truck” plane. For each frequency, the reference 0 dB corresponds to the peak 



 

32 

value of the beamforming map of the landing gear noise obtained in hard-walled test 

section. 

 

Figure 3.2 depicts the beamforming maps of the landing gear noise with the array in 

the near-field (array position 1 in Figure 2.10), in the hard-walled test section (left maps) 

and in the semi-anechoic test section (right maps).  Results for four frequencies are 

shown in this figure, i.e. full scale frequencies of 1128, 1898, 3381, and 4781 Hz.  Hard-

walled data was collected by Ravetta [37].  A beamforming code with diagonal removal 

and accounting for flow was used to process the data.  As explained in Appendix A, a 

new Green’s function, exact solution of the convected wave equation, was implemented 

in the beamforming code. 

 

The figure indicates that, in term of noise-source identification, the beamforming 

maps from the tests conducted in hard-walled and semi-anechoic test sections are in good 

agreement.  Indeed, both tests show that on the flyover view, in the near-field of the 

model, the front and rear brakes (lower truck components) are the major noise sources of 

the landing gear.  The figure also indicates that a reduction of the background noise leads 

to significantly cleaner beamforming maps.  In the hard-walled test section, at f = 3381 

and 4782 Hz, noise from the front brakes is not clearly identified.  However, it is obvious 

in the semi-anechoic test section.  Reducing the background noise levels leads to a 

significant attenuation of the sidelobes levels and reflections, and thus, a better 

identification of actual noise sources.  Furthermore, the reduction of the sidelobes levels 

is important in the estimation of the noise levels generated by the model.  Indeed, when 

beamforming maps are integrated to estimate the sound pressure level (SPL) of the 

sources, so are the sidelobes, which are not representative of the actual noise generated. 

 

In term of levels, the beamforming maps indicate that the peak values of the main 

lobes are higher in hard-walled test section than in semi-anechoic one.  Tests were 

conducted in the same facility, at the same speeds, and using the same model.  Noise 

levels of the landing gear were expected to be about the same in both the anechoic and 

hard-walled test sections, regardless of the background noise levels.  The difference in 
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levels is quantified by the integrated spectrum presented and discussed at the end of this 

section in Figures 3.4 and 3.5. 
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Figure 3.2: Beamforming maps of the baseline landing gear at full scale frequencies, f = 1128, 1898, 3381, 
and 4782 Hz, as obtained with the phased array in the near-field of the model (position 1).  Data was post-
processed using a beamforming code that accounts for flow and using diagonal removal. Reference 0 dB 
for each frequency: peak value of beamforming maps in hard-walled test section (left maps). 
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Figure 3.3 depicts the same results as in Figure 3.2 but using the conventional 

beamforming code used in previous experiments by Ravetta [37].  The maps obtained 

with conventional beamforming are solely presented for comparison purpose with the 

revised beamforming code.  To account for the convective effect of flow on source 

location, the beamforming maps presented in Figure 3.3 were shifted by a constant 

distance determined analytically as explained in Appendix A.  The shift is the distance 

between the actual noise source and the apparent noise source as located with 

conventional beamforming.  The shift was computed for a point located 36.75 inches 

from the center of the array on the “truck” plane in the direction of the outward normal to 

the array surface.  This shift was found to be 6.3 inches for a flow speed of 0.17 Mach.  It 

is shown in Appendix A.2.1 (see Figure A.3) that the farther from the point where the 

shift is computed, the larger the error in source location.  In other words, the shift should 

be computed for each point of the scanning grid.  Note that Ravetta et al. [12] used the 

same shift correction technique but determined it experimentally.  It is shown in 

Appendix B that theory and experiments match very well and the shift may be 

determined either way. 

 

The maps presented in Figures 3.2 and 3.3 differ in several ways.  First, the main 

lobes of the maps in Figure 3.3 appear stretched as compared to the ones in Figure 3.2.  

This is consistent with the analysis presented in Appendix A.2.1.  The distance by which 

the maps were shifted was computed at a point located near the center of the truck.  This 

shift is proportional to the distance the acoustic wave has to travel in the flow region 

before it can reach the center of the array.  However, the maps are translated or shifted by 

a constant distance.  This approach results in stretching the main lobes that are away from 

the center of the map, where the shift was computed.  The same reasoning explains why 

noise generated by the rear and front brakes are not located accurately.  Note that the 

error in noise source location should be smaller upstream than downstream as shown in 

Figure A.3.  For this reason, in Figure 3.3, noise generated by the front brakes is located 

with more accuracy than noise generated by the rear brakes.  Another observation 

concerns the levels of the beamforming maps.  The peak values of the maps depicted in 
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Figure 3.3 are about 1 dB lower than in Figure 3.2.  If a conventional beamforming code 

is used to locate a point source in airflow, the travel time of an acoustic wave is 

misestimated.  As result, the noise levels of the source are misestimated too.  In the 

revised beamforming code, the Green’s function used for the steering vector is an exact 

solution of the convected wave equation.  In this case, the travel time of the noise source 

is computed exactly. 

 

Thus, the results presented here indicate that the beamforming algorithm that accounts 

for flow is preferred for reliable noise source identification of a model located in airflow, 

in particular if the array is positioned in the near-field.  Henceforth, only results using the 

beamforming code accounting for flow will be presented in the remaining of the thesis. 
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Figure 3.3: Beamforming maps of the baseline landing gear at full scale frequencies of 1128, 1898, 3381, 
and 4782 Hz, as obtained with the phased array in the near-field of the model (position 1).  Data was post-
processed with a conventional beamforming code and using diagonal removal. Reference 0 dB for each 
frequency: peak value of beamforming map in hard-walled test section (left maps) 
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As explained in reference 37, a way to quantify results from phased array 

measurements is to look at the integrated spectra.  Integrated spectra are obtained by 

integrating the beamforming maps.  Using the point spread function, the levels in the 

scanning grid encompassing a region of interest are summed to a single value for each 

frequency.  In this study, the levels were integrated 8 dB down from the peak value to 

avoid adding levels related to the sidelobes.  The scanning grid was the same for every 

configuration presented and encompassed the entire landing gear.  The grid contains 

323031 points and has the dimensions 70 x 56 x 39 inches. 

 

Figure 3.4 depicts the integrated spectra of the baseline landing gear noise as obtained 

in hard-walled (blue curve) and semi-anechoic (red curve) wind tunnels.  The calculation 

of the integrated spectra was based on the maps obtained with beamforming accounting 

for flow.  The curves have similar patterns and differ from only few decibels.  This result 

is remarkable considering the time elapsed between the two series of tests (about a year 

and a half) and the modifications of the facility. 

 

For better visualization, the difference between the integrated spectra of the landing 

gear in hard-walled and semi-anechoic test sections is depicted in Figure 3.5.  In the 

figure, a positive value of the curve indicates that the sound pressure level of landing gear 

is higher in hard-walled test section than in semi-anechoic test section.  The solid red 

circles indicate the difference between the peak values of the beamforming maps 

obtained from tests conducted on the baseline landing gear in hard-walled and semi-

anechoic test sections.  The difference between the peak values may slightly differ from 

what is inferred by Figure 3.2 since here, a three-dimensional beamforming map is 

considered.  The integrated spectrum of the landing gear in hard-walled test section is up 

to 5.2 dB higher than in the semi-anechoic test section.  The same landing gear and 

phased array were used in both tests.  Therefore, the difference in levels between hard-

walled and semi-anechoic test sections is most likely caused by the higher background 

noise levels in the hard-walled test section.  The figure also shows that the peak levels 

difference (red solid circles) matches within a decibel the integrated spectra difference 

(blue curve). 
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Figure 3.4: Integrated spectra of the landing gear in hard-walled (blue curve) and semi-

anechoic (red curve) test sections at M = 0.17, as a function of frequency. 
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Figure 3.5: Difference between the integrated spectra of the landing gear in hard-walled 

and semi-anechoic test sections at M = 0.17, as a function of frequency. 
 

3.2 Near-field effects on phased array measurement 
The effects of taking aeroacoustic measurement in the near-field were investigated by 

a qualitative comparison between data collected with the phased array in the near-field 

(position 1) and far-field (positions 2 and 3) of the baseline model, in the semi-anechoic 

wind-tunnel test section.  All phased array data presented in this section was post-

processed with the beamforming algorithm that accounts for flow.  For each frequency, 
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the reference 0 dB corresponds to the peak value of the beamforming map shown.  In 

other words, maps obtained from array positions 1, 2, and 3 will have different 0 dB 

references. 

 

Figures 3.6 and 3.7 depict the beamforming maps of the landing gear noise as 

obtained with the array in the anechoic chamber in positions 1 and 2.  Results for the full-

scale frequencies of 3381 and 4782 Hz are shown.  In these figures, right and left maps 

correspond to the strut and truck planes, respectively.  In these figures and in the rest of 

the section, FB-x, RB-x, S-x, D-x, UB-x, and DB-x identify the front brakes, rear brakes, 

strut, door, and upstream- and downstream-brace noise sources, respectively, where x is 

an integer between 1 and 3 corresponding to the three array positions. 

 

First let us consider the beamforming maps obtained with the array in the near field 

(array position 1).  This corresponds to the top maps in Figures 3.6 and 3.7.  For both 

frequencies shown, looking at the truck and strut planes indicates that the front and rear 

brakes are the only noise sources identified.  Similar observations were made at other 

frequencies not depicted here. 

 

Then, the array was moved to the far-field, in position 2, which corresponds to the 

bottom maps in Figures 3.6 and 3.7.  The front and rear brakes are still seen as major 

noise sources.  However, with the array in the far-field other noise sources can be 

identified such as the noise radiated from the upstream and downstream braces.  This 

result is observed from lower frequencies, shown in Appendix A of reference 40 (Figures 

A.1-A.4), up to 3381 Hz as shown in Figure 3.6.  Noise from the upstream and 

downstream braces appears clearly on the maps.  At 4782 Hz, noise from the upstream 

brace is no longer identified.  For frequencies above 5000 Hz, not plotted here, the noise 

generated by the braces was insignificant.  This result is in agreement with past studies 

where it was shown that from the main landing gear components, low frequency noise 

will be radiated whereas small elements such as wire hoses, screw holes, and so forth, 

will generate high frequency noise [2]. 
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It is surmised that when the array is too close to the landing gear, the lower truck acts 

like an acoustic barrier and other noise sources located behind this barrier are shielded.  

In references 11 and 12, the microphone phased array was in the near-field of the 26%-

scale landing gear.  In the flyover view, straight under the truck, noise generated by the 

braces could not be identified.  Results from past experiments [11,37] and from this study 

indicate that phased-array measurements of the landing gear noise on the flyover path are 

not reliable when they are performed in the near-field. 
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Figure 3.6: Beamforming maps of the landing gear in its baseline configuration, at full scale frequency of 
3381 Hz, as obtained with the phased array in the anechoic chamber in positions 1 and 2. Reference 0 dB: 
peak value of beamforming map in the truck plane. 
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Figure 3.7: Beamforming maps of the landing gear in its baseline configuration, at full scale frequency of 
4782 Hz, as obtained with the phased array in the anechoic chamber in positions 1 and 2. Reference 0 dB: 
peak value of beamforming map in the truck plane. 
 

It is also very interesting to show the results from the array position 3.  From the array 

position 3, the rear and front part of the lower truck appeared very close to each other 

because of the array orientation and the angle of attack of the landing gear.  As a result, 

when beamforming maps on the truck plane are plotted, the lobes associated with the 

rear-and front-brakes appear almost at the same location.  This is illustrated in Figure 3.8.  

In the figure, noise generated by the front and rear brakes is projected onto the strut plane 

for the 3 array positions.  From the array position 3, the components of the landing gear 

such as the braces and strut were not hidden or shielded by the lower truck and much 

information could be obtained from the maps on the strut plane. 
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Figure 3.8: Locations of the front- and rear-brakes noise projected onto 
the strut plane for array positions 1 to 3. 

 
Figure 3.9 depicts the beamforming maps of the landing gear as obtained with the 

array in positions 2 and 3.  The left and right maps correspond to array positions 2 and 3, 

respectively.  Results for the full-scale frequencies of 3381 and 4782 Hz are shown in top 

and bottom maps, respectively. 

 
The beamforming maps obtained from array positions 2 and 3 look very different, 

though both positions are in the far-field.  As mentioned earlier on, when the array is in 

position 2 (left maps) noise is not only generated by the lower truck but also by the 

upstream and downstream braces.  However, the projection of the lower-truck noise on 

the strut plane indicates clearly that the lower truck is still the major noise source.  As 

indicated by the maps, for the array position 3 (right maps), the strut is the major noise 

component of the landing gear in its baseline configuration.  As explained in Figure 3.8, 

noise generated by the front and rear brakes are projected upstream of the strut onto the 

strut plane.  It will be shown in the next section that if the lower truck is streamlined, the 
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lobes corresponding to these noise sources are eliminated.  Notice the difference in levels 

between array positions 2 and 3.  On the strut plane, noise levels of the gear as obtained 

with the array in position 3 are nearly 2 dB higher that the levels obtained with the array 

in position 2 for both frequencies shown.  The difference is most likely caused by the 

noise contribution of the strut that is hidden when the array is in position 2. 

 

Noise from the landing gear on the flyover path cannot be characterized by only 

taking phased array measurement right under the gear.  For instance, some of the strut 

noise is seen by the array in position 3 whereas it is not in array position 2.  This source is 

radiating on the rear arc of the flyover path and most likely on the forward arc too.  These 

results imply that noise measurements directly underneath the landing gear are not the 

most representative since it will underestimate the radiation. 
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Figure 3.9: Beamforming maps of the landing gear, in its baseline configuration at full scale frequencies of 
3381 and 4782 Hz, as obtained with the phased array in the anechoic chamber in positions 2 and 3. 
Reference 0 dB for each frequency: peak value of beamforming map shown. 
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3.3 Passive noise control 
In this section, the performance of the noise control devices described in Section 2.4.1 

is discussed.  In past experiments conducted by Ravetta [37], the performance of landing 

gear noise control devices was evaluated from data collected in the near-field in a hard-

walled wind tunnel, i.e. a reverberant environment.  It was shown earlier on that, on the 

flyover path and in the near-field, phased array measurement of the landing gear noise are 

not reliable.  It was also shown that, in the far-field, noise measurements right under the 

gear are not sufficient to characterize landing gear noise on the flyover path.  One of the 

objectives of this study was to give an accurate estimate of the noise reduction achieved 

by the noise control devices.  The noise reduction was primarily estimated from far-field 

phased-array measurements conducted in semi-anechoic test section.  Additional 

measurements were performed with a linear array or microphones in the far-field.  Data 

collected with the linear array of microphone was compared to the far-field phased-array 

results.  

 

The following discussion is based on the data collected with the array placed in the 

far-field for both positions 2 and 3.  The beamforming maps presented in this section 

have been corrected for amplitude similarly to the far-field results in the previous section 

or according to the correction curves presented in Appendix B.2. 

 

First, noise reduction is examined qualitatively by looking at the beamforming maps 

of the landing gear fitted with various noise control devices.  Then the noise reduction 

potential of the streamlining devices is quantified by looking at the difference between 

integrated spectra of the baseline and streamlined configurations.  Noise reduction is also 

quantified using far-field, single-microphone measurements.  The two approaches are 

compared to assess the best way to estimate noise reduction in semi- anechoic wind 

tunnels. 

 

For each frequency, the reference 0 dB corresponds to the peak value of the 

beamforming map of the baseline landing gear as obtained with the array in position 3. 
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3.3.1 Lower-truck noise reduction 

Figures 3.10 and 3.11 show the beamforming maps of the baseline (top maps), VT-

lower-truck-fairing (middle maps), and NASA-toboggan (bottom maps) configurations of 

the landing gear at the full scale frequencies of 3381 and 4782 Hz, respectively.  In both 

figures, results are shown in the strut plane.  As mentioned earlier, beamforming maps 

aid in discussing qualitatively the noise generated by the model.  Most of the useful 

information may be extracted from looking at the beamforming maps in the strut plane.  

Noise generated by the lower truck may still be seen on the strut plane but its levels are 

not representative.  The actual levels of the truck noise may be obtained from the 

beamforming maps in the truck plane shown in Appendix A of reference 39 (Figures 

A.15 and A.16).  In the same reference, additional maps at lower frequencies are shown. 

 

The beamforming maps of the landing gear fitted with the VT lower-truck fairing are 

described first (middle maps in Figures 3.10 and 3.11).  A comparison with the baseline 

configuration (top maps) indicates that the VT lower-truck fairing manages to reduce 

noise from the lower truck.  For instance, for the array in position 2 (left middle maps), 

the reduction of the peak level in the strut plane due to the VT-lower-truck fairing is 

about 3.9 and 4.8 dB at 3381 and 4782 Hz, respectively.  The reduction as seen in the 

truck plane is 3.4 and 4.1 dB at 3381 and 4782 Hz (see Appendix A in reference 39).  

Consequently, for the array in position 2, noise from the downstream and upstream 

braces may be identified more clearly than in the baseline configuration.  From the array 

in position 3, most of the landing gear components were not acoustically shielded by the 

lower truck.  As a result, the performance of the truck fairing is deteriorated.  For the 

array in position 3 (right middle maps), the noise reduction due to the VT-lower-truck 

fairing is about 2.1 and 1.2 dB at 3381 and 4782 Hz, respectively  As shown in Figures 

3.10 and 3.11 (right middle maps), the strut and the braces are the major noise sources 

whereas noise from the lower truck is hardly identifiable. 

 

Now consider the model as fitted with the NASA toboggan.  Figures 3.10 and 3.11 

(bottom maps) indicate that the NASA toboggan was very effective at suppressing noise 
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from the lower truck at 3381 Hz and totally eliminated it at 4782 Hz, i.e. the source 

cannot be seen by the array.  For the array in position 2, at 3381 Hz (Figure 3.10 – left 

bottom map), the downstream brace appears as the major noise source.  At 4782 Hz, 

(Figure 3.11 – left bottom map), the downstream brace and the leading edge of the door 

are the major noise sources.  At 4782 Hz, neither in the baseline configuration nor in the 

VT lower-truck-fairing configuration (Figure 3.11 - top and middle maps), could the 

leading edge of the door be identified as a noise source.  For the array in position 2 and 

the landing gear in its NASA-toboggan configuration (Figure 3.11 – left bottom map), the 

door could be identified as a noise source because other major noise sources were 

sufficiently reduced.  For the array in position 3 (Figure 3.11 – right bottom map), the 

noise generated by the leading edge of the door cannot be identified, most likely because 

the noise levels of the strut are significantly larger.  Noise from the upstream brace may 

also be clearly identified but its levels are 5.6 and 9.5 dB lower than the downstream 

brace at 3381 and 4782 Hz, respectively. 

 

Note that for the array in position 3, the strut appears as a major noise source, 

regardless the type of device streamlining the lower truck.  Therefore, the noise reduction 

potentials of the VT-lower truck fairing and the NASA-toboggan is expected to be poor 

or not sufficient when viewed from a position other than straight under the landing gear, 

i.e. the upper landing gear components such as the strut, braces, and so forth are not 

acoustically shielded by the truck.  This implies that an effective noise control of the 

landing gear must include the reduction of the strut source in addition to the truck. 
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Figure 3.10: Beamforming maps of the baseline, VT-lower-truck-fairing, and NASA-toboggan 
configurations of the landing gear at full scale frequency of 3381 Hz, as obtained with the phased array in 
the anechoic chamber in positions 2 and 3. Reference 0 dB: peak value of beamforming map of the baseline 
landing gear with array in position 3 (top right map). 
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Figure 3.11: Beamforming maps of the baseline, VT-lower-truck-fairing, and NASA-toboggan 
configurations of the landing gear at full scale frequency of 4782 Hz, as obtained with the phased array in 
the anechoic chamber in positions 2 and 3. Reference 0 dB: peak value of beamforming map of the baseline 
landing gear with array in position 3 (top right map). 
 

3.3.2 Braces and strut noise reduction 

Figures 3.12 and 3.13 depict the beamforming maps of the baseline (top maps), VT-

lower-truck-fairing (middle maps), and all-VT-fairings (bottom maps) configurations of 

the landing gear.  Results are shown for full scale frequencies of 3381 and 4782 Hz in 

Figures 3.12 and 3.13, respectively.  The VT-lower-truck-fairing and all-VT-fairings 

configurations are compared to show the noise reduction achieved by the strut and braces 

fairings for both far-field positions of the array. 



 

50 

 

For array position 2, noise generated by the braces and the door is much lower in the 

all-VT-fairings configuration than in the VT-lower-truck-fairing configuration.  For 

instance, noise from the downstream brace is reduced by about 6.7 at 3381 Hz and by 

more than 10 dB at 4782 Hz.  When the array is in position 3, noise reduction occurs at 

the links and downstream brace locations.  Noise from the downstream brace is reduced 

by about 5.1 and 2.7 dB at 3381 and 4782 Hz, respectively. 

 

Like the lower-truck-fairings discussed in the previous section, the noise reduction 

potential of the strut and braces fairings is reduced as the array is moved from straight  

under the gear (position 2) to the rear arc (position 3). 
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Figure 3.12: Beamforming maps of the baseline, VT-lower-truck-fairing and all-VT-fairings 
configurations of the landing gear at full scale frequency of 3381 Hz, as obtained with the phased array in 
the anechoic chamber in positions 2 and 3. Reference 0 dB: peak value of beamforming map of the baseline 
landing gear with array in position 3 (top right map). 
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Figure 3.13: Beamforming maps of the baseline, VT-lower-truck-fairing and all-VT-fairings 
configurations of the landing gear at full scale frequency of 4782 Hz, as obtained with the phased array in 
the anechoic chamber in positions 2, and 3. Reference 0 dB: peak value of beamforming map of the 
baseline landing gear with array in position 3 (top right map). 
 

3.3.3 Quantification of noise reduction 

In the previous section, noise reduction was discussed qualitatively using 

beamforming maps of the landing gear on selected planes.  In this section, the noise 

reduction potential of the noise control devices is discussed quantitatively by two 

methods.  First, data from the far-field, phased-array measurements are used to plot the 

integrated spectra of the landing gear noise in its various configurations.  The noise 

reduction is then estimated from the spectral difference between configurations.  Noise 
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reduction was also estimated in the near-field for comparison with the far-field results.  

Secondly, noise reduction was estimated from far-field single-microphone measurements.  

The objectives of these far-field single-microphone measurements were to determine the 

directivity pattern of landing gear noise in the far-field and to study how phased-array 

results relate to far-field, single-microphone measurements in term of noise reduction 

estimation.  Finally, the noise reduction estimates from both methods are compared.   

 

Note that no correction has been applied to the data to predict the reduction for an 

actual flight configuration of the aircraft.  These corrections, described in reference 40, 

are beyond the scope of this study and will not be applied to the results presented in this 

section. 

 

3.3.3.1 Quantification of noise reduction by integration of the beamforming maps 

The beamforming maps of the landing gear noise in its various configurations were 

integrated.  Like in Section 3.1, the volume of integration was a grid of 323031 points, 

encompassing the entire landing gear, and with dimensions 70 x 56 x 39 inches.  The 

objective was to quantify the noise reduction of the whole landing gear rather than 

individual components so that results can be compared to the far-field, single-microphone 

measurements. 

 

Figures 3.14 and 3.15 depict the noise reduction due to the NASA toboggan (blue 

curve), VT-truck-fairing (red curve), and all VT fairings (truck, braces, and strut fairings 

- green curve).  Results in Figure 3.14 indicate that when the array is in position 2, the 

NASA toboggan achieves up to 7.7 dB noise reduction at 3000 Hz.  The VT-lower-truck 

fairing and all-VT-fairings configurations have levels up to 3 dB and 4.5 dB quieter than 

the baseline gear, respectively.  Therefore, when the array is in position 2, the NASA 

toboggan is the most effective passive noise control device.  This result is consistent with 

the observations made in Sections 3.3.1 and 3.3.2 that the NASA toboggan was the most 

effective truck device, producing reductions beyond what the array could identify. 
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As indicated by the results in Figure 3.15, for the array in position 3, the noise 

reduction achieved by the NASA toboggan is only up to a maximum of 4 dB at 3000 Hz 

as compared to 7.7 dB underneath the gear (array position 2).  As a result, the NASA 

toboggan and all the VT fairings achieve comparable noise reduction.  The effectiveness 

of the VT braces and strut fairings is much more noticeable for the array in position 3 

than for the array in position 2.  For instance, for the array in position 2 at 5000 Hz, both 

the VT-truck and all the VT fairings achieved the same 3 dB reduction.  On the other 

hand, for the array in position 3 at 5000 Hz, the all-VT-fairings configuration is 1 dB 

quieter than the VT-lower truck fairing configuration.  These observations are in very 

good agreement with the beamforming maps discussed earlier on.  It was shown that, as 

the array is moved to a position where the strut and the braces are no longer shielded by 

the lower truck, the effectiveness of a device streamlining the lower truck only (VT lower 

truck fairing or NASA toboggan) is significantly reduced. 
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Figure 3.14: Noise reduction due to the NASA toboggan (blue curve), VT-lower-truck-fairing (red curve), 
and all VT fairings (truck, braces, and strut fairings - green curve) as estimated with the integrated spectra.  
The phased array was in the far-field in position 2. 
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Figure 3.15: Noise reduction due to the NASA toboggan (blue curve), VT-lower-truck-fairing (red curve), 
and all VT fairings (truck, braces, and strut fairings - green curve) as estimated with the integrated spectra.  
The phased array was in the far-field in position 3. 
 

The above results suggest that a larger noise reduction may be achieved if the NASA 

toboggan is used in conjunction with the VT braces and strut fairings.  To this end, the 

noise reduction that the braces and strut fairings would achieve alone was estimated.  The 

result was then added to the noise reduction achieved by the NASA toboggan to obtain 

the noise reduction due to the combination of the NASA toboggan and VT-fairings.  Let 

ΔT, ΔSB, ΔTSB, and ΔN denote the noise reduction from the VT-truck fairing, VT-

strut+braces fairings, truck+strut+braces fairings, and NASA-toboggan, respectively.  

The noise reduction from the strut+braces fairings may be estimated with the following 

relation, 

 ΔSB = ΔTSB - ΔT. (3.2) 

This estimated noise reduction due to the VT-strut+braces can now be added to the 

NASA-toboggan fairing.  Figure 3.16 depicts the noise reduction due to the NASA 

toboggan plus the VT-braces and -strut fairings (solid curves) and NASA toboggan alone 

(dashed curves) as measured with the phased array in the far-field in positions 2 (blue 

curves) and 3 (red curves).  On the flyover path, straight under the landing gear, the noise 

reduction due to the NASA+VT fairings (solid blue curve) ranges from 3.5 dB at 500 Hz 
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to 8.5 dB at 3000 Hz.  On the rear arc (solid red curve) the reduction is more modest and 

ranges from 2.5 dB at 5000 Hz up to 5.3 dB at 3000 Hz.  For both array positions, levels 

of the solid curve are higher than the ones of the dashed curve.  In other words, adding 

the VT braces and strut fairings to the NASA-toboggan configuration results in a 

significant increase in noise reduction ranging from 0 to 1.84 dB for the array in position 

2 and from 0.5 to 2.1 dB for the array in position 3. 
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Figure 3.16: Noise reduction due to the NASA toboggan plus the VT braces and strut fairings (solid 
curves) and NASA toboggan alone (dashed curves) as estimated with the integrated spectra.  The phased 
array was in the far-field in positions 2 (blue curves) and 3 (red curves). 
 

Figure 3.17 shows the same results as Figures 3.14 and 3.15 except that the noise 

reduction was estimated from measurements conducted in the VT hard-walled wind 

tunnel, in the near-field of the model.  On the flyover path, right under the gear, the 

landing gear noise reduction was estimated to be up to 15.2 dB at 2130 Hz.  Noise 

reduction due to the VT-lower-truck fairing (red curve) is comparable to the one achieved 

by all the VT fairings (green curve).  These observations are consistent with the analysis 
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presented in this chapter.  The NASA toboggan was shown to significantly reduce noise 

from the lower truck.  In the near-field, noise generated by components behind the truck 

cannot be seen.  Therefore, with the array in the near-field, the noise reduction achieved 

by the NASA toboggan on the overall landing gear noise is overestimated.  The same 

reasoning explains why the VT-lower truck fairing and all the VT fairings achieve 

comparable noise reductions. 
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Figure 3.17: Noise reduction due to the NASA toboggan (blue curve), VT-lower-truck-fairing (red curve), 
and all VT fairings (truck, braces, and strut fairings - green curve) as estimated with the integrated spectra.  
Hard-walled test section - phased array in the near-field in position 1. 
 

3.3.3.2 Quantification of noise reduction using single-microphone measurements 

The second approach to estimate the noise reduction due to the control devices was to 

use far-field, single-microphone measurements.  As mentioned earlier, the objectives of 

these far-field measurements were to determine the directivity pattern of landing gear 

noise in the far-field and to study how phased-array results relate to far-field, single-

microphone measurements in term of noise reduction estimation.   

 

First, measurements were carried out with the linear array of 15 microphones 

described in Section 2.3.2.  As explained in Section 2.4.2, the linear array was placed in 
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the far-field about 10 inches from the back of the chamber.  Though the microphones 

were positioned along a straight line, data was plotted along an arc with constant radius r 

= 123 inches.  To this end, acoustic data was corrected using the spherical spreading law.  

The center of this arc was chosen such that the center microphone of the linear array was 

aligned with the center of the lower truck.  The radiation pattern was determined from 

±30°.  Tests were conducted at M = 0.12 and 0.15 with the landing gear in its baseline 

and NASA-toboggan configurations (see Table 2.2).  Noise generated by the landing gear 

is determined by its aerodynamic load and the squared sound pressures are expected to 

increase with the 6th power of flow velocity [4].  Data collected at M = 0.15 was then 

corrected to estimate the noise generated by the landing gear at M = 0.17 by using the 6th 

power relationship. 

 

Due to time limitation, only four cases could be tested with the linear array.  As an 

alternative to the far-field microphone, one of the microphones in the phased-array 

located the closest to the array center was used as a far-field, single microphone.  The 

microphone was calibrated with a pistonphone.  The sound pressure levels were 

subtracted 6 dB to account for the presence of the hard surface of the array.  The distance 

from the center of the truck to the single microphone in the array (basically the array 

center) is denoted by dn where the subscript n indicates the array position.  For the array 

in position 3, data was corrected using the spherical spreading law such that the noise 

levels were computed for d3 = d2 = 129 inches (3.28 m). 

 

In the linear-array results, the landing-gear noise levels included the background 

noise.  The actual noise levels may be obtained by removing the background noise from 

the data.  Unfortunately, the background noise levels could not be measured during the 

landing-gear test entry (again due to time constrains).  Measurements from another entry 

in the fully-anechoic wind tunnel (one anechoic chamber on each side of the test section) 

were used to provide an estimate of the background noise levels in the semi-anechoic test 

section.  Data was collected with a single microphone from another 63-element 

microphone phased array at M = 0.092.  To estimate the background noise at M = 0.17, 

data collected at M = 0.092 was corrected using the 6th power of the flow velocity. 
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In the rest of the document, single microphones from the linear array and phased array 

are denoted by LMn and PMn, respectively, where the subscript n refers to the location of 

the single microphone.  Straight under the landing gear (phased-array position 2) and on 

the rear arc (phased-array position 3), the index n takes values 2 and 3, respectively. 

 

Figure 3.18 shows the radiation pattern of the landing gear in its baseline (top maps) 

and NASA-toboggan (bottom maps) configurations at full-scale frequencies of 1898 (left 

maps), 3381 (center maps), and 4782 Hz (right maps).  Note that the background noise 

was not removed from these results.  The directivity pattern of the baseline landing gear 

noise (top maps) suggests that noise levels do not vary much as the radiation angle 

changes.  At full-scale frequencies of 1898, 3381, and 4782 Hz, levels of the baseline 

landing gear noise reach maxima at 8.8, 21.7, and 21.7°, and minima at -17.5, 4.4, and 

4.4°, respectively.  For the three frequencies shown, a comparison between the landing 

gear with (bottom) and without (top maps) the NASA toboggan indicates that the NASA 

toboggan achieves significant noise reduction but does not alter the directivity pattern. 
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Figure 3.18: Radiation pattern of the landing gear in its baseline (left maps) and NASA-toboggan (right 
maps) configurations at M = 0.17 as obtained with the linear array of 15 microphones on the flyover path 
at full-scale frequencies of 1898 (top maps), 3381 (middle maps), and 4782 Hz (bottom maps). 
 

A more convenient way to discuss the noise reduction potential of the NASA 

toboggan is to plot the difference between the radiation patterns of the baseline and 

NASA-toboggan configurations, i.e. difference between left and right curves in Figure 

3.18.  Figure 3.19 shows the noise reduction achieved by the NASA toboggan as 

functions of angle and frequency.  In the figure, a positive value corresponds to a noise 

reduction. 
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The results indicate that noise reduction reaches maxima between 2392 and 3383 Hz, 

depending on the angle considered.  For instance, at an angle of 0° (microphone LM2) 

which corresponds to radiation directly underneath the landing gear, the noise reduction 

reached a maximum of 2.9 Hz at 2534 Hz.  At an angle of -20° (LM3), the maximum 

reduction is observed at 3014 Hz and is about 2.9 dB.  At higher and lower frequencies 

from the 2400-3400 Hz range, the noise reduction rolls off from the maximum of around 

3 dB to 1 dB. 

 

 
Figure 3.19: Noise reduction achieved by the NASA toboggan as functions of angle and frequency. 

 

Figure 3.20 depicts the noise spectrum in 12th octave bands of the baseline landing 

gear measured with microphones PM2 (blue curve – underneath the landing gear or 0° 

angle) and PM3 (red curve - rear sector at -20° angle).  Background noise was not 

removed from the data, i.e no background noise correction.  Therefore in Figure 3.20, the 

levels corresponding to the landing gear noise are higher than the actual ones.  The 

estimate of the background noise levels in the semi-anechoic test section is also plotted 

(magenta curve).  The background noise levels are 4 to 10 dB below the landing gear 

noise depending on frequency and microphone position. 
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At M = 0.17 and at full-scale frequencies of 1898, 3381, and 4782 Hz, noise levels of 

the baseline landing gear, as measured with PM2 (blue curve), are 67.7, 64.3, and 63.2 

dB, respectively.  The same levels measured with LM2 yielded 67.6, 63.2, and 61.9 dB, 

respectively (Figure 3.18 – top maps).  Results are in very good agreement considering 

the many differences between the measurement systems.  For example, in the linear array, 

the microphones were not baffled and the mounting support was acoustically treated.  On 

the other hand, the single microphone of the phased array was flushed with an aluminum 

plate.  Therefore, the single microphone measurements can be estimated using a 

microphone from the phased array. 
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Figure 3.20: Sound pressure levels in 12th octave band of the baseline landing gear as measured with a 
PM2 (blue curve) and PM3 (red curve).  Data not corrected for background noise.  Background noise levels 
in 12th octave bands in the fully-anechoic test section (magenta curve).   
 

Figure 3.21 shows the same results as in Figure 3.20 but the background noise was 

removed from the data.  Levels of the landing gear are higher on rear arc (red curve), than 

straight under the gear (blue curve) at all frequencies.  The difference in levels ranges 

from 0 to 2.3 dB.  As shown in Section 3.2, in the far-field straight under the gear, some 

of the noise sources located behind the truck cannot be located.  However, the 

contribution of these noise sources to the overall landing gear noise is significant on the 
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rear arc.  Levels of the overall landing gear noise are thus expected to be higher on the 

rear arc than straight under the gear.   
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Figure 3.21: Sound pressure levels in 12th octave band of the baseline landing gear as measured with a 
PM2 (blue curve) and PM3 (red curve).  Background noise was removed from the data. 
 

To better visualize noise reduction, the spectral difference between baseline and noise 

control configurations was plotted.  First, data was plotted without removing the 

background noise for comparison with the linear-array results.  The background noise 

was then removed to estimate the actual noise reduction. 

 

Figure 3.22 depicts the noise reduction due to the NASA toboggan.  The noise 

reduction was estimated with PM2 (blue solid curve) and LM2 (blue dashed curve).  

Background noise was not removed from the data.  Both curves exhibit very similar 

patterns, e.g. far-field single microphone data from the linear and phased array are in 

fairly good agreement. In both cases, the NASA toboggan achieves a maximum noise 

reduction of about 3 dB in the range 2500 – 3000 Hz.  The curves roll off to 1 dB as the 

frequency approaches 500 and 5000 Hz. Once again these results indicate that the single 

microphone measurements can be estimated using a microphone from the phased array.   
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Figure 3.22: Noise reduction from single far-field microphone due to the NASA 

toboggan estimated with PM2 (solid curve) and LM2 (dashed curve). 
 

Figure 3.23 depicts the noise reduction due to the NASA toboggan (blue curve), VT-

lower-truck fairing (red curve), and all VT fairings (green curve).  Data was collected 

with a single microphone of the phased array in positions 2 (Figure 3.23a) and 3 (Figure 

3.23b). Background noise was again removed from the data.  As a result, levels of noise 

reduction due to the NASA toboggan differ in Figures 3.22 and 3.23a (solid blue curve in 

both figures).  The results shown in Figure 3.23 are thus closer to the actual levels of 

noise reduction but still remain an estimate. The main reason is that the background noise 

was estimated from measurements in the fully-anechoic wind tunnel at lower speed.  

Therefore, the data had to first be extrapolated from M = 0.092 to 0.17. The second 

possible source of error is due to the fact that measurements were performed with another 

measurement system in a different configuration of the facility, e.g. larger 63-element 

microphone phased array in fully-anechoic wind tunnel.  In this sense, the background 

noise levels in Figure 3.20 (magenta curve) are probably underestimated.  Consequently, 

the noise reduction potential of the NASA toboggan is also probably underestimated. 
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In the frequency range of 2000 – 3500 Hz and for PM2 (Figure 3.23a), the NASA 

toboggan is the most effective noise control device.  At 3000 Hz, a 4.2 dB noise 

reduction is achieved by the NASA toboggan, as compared to 3.4 dB when background 

noise is not removed from the data.  Comparing the solid blue curves in Figure 3.22 and 

3.23a suggests that if the actual background noise levels in the semi-anechoic test section 

were used, levels of noise reduction in Figure 3.23 should be higher.  In the frequency 

ranges of 500 – 1600 Hz and 3500 – 5000 Hz, the NASA toboggan and all the VT 

fairings achieve comparable noise reductions.  The curves corresponding to the VT-

lower-truck fairing and all-VT fairings, red and green curves, respectively, have similar 

pattern.  However, the VT-lower-truck fairing alone is significantly less effective than 

when all VT fairings are used.  For example, in the frequency range of 2000 – 4000 Hz, 

the VT lower-truck fairing alone (red curve) is about a decibel less effective.  In Figure 

3.23a, the three curves exhibit a peak around 1550 Hz.  This peak is the result of a noise 

reduction of a landing gear component radiating noise at 1550 Hz.  In Figure 3.14 where 

the integrated spectra difference between configurations is plotted, a peak was also 

observed around 1550 Hz for the VT-lower-truck-fairing and all-VT-fairings 

configurations.  However, the amplitude of this peak was smaller. 

 

In the frequency range of 500 – 3000 Hz and for PM3 (Figure 3.23b), the NASA-

toboggan and all the VT fairings achieve comparable noise reduction.  Both devices are 

most effective at 3000 Hz and reduce the landing gear noise by about 2.5 dB, as 

compared to a maximum of 4.2 dB with the array in position 2.  Like for the integrated 

spectra results shown in Section 3.3.1, the noise reduction potential of the streamlining 

devices as estimated with a single microphone is smaller on the rear-arc than straight 

under the landing gear.  For frequencies larger than 3000 Hz, all the VT fairings 

combined are 0.5 dB more effective than the NASA toboggan in reducing landing gear 

noise. 
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Figure 3.23: Noise reduction from single far-field microphone due to the NASA toboggan (blue curve), 
VT-lower-truck fairing (red curve), and all VT fairings (green curve).  Data was collected with MP2 
underneath the gear (Figure 3.23a) and MP3 in the rear arc (Figure 3.23b).  Background noise was removed 
from the data. 
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3.3.3.3 Comparison between two methods for estimating noise reduction 

In Sections 3.3.3.1, noise reduction was estimated by integrating the beamforming 

maps of the landing gear noise in its various configurations and then by calculating the 

integrated spectra difference between baseline and streamlined configurations.  In Section 

3.3.3.2, noise reduction was estimated by using far-field, single-microphone 

measurements.  In this section, the two approaches are compared. 

 

In Figures 3.14 and 3.15, noise reduction was estimated using the integrated spectra 

for far-field phased array positions 2 and 3, respectively.  Far-field, single microphones 

measurements are shown in Figures 3.23a and b, for MP2 and MP3, respectively.  To 

make the comparison easier, the results from these figures are plotted together in Figures 

3.24 and 3.25 for the two positions.  The solid and dashed curves correspond to phased 

array (integrated spectra) and single microphone measurements, respectively. 

 

Qualitatively, single-microphone and phased-array measurements are in good 

agreement i.e. results show same trends and relative attenuation between control devices.  

For both far-field positions, both approaches indicated that the fairings tested achieved 

the largest noise reduction around 3000 Hz and some significant noise reduction in the 

frequency range of 1500 and 2000 Hz.  Both approaches also showed that the NASA 

toboggan is the most effective noise control device straight under the gear (position 2), 

but as effective as all the VT fairings combined on the rear arc (position 3). 

 

However, in term of reduction levels there are some differences between phased array 

and single-microphone measurements. This is particularly evident for the NASA 

toboggan straight under the gear (position 2) with differences in the reduction levels as 

high as 3.5 dB. For the VT devices and both array positions, the difference between the 

two methods is much smaller, i.e. 0.5-1 dB. It is consistently observed that phased-array 

estimated noise reduction is always larger than single microphone results.  For example, 

phased-array results predicted maximum noise reductions of 7.7 and 4 dB for the NASA 

toboggan, from array positions 2 and 3, respectively.  On the other hand, single-

microphones results predicted 4.2 and 3.0 dB. 
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Possible sources or causes for the difference in levels are the reflections of the 

landing gear noise on the hard wall of the semi-anechoic test section, flow effects, and 

background noise.  In the phased-array results, the reflections and background noise were 

removed from the data by the beamforming process, e.g. using diagonal removal.  The 

flow effects were accounted for by using a Green’s function, exact solution of the 

convected wave equation.  On the other hand, reflections and flow effects were not 

removed from the single-microphone results.  Besides, single-microphone results were 

corrected for background noise using, most likely, underestimated background noise 

levels.  The effect of each possible source for the difference was not quantified and is 

beyond the scope of this study. 
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Figure 3.24: Noise reduction due to the NASA toboggan (blue curves), VT truck fairing (red curves), and 
all VT fairings (green curves) as estimated with integrated spectra (solid curves) and single far-field 
microphone measurements.  Reduction was estimated from phased array (solid curves) and single 
microphone measurements straight under the gear in the far-field. 
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Figure 3.25: Noise reduction due to the NASA toboggan (blue curves), VT truck fairing (red curves), and 
all VT fairings (green curves) as estimated with integrated spectra (solid curves) and single far-field 
microphone measurements.  Reduction was estimated from phased array (solid curves) and single 
microphone measurements on the rear arc. 
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4 CONCLUSIONS 
Aeroacoustic measurements of the noise generated by a high-fidelity 26%-scale 

Boeing 777 main landing gear on the flyover path were performed in the VT semi-

anechoic wind tunnel using a 63-element phased array and linear array of 15 

microphones.  Through this study, some limitations of aeroacoustic measurements of the 

landing gear noise in hard-walled wind tunnels were addressed. 

 

First, data was collected in the near-field with the phased array, straight under the 

landing gear.  In term of noise source location, the lower truck components such as front 

and rear brakes were the only noise sources identified.  A comparison with near-field, 

hard-walled results showed that reducing the background noise levels leads to cleaner 

beamforming maps.  By using the integrated spectra for the baseline landing gear, it was 

pointed out that in hard-walled test section the levels of the landing gear noise were 

overestimated. 

 

Phased array measurements were also performed in the far-field.  A comparison with 

near-field results showed that straight under the gear, the front and rear brakes, and the 

braces were shown to be the major noise sources.  It was thus demonstrated that near-

field, phased-array measurements of the landing gear noise straight under the gear are not 

suitable, i.e. they do not allow noise components located behind the truck to be identified.  

The array was also placed in the far-field, on the rear-arc of the landing gear.  From this 

position, other noise sources such as the strut could be identified.  This result 

demonstrated that noise from the landing gear on the flyover path cannot be characterized 

by only taking phased array measurement straight under the gear. 

 

The noise reduction potential of three VT fairings and the NASA toboggan was 

estimated from far-field, phased-array and single-microphone measurements.  With the 

phased array straight under the gear, the phased-array results indicated that the NASA 

toboggan was the most efficient noise control device.  As noise generated by the truck 

was reduced, other noise sources located behind the truck such as the leading edge of the 

door and the braces could be identified more clearly.  On the rear arc, the effectiveness of 
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the fairings was deteriorated.  The NASA toboggan and the combination of all VT 

fairings achieved comparable noise reduction.  It was shown that for both far-field, 

phased-array positions, the VT braces fairing reduced significantly the noise radiated 

from the braces.  Further noise reduction could be achieved by combining the NASA-

toboggan and the VT braces and strut fairings.   

 

Finally, far-field phased-array (using integrated spectra) and single-microphone 

estimated noise reduction for the control devices were compared.  Qualitatively, results 

were in good agreement.  However, difference in levels was observed between the two 

approaches, in particular directly underneath the gear for the NASA toboggan. The 

reduction estimated from integrated spectra (phased-array) is always larger than from 

single microphone data.  It was speculated that this difference was likely due to 

reflections of the landing gear noise on the hard wall of the semi-anechoic test section, 

flow effects, and background noise.   
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APPENDIX A: THEORETICAL DEVELOPMENT 
A microphone phased array was primarily utilized in this study to locate the noise 

sources of the landing gear.  The acoustic data collected with the array was post-

processed in the frequency domain with a beamforming algorithm that accounts for flow 

effects.  To describe this algorithm, the conventional beamforming process, which does 

not account for flow effects, is derived first.  Subsequently, the Green’s functions used to 

modify the conventional beamforming code are determined. 

 

A.1 Conventional beamforming 
Following Dougherty [40], the conventional beamforming process is derived.  First, 

let us consider a single monopole source and an N-element microphone phased array.  

The process starts with simultaneous time series measurements of the pressure, χn(t), at 

each of the N microphones of the array.  Since a frequency domain analysis is conducted, 

the time series are partitioned into time blocks and a FFT over each finite time intervals 

and each microphone is performed.  The pressure of each microphone in the frequency 

domain is defined as, 

 ( ) ( ) ( )∫ −Ψ=
T

ift
nn dtett

T
fp

0

22 πχ , (A.1) 

where f is the frequency and ( )tΨ  is an optimal “window” function. 

 

The microphone auto-spectra and cross-spectra, denoted as Cnn(f) and Cmn(f), 

respectively, are then computed, 

 ( ) ( ) ( )fpfpfC nnnn
∗=

2
1 , (A.2) 

 ( ) ( ) ( )fpfpfC nmmn
∗=

2
1 , (A.3) 

where * is referred to as the complex conjugate and <…> as the average over the number 

of time blocks.  The above quantities are rearranged in vector form, so that, 
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and, 

 ∗= ppC
2
1 , (A.5) 

where * is referred to as the Hermitian.  It was shown that the diagonal elements of the 

cross spectral matrix (Cnn) contain the microphones self-noise [41].  Including these 

terms in the beamforming process does not contribute to resolution and can be 

detrimental by introducing the microphones self-noise.  Therefore, in the beamforming 

code used in this study, the diagonal of the cross spectral matrix, Cnn, was neglected, i.e. 

diagonal removal technique [41]. 

 

The beamforming output may be written symbolically as, 

 Cww∗=b , (A.6) 

where w is an N-dimensional vector, referred to as the weight vector, that is dependent on 

an assumed source model at a point in space, e.g. monopole at a grid point, and b is the 

resulting power for that source direction.  The weight vector is such that unit gain is 

found for unit sources in the assumed direction, 

 1=∗gw , (A.7) 

where g is the steering vector, consisting of microphone pressure amplitudes, induced by 

a unit source.  Since the source is a monopole, in a medium at rest, g has the form, 

 nikR

n
n e

R
g −−

=
π4

1 , (A.8) 

where Rn is the distance between the source and the nth microphone, and k is the free-

field wavenumber associated with the frequency f. 

 

Now consider there are multiple sources to be located.  A scanning grid of K points 

containing the potential noise sources is defined.  In the beamforming process, it is 

assumed that each point of the grid is a monopole source and that the sources associated 
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with distinct points are uncorrelated.  The resulting pressure measured by the 

microphones becomes, 

 ∑
=

=
K

k
k

1
pp . (A.9) 

The cross spectral matrix becomes, 
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Therefore, equation (A.6) can be written as, 

 ∑∑
= =

∗∗=
K

k

K

l
lk

1 12
1 wppwb . (A.11) 

Since it is assumed that the grid points are uncorrelated, the cross-product ∗
lkpp  have 

random phase and will disappear by averaging.  In the limit, the single summation 

remains, and the beamforming output may be written as, 

 ∑
=

∗∗=
K

k
kk

12
1 wppwb . (A.12) 

 

A.2 Determination of Green’s functions for aeroacoustic measurement 

of a source in a moving medium 
In the beamforming process presented earlier on, it is assumed that between the 

source and the receiver the medium is at rest, which is not the case in the herein study.  

This section presents theoretical elements of aeroacoustics to account for flow effects in 

the beamforming process. 

 

A.2.1 Monopole source and receiver in a uniform flow 

Let us consider a monopole source and a receiver in a uniform flow moving parallel 

to the x direction and with a Mach number M, as depicted in Figure A.1.  In the figure, S, 

R, and E denote the positions of the source, microphone and moving center of the wave-

front, respectively.  A wave-front is defined as a surface of points having the same phase.  

If the ambient medium is moving with velocity v, the wave velocity cn seen by someone 

moving with the fluid becomes cn+v.  Here n is the unit vector normal to the wave-front; 
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it coincides with the direction of propagation if the coordinate system is moving with the 

local ambient fluid velocity v.  However, the direction of propagation perceived by a 

stationary observer is not necessarily the same as that of n.  In the figure, E can be seen 

as the moving center with speed v of a wavefront propagating with speed cn.  The center 

of the wave-front is shifted along the direction given by v for a duration equal to the 

travel time, τ, or by a distance equal to Mcτ.  The distance between the source and the 

receiver is denoted by r. 

 

The situation described here is, for example, the case of a model tested in a hard-

walled wind tunnel with a microphone phased array flush mounted on a wall of the test 

section.  The problem is studied in the context of geometrical acoustics, following 

Whitham [42]. 

 

In a moving medium with speed v = vxex, the acoustic pressure obeys the convected 

wave equation 

 01 2

2
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⎠
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One seeks a high-frequency asymptotic expansion of the form, 
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ti iet,p ωφτω xx x , (A.14) 

where τ  is the travel time, i.e. time for the wave to travel from the moving center of the 

wave-front to the receiver.  The first term of the expansion is found by replacing equation 

(A.13) into (A.14) to yield 
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which is solution to, 
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To have complete knowledge of p0, the travel time τ must be determined.  The 

triangle RSE and the law of sines yield 

 ( ) ( ) ( )222 cossin τθθτ Mcrrc rrrr ++=  (A.17) 
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Rearranging terms and solving the second order equation for ⎟⎟
⎠

⎞
⎜⎜
⎝
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or, 

 21
1

M
MxR

c −
−

=τ , (A.19) 

where ( )( )2222 1 MzyxR −++= . 

 

The geometrical approach used here is very convenient for this type of problems 

because it provides a very intuitive description of the propagation phenomena.  However, 

it also includes some limitations since it is restricted to high frequency sound 

propagation, cf. equation (A.14). 

 

Mosher [42] proposed an exact solution to the convected wave equation by replacing 

cτ by R in the denominator of p0.  The Green’s function is then written as, 
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Figure A.1: Sound wave propagation in a uniform flow. 

 

Ravetta et al. [12] used a classical beamforming algorithm to locate noise sources.  In 

this case the green’s function is defined as, 
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where r is the distance from the source to the receiver.  From the reasoning outlined 

above, this results in seeing the source at E instead of S.  In other words, when 

conventional beamforming is used, the source will be located at the position of the 

moving center, E, of the wave-front.  To overcome this problem, in reference [12] the 

beamforming maps were shifted by a distance d.  This distance was determined 

experimentally by placing a point source in the wind tunnel at (0,h,0), where h is the 

distance between the center of the array and the source and (0,0,0) is the center of the 

phased array, and by using a conventional beamforming code to locate the position of the 

apparent source (d,h,0).  From equation (A.19), d is also, 

 
21 M

hMd
−

= . (A.22) 
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It was shown earlier that τ varies with (x,y,z).  Thus, considering d constant over the 

plane y = h introduces errors in the beamforming map as we move away from the point 

with coordinates (0,h,0).  The non-normalized error is defined as Mcτ-d and is plotted in 

Figure A.2 as a function of x and z.  The error was plotted for -0.5 < x < 0.5 and -0.5 < z 

< 0.5.  The error is 0 at the point where the shift was computed, i.e. point of coordinates 

(0,h,0), and reaches a maximum of 5.6 cm at (-0.5,h,-0.5) and (-0.5,h,0.5).  Note that the 

error is larger downstream than upstream the point (0,h,0).  For example at (-0.5,h,0.5) 

and (0.5,h,0.5) the error is 5.6 and 3.7 cm, respectively. 

 

 
Figure A.2: The non-normalized error in source location over a plane -0.5 < x < 0.5, -0.5 < z < 0.5, h = 
0.92 m, when the beamforming map is shifted by a constant 21 MhMd −= , at M = 0.17. 
 

A.2.2 Monopole source in a uniform flow and receiver in a region at rest 

Now consider the case of a monopole source in a uniform flow in the x-direction and 

Mach number M, and a receiver in a region at rest.  Commonly, this is the case of a 

model tested in open-jet wind tunnel.  As the sound generated by the model propagates to 

the sensor located outside the flow, it passes through the jet shear layer, i.e. a velocity 

discontinuity.  The propagating sound wave is then refracted and possibly scattered.  
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Besides, as we move downstream the jet, the shear layer thickness increases.  A 

considerable amount of work has been devoted to this non-trivial problem.  Early work 

focused on determining angle and amplitude corrections to apply to acoustic 

measurements in the presence of a shear layer.  Amiet [43,44] replaced the free jet shear 

layer with a vortex-sheet for his correction procedure.  In this section, amplitude 

corrections are not computed since a calibration for the array levels was performed, cf. 

Appendix B.  Amiet’s analysis also indicated that the effects of the shear layer thickness 

were not significant at low Mach numbers.  This was later confirmed experimentally by 

Schlinker et al. [45].  They also showed that scattering of sound due to the turbulence of 

the shear layer was not important for low mach numbers and frequencies lower than 5 

kHz.   

 

Our experiments differ from the open-jet-wind-tunnel case by the nature of the 

transition region separating the model from the microphone phased array, i.e. a boundary 

layer on the Kevlar surface.  Following Amiet [44,45], the boundary layer may be 

replaced by a 0-thickness layer.  The interface separating the test section from the 

anechoic chamber is a plane. 

 

Our objective is to determine a Green’s function for this particular problem.  The 

solution may be carried out in the context of geometrical acoustics with the limitations it 

includes.  The Green’s function may be approximated by the first term of the high 

frequency asymptotic expansion written in equation (A.15).  To determine the travel time 

from a point of the scanning grid to a microphone of the phased array, the numerical ray 

tracing technique developed by Candel [46] and summarized by Pierce [47] is followed 

here.  This technique has the advantage to handle the three-dimensional case very well, 

i.e. when the source and the receiver are not in a plane normal to the 0-thickness layer.   

 

Before presenting the implementation of the numerical approach, the refraction of an 

acoustic ray through a flow velocity discontinuity in the two-dimensional case is 

described in Figure A.3.  A ray is emitted from the source with an angle θ1 with respect to 

the x-axis.  However, due to the flow velocity, the ray propagates from the source to the 
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boundary layer with an angle θc.  This is equivalent to say that the ray propagates with an 

angle θ1 from the moving center, E, of the wavefronts propagating at speed cn.  The 

wave-front intersects the boundary layer at C and its tangent at this point is α or 12 θπ − .  

Although the boundary layer is depicted with finite thickness in the schematic, it is 

considered as a 0-thickness layer in this analysis.  In the medium at rest, the ray is 

propagating with an angle θ with respect to the x-axis.  The relation between α and θ is 

obtained by equating the x components of phase velocity across the flow velocity 

discontinuity.  As for the case of a plane wave incident on the discontinuity discussed by 

Ribner [48] 

 ( ) ( )θα cos
1

sin
1

=+ M .  (A.23) 

If one is able to find the emission angle θ1 for which the direction θ will coincide with 

the direction given by the line CR, then the travel time of the ray SCR can be computed.  

For the 3-dimensional case, the emission direction is defined by 2 angles.  The 2-

dimensional analysis can easily be extended to three dimensions by seeking a set of 

emission angles {θ1,θ2} for which the ray path intersect the position of the receiver R. 
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Figure A.3: Sound wave propagation through a boundary layer using ray acoustics. 

 

In the following, the implementation of the numerical approach to determine the 

travel time from S to R is presented.  The ray path, denoted xp(t), is a point that lies on 

the wave-front t = τ(x).  The velocity of the ray path is 

  ( ) ( )c,t,t
dt

d
pp

p
ray xnxv

x
v +== , (A.24) 

Where, for this problem, the fluid velocity is defined as, 
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Another differential equation is used to obtain the time rate of change of n.  Instead of 

using n directly, the wave-slowness vector s is defined, 
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 ( ) ( )pτ xxs ∇= , (A.26) 

which is parallel to n since ( )pτ x∇  is perpendicular to the surface ( )pτt x= .  The eikonal 

equation provides the length of s, 

 2

2
2

c
s Ω

= , (A.27) 

where sv ⋅−=Ω 1 .  Considering c constant in both media and v = vx ex, where vx is 

constant, in the flow area. Equation (A.24), written in Cartesian coordinates, is, 
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and the time rate of change of s is, 
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The ray path, xp(t), may be determined by integrating equations (A.28) and (A.29).  From 

equation (A.29) it may be inferred that si is constant.  The initial slowness vector is 

specified with direction {θ1, θ2} and length s.  The direction specified is a guess and the 

values of θ1 and θ2 need to be adjusted until the ray intersects the receiver position. Since 

the source is in the flow, using equation (A.27), |s (t = 0)| is,  

 ( ) ( ) ( )21 coscos
10

θθxvc
ts

+
== , (A.30) 

where θ1 and θ2 are the angles between the projection of the slowness vector in the plane 

z = 0 and the x-axis, and between the slowness vector and the z-axis, respectively, as 

depicted in Figure A.4. 
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Figure A.4: Orientation of the initial slowness vector. 

 

As aforementioned, s is a constant.  Projecting equation (A.30) on the x, y, and z axes 

yields, 
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The position vector in the flow region, f
px , and the position vector in the no-flow region, 

nf
px , are obtained by integrating equation (A.28), 
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where xs, ys, and zs are the coordinates of the source and b1, b2, and b3 are constant of 

integrations.  For convenience, xs, ys, and zs are chosen to be the origin of the coordinate 

system, i.e. xs = 0, ys = 0, and zs = 0.  The bi’s are determined by the following relation, 

 ( ) ( )sw
f
pii

nf
pi ttxbtx ==== 0 , (A.34) 



 

89 

where tsw is the time for the ray to travel from the source to the velocity discontinuity.  

For the particular problem studied here, tsw is, 

 ( ) ( )2
2

12 1 scsvxt x
f
psw −= . (A.35) 

Using the constraint, ( ) ( ) ( ) 22
3

2
2

2
1 rxxx nf

p
nf
p

nf
p =++ , where r is the distance between the 

source and the receiver, the travel time, twr, from the velocity discontinuity to the source 

may be computed and is given by the following expression in index notation, 

 ( ) ( ) ( ) ( )iijjiiiiiiwr aarbbaababat 242 22

⎥⎦
⎤

⎢⎣
⎡ −−+−= , (A.36) 

where ( )ii sca 2= and ( ) ( )( ) swixxii tvsvscb 11
2 1 δ+−= .  The total travel time tt is, 

 wrswt ttt += . (A.37) 

 

Note that this iterative procedure has to be repeated for each point of the 

beamforming grid and each microphone of the phased array.  As a result, the modified 

beamforming algorithm will determine the location of the noise sources while accounting 

for convection and refraction effects, at the expense of a larger computing time. 

 

A two dimensional case was implemented in MATLAB with M = 0.17, the source 

located at (0,0,0), the receiver at (0.5,2,0) and the 0-thickness boundary layer at y = 0.92 

m.  The travel time was found to be 6.1 ms.  The same case was run but this time 

included a finite-thickness boundary layer with thickness δ = 0.12 m and a velocity 

profile quadratic in y.  The travel time was found to be 6 ms, or 1.6% lower than the 0-

thickness-boundary-layer case.  This confirms the fact that the boundary-layer thickness 

is not a significant parameter of the travel-time calculation.  Figures A.5a and b depict the 

ray path for the 2 cases. 
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Figure A.5: Ray path from a source located at (0,0,0) to a receiver located at (0.5,2,0) in the case of a 0-
thickness transition layer (a), and a 0.12 m thick boundary layer (b).  The red, green and blue lines 
represent the ray paths in the flow region, boundary layer and no flow region, respectively. 
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APPENDIX B: PRELIMINARY TESTS 
In this section, results from preliminary tests are reported.  First, the analysis on 

sound propagation through a flow velocity discontinuity, described in Appendix A.2.2, is 

validated experimentally.  Ultimately, a detailed description of the calibration procedure 

for the array levels is given. 

 

B.1 Experimental validation of Green’s function formulation for 

sound propagation through a velocity discontinuity 
In Appendix A.2.2, the Green’s function for propagation of sound waves through a 

velocity discontinuity was formulated.  The approach was based on the calculation of the 

travel time of a sound wave propagating from a monopole source in flow to a receiver in 

a medium at rest.  To validate the analytical formulation of the Green’s function the 

following approach is followed.  First, the distance between the actual source and the 

center of the moving wave-front is computed analytically.  This distance, which will be 

referred to as “shift” in the rest of this appendix, may be expressed as the product of the 

flow speed and the travel time of the acoustic wave from the source to the velocity 

discontinuity.  In this section, the shift was determined experimentally using a calibrated 

point source and the 63-element microphone phased array.  Acoustic data was post-

processed with conventional beamforming, which resulted in locating the center of the 

moving wave-front.  The distance between the actual and apparent source is measured to 

provide the experimental value of the shift. 

 

Figure B.1 is a description of the experimental setup.  Sound was generated by a 60 

W compression driver from P.Audio (model D440) with 1 inch throat and frequency 

range [1.5 - 18 kHz].  A 70 inch-long aluminum pipe with an inner diameter of 1/2 inch, 

referred to as the “speaker pipe”, was connected to the speaker via a circular aluminum 

plate.  The “speaker pipe” was allowed to slide inside an aluminum pipe with larger 

diameter that was bolted to the hard wall of the test section via a circular aluminum plate.  

The opening in the hard wall was sealed with a 1/4-inch-thick honeycomb panel.  

Although the “speaker-pipe” source could be bolted to the panel at nine different 
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locations, five positions, labeled from 1 to 5, were tested.  Since the speaker pipe was 

allowed to slide inside the supporting pipe, the position of the source could be adjusted 

along the z-direction inside the test section.  The source was tested at 15 different 

locations in the test section, represented by numbered black dots.  In order to minimize 

the deflection and vibration of the source against the air flowing in the test section, for 

positions 8 and 13 of the source, strings connected the tip of the source to the hard wall of 

the test section. 

 

The 63-element phased array was located in the anechoic chamber at 3 different 

locations corresponding to the positions used to locate noise sources in the landing gear. 

A detailed description of these positions may be found in Section 2.3.  Tests were 

conducted at the speeds, M = 0, 0.12, 0.15 and 0.17, that correspond to the speeds of the 

landing gear testing.   

 

The objective was to test 15 source positions for each of the 3 array positions at all 

flow speeds, i.e. 180 tests.  However, due to time constraints about half of the test matrix 

could be completed.  The configurations that could be completed during the test entry are 

listed in Table B.1. 
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Figure B.1: The experimental setup for noise location of a point source in the wind-tunnel test section. 
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Table B.1: The various configurations of the experimental setup. 

source position array position Mach number source position array position Mach number
1 2 0 1 3 0
3 2 0 2 3 0
5 2 0 3 3 0
6 2 0 4 3 0
8 2 0 5 3 0
10 2 0 6 3 0
11 2 0 7 3 0
13 2 0 8 3 0
15 2 0 9 3 0
1 2 0.12 10 3 0
3 2 0.12 11 3 0
5 2 0.12 12 3 0
6 2 0.12 13 3 0
8 2 0.12 14 3 0
10 2 0.12 15 3 0
11 2 0.12 1 3 0.12
13 2 0.12 2 3 0.12
15 2 0.12 3 3 0.12
1 2 0.15 4 3 0.12
3 2 0.15 5 3 0.12
5 2 0.15 6 3 0.12
6 2 0.15 7 3 0.12
8 2 0.15 8 3 0.12
10 2 0.15 9 3 0.12
11 2 0.15 10 3 0.12
13 2 0.15 11 3 0.12
15 2 0.15 12 3 0.12
1 2 0.17 13 3 0.12
3 2 0.17 14 3 0.12
5 2 0.17 15 3 0.12
6 2 0.17 1 3 0.15
8 2 0.17 2 3 0.15
10 2 0.17 3 3 0.15
11 2 0.17 4 3 0.15
13 2 0.17 5 3 0.15
15 2 0.17 6 3 0.15

7 3 0.15
8 3 0.15
9 3 0.15
10 3 0.15
11 3 0.15
12 3 0.15
13 3 0.15
14 3 0.15
15 3 0.15
1 3 0.17
2 3 0.17
3 3 0.17
4 3 0.17
5 3 0.17
6 3 0.17
7 3 0.17
8 3 0.17
9 3 0.17
10 3 0.17
11 3 0.17
12 3 0.17
13 3 0.17
14 3 0.17
15 3 0.17  
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Figures B.2a through d show the beamforming maps of the “speaker-pipe” source in 

position 8 with the microphone phased array in position 2.  The beamforming maps were 

obtained by using a conventional beamforming code.  Noise levels are of secondary 

importance in this analysis.  Therefore, the maps presented are not calibrated for levels.  

The vertical dashed lines indicate the abscissa of the apparent source as located with 

conventional beamforming.  The shift is measured from the graphs and compared to the 

shift computed with the approach presented in Appendix A.2.2.  Results for this 

particular case are summarized in table B.2.  The error in source position is less than 3% 

for the 3 cases shown.  Similar results were obtained for other source positions.  

Analytical and experimental results are thus in very good agreement. 
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Figure B.2: Beamforming maps of the point source in position 8 at f = 13004 Hz as obtained with a 
conventional beamforming code.  Data was collected with the microphone phased array in position 2 at 
speeds, (a) M = 0, (b) 0.12, (c) 0.15, and (d) 0.17. 
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Table B.2: The travel time of a sound wave from the source in position 8 to the center of the phased 
array in position 2, and the distance between the actual source and the apparent source located with 

conventional beamforming at the flow speeds, M = 0.12, 0.15, and 0.17. 
 

Mach Number Theoretical Shift (in) Exp. Shift (in) Error (%)
0.12 4.198 4.1 2.4
0.15 5.885 5.8 1.5
0.17 6.67 6.7 0.4  

 

The formulation of the Green’s function accounting for the refraction effect was 

shown to be in very good agreement with experimental results.  This new Green’s 

function was implemented in the beamforming code.  The cases shown in Figure B.2 

were post-processed with the revised beamforming code.  Figures B.3a through d depict 

the beamforming maps of the point source in position 8 with the microphone phased 

array in position 2.  The point source was located by the array near x = 0 for all the cases 

presented, suggesting the validity of the new beamforming code. 

 

(a)

(c)

(b)

(d)

No Flow M = 0.12

M = 0.15 M = 0.17

 
Figure B.3: Beamforming maps of the point source in position 8 at f = 13004 Hz as obtain with a 
beamforming code that accounts for flow.  Data was collected with the microphone phased array in position 
2 at speeds, (a) M = 0, (b) 0.12, (c) 0.15, and (d) 0.17. 
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B.2 Amplitude calibration of the array 
In this section the procedure for the calibration of the array levels is presented.  In a 

preliminary subsection, results on the characterization of the “speaker-pipe” source are 

shown. 

 

B.2.1 Sound characteristics of the “speaker-pipe” source 

Experiments were conducted in an anechoic chamber to determine the sound 

characteristics of the “speaker-pipe” source used to calibrate the array for amplitude. 

 

Figure B.4 is a photograph of the experimental setup for measuring the “speaker-

pipe” source radiation.  The source was standing vertically in the anechoic chamber.  An 

L-beam mounted 12 inches from the top of the speaker pipe supported a 43-inch diameter 

rim.  The rim was a nearly perfect half-circle with an accuracy of ±1/8 inch.  The 

microphone position could be adjusted so that the distance between the tip of the 

“speaker pipe” and the microphone was exactly 20.5 inch for all test configurations.  The 

rim supported a 1/4-inch diameter B&K microphone that was moved by increments of 

12° along the rim (angle α) and rotated around the center line of the “speaker pipe” by 

increments of 45° (angle β).  Therefore, sound could be measured over a semi spherical 

surface. 
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Figure B.4: A photograph of the test setup for determining the sound 

characteristics of the point source. 
 

Figure B.5 depicts the SPL 1/12th octave band measured 20.5 inches from the source 

for α = 0 and β = 0, as a function of frequency.  Note that the frequency response is 

nearly flat from 9 kHz to 20 kHz.  The frequency range of the speaker was 800 - 20 kHz.  

However, the figure indicates that results are not workable for frequencies smaller than 

2150 Hz.  This does not represent an issue since the beamforming maps of the gear noise 

were carried out for model-scale frequencies larger than 4000 Hz. 
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Figure B.5: The sound pressure level in 1/12th octave band measured 20.5 inches 

from the point source, with α = 0 and β = 0, as a function of frequency. 
 

Figures B.6a and b depict the SPL as a function of β for two 1/12th octave band 

frequencies, i.e. fc = 4339 and 12937 Hz, respectively.  Results are presented for three α 

angles denoted as solid circles (α = 12°), solid squares (α = 48°) and solid triangles (α = 

84°).  The figure indicates that, for a fixed angle α, the SPL is virtually constant as the 

angle β varies. 
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Figure B.6: The sound pressure level in 1/12th octave band with central frequencies, (a) fc = 4339 and (b) 
12937 Hz, measured 20.5 inches from the point source as a function of the angle beta.  The solid circles, 
solid squares and solid triangles correspond to α = 12°, 48° and 84°, respectively. 
 

Figure B.7 depicts the SPL 1/12th octave band measured 20.5 inches from the point 

source as a function of the angle α when β = 0.  The hollow diamonds, hollow squares, 

hollow triangles and hollow circles correspond to the central frequencies fc = 4339, 7298, 
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12937, and 16392 Hz, respectively.  The figure suggests that increasing the frequency 

and the angle α results in a significantly lower SPL.   

 

These results demonstrate that the “speaker-pipe” source does not produce perfect 

spherical waves.  However, the results from this test provide a well calibrated source to 

be used for amplitude and phase calibration of the phased array. 
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Figure B.7: The sound pressure level in 1/12th octave band measured 20.5 inches from the point 
source as a function of the angle α when β = 0.  The hollow diamonds, hollow squares, hollow triangles 
and hollow circles correspond to the central frequencies fc = 4339, 7298, 12937, and 16392 Hz, 
respectively. 
 

B.2.2 Procedure for the calibration for the array levels 

The calibration of the array was based on a calibration of the beamforming output and 

not an individual calibration of each microphone of the array.  First, measurements of a 

known “monopole-like” source are carried out with the non-calibrated phased array.  The 

beamforming maps of the noise generated by the source are integrated to provide the 

levels of the source.  Since the array is not calibrated, the levels measured are not the 

actual ones.  Then, the levels of the source at the center of the array are determined 

analytically.  Since the characteristics of the source are known, the actual levels of the 

source may be obtained by extrapolation.  The difference between the extrapolated levels 

and integrated-spectra levels defines the correction factor for the array levels in the 
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absence of flow, ALΔ .  An additional correction factor may be carried out to account for 

flow effects.  The levels of the source are determined without and with flow, using the 

integrated spectra.  The difference between the levels without and with flow defines the 

correction factor for flow effects, FlowΔ .  Ultimately, the correction factors are added to 

the beamforming output such that, 

 FlowALMeasuredTrue SPLSPL Δ+Δ+= . (B.1) 

These correction factors are dependent on frequency and on the position of the source 

relative to the array.   

 

The experimental setup for the calibration tests was the same as the one shown in 

Figure B.1.  The configurations listed are listed in Table B.1. The calibration of the array 

was performed in the semi-anechoic wind tunnel.  The presence of the Kevlar window 

and the hard-wall was thus accounted for in the calibration procedure. 

 

a. Correction factor for array levels in the absence of flow 

Figures B.8a through f depict the difference between the predicted SPL and the 

integrated spectra of the “speaker-pipe” source as a function of frequency, for the array 

and source in positions, (a) 2 and 3, (b) 3 and 3, (c) 2 and 8, (d) 3 and 8, (e) 2 and 13, and 

(f) 3 and 13.   

 

Ideally, each grid point of the scanning grid encompassing the landing gear should be 

calibrated.  However, this is not feasible in practice.  As a coarse approximation, only 

results from source positions 3 and 8 were used.  The source positions 3 and 8 correspond 

approximately to the center of beamforming maps of the landing gear noise on the “strut” 

and “truck” planes, respectively.   

 

For example, the map on the “truck” plane obtained at 10 kHz (model-scale 

frequency) with the array in the far-field straight under the gear (array position 2) and no 

flow in the test section, will be added ΔAL = 16.2 dB (Figure B.8c). 
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Figure B.8: Difference between the predicted SPL and the integrated spectra of the point source as a 
function of frequency, for the array and source in positions, (a) 2 and 3, (b) 3 and 3, (c) 2 and 8, (d) 3 and 8, 
(e) 2 and 13, and (f) 3 and 13. 
 

b. Correction factors for flow effects 

Figure B.9 depicts the difference between integrated spectra of the “speaker-pipe” 

source at M = 0.12 and M = 0 (blue curve), at M = 0.15 and M = 0 (red curve), and at M 

= 0.17 and M = 0 (green curve), as a function of frequency.  Figures B.9a through f 
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correspond to the positions of the array and source, 2 and 3, 3 and 3, 2 and 8, 3 and 8, 2 

and 13, and 3 and 13, respectively. 

 

Note that for positions 8 and 13 of the source, the curves exhibit a peak around 5.5 

kHz at M = 0.15 and around 6.5 kHz at M = 0.17.  As mentioned in Section B.1.1, to 

minimize the deflection and vibration of the source against the air flowing in the test 

section, for positions 8 and 13 of the source in the test section in Figure B.1, strings 

connected the tip of the source to the hard wall of the test section.  The diameter of the 

strings was nearly 2 mm.  The vortex shedding frequency is defined as lUSf t ∞= , 

where tS  is the Stoühal number, ∞U  is the free-stream airspeed, and l is the 

characteristic length of the body equal to the vortex separation distance [40].  The vortex 

shedding frequency of the string is f = 5402 Hz at M = 0.15 and f = 6123 Hz at M = 0.17, 

which correspond to frequencies where the peaks are observed.  The correction factors 

for frequencies between f = 4500 and 9000 Hz may be obtained by extrapolation. 

 

For example, the map on the “truck” plane obtained at 10000 Hz with the array in the 

far-field straight under the gear (array position 2) at wind-tunnel speed M = 0.17, will be 

added ΔAL = 16.2 dB (Figure B.8c) and ΔF = 0.9 dB (Figure B.9c – green curve). 
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Figure B.9: Difference between integrated spectra at M = 0.12 and M = 0 (blue curve), at M = 0.15 and M 
= 0 (red curve), and at M = 0.17 and M = 0 (green curve), as a function of frequency.  Figures a through f 
correspond to the array and source in positions, 2 and 3, 3 and 3, 2 and 8, 3 and 8, 2 and 13, and 3 and 13, 
respectively. 
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