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Abstract

Noise continues to be an ongoing problem for existing aircraft in flight and is projected to be a concern
for next generation designs. During landing, when the engines are operating at reduced power, the noise
from the airframe, of which landing gear noise is an important part, is equal to the engine noise. There
are several methods of predicting landing gear noise, but none have been applied to predict the change
in noise due to a change in landing gear design. The current effort uses the Landing Gear Model and
Acoustic Prediction (LGMAP) code, developed at The Pennsylvania State University to predict the noise
from landing gear. These predictions include the influence of noise reduction concepts on the landing gear
noise. LGMAP is compared to wind tunnel experiments of a 6.3%-scale Boeing 777 main gear performed
in the Quiet Flow Facility (QFF) at NASA Langley. The geometries tested in the QFF include the landing
gear with and without a toboggan fairing and the door. It is shown that LGMAP is able to predict the noise
directivities and spectra from the model-scale test for the baseline configuration as accurately as current
gear prediction methods. However, LGMAP is also able to predict the difference in noise caused by the
toboggan fairing and by removing the landing gear door. LGMAP is also compared to far-field ground-based
flush-mounted microphone measurements from the 2005 Quiet Technology Demonstrator 2 (QTD 2) flight
test. These comparisons include a Boeing 777-300ER with and without a toboggan fairing that demonstrate
that LGMAP can be applied to full-scale flyover measurements. LGMAP predictions of the noise generated
by the nose gear on the main gear measurements are also shown.

I. Introduction

Noise has been a major concern in the aircraft industry for many years because of limitations placed on
the allowable received noise by both the Federal Aviation Administration' and international bodies. Over
the past several decades, engine noise has been reduced significantly to levels comparable with airframe noise
on approach.? On landing, when the aircraft’s engines are operating at reduced power and the flap system
is in a high lift configuration, the airframe can be the primary noise contributor.® Furthermore, some of
NASA’s next generation aircraft design concepts place the engines above the aircraft in an attempt reduce
perceived noise through shielding. Reduction in engine noise requires that any further reduction in total
aircraft noise must come from an equivalent reduction in airframe noise.*

Airframe noise is caused by any device on the aircraft excluding the engines and includes the slats,
flaps, and landing gear.®® Even though each of these noise sources generate sound by different physical
mechanisms, the noise generated is similar in amplitude but can have different noise directivity patterns.”
The noise from the flaps and slats is characterized by turbulent boundary layers passing over sharp trailing
edges® and side edges.” Trailing edge noise sources, like those from the flaps or slats, have been studied
extensively'® and are the focus of ongoing research.'’ The landing gear represent a significant challenge
because of the non-uniform flow field under the wing'? and complex landing gear geometries with small-
scale details that affect the high frequency noise.'® Interactions between the landing gear wake and the flap
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system also contribute to the complicated noise signature.!* Predicting the interactions is difficult because
the size and turbulence intensity of the landing gear wake is challenging to measure'® or calculate!® due
to the wake’s dependence on landing gear geometry fidelity, wind-tunnel configuration and measurement
technique, turbulence model, grid resolution, and Reynolds number effects.

Recently, under the 2005 Quiet Technology Demonstrator 2 (QTD 2) program, there has been an effort to
measure the noise from landing gear using noise reduction concepts such as a toboggan fairing.!” Several noise
reduction concepts were installed on a 26%-scale, high-fidelity, Boeing 777 main landing gear in the Virginia
Tech. Aeroacoustic Wind Tunnel.'® Measurements showed that installation of a toboggan fairing resulted in
a reduction in noise in the higher frequencies, directly under the gear.'® Full-scale flyover measurements of
a Boeing 777-300ER, were unable to reproduce the noise reduction. Furthermore, experimental uncertainties
caused by the differences in configuration and measurement processing techniques remain unresolved.?’
Measurements of a similar landing gear geometry, a 6.3%-scale detailed representation of the Boeing 777
main gear, performed in the NASA Quiet Flow Facility (QFF), which includes small-scale details such as
tire treads and hoses, showed installation of the toboggan fairing resulting in a slight decrease in high
frequency noise at a cost of increased low frequency noise.?! Other noise reduction techniques include those
measured at the German-Dutch Wind tunnel — Large Low Speed Facility (DNW-LLSF) under the TIMPAN
(“Technologies to IMProve Airframe Noise”) program, a continuation of the SILENCER (“Significantly
Lower Community Exposure to Aircraft Noise”) program.?? These measurements include an Airbus A340
main gear in a “toe-down” configuration which resulted in a potential noise reduction of 7 EPNdB.?3

The prediction of landing gear noise represents a significant challenge because of the small-scale features,
complicated flow field, and potentially significant installation effects. In order to accurately predict the noise
from a landing gear, all these influences must also be predicted accurately. The earliest prediction scheme, the
Fink method,?* developed in the late 1970’s, is based on flight tests of full-scale aircraft to correlate the noise
as a function of a few gross landing gear properties such as wheel diameter and oleo length. Because of the lack
of measurements and analysis of flow fields at that time, this prediction method does not attempt to include
the small-scale details or installation effects as separable predictions. Therefore, the Fink method is unable
to predict the noise change due to a noise reduction concept, such as the toboggan fairing or gear alignment,
as the gross landing gear features would remain the same. Another prediction scheme, the Guo method,?®
separates the noise sources into 3 categories: the very-low, low, and high frequency ranges. Each frequency
range has a simple directivity pattern and a list of complexity factors, which are calibrated to wind tunnel
experiments. Recently, this method has been coupled with an external flow solution to include the effect of
local flow conditions in the vicinity of the landing gear due to circulation around the wing.'? Although this
method does reproduce some wind tunnel and fly-over measurements reasonably well, it does not provide
the prediction of each landing gear component noise source as a separable prediction. Furthermore, it does
not include many other effects such as reflection, scattering, or local flow due to the landing gear geometry.
Since it is unable to include the installation effects and local flow conditions in the vicinity of the landing
gear, it is unable to predict the influence of noise reduction concepts on installed landing gear noise. The
Fink and Guo methods have been compared to measurements of noise from the 6.3%-scale Boeing 777 main
gear model performed in the QFF with moderate success.?® Another prediction scheme, the Smith and
Chow method,?” uses a component based algorithm to compute the noise from the individual components of
the landing gear; then the noise from each component is summed together to achieve the total noise source.
Installation effects are included by direct modification of the directivity function, without knowledge of their
actual physical mechanisms. Similar to the Guo method, predictions have been compared to a number of
wind tunnel experiments and flight tests with moderate success.?® However, also similar to the Fink and
Guo methods, the Smith and Chow method does not include interactions or installation effects as separable
predictions, making prediction of the effect of noise reduction techniques very challenging.

A fourth prediction method has been developed at The Pennsylvania State University called the Landing
Gear Model and Acoustic Prediction (LGMAP).2 LGMAP is a component based semi-empirical prediction
scheme using an object oriented approach to acoustic prediction. The landing gear geometry is modeled
as, in some cases, thousands of acoustic sources, each with their own flow input and acoustic output. The
small geometric details of the landing gear are included in the noise prediction by directly including them
in the landing gear representation. Including these small features has been shown to capture the noise level
increase caused by an increase in landing gear geometry fidelity.> Recently, aerodynamic and aeroacoustic
interactions, such as scattering by the landing gear geometry, reflections by the wing, and local flow caused
by the circulation of the wing, have been added to the scheme.?!
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This paper is outlined as follows. First, the LGMAP methodology is described. Then LGMAP is
compared to measurements performed in the QFF. It is shown that LGMAP can predict the influence of the
toboggan fairing and landing gear door on the radiated noise. After the model-scale comparison, LGMAP
is compared to measurements performed during the flight tests of the QTD2 program. It is shown that
LGMAP can predict the trend in noise change due to the toboggan fairing and the influence of nose gear
noise on the landing gear noise spectrum.

II. LGMAP Methodology

LGMAP is a semi-empirical landing gear noise prediction scheme that has been developed at The Pennsyl-
vania State University in conjunction with NASA Langley Research Center and The Boeing Company.?? 3!
LGMAP is a component based noise prediction scheme in some ways similar to the Smith and Chow method.
However, this method differs in many key areas from those developed previously. The LGMAP method uses
a small set of scalable acoustic elements to represent the physical components of the landing gear. The noise
from each acoustic element is scaled by the component’s characteristic length; large components generate
predominantly low frequency noise while smaller components contribute mainly at higher frequencies. Each
of the acoustic elements depends on the local flow properties, such as flow velocity and turbulence level. The
local flow properties can be set to the uniform mean inflow into the landing gear region, or come from an
independent flow prediction scheme such as CFD. This design allows a user to incorporate any external flow
solution or approximation available; the user has the option to remove the dependence on an external flow
solver or include a flow solution to increase accuracy of the noise prediction.

The central feature of LGMAP is a “toolbox” of acoustic elements (or objects), shown in Fig. 1. These
include cylinder objects (these can be of any size and any cross section), edge objects (used for door edges,
wing flaps, etc.), small fittings, and wheels. These objects are the building blocks that are used to con-
struct the LGMAP representation of any landing gear configuration. Each object is a simplified geometric
representation of the physical component modeled, which uses the local upstream environment as input to
predict the noise. Engineering judgment is required to determine how to represent the complex landing gear
components in terms of simple LGMAP acoustic elements. Large complex components that can potentially
generate a broadband noise source can be modeled as a single broadband noise source or as one large low
frequency noise source plus several smaller noise sources that generate noise at the higher frequencies. The
total noise from the landing gear is simply the sum of noise generated by each of the individual acoustic
elements.

Acoustic Element Toolbox

Cylinder Acoustic Element
(Circular or other cross section)
Oleo, struts, hoses

Component Geometry

* Ch istic length
+* Physical dimensions L
* Geometric location

Wheel Acoustic Element
(2-, 4-, 8- wheel bogie)
Front, center, rear wheel

Downstream Local
Environment
* Flow velocity

Edge Acoustic Element * Turbulence level
Landing gear door, wing flap or vane * Acoustic field

Local Environment
+ Flow velocity
+ Turbulence level :

= Acoustic field

Fitting Acoustic Element
Joints, cylinder ends

Figure 1. Schematic of the toolbox of acoustic elements implemented in LGMAP.

Following is a brief discussion of the details of the LGMAP prediction method. Since the acoustic
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elements have been presented in previous publications,?? 32 their explanations are brief. Similar to the
acoustic elements, the system of approximating the aerodynamic and aeroacoustic interactions involved in
an LGMAP prediction have been presented previously®! and are not included here.

A. Acoustic Elements

Previous work on the LGMAP prediction system?? 3% focused on models for the sound generated by different
acoustic elements. LGMAP includes a few simple sound generating components, called acoustic elements,
that are applied to a variety of components installed on the landing gear. By using the same acoustic element,
whose inputs are functions of the properties of the individual component being modeled, the prediction
system remains relatively simple while the complexity of the complete acoustic field is maintained. A brief
description of the acoustic elements included in the LGMAP prediction system is given here.

1. Cylinder Acoustic Element

The primary acoustic element in the toolbox is the cylinder element.?? This acoustic element can be used to
represent many pieces of the landing gear ranging from the oleo to small hoses. Cylinder acoustic elements in
the LGMAP model are not intended to represent an isolated cylinder, but to instead account for the turbulent
environment expected in the vicinity of the landing gear. Thus, the loading for the cylinder is modeled as
broadband with a peak at the nominal shedding frequency of an isolated cylinder. The unsteady loads on
each cylinder element of the landing gear are modeled using a non-dimensional loading spectrum, Fip, as
a function of Strouhal number, S.2° The same non-dimensional loading function is used for all elements in
the LGMAP model. This spectrum is assumed to have a peak frequency, Sy, which is representative of the
shedding Strouhal number for a cylinder in turbulent flow. The dimensional shedding frequency, and the
dimensional fluctuating lift, L', and drag, D’, forces are determined by scaling the loading for each cylinder
element using the normal component of the local velocity, V,,, and the nominal cylinder diameter, D. The
presence of incoming turbulence or non-uniformity in the cross-section is not modeled explicitly, but rather
incorporated indirectly by a broadening of the loading spectrum. The non-dimensional loading spectrum
function is given by,

Fyp(S) = AS*™Y(B + SP)~¢ (1)
where,
—1
A:[/Sel(B+Sp)e B:_Sg<6(1p)l> (2)
S e—1
I/(8) = 3pV2DC}Fyp(9) D'(8) = 3 pVEDC4Fyp(25) (3)

Note that the integral of Fyp(S) with respect to the Strouhal number, S, is unity and that the peak in the
spectrum occurs at S = Sp. The remaining parameters, A, B, e, and p, are used to calibrate the model.
The calibration of these parameters have been presented previously?® and are not included here.

2. Wheel Acoustic Element

For the LGMAP noise prediction the wheel is represented by a ring of source segments.?? The ring has a

diameter equal to the tire diameter, and each segment in the ring has a diameter equal to the tire width.
Although the flow around a tire has little similarity to flow around a ring, this model was calibrated as
a simple model that can be used to provide noise radiation that is representative of a real wheel. It is
also important to note that the segments used to make up the wheel ring do not all use the same loading
spectrum. The spectrum and corresponding forces on each segment have been chosen so that this wheel
model would have the same peak shedding frequency found in selected noise measurements performed in the
QFF at NASA Langley.?! 26

3. Trailing Edge Acoustic Element

Turbulent flow past sharp edges is known to produce trailing edge noise. LGMAP uses two methods for
the prediction of the noise from a trailing edge. The first LGMAP trailing edge acoustic element can be
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used to predict the noise caused by a turbulent boundary layer interacting with a sharp trailing edge. The
trailing edge noise elements use the theory of Brooks, Pope and Marcolini,'? as modified by Moriarty>? to
allow for airfoils other than the NACA 0012. The program XFOIL3* is used to estimate the boundary layer
thickness. LGMAP includes the ability to use any other boundary layer prediction method available. This
semi-empirical scheme uses inputs such as airfoil cross section, angle of attack, boundary layer trip, turbulent
inflow intensities and trailing edge bluntness. Using this as a callable function, LGMAP is able to predict
the directivity of trailing edge noise.

The second trailing edge prediction method uses a modified Ffowcs Williams and Hall equation for trailing
edge noise prediction.® LGMAP?? uses this method with an estimate of the landing gear wake properties in
the vicinity of the trailing edge of a wing or flap to estimate the trailing edge noise increase caused by the
presence of the landing gear. Reference 30 includes a detailed description of this process. In this manner,
not only does LGMAP predict the landing gear noise from the landing gear itself, but also the increase in
noise due to landing gear/flap interaction installation effects.

B. Landing Gear Representation

It is important to note that each landing gear component, such as the oleo, is not represented by a single
acoustic source, but is instead comprised of many, sometimes hundreds, of individual acoustic sources. Each
of these acoustic sources has it’s own flow input and noise output which, when summed, is the total noise
from the acoustic source. Figure 2(a) shows the baseline landing gear geometry measured in the QFF?! and
Fig. 2(b) shows the LGMAP landing gear wire frame mesh representation of the same landing gear without
the small-scale parts or dressing. Each color in the Fig. 2(b) represents a single LGMAP acoustic source.
When including the dressing, the LGMAP representation of this landing gear includes over 6 thousand
individual acoustic sources.

(a) (b) - Truck

/Struts

\:Hydraulic Lines

Hydraulic Not Shown

Lines

No Door

Figure 2. (a) Baseline landing gear tested in the Quiet Flow Facility (QFF) at NASA Langley.?1:26 (b)
LGMAP wire frame mesh of acoustic sources for the baseline Boeing 777 main gear configuration, dressing
not shown. Each color represents a single acoustic source positioned on the geometry. LGMAP geometry of
undressed Boeing 777 main gear contains 1129 individual acoustic sources and dressed baseline Boeing 777
main gear contains 6536 individual acoustic sources.

The LGMAP prediction methodology is unique in that each noise source in the LGMAP representation
of the landing gear geometry can potentially be weighted with input from a CFD calculation or flow mea-
surement. This allows the prediction method to predict the landing gear noise change due to a landing gear
configuration change. However, CFD solutions or flow measurements are not always available. In the current
analysis, the change in flow conditions caused by a change in landing gear configuration was estimated using
engineering judgement. Then, by weighting the velocity impinging on the affected landing gear components,
LGMAP is used to predict the change in noise. This is a first order estimate of the effect that changing the
landing gear configuration has on the landing gear noise. Future prediction using the LGMAP prediction
method to predict the change in noise from a landing gear configuration change should be coupled with some
type of flow measurement or calculation.
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III. QFF Comparisons

The noise from a 6.3%-scale high-fidelity Boeing 777 main gear was measured in the Quiet Flow Facility
(QFF) at NASA Langley.?!:26 The landing gear geometry was previously placed on a semi-span wing model
that was measured in the Low Speed Aeroacoustic Facility (LSAF).!® The geometry contains many of the
small-scale features of a full-scale landing gear to reproduce the noise in higher frequency ranges. The
QFF experiment included both single microphone measurements and array measurements processed by the
DAMAS source localization technique?® to map out the directivity pattern and spectral shape of the noise
from the landing gear. The noise from four landing gear configurations was measured: a baseline configuration
with and without the landing gear door present and a configuration with a toboggan noise reduction concept
with and without the door present. For this paper, the results for three of these configurations, shown in
Fig. 3, are used. Figure 4 shows a schematic of the landing gear installed in the tunnel with the measurement
azimuthal and polar angles defined by ¢. and 6. respectively.

Hydraulic

No Door Lines Teboggan Fairing

Figure 3. Landing gear geometry placed in the Quiet Flow Facility at NASA Langley. Includes with or without
the door geometry and with or without toboggan fairing.

Landing Gear

Directly under 0
landing gear ©
X Observer
¥ Position
Flight
Direction
Airflow

Figure 4. Quiet flow facility coordinate system for landing gear. The measurement azimuthal and polar angles
are defined by ¢. and 6. respectively. Microphone positions at a positive ¢. are on the non door-side of the
landing gear, negative ¢. are at door-side positions. Microphone locations in the region of 0° < 6. < 90° are at
the forward positions and 90° < 0. < 180° are at the aft microphone positions.

Figure 5 presents the single microphone noise measurements for the three landing gear configurations.
The three configurations include the baseline configuration, baseline without the door, and baseline with
the door and toboggan fairing. The peak in measured noise around 1000 Hz at all microphone locations is
likely due to scattering from the side plates.?® Figure 5(a) through (c) show the effect of azimuthal variation
in measurement location, while Figure 5(d) through (f) show polar variation on the measurements. The
measurements exhibit slightly increased noise levels across most frequency ranges when the landing gear
door is removed. The door acts like a flow alignment device, preventing symmetric shedding which is more
intense than asymmetric shedding. Also, the door attributes to shielding for observers 6, < 0°, however more
research is required to ascertain the influence of shielding on the noise. When the door is removed, the oleo
experiences an increase in shedding which results in an increase in noise levels in the low- to mid-frequency
range. The increased vortex shedding also causes increased interaction between the oleo and the nearby mid-
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and small-scale features. This may explain the increase in the mid- and high-frequency noise. Also shown
in Fig. 5 are the measurements of noise from the gear with the toboggan fairing installed. Installation of
the toboggan fairing reduces the high-frequency noise by shielding the smaller scale elements on the landing
gear. However, the toboggan also acts like a bluff body, increasing the noise in the low- to mid-frequency
range and altering the flow characteristics around the truck. This alteration may increases the flow velocity
impinging on the wheels, hence increasing noise from the wheels.

LGMAP includes inputs that alter the incoming flow impinging on the sources to model the flow condition
change caused by a configuration change. Ideally, these inputs are from flow measurement or computation.
As these were unavailable, engineering judgement was used as estimated inputs prior to the prediction. These
inputs were not altered afterward. To account for removal of the door, the LGMAP inputs were adjusted in
the region of the oleo to account for its absence. Also, the trailing edge noise source caused by the door was
removed. To account for installing the toboggan fairing, the flow velocities impinging on the components on
the truck, excluding the wheels, were reduced while the flows impinging onto all 6 wheels were increased.
Also included in the LGMAP prediction is a bluff body of approximately the same size as the nose of the
toboggan fairing. Table 1 shows the modifications to LGMAP predictions used to estimate the influence of
removing the door and installing the toboggan fairing.

Table 1. Modifications to landing gear configuration in the LGMAP predictions due to removing the landing
gear door and installing the toboggan fairing.

Configuration Change | Modified Components Velocity Modifier
Oleo and Nearby Dressing in Door Region +10%
Without Door Support Struts in Oleo Region +5%
Door Trailing Edge Noise Source Removed
Components on Truck, Excluding Wheels -5%
With Toboggan All 6 Wheels +5%

Addition of Toboggan Noise Source

In sections III.A through III.C, LGMAP predictions are compared to the measurements for the three
landing gear configurations shown in Fig. 3.

A. Baseline Configuration

Figure 6 shows the LGMAP predictions of the baseline landing gear geometry compared to the measurements
at different emission angles. Also shown are the prediction breakdowns of the acoustic sources on the landing
gear. LGMAP noise predictions agree well with the measurements across all emission angles and frequencies.
The maximum difference between prediction and measurement occurs in Fig. 6(d) in the lower frequency
range. This difference is approximately 5dB. Figures 6(a) through (c) show the measurements and predictions
at different measurement azimuthal angles; Figs. 6(d) through (f) show the measurements and predictions
at different polar angles. The predictions indicate that at the sideline locations, Figs. 6(a) and (c), the strut
assembly, truck, hydraulic brackets, and hoses are all important noise contributors in the low, middle, high,
and very high frequency ranges respectively. In the overhead positions, Figs. 6(b) and (e), the truck and
hydraulic brackets are the primary noise sources in the low and high frequency range respectively. This is
due to the radiation direction of the strut assembly and the shielding of the small-scale components due to
the truck. The results for a variation in polar directivity angle, Figs. 6(d) and (f), show that at the forward
and rear observer position, all components again become important factors.

B. Without Landing Gear Door

Figure 7 shows the LGMAP predictions, including component breakdown, compared to the measurements
using the modifications in Table 1. Overall, the difference in both the measured and predicted noise between
the baseline geometry and the baseline geometry with the door removed is minimal. The adjustment of the
flow into the oleo prediction causes a slight increase in the noise from the oleo and nearby support struts
due to an increase in vortex shedding. Also, the predicted noise in the high-frequency range, greater than
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Figure 5. Single microphone noise measurements of three landing gear configurations performed in the Quiet
Flow Facility (QFF) at NASA Langley.21:26 Measurements are shown at model-scale frequencies. Figures (a)
through (c) are measurements across different azimuthal angle variations in measurement location, and Figs
(d) through (f) are at different polar angle variations.
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Figure 6. LGMAP predictions of noise from the baseline geometry compared to single microphone measure-
ments performed in the Quiet Flow Facility (QFF) at NASA Langley.?! Figures (a) through (c) are for different
azimuthal directivity angles and Figs. (d) through (f) are for different polar directivity angles. Symbols are
measurements and lines are predictions.
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5000 Hz, is slightly increased due to an increase in flow velocity impinging on the small-scale features in the
oleo region. At the overhead position, Fig. 7 (b) and (e), there is very little change in predicted noise due
to the removal of the door. This is due to the directivity of the modified components. The oleo and struts
directivity pattern is forward and to the side, while the noise from the truck dominates in the overhead
position. The trailing edge noise source from the door was found to be much less than the other noise
sources and therefore a difference in predicted noise due to the removal of the trailing edge is not seen in the
predictions.

C. Toboggan Fairing

Figure 8 shows the predictions using the LGMAP modifications in Table 1 to account for the toboggan fair-
ing, including a component breakdown, compared to the measurements performed in the QFF. As expected,
installing the toboggan fairing on the landing gear geometry reduces the noise in the higher frequencies,
however, the addition of the toboggan increases the predicted noise in the mid- to low-frequency range. This
is seen across all microphone locations to a varying degree. In the microphone azimuthal directivity angles,
Fig. 8(a) and (¢), LGMAP is able to predict the noise increase of approximately 2 dB at the frequencies
measured. At the higher frequencies, LGMAP predicts a noise decrease of approximately 1-2 dB while the
measurements show a noise increase in the very high-frequency range. It is unclear why the measurements
show a noise increase in the very high-frequency range due to the toboggan fairing but may be due to trailing
edge noise from the toboggan fairing. At the overhead position, Fig. 8(b) and (e), LGMAP predicts the peak
frequency of the noise increase at approximately 1000 Hz while the measurements show an increase at ap-
proximately 2500 Hz. However, the noise increase in both the measurement and predictions is approximately
2-3 dB. Both the predictions and measurements show a decrease in noise from 3000Hz and higher of approx-
imately 1-2 dB. At the different microphone polar locations, Fig. 8(d) and (f), both LGMAP predictions
and QFF experiment show an increase in noise in the mid- to low-frequency range of approximately 2 dB.
Also, the LGMAP prediction show a noise decrease of approximately 1dB at frequencies higher than 6000
Hz which matches the QFF experiments. Overall the LGMAP predictions match the QFF measurements
well considering the simplicity of the modeling technique.

IV. QTD 2 Comparisons

In the previous section, LGMAP geometries were compared to scaled measurements performed in the
QFF. In this section, two of those geometries, with the same LGMAP parameters used when comparing to
the QFF measurements, scaled to full-scale, are compared to measurements performed during the QTD2
flight test. The aircraft flown in the QTD2 flight test program was a Boeing 777-300ER at a forward flight
velocity of 170 knots.?® For all airframe measurements, both engines were set at idle-power to isolate the
airframe noise signature. The QTD2 flight test measured the sound of the airframe with three main landing
gear designs. These included a baseline landing gear configuration, a landing gear with wheels aligned to
freestream flow velocity, and a landing gear with a toboggan fairing. The measurements also included two
wing flap configurations: 0° and 30° flap angle. In the present analysis, the predictions will be compared to
flush-mounted ground-based single microphone measurements from the aircraft with baseline main landing
gear and baseline main gear with toboggan fairing installed. The noise from the nose gear is also predicted.
For each case the flap angle is 0°, and the local flow velocity caused by circulation around the wing.?! The
prediction methodologies for the main gear are also used for the nose gear and include a slightly increased
inflow into the nose gear region.'? An infinite, perfectly reflecting wall is used as a first order approximation
for the reflecting surfaces on the aircraft. Both main landing gear noise predictions include a reflecting wall
to represent the wing, but the nose gear prediction does not approximate any reflections caused by the body.

The QTD2 measurements did not report absolute levels, but rather spectrum shapes and AdB. In the
current comparison, the predictions have been adjusted in order to match the measured SPL at a frequency
of 100 Hz for each spectrum shown. The predictions of the SPL from the entire aircraft are separated into
five individual noise sources: nose gear, main gear strut, main gear truck, main gear hydraulic brackets, and
main gear dressing.?”
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LGMAP predictions of noise from the baseline geometry with the door removed compared to

single microphone measurements performed in the Quiet Flow Facility (QFF) at NASA Langley.?! Figures

(a) through (c) show different azimuthal directivity angles and Figs.

(d) through (f) show different polar

directivity angles. Symbols are measurements and lines are predictions.
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Figure 8. LGMAP predictions of noise from the baseline geometry with the toboggan fairing installed compared
to single microphone measurements performed in the Quiet Flow Facility (QFF) at NASA Langley.?! Figures
(a) through (c) show different azimuthal directivity angles and Figs.
different polar directivity angles. Symbols are measurements and lines are predictions.
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A. Baseline Configuration

Figure 9(a) shows the LGMAP predictions compared to the QTD2 measurements at a 60° emission angle.
The predicted spectrum shape for the complete aircraft in the low- and mid-frequency ranges, between one-
third octave bands centered at frequencies 31.5 and 500 Hz, matches very well to the flyover measurements,
while the SPL at higher frequencies is underpredicted. The underprediction at the higher frequency ranges
may be due to missing noise generating components in the landing gear prediction, other noise sources on
the aircraft, or measurement inaccuracies. The predictions of individual noise sources show that all landing
gear components contribute to the overall spectral shape. In the mid-frequency ranges, the nose gear is
only a few decibels below the main gear noise prediction. Figure 9(b) shows the predictions compared to
the QTD2 measurements at an emission angle of 90°. For this emission angle, the predictions compare well
with the measurements in the low- and mid-frequency range, between one-third octave bands centered at
frequencies 31.5 and 630 Hz. Similar to the comparison at an emission angle of 60°, the predictions for higher
frequency ranges are underpredicted when compared to the measurements. And finally, Figure 9(c) shows
the noise predictions compared to the QTD2 measurement at an emission angle of 140°. At this emission
angle, the prediction of landing gear matches very well to measurements for all reported one-third octave
bands. However, although the comparison between the prediction and measurements are very good, the
measurements during the QTD2 flight test show that at this observer angle, other noise sources, including
engine and airframe, may be equivalent to the landing gear noise.?°
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Figure 9. QTD2 flight measurements of baseline landing gear compared to LGMAP predictions at emission
angles of (a) 60°, (b) 90°, and (c) 140°. The predicted SPL at a 1/3-octave center frequency of 100Hz is (a) 76.2
dB at 60°, (b) 74.0 dB at 90°, and (c) 74.0 dB at 140°. Symbols are measurements and lines are predictions.

B. Toboggan Fairing

The QTD2 measurements also included a toboggan faired landing gear similar to the one measured in the
QFF?21:26 and at Virginia Tech.'® Figure 10 shows the difference in the QTD2 measurements and LGMAP
predictions between the baseline landing gear configuration and the landing gear with the toboggan fairing
at 3 observer positions. Figure 10(a) shows the difference in measurements and prediction at the forward
arc observer position. Both the measurements and predictions show an increase in noise in the low- to mid-
frequency range of approximately 2-3 dB. Also, both the measurements and predictions show a decrease in
noise in the mid- to high-frequency range of a maximum of approximately 1 dB. Considering the simplicity
of the model and the complicated noise source, the predictions match very well to the measurements (given
reasonable inputs, i.e. velocities). Figure 10(b) shows the difference in measurements and predictions at
the overhead observer position. At this microphone location the predictions and the measurements show
the same trend with an increase in the lower frequencies and a decrease in the higher frequencies. However,
LGMAP overpredicts the noise reduction in the high-frequencies by as much as 2 dB. This may be due to
the other noise sources on the aircraft, such as the engine or airframe, masking the noise reduction caused by
the toboggan or the prediction model. And finally, Figure 10(c) shows the difference in measurements and
predictions at the rear observer arc. At this position, both the measurements and predictions again show an
increase in noise at the low- to mid-frequency range of the same magnitude. In the mid- to high-frequency
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range the predictions show a decrease in noise which is not seen in the measurements. Again, this may
be due to the measurements being corrupted by other noise sources on the aircraft or the predictions not
capturing the sources and/or directivities accurately.
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Figure 10. QTD2 flight measurements of landing gear noise with a toboggan fairing installed on the main
gear compared to LGMAP predictions at emission angles of (a) 60°, (b) 90°, and (c) 140°. The predicted SPL
at 1/3-octave center frequency of 1000Hz is (a) 67.3 dB at 60°, (b) 59.4 dB at 90°, and (c) 66.1 dB at 140°.
Symbols represent measurements and lines are LGMAP predictions.

V. Conclusions

A unique method for predicting the noise due to a landing gear configuration change has been presented.
Predictions using the Landing Gear Model and Acoustic Prediction (LGMAP) code were compared to mea-
surements performed in the Quiet Flow Facility (QFF) at NASA Langley for three landing gear geometries.
This included a baseline case, baseline without the landing gear door, and baseline with a toboggan fairing.
The LGMAP code was shown to predict the noise magnitude, spectral shape, and directivity well for all three
configurations. These predictions demonstrate LGMAP’s unique ability to predict noise from configuration
changes allowing for the prediction of noise from future low-noise landing gear designs.

The LGMAP geometries used in the comparisons with QFF measurements were scaled and compared
to flight test data acquired during the Quiet Technology Demonstrator 2 program. LGMAP predictions of
the noise spectral shape from the landing gear matched well with aircraft measurements at three directivity
angles. Comparisons of measured and predicted noise from the baseline and toboggan faired gear showed
that LGMAP was able to predict some of the trends in the noise caused by the toboggan fairing.

Future work on using LGMAP as a prediction method to predict the noise caused by configuration changes
must be coupled with a flow field prediction or measurement that can predict the flow change caused by a
configuration change. Also, much of LGMAP is still empirically based with strengths, spectral shapes, and
directivities of the acoustic elements set by calibrated coefficients. While these coefficients have evolved over
time, as more measurements of landing gear noise is released, a method must be researched for discerning
their physics based mechanisms.
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