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1. Nomenclature, List of Tables, List of Figures

A = amplitude of normalized spectra

B = parameter defining normalized spectra
D = directivity factor

EPNL = Effective Perceived Noise Level

F = normalized spectrum

L = tota length of struts

L = length of jth strut

M = Mach number of mean flow ahead of landing gear
Mo = Flight Mach number

Ns = number of strusts

Nw = number of wheels

OASPL = overal sound pressure level

= radial distance of far field microphone

= aggregate surface integration effects

= sound pressure level

= Strouha number

= mean flow velocity

= aircraft takeoff gross weight

= average cross section dimension of struts
= linear dimension of jth strut cross section
= linear dimension of jth strut cross section
= constant sound speed

= wheel diameter

= diameter of shock strut

= freguency

= parameter defining directivity factor

= acoustic wavenumber

= ith component of surface normal

= sound pressure

= surface pressure

= perimeter of the jth strut cross section

= time

= velocity scale

= width of landing gear wheels

= far field coordinate vector

= near field coordinate vector

= Doppler factor

= far field noise power spectral density
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= surface pressure power spectral density
= coefficient of atmospheric absorption
= radiation efficiency

= whed track alignment angle

= typical size of small details

= length scale

= complexity factor

= controlling high frequency falloff

= emission anglein flyover plane

= constant mean density

= power index in normalized spectra

= sourcetime

= timescae

= angular frequency

= Doppler shifted angular frequency
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Table 1 Functional dependencies of landing gear component noise.

Table2 Empirical amplitudes of the three landing gear noise components.

Table 3 Parameters to define the normalized spectrafor the three landing gear noise components.
Table 4 Parameters defining the directivities of the three landing gear noise components.

Table 5 Examples of maximum gross takeoff weight for some aircraft types.

Table 7 Typical dimensions of the main strutsin the Boeing 737 main landing gear.

Table 6 Examples of wheel parameters.

Table 8 Typical dimensions of the main strutsin the Boeing 777 main landing gear.

Table 9 Typical dimensions of main struts in the Boeing 777 nose gear assembly.

Figure 1 lllustration of the landing gear geometry and definitions of the coordinate system.

Figure 2 lllustration of the normalized power spectral density in the low, mid and high frequency
domain.

Figure 3 One third octave band levels of the three power spectral densities shown in Figure 2
respectively for the three frequency domains.

Figure 4 Models of the directivity factors for the three spectral components of landing gear noise.

Figure 5 Comparison of empirical model with test data for the directivity of high frequency
landing gear noise.



Figure 6 Overal far field directivity of the Boeing 777 landing gear noise.
Figure 8 Increment of landing gear high frequency noise due to gear complexity.
Figure 7 Increment of landing gear high frequency noise due to wheel track alignment angle.

Figure 9 Comparison of SPL between predictions and test data for an isolated Boeing 737 main
landing gear.

Figure 10 An example of spectral decomposition of total noise for the Boeing 737 main landing
gear.

Figure 11 Comparison of OASPL between predictions and test data for an isolated Boeing 737
main landing gear.

Figure 12 Comparison of landing gear noise SPL between predictions and test data for the
Boeing 777 arcraft.

Figure 13 An example of the Boeing 777 aircraft landing gear noise and the contributions from
its main and nose gear.

Figure 14 Comparison of OASPL between prediction and flight test data for the Boeing 777
landing gear noise.



2. Introduction

Because of the geometric and flow complexity, landing gear noise prediction has mostly
been empirical (Ref 1 to 8). In most cases, a particular database for alanding gear configuration
is used to derive parametric trends and prediction schemes. The empirical approach has certainly
proven to be valuable in practical applications. Its limitations and drawbacks, however, are also
well recognized, of which, the limited parametric range in a particular database and the error in
the measurements are probably two of the most severe obstacles in empirical modeling. The
former limits the validity domain of the empirical prediction, because of the uncertainties outside
the database used to develop the prediction methods, while the latter can lead to wrong or
inaccurate parametric trends, if the empirical tools are developed by blunt-force data collapsing.
Thus, it is important in empirical tool development to constantly update the tools, both by
introducing physics-based theory into the modeling so that general scaling laws are utilized to
cover awide range of flow and geometry parameters, and by incorporating new database into the
prediction schemes. This is what has motivated the work reported here, and our objective is to
take a step forward from existing empirical methods to develop improved schemes for landing
gear noise prediction.

We will start with the scaling laws from the theory of aerodynamic noise generation,
which identify general trends such as the sixth power law of the Mach number dependence and
the inverse fourth power convective amplification (Ref 9 to 13). This gives the empirica
schemes a sound theoretical foundation. The methods are, however, heavily empirical because
the scaling laws will be correlated to available databases so that parameters in the scaling laws
will be quantitatively determined and the predictions are not only for the general parametric
trends, but also for the absolute noise levels. To overcome the limitations and drawbacks of any
particular set of data, we will make use of all the published data, which includes the early studies
as well as recent data (Ref 6, 7 and Ref 15 to 21). Furthermore, the empirical models will also be
calibrated with recent results from numerical simulations (Ref 22 to 26), which, though not
directly applicable for practical predictions, provide valuable understanding and insight of the
noise characteristics of landing gears, especialy in the low and mid frequency domain.

This semi-analytical and semi-empirical approach will be applied to three spectral
components of the landing gear noise, namely, the low, the mid and the high frequency noise.
The decomposition of landing gear noise into three spectral components has been discussed
before (Ref 6, 7 and 13). It results from detailed analyses of landing gear noise test data, which
have revealed different characteristics of the measured noise in each individual frequency
domains, such as their spectral features, their far field directivities and their dependencies on the
geometric parameters of the gear assembly. The decomposition also reflects the source
mechanisms of the noise in different frequency domains; the three groups of landing gear parts,
namely, the wheels, the main struts and the small details, have typica sizes that significantly
differ from each other. These distinctively different length scales lead to sound generation in



distinctively different frequency domains, supporting the hypothesis that the total landing gear
noise is the incoherent summation of the three spectral components.

For all three spectral components, we will derive normalized spectra to define the
frequency features of the noise, in term of the Strouhal number based on the flow velocity
upstream of the landing gear, which is known to be different from the free stream velocity or the
aircraft flight velocity, and the respective length scales of the three groups of landing gear parts.
Genera features of the normalized spectra include the unity maximum at some values of the
Strouha number and the falloff spectral shapes at both low and high frequencies. The spectra
have different widths, from the narrowest for the low frequency component to the widest for the
high frequency component, reflecting the different size distributions of the three groups of
landing gear parts. The wheels have the same size so that the low frequency noise from the
wheels is narrowly confined to frequencies near the vortex shedding frequency of the wheels.
For noise from the main struts that have various sizes, the spectrum has a broad hump. The
spectral hump becomes even broader for the high frequency noise because many different sizes
are included in the group of small features that generate high frequency noise. Directivity factors
will aso be derived for al three noise components, which have unity minimum at 90 degrees of
emission angle and higher values at other angles with maximum in the upstream and downstream
direction. The angular variations are greatest for the high frequency components and amost flat
for the low frequency noise.

The amplitude of each of the three noise components will be determined by geometric
and flow quantities unique to the corresponding group of landing gear parts, together with
functiona dependencies that are common to all three components. The common features are the
Mach number dependence, the spherical spreading, the convective amplification and the
atmospheric absorption. For landing gear noise that is usually at low Mach numbers, the
dominant noise sources are the pressure fluctuations on the surfaces of the landing gear parts,
according to the theory of aerodynamic sound (Ref 9 to 13). Thus, one component-dependent
feature is the aggregate effect of surface pressures integrated over the surfaces of the landing
gear parts. For the low and mid frequency component, this effect will be deterministically
defined by the dimensions of the wheels and main struts, respectively. For the high frequency
noise associated with small geometric features in the gear assembly, the large number of
irregularly shaped parts makes it impractical to count and define the sizes and shapes of al the
small parts. Thus, we will introduce a complexity factor to account for the small parts, which can
be regarded as a statistical description of the sources of high frequency landing gear noise. We
will discuss geometric and flow parameters that affect this complexity factor and an empirical
definition will be given for noise prediction of practical landing gears.

To validate the prediction schemes and demonstrate their practical applications, the
empirical models developed here will be applied to the landing gear noise of the Boeing 737 and
777 aircraft. For the Boeing 737 aircraft, the predictions will be compared with wind tunnel test
data for an isolated main landing gear, at various flow conditions and emission angles. For the



Boeing 777 aircraft, comparisons will be done with flight test data at various emission angles,
which include contributions from both the main gears and the nose gear. In both cases,
comparisons between predictions and data show good agreements; the empirical models not only
capture the parametric trends of the noise measurements, but also accurately predict the absolute
noise levels.

3. Theoretical Basis

Our empirical prediction schemes for
landing gear noise are based on the scaling laws of
the theory of aerodynamic noise generation. The
general theory of sound generation by moving
bodies have been extensively studied in the past
(Ref 9 to 13), but for completeness and for the
convenience of discussions, they are briefly derived _
here, with particular reference to landing gear noise. MFii:onISoie
We consider a landing gear assembly moving at ®
constant speed U in the positive x;-direction, where
the coordinate system X = {x, Xz, X3} is fixed in Figure 1 lIllustration of the landing gear
relation to the far field microphones. The geometry geometry and definitions of the coordinate
and coordinate system are illustrated in Figure 1. Svstem.

The source locations on the landing gear are denoted by y = {1, Y», Y3}, which is related to the
coordinate system fixed on the landing gear assembly by

u

) Track Angle y

Emission Angle 8

Ground-Fixed Coordinate x

y =n+[Udr=nq+Ur, (3.2)
0

where n = {1, 172, 13} is the body-fixed coordinate system, 7 is the time measuring the source
process and U =U X, isthe constant velocity in the x;-direction, the overhead hat on x; denoting

unit vector.

The far field sound pressure due to the landing gear assembly can be conveniently
expressed by the Ffowcs Williams/Hawking equation (Ref 9). For low Mach number flows, asis
the case for landing gear noise applications where the typical flow Mach number is about 0.2, the
dominant sound is assumed to be given by the dipole term due to surface pressure fluctuations.
In this case, the sound pressure p(X, t), as a function of the microphone location x and receiving
timet, can be written as

(32

p(X,t) :ii j ni ps(‘l’r)A d2 ]
A1t 0% gy | (X —y)(A—MX) |



Here ps is the surface pressure on the moving landing gear parts whose surfaces are collectively
denoted by S and we have introduced M = U/c, to denote the Mach number with ¢, being the
constant sound speed. The unit normal of the surface, pointing into the flow, is denoted by n;,
with the repeated indices implying tensor summation. The surface integration is to be carried out
in the body-fixed coordinate system n in which the landing gear geometry is time-invariant. The
source time ris now given by the retarded time, defined by the implicit equation

r=t—|x-n-Ur|/c,. (3.3

This equation can be readily solved to find the source time in terms of the coordinate variables
and the receiver time,

_(M70q =7 ~U0? + =M P Ix=m - Ut + M (% -, -0t

M (3.4)

r=t

For the purpose of deriving the far field sound pressure, we assume that the microphones are
located far away from the landing gear so that

IX>>y|. (3.5)
In this case, the implicit equation (3.3) can be expanded in powers of 1/[x|, which leads to

r:t—m+ nix +M XT. (3.6)
Co  ColX|

Thus, the explicit solution for 7becomes

rzi(t X1, "D‘], 3.7)

AU ¢ clx]|

where 4 stands for the Doppler factor defined by

Ulx
Co I X|

A=1-

=1-M X, =1-M cosé, (3.8)

where we have introduced the emission angle @ which is measured from the upstream direction
of the flight path, asillustrated in Figure 1.

The far field assumption can be used to simplify the sound pressure given by (3.2). Under
the condition (3.5), the spatia derivativein (3.2) can be replaced with atime derivative

o _ %a

57 3.9
0X; C, Ot (39)



and the spherical spreading of the sound propagation can be approximated as

1 :i:ll (3.10)
Ix-y| Ix] R
Thus, the sound pressure (3.2) simplifiesto
X,t) =-— .(m,7)d? 311
pOX,1) == — RMg(jﬂ)p(n) . (3.11)

This result can now be converted to frequency domain by taking Fourier transform on both sides
according to the definition

P(X, ) = j p(x,H)e“dt and p(x,t):%rj P(x, w)e'dew, (3.12)

where w is the angular frequency and the overhead tilde denotes quantities in the Fourier
transform domain. When (3.12) is applied to (3.11), the left-hand side gives the Fourier
transform of the far field sound pressure. For the right hand side, the transform of the surface
pressures at the source time 7 can be facilitated by making use of the result (3.7) for the retarded
time and

I p.(m,7)e" ot :Ae”‘ORe'ik""&J. p,(m,7)e“ dr
| (3.13)
= 2e""e ™ B (n,wy).

Here, we have introduced the acoustic wave number ky to save writing, which is defined by
k, = w/c,, and ayisthe Doppler-shifted angular frequency, which isrelated to wby w, = wA.

With this, the far field pressure (3.11) becomes

B(x, w)-—mg R [ By (. )e M d . (3.14)

S(n)

Thus, the far field sound pressure at frequency w is related to the surface pressures at the
Doppler-shifted frequency ay. This shift in frequency between the surface pressures and the far
field sound pressure is due to the effects of the motion (with velocity U) of the landing gear.

The noise spectrum (power spectrum density) can be derived from the far field pressure
by multiplying it by its complex conjugate and taking the ensemble average of the result. By
denoting the noise spectrum by /7, we have the definition

17 (x,@)3(w =) = (B(x, @) B"(x,&)), (3.15)



where the asterisk denotes complex conjugate and the bracket <---> implies ensemble average.
From this, atrivial integration with respect to o' leads to

71(X,0) = j (B(x,0) B (x,&))de. (3.16)
o
By substituting the far field sound pressure (3.14) into this, we have
XX
nx@) =5 [[nn I Kk'e ™R ( B, (n,0,) BL (', 00h) )€V daid *pd %', (3.17)
(4R)* 35

The integration with respect to @' can be carried out by making use of the relation (3.15) applied
to the surface pressures, namely,

(0, @,)3(w, — ) = (P, (mw,) B (', @), (318)

where /7sis the cross power spectrum density of the surface pressure fluctuations. With this
substituted into (3.17), we can simplify the result to

k(fx,xJ
7(X,w) =

J j 77, (nn', @, )e ™ d % pd ' (3.19)

The Doppler factor in this result comes from the o' integration.

By the definition of mean square pressure fluctuations, we can now integrate the power
spectrum density (3.19) within a particular frequency band to derive

(p?) = %T [ 77(x,@)da, (3.20)

where the mean squared pressure on the left hand side is to be understood as that for a particular
frequency band and the integration with respect to @ on the right hand side is performed over
that band. Thus, the result is a function of the center frequencies of the frequency bands. By
substituting (3.19) into this, we find that

(p*)= (a ZXXR AAH i} [@f 77, )e* ™ deg,d?pd?y. (3.20)
7T C s

Here, again, the integration with respect to wqy on the right hand side is performed over a set of
frequency bands so that the result is a function of the center frequencies of those bands. The 1/3
octave frequency bands can be a convenient choice. In cases where atmospheric absorption is to
be included in the prediction, it is more suitable to choice narrow bands to define (3.21), because
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of the significant variations of atmospheric absorption with frequency. This definition is
followed here and the 1/3 octave band mean square pressure fluctuations will be computed by
standard integration after the atmospheric absorption is applied to the narrow band results.

4. Scaling Laws

The analytical result (3.21) can be further reduced by dimensiona analysis to derive
scaling laws for the use of empirical prediction. To this end, we define a typical length scale /4,
time scale 1p and velocity scale up, which are related to each other by

£, =UyT,. (4.2)
0 0% 0

The velocity scale uy characterizes the unsteady motions of the flow and is usually different from
the uniform velocity U of the moving landing gear. With these scaling parameters, we can define
the Strouhal number by

S=1e,/U =wt,i(2m)), (4.2)

where f denotes frequency and wis the angular frequency defined in the previous section.

The cross spectrum density of the surface pressures is determined both by its amplitudes
and by the coherence length of the cross spectrum. The former sets the scaling of the cross
spectrum and the latter specifies the domain of significant contributions in the surface
integrationsin (3.21). Its amplitude can be scaled as

1 ~ (,Ooug)ZTo’ (4.3)

where o is the constant mean density. Experimental studies in the past have shown that surface
pressure fluctuations generated by unsteady flows are amost always orders of magnitudes
smaller than the dynamic pressure of the mean flow (aU?/2). This means that the velocity scale
Up defined here is much smaller than the mean flow velocity U.

Because the cross spectrum of the surface pressures is nonzero only within the coherent
length, which is typically of the same order as /,, the double surface integration in (3.21) is
controlled by both the surface dimension and the coherence length scale. Thus, the double
surface integration should be normalized by

d*nd’n' ~ £3S, (4.4)

where Sdenotes the typical area of the body surface.

Thetermsin (3.21) that involve the scalar product of the far field location unit vector and
the unit normal of the integration surface give the directivity of the generated noise. Thus, we
can scale these terms as

11



xx,nn; ~D(), (4.5)

where D denotes the far field directivity, which isin general afunction of the emission angle din
the flyover plane and the azimuthal angle in the plane perpendicular to the flight path. The latter
isnot of interest to aircraft noise at landing conditions so that it is not considered here.

By normalizing the quantities in (3.21) with the scaling laws discussed above, we can
rewrite the result as

S 1

<p >:(poco) M°D(6) e F(S)?m-

(4.6)

where we have introduced new quantities a, £ and F to denote respectively the attenuation due to
atmospheric absorption, the radiation efficiency due to the production of unsteady flows by the
steady motion of the landing gear and the normalized spectrum of the radiated noise. The first of
these new quantities, a, is defined by decibels per length and is a function of frequency. It is
introduced here because the results derived in the previous sections are for |0ss-1ess propagation.
For practical applications where the propagation distance is usualy many wavelengths,
atmospheric absorption can significantly affect the amplitude of the noise received by the far
field microphones so that it is included here. The second quantity, denoted by £, is essentialy a
radiation efficiency factor. It is defined by

B=ul(4U?). (4.7)

This quantity measures the efficiency of energy conversion from the steady motion U of the
body to the unsteady flows characterized by uy. The third quantity, the normalized spectrum F, is
afunction of the Strouhal number S defined by (4.2). Mathematically, this normalized spectrum
issimply written for

F = J.J. )A(i)A(j nn; J- Stj Hs(sd) eiko(n’-n)fidsd m (4.8)
vs D(9) 3, (,OOUS)TO f%s

Since all quantities in this expression have been normalized with respective typical parameters,
they should all have values of the order of unity. The normalized spectrum should thus also be of
the order of unity. Clearly, the calculation of this spectrum requires detailed information on the
surface pressure spectrum, which is usualy not available in practical applications. For our
empirical methods, this normalized spectrum will be modeled and calibrated by test data, which
will be discussed in detail in the following sections.

The derivations that lead to the scaling law (4.6) show that it is agenera result applicable
to any individual parts in the landing gear assembly, from largest parts, the wheels, to the
smallest dressings. The functional dependencies of the far field noise on the geometric and flow
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parameters are summarized in Table 1. Itis  Table 1 Functional dependencies of landing
evident that some of the parametric gear component noise.

dependencies are common to all parts. These Feature Dependency
include the dependence on ambient
parameters, the sixth power law for Mach
number, the spherical spreading of the noise, | Mach Number M °
the conv_ective amp!ification and the Spherical Spreading R
amospheric  absorption.  The  other
functional dependencies in (4.6), such asthe | Convective Amplification | (1-M cosé)™
normalized  spectrum, the radiation
efficiency, the far field directivity and the
surface of the integration, are component | Directivity D(®)
specific and may vary significantly. These | Radiation Efficiency B
component-specific quantities are also the
ones that are difficult to define
quantitatively, either by experimental | Spectrum F(S)
studies or by  anaytica/numerica
calculations, essentially because of the variations in shapes, sizes and locations of the large
number of parts in the gear assembly. These parametric dependencies can only be modeled
empiricaly by correlating the scaling laws to experimental data.

Ambient Medium (PoC5)?

-aR

Atmospheric Absorption e

Component Size Effect S

Even in such an empirical approach, it is apparently very difficult to individually model
every part that generates noise, which is a main reason why we follow the approach of cataloging
the gear parts into three basic groups and decomposing the landing gear noise spectrum into
three corresponding spectra components. The development of this model will be discussed in
detail in the following sections. Clearly, it reduces the empirical modeling to three components,
instead of al the individua parts in the gear assembly. The latter approach is in principle
feasible, asfollowed in Ref 4, 5 and 8, where the total landing gear noise is predicted by building
up the noise from the individual parts.

5. Empirical Prediction Schemes

Our empirical prediction schemes start with the hypothesis that landing gear noise can be
decomposed into three spectral components respectively for the low, the mid and the high
frequency domain, and the total noise is the incoherent energy summation of the three
components. This enables us to express the total landing gear noise as

(p?)=(p)+(p7)+(ph) (5.1)
where the subscripts L, M and H respectively indicate the low, the mid and the high frequency

component. This spectral decomposition has been discussed in detail before (Ref 6, 7 and 13). It
results from a combination of data analyses of recent landing gear noise tests and source

13



mechanisms of the noise. Full configuration landing gear noise tests have shown that the far field
noise has different spectral features and directivity characteristics in different frequency domains
(also see Ref 15). This has been attributed to the noise generated by the three groups of landing
gear parts, namely, the wheels, the main struts and the small details. The three groups have
significantly different typical sizes, which makes their dominant noise well separated from each
other in frequency. The spectral decomposition and the incoherent summation are the basis of the
empirical methods reported in Ref 6 and 7, and are aso the basic hypothesis of a statistical
framework for landing gear noise prediction developed in Ref 13.

With the spectra decomposition (5.1), we can apply the result (4.6) to each of the three
components. The normalized spectrum F is now defined as a function of the Strouhal number,
based on the respective length scales in each spectral component. We choose the diameter of the
wheels d, the average cross section dimension of the main struts a and the typical size of the
small details ¢ as the length scales of respectively the low, the mid and the high frequency
component. With this, the total landing gear noise can be written as

2 = (£o65)"M €D, (6)
() = R Moosg)® (Tt + P *Pal (5.2)

where features common to all components have been factored out and those that are component-
specific are represented by the quantity P, with respective subscript for the three components.
They are defined by

P = BSD(O)F (). (5.3)

Here the respective subscripts L, M and H should be used for all quantities to indicate the low,
the mid and the high frequency component. The Strouha number for each component is aso
defined by the corresponding characteristic length of each component. These results indicate that
all three spectral components have their own individual directivity, but we have aso included a
directivity factor in (5.2), denoted by Do(6), to account for the installation effects. Thus, the
directivity factors in (5.3) are for isolated landing gears and that in (5.2) accounts for the
wing/fusel age reflection and other installation effects.

With the results (5.2) and (5.3), it only remains to empirically model the quantities on the
right hand side of (5.2), respectively for the three frequency domains. This will be done by a
combination of physical reasoning and calibration with test data. The flow energy conversion
efficiency, denoted by £ in (4.7), with respective subscripts for the three spectral components,
can only be derived by matching predictions with test data. It basically describes how efficient
the steady motion of the gear parts, at constant velocity U, generates unsteady flows
characterized by the velocity scale up, which in turn radiates noise. Thus, this quantity can also
be regarded as a parameter to measure the noise radiation efficiency of the landing gear parts. By
fitting the noise predictions to test data, we find a set of values for this parameter for the three

14



spectral components and these values are listed
in Table 2. For empirical modeling, these values
are basicaly empirical amplitudes of the
component noise.

Table 2 Empirical amplitudes of the three
landing gear noise components.

Low Mid High
B | 45x10° | 15x10° | 3.2x10°

The amplitude of each noise component
isrelated to the aggregate surface area of the landing gear parts in each group, resulting from the
surface pressure integration of the basic theory (3.21) and denoted by S with respective
subscripts for the three spectral components. For the low frequency noise that is generated by the
whesls, it is denoted by S and can be derived deterministically from the wheel dimensions. This
leads to

S, =7N,wd, (5.4)

where N, is the number of wheels in the landing gear assembly, w is the wheel width and d isits
diameter. It is clear that (5.4) does not account for the side surfaces of the wheels, because the
normal of those surfaces is approximately perpendicular to the far field location vector in the
flyover plane so that their noise contributions are negligible. The wheel diameter d is aso used
as the length scale for the low frequency noise, which defines the Strouha number in the
frequency domain according to

g, = fd/U. (5.5)

For the mid frequency component that is associated with the main struts in the landing
gear, the aggregate effect of the surface pressure integration is denoted by Sy and can be
computed as the summation of the surface areas of the main struts. The main struts are defined
here as the elongated parts whose lengths are much larger than their cross section dimensions.
They include the axels connecting the wheels, the shock struts connecting the wheel track to the
aircraft, the side bars attached to the shock struts and the main hydraulic components. Under this
definition, the surface of an individua part is the perimeter of the cross section multiplied by its
length. For structural strength purpose, the main struts are usually designed with cross sections of
either circular shape or rectangular shape. Though the struts of rectangular cross sections usually
have cutouts so that they look more like I-beams or other cross sections, we will regard al non-
circular struts as rectangular for simplicity, and account for the effects of cutouts and other
irregularities in the high frequency components. Thus, we can define

S, =Ys L, 59

where s is the perimeter of the cross section of the jth strut, L; isits length and Ns is the total
number of main struts in the landing gear assembly. The perimeter of the cross section is defined

by

15



(5.7)

{ﬂdj for circular crosssection
S =
J

- 2(a; +b;) for non - circular crosssection’

where d; is the diameter of the cross section if the jth strut is circular and g and by are its two
linear dimensions it is non-circular. The total length of the struts, denoted by L, issimply

L:ZH. (5.8)

The average dimension of the cross sections of the main strutsis given by
a=Ss, /(7t.). (5.9

It can be seen that this is a weighted average, taking into account of the variations in the lengths
of the struts. This is the quantity that is used as the length scale to define the mid frequency
Strouhal number, namely,

s, = faluU. (5.10)

It can be noted that the total number of main struts for the mid frequency noise component is not
precisely defined, which for practical applications is not a significant uncertainty. The guideline
istoinclude all large parts in the gear assembly, except the wheels, which are much larger in size
than the small details. The latter is defined as those small parts such as brake braces, hydraulic
hoses and wires, as well as small geometry irregularities such as cutouts and steps. Aslong as
the large struts are included, the noise amplitude, proportional to the summation (5.6), will not be
significantly affected by the addition of afew small parts.

For the high frequency component, the surface area calculation can in theory be carried
out in asimilar way to those used for the other two components, but thisis clearly not practical,
because of the large number of small parts and irregular geometric features in the gear assembly,
which always have very different sizes, shapes and orientations. Thus, the aggregate effect of the
surface integration for high frequency noise can only be modeled as a statistical quantity. The
modeling of this quantity depends on the complexity of the small features in the landing gear,
both the amount of small details and the relative locations of the small parts. To account for
effects such as these, we model the aggregate surface integration effects in the high frequency
domain as

S, =nt?, (5.11)

where the length scale of the high frequency noise sources is denoted by ¢ and we have
introduced a non-dimensiona quantity, the complexity factor 77, to account for the geometric
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complexity of the large number of small parts in the landing gear. This letter quantity will be
discussed and defined in detail in alater section.

The length scale of the high frequency noise source is used in (5.11) to reconcile the
dimension of the surface quantity Sy. It is, however, an important parameter to define the
Strouhal number in the high frequency domain,

s, = f4/U. (5.12)

For a given mean flow velocity, the length scale ¢ determines the frequency of the maximum
high frequency noise, which in turn affects the levels of the total noise in the high frequency
domain. This length scale can be taken as the typical size of the small geometric features in the
landing gear, the average of the dimensions of the small features, for example. The small features
include dressings attached to the main struts, standing-along parts such as brake braces,
hydraulic hoses and wires, and small geometry irregularities such as cutouts and steps. Though a
detailed survey is feasible to measure the sizes of the small features, it is by no means a trivia
task, considering the large number of small details involved. It is then desirable to predefine a
simpler way to obtain this length scale. In examining practical landing gears, we noticed that the
sizes of the small details vary with the sizes of the large parts such as the main struts. Thus, we
define the high frequency length scale simply by

¢=0.15a, (5.13)

where a is the length scale for the mid frequency noise, defined by (5.9) as the length-weighted
average dimension of the cross sections of the main struts. By using this definition, the task of
measuring the large number of small detailsis avoided.

6. Normalized Spectra

The normalized spectra describe the frequency features of the landing gear noise in the
three frequency domains. They are respectively determined by the three different noise
generating groups of parts in the landing gear assembly, and each of them has its unique spectral
characteristics. There are also general features that are common to all three components. They all
achieve their maximum of unity at a value of the Strouhal number that characterizes the noise
generation mechanisms, and they al fal off on both sides of the maximum at low and high
Strouhal numbers. The faloffs have different rates for different spectral components. To
accommodate features like these, a general form can be proposed for the normalized spectrum,

SO'

F(S:) - A(B+g#)q !

(6.1)

Where the indices g, 1 and q are empirical constants, which jointly define the spectral shape of
the normalized spectrum, and A and B are parameters to ensure that F assumes its maximum of
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unity at a value of the Strouhal number. We assume this general form for all three spectral
components, but when applied to a particular component, a corresponding subscript should be
used for the symbols.

Once the empirical constants o, i and q are given, by fitting with experimental data, for
example, the parameters A and B can be determined anaytically. By taking the derivative of the
normalized spectrum F with respect to the Strouhal number S, it is straightforward to show that

dF A
ds  (B+S#)™

{oB+3*)-qua} (6.2)

To require that the spectrum achieves maximum at the Strouha number

s=9,, (6.3)

we can set the derivative (6.2) to zero at this Strouhal number, which in turn leads to the
vanishing of the terms inside the brackets. This determines the value of B as

B={(1q/0)-1!. (6.4)

The parameter A can now be determined by setting F to unity at the Strouhal number (6.3),
which, after some straightforward algebra, leads to

A=(qul o). (6.5)

The above discussions analytically determine the parameters A and B in terms of the
indices i and q and the value of Sy which themselves need to be derived empirically. By
analyzing trends in test data and curve-fitting the data, we find a set of vaues for these
parameters, listed in Table 3 for all three noise
components, together with those of A and B Table 3 Parameters to define the normalized
calculated by using (6.4) and (6.5). These Spectra for the three landing gear noise
values completely define the normalized COMPONENts. _ _
spectra. For illustration, some examples of the Low Mid High
three normalized spectra are plotted in Figure SN 1.0 0.3 0.1
2 as afunction of frequency. In the examples,
the flow Mach number is taken as 0.2 and the g 4.0 3.0 20
three length scales d, a and ¢ are respectively Y7, 2.5 15 11
40, 4 and 0.6 inches. The last, namely, the q 26 40 40

A
B

length scale for the high frequency noise, is
calculated according to (5.13). The common
features of the spectra are the unity maximum
at the peak Strouhal number, and the falloff on

3.53 0.42 0.08
0.62 0.18 0.10
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both sides of the maximum for both low and high 1r /
values of Strouha numbers. Since the three _ ggl f
spectral components have different length scales, £ |
the spectral maximum are achieved at different § 0'6;
frequencies. Also because of the three different E 0.4}
length scales, the three spectra cover a wide range S 0 2’
of frequencies.

The shapes and falloffs of the normalized 107 X 10*

) ] Narrow Band Frégumcy (H2)
spectra are controlled by the parameters, givenin g re o |ijustration of the normalized

Table 3. From (6.1), it is clear that the low power spectra density in the low, mid and
Strouha number dependence of the spectrum is high frequency domain.

given by

F(S)~S° for S<<S,, (6.6)

and at large Strouha numbers, the falloff follows
F(R)~S %2 for §>>9,. (6.7)

Since noise spectrum decreases at low and high frequencies away from the spectral maximum,
the result (6.7) imposes a condition on the values of the indices, namely,

qu > o. (6.8)

Clearly, both are satisfied by the values given in Table 3.

The parameters 1 and q also jointly define the width of the spectrum near the maximum
frequency. It can be seen from Figure 2 that the low frequency component has the narrowest
width and the high frequency component has the
widest width with the mid frequency component
in between the two. This means that the low
frequency noise is narrow-banded and the noise
becomes more broad-banded as frequency
increases. This reflects the source physics of the
three noise components and can be simply
explained by the length scales of the three groups VRN -
of landing gear parts that generate noise 10 1/3 Octave FreéSency (H2)
respectively in the three frequency domains. For Figure 3 One third octave band levels of the
the low frequency noise that is related to the three power spectral densities shown in
wheels, there is only one size, namely, the wheel Figure 2 respectively for the three
dimension, so that the noise spectrum is narrowly frequency domains.

w
o

Low
Mid

[« High

N
o

1/3 Octave Spectrum (dB)
|_\
o
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confined to frequencies near the vortex shedding frequency of the wheels. In the mid frequency
domain, the parts that generate noise are the main struts which have a variety of sizes. Each of
the struts may still radiate noise near its characteristic frequency, determined by the Strouhal
number similarity rule, but the aggregate effects of the group of parts cover a range of
frequencies, making the spectrum more broad-banded than a single part. The spectrum is even
more broadened in the high frequency domain because the size distribution of the small partsin
the landing gear covers an even wider range. All these are well illustrated in Figure 2. The
normalized spectra defined by (6.1) lead to broadband 1/3 octave band sound pressure levels.
This is demonstrated in Figure 3, where the 1/3 octave band results are simply integrated from
the narrow band spectra plotted in Figure 2. The higher levels for the high frequency component
result from the progressively wider 1/3 octave band width as frequency increases.

7. Directivity Factors

Test data have shown that noise from isolated landing gear in genera follows a
directivity pattern that peaks at the upstream and downstream direction and achieves minimum
near the flyover location where the emission angle is approximately 90 degrees (e.g. Ref 7 and
15). This has also been observed in numerical simulations of landing gear noise using simple
gear models (Ref 22 to 26). Detailed analyses of test data further reveal that the variations of far
field noise with emission angle are aso frequency-dependent. At low frequencies, the variations
are very small and the radiation is almost omni-directional. As frequency increases, the radiation
becomes more directional, showing variations of a few decibels in the mid and high frequency
domain.

To account for this frequency dependent directivity, a general form is assumed for the
directivity factor for the three spectral components,

D(6) = (1+ hcos® 6)?, (7.1)

where h is an empirical constant whose values are listed in Table 4 for the three landing gear
noise components. When this general form is applied to a particular component, with
corresponding values for the empirical constant, a subscript, L, M or H, should be used to
identify the noise component, namely, the low, the mid or the high frequency component. The
three directivity factors are plotted in Figure 4, as afunction of the emission angle 8. The genera
features are that all three components have maximum in the upstream and downstream direction
and minima at the flyover location at emission angle of 90 degrees. The differences between
them are the amount of variations with emission Table 4 Parameters defining  the

angle. For the low frequency component, the irectivities of the three landing gear noise
varigtions are the smallest among the three,  components.

representing  essentially omni  directional | Component | Low Mid High
radiation. The variations for the mid and high h 0.2 0.6 10
frequency component are more noticeable.
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These parametric trends are al empirically

modeled and are al consistent with test data, 1Oi

including both isolated landing gears in wind 8r . kﬁﬁﬁ{g‘&'

tunnel tests and flight tests with full configuration £ o, ~ — = HighFreq, .
aircraft. To demonstrate, the high frequency noise ;? E

directivity is compared in Figure 5 with test data E are :
for the range of emission angle covered by thetest © 2f . e .
data. The solid curvein thisfigure is the empirical o:—‘ S S 2 s
model defined by (7.1) and the symbols are data, 0 3 _ 60 90 120 150 180

. . Emission Angle (Degree)
with the squares for the Boeing 737 two-wheel Figyre 4 Models of the directivity factors

gear (Ref 7 and 16) and the circles for the Airbus for the three spectral components of landing
320 four-wheel gear (Ref 15). Both data sets are gear noise.

from wind tunnel tests and the details of the tests
are described in the respective references. The 8
Boeing 737 data are for the frequency domain ! ——— Prediction

from 1000 Hz to 13000 Hz, and the A320 dataare 8 °f L Beamiarom

for a range of Strouhal number from 4 to 12. In ? al

the latter case, the definition of the Strouha § | .
number is given in Ref 15 and therange of 4t0 12 & 2-\<\ 2 e e
is described as the high frequency domain. L. :\. e T
Clearly, the comparison between the empirical =80 = 10 0
model and the data shows good consistency. Emission Angle (Degree)

Figure 5 Comparison of empirical model

The above discussions on the directivity with test data for the directivity of high
variations of the three spectral components apply freguency landing gear noise.
to isolated gears without the installation effects
due to the reflection/diffraction from the aircraft wing and fuselage. The variations account for
the directivities of individual sources, which are only one of the three elements that determine
the overal far field noise directivity. The other two are the convective amplification, as aready
included in the modd (5.2), and the installation effects. Thus, it only remains to model the
installation effects to complete the modeling of far field directivity of the landing gear noise.
There are only limited flight data available that can be used to extract the installation effects and
there have been amost no studies on this by other approaches such as numerical simulations.
Thus, once again, we will develop an empirical model from physical reasoning and calibration
with available data. Intuitively, it is easy to see that the aircraft wing/fuselage reflection and
diffraction will enhance the far field noise and this enhancement will be maximal at the overhead
location and minimal in the flight direction. It is aso clear that the maximum increase in far field
noise due to the installation effects will be less than 3 dB, which would be achieved only from
reflection of an infinite plate. To capture all these, we model the installation effects by

D,(6) =1.2x (1-0.9cos’ 6)>. (7.2)
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This gives about 0.8 dB of noise increase at the overhead location of 90 degrees of emission
angle and the increase becomes negligible in the flow direction. The amount of noise increase at
the overhead location in this model is entirely empirical, based only on the physical argument
that the aircraft wing and fuselage provides some reflection and diffraction. We believe that this
small amount of increase is reasonable for practical applications, though more detailed studies
will be needed to define it more accurately.

Before detailed studies on the installation effects are available, the empirical model (7.2)
can only be calibrated by test data. An example of such a calibration is shown in Figure 6, by
using some flight test data of the Boeing 777 aircraft. As discussed before, the overall landing
gear noise directivity contains three elements, the directivities of the individual sources, the
convective amplification due to the motions of the sources and the installation effects. Since the
Boeing 777 landing gear noise is dominated by the high frequency component, we plot the
quantity

(1-0.9cos’ §)*(L+ h, cos’ 8)?, (7.3)

as the overal directivity, with hy given in Table 4. The flight test data are processed by
extracting the convective amplification from the data and normalizing the results by the level at

90 degrees of emission angle. The empirical 10

model seems to captures the trends of the far field g B %c%ngOER

noise pattern. The test data show significant = 5F . 777-200

scatter because the data was derived by = | -
subtracting the airframe noise, measured with ;? of ,‘/ﬁ-—‘\\
landing gears retracted, from the total airframe E f £ "

noise, with both landing gears and other noise © -5f e

generating devices. This procedure usually works f . . . . . .
well in cases where the contributions from thetwo ~ *°0 30 _ 80 90 120 150 180

. . ege . L. Emission Angle (Degree)
differ significantly, but involves uncertainties Figure 6 Overall far field directivity of the
when the two are comparable. The latter is Boeing 777 landing gear noise.

unfortunately the case.

8. Complexity Factor

To account for the large number of small features in the landing gear assembly, which is
the source of high frequency noise, we have introduced a complexity factor in the empirical
method, used in (5.11) to define the aggregate effects of surface integration over the surfaces of
al the small parts. The qualitative description of this complexity factor is that it correlates the
noise with the geometric complexity of the landing gear. The more complicated the landing gear
assembly, the higher the noise levels. The geometric complexity of the landing gear is of course
difficult to define quantitatively and uniquely. It can be related to aircraft operational parameters
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such as the takeoff gross weight, or aerodynamic quantities such as the total drag of the landing
gear, or the geometry of the gear such asits wheels and struts and their relative locations.

The aerodynamic parameters are attractive in relating the noise to its sources. The
correlation of the complexity factor with the total drag of the landing gear is one way to define
the complexity factor, because more complex landing gears correspondingly produce both more
noise and more drag, because of the small, irregular geometric features. The drawback of this
approach isthat the total drag of alanding gear is not an easy quantity to obtain. In most cases, it
has to be measured in wind tunnel tests. For this reason, we will not follow this approach, but
will define the complexity factor from quantities that are easy to obtain from the landing gear
geometry and the aircraft operation conditions.

It is easy to see that a significant source of geometric complexity, and hence, of landing
gear high frequency noise, comes from the brake systems of the wheels, which are attached to
the inner sides of the wheels with various parts of very irregular shapes and sizes. Since each
wheel is equipped with such a system, the complexity factor for high frequency noise prediction
can be assumed to increase with the number of wheels in the gear assembly. The more wheels
the gear has, the more brake systems it needs, which in turn radiate more noise. The same
reasoning applies to the main struts. There are hardly any clean struts in practical landing gears,
most of them have cutouts and steps and they are almost always attached with braces, cables and
wires. Thus, the more struts the gear assembly has, the more small details it has, and hence, the
more noise it generates. The complexity factor for noise prediction can then be assumed to aso
increase with the total length of the main struts.

The complexity of the landing gear is not only related to the number of wheels and struts
in the gear assembly, but also depends on the relative locations of the gear components. An
example is the variations of landing gear noise with the alignment angle of the wheel track (see
Figure 1 for the definition of wheel alignment angle) with respect to the flight direction. It has
been observed that for the Boeing 777 aircraft, a noise reduction of 2 to 3 dB in a broad
frequency range can be achieved by reducing the wheel track alignment angle from the
conventional operational angle of 13 degrees to zero, making the wheel track align with the flow.
This indicates the aerodynamic coupling of the
noise generating components in the gear. This Table 5 Examples of maximum gross
aerodynamic coupling of the landing gear takeoff weight for some aircraft types.

sources is clearly difficult to study, but should | Alrcraft Max Takeoff Weight (Ib)
be modeled in the empirical prediction. 17 110000

There are of course geometric features 737 150000
that are not directly attached to the wheels and 747 840000
struts, hydraulic and cabling systems, for 757 260000
example. It is intuitive and logical to assume 767 420000
that larger aircraft requires more complex 777 650000

landing gears that have more complex geometric
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features, which in turn generate more high frequency noise. Thus, it seems reasonable to
correlate the complexity factor in noise prediction to the aircraft takeoff gross weight, which is
an easily obtainable parameter in aircraft specifications. Toillustrate, alist isgivenin Table5 for
some of the Boeing family airplanes. It should be pointed out that these are typical values for the
aircraft types listed in this table. Within each aircraft type, there are usualy various derivative
airplanes with different maximum gross takeoff weight. The values listed here should only be
used as areference.

By considering all the discussions above, we define the complexity factor as an
increasing function of the number of wheels in the gear, the total length of the main struts and
the takeoff gross weight of the aircraft. It is also assumed to account for the effects of wheel
track aignment. Thus, we define the complexity factor by the empirical model

7 =11+0.02 N, L W _ 1+2NW_23in(2y) , (8.1)
Nref Lref VVref Nw

where N,, and L have been previously defined respectively as the number of wheels and the total
length of the main struts. We have used W to denote the maximum takeoff gross weight of the
aircraft. The first bracket in (8.1) models the effects of geometric complexity of the landing gear
and the second account for the effects of whedl track alignment, with ) denoting the alignment
angle of the wheel track, equal to zero when the track is in the same direction as the flow. The
subscript “ref” in (8.1) indicates reference quantities that are introduced to normalize the number
of wheels, the total strut length and the maximum takeoff gross weight. The reference values are
defined by

N, =2
W, =150000 Ib (8.2)
L, =300  in

which are chosen such that the complexity factor 77 is approximately equa to unity for the
Boeing 737 main landing gear. Since the reference values for the takeoff weight and the total
strut length are given respectively in pounds and inches, the quantities W and L in (8.1) should
also be specified in these two respective units.

From the empirical formula (8.1), the variations of the far field high frequency noise due
to the complexity factor can be written in decibels by

ASPL, :10Iog{1+0.028( N, L W —1]}+10Iog{1+2 NVKJ _Zsin(2y)}. (83)

ref Lref ref w
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The first term on the right hand side is essentially
the increment of high frequency landing gear
noise due to geometric complexity of the gear and
the second is that due to the wheel track alignment
angle. The two are respectively plotted in Figure 8
and Figure 7. Both figures plot the increment in
noise, with Figure 8 as a function of the combined
effect of complexity features associated with the
wheels, the struts and other, and Figure 7 as a
function of the wheel track angle. The model for
the geometric complexity groups together the
brake systems, the attachments to the struts and

ASPL (dB)
o = N w N al [e)}

20 40 60 80 100
(N\N/Nref)(LILref)(W/Wref)

Figure 8 Increment of landing gear high

frequency noise due to gear complexity.

other small features, respectively represented by 4;'
the number of wheels, the total length of the struts 3:_ -
and the gross takeoff weight. The model ) :
essentially assigns equal weighting to the three E 2F
T
g

elements that affect the complexity factor. Though
more elaborate models can be developed by 1r
correlating with test data from various landing
gears, which are not currently available, we think 15

: . . y (Degrees)
the ssmple model given here should be sufficient _. , .

. . . Figure 7 Increment of landing gear high
for practical applications. This aso holds for the frequency noise due to whed track
empirica model for the wheel track angle effects; giagnment anale.
the model is basically calibrated by test data of the Boeing 777 main landing gear, which show a
noise reduction of about 2 dB with the wheel track angle reduced from 13 degrees to zero.

L N TN -

9. Validation

In this section, we apply the empirical models developed in the previous sections to two
cases to validate the models and to demonstrate their use in practical predictions. Thefirst caseis
an isolated Boeing 737 main landing gear and

the second is the total landing gear noise for the _Table 6 Examples of wheel parameters.

Boeing 777 aircraft. The latter includes | ajreraft Nose Gear
contributions from both the main gears and the N d(in) w (in)
nose gear. For reference, the wheel dimensions 737 2 26 8
for these two aircraft types are listed in Table 6. 777 2 42 16
Asin Table 5, the values are representative for Main Gear
the two respective aircraft types. N d(in) w (in)
The test data for the isolated Boeing 737 737 2 42 16
main landing gear was obtained in the Boeing 777 6 50 20
Low Speed Acoustic Facility (LSAF), where a
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full configuration gear was tested

Table 7 Typical dimensions of the main struts in the at various flow conditions. The

Boeing 737 main landing gear.

: - test and the data analysis have

Component L?ng;th V%g:ﬁ% Thlgl:];\ess been previously published (Ref

6, 7 and 16). The landing gear

Shock Strut 76.0 8.5 - data was measured by an array of
Vertical Bar 27.0 9.5 1.0 microphones along a straight line
Axe 18.0 7.0 - in the ssimulated fly-over plane at
Lower Side Bar 36.0 35 2.0 various emission angles. The
Upper Side Bar 30.0 35 2.0 distance between the center of
Vertical Side Bar 13.0 2.0 1.6 the gear and the microphone at
Horizontal Side Bar 43.0 3.0 3.0 90 degrees of emission angle is
Upper Torque Bar 220 25 15 10 feet. To apply the empirica
Lower Torque Bar 22.0 25 15 modgls for. the noise prgdlalon,
- the dimensions of the main struts
Junction Rod 130 L5 _ need to be supplied as input. For
Door Bar 100 20 15 the Boeing 737 main landing
Door Hydraulic Rod 7.0 15 - gear, a typical list is given in

Table 7, where the components
are circular in cross section if no numbers are listed in the last column. By using the definitions
in section 4, the total length of the main struts is found to be 317 inches and the length scale for
the mid frequency noise component is 4.65 inches. The latter also gives the length scale for the
high frequency component as 0.7 inches, being 15 percent of the mid frequency length scale.
Thus, we have

L=317 in
a=465 in (9.2)
£=0.7 in

for the main landing gear of the Boeing 737 aircraft.

By using the dimensions listed in Table 6 and Table 7, the predicted noise from an
isolated Boeing 737 main landing gear is plotted in Figure 9, together with measured data. The
plots are for the Sound Pressure Level (SPL) at three emission angles, as afunction of frequency,
for four flow Mach numbers. The distance from the gear center to the 90 degree microphone is
10 feet and that for the other two microphones is about 11.5 feet. The data shown in this figure
are as measured and the predictions include the effects of atmospheric absorption, though those
effects are small because of the small distances between the gear and the microphones. The test
facility has alow frequency cutoff about 200 Hz so that no data below this frequency is shown in
the figure. Since thisis an isolated gear, the directivity factor Do(6) due to the installation effects
is set to unity in the predictions. Also, because the data was from a wind tunnel test where the
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Figure 9 Comparison of SPL between
predictions and test data for an isolated

Boeing 737 main landing gear.

gear and the microphones are both fixed, there is
no relative motion between the two and thus no
effects due to convective amplification. For
meaningful comparison, the predictions are done
with the convective amplification removed. The
comparisons between predictions and data show
good agreement, which is expected since some of
the empirical constants in the prediction models
are calibrated by the data shown in this figure. It
can be seen that there are consistent discrepancies
of about a few dB between predictions and data in
the frequency range of 800 to 1000 Hz. This is
because the data are dominated by a tone caused
by vortex shedding from atorque link, as analyzed
in detail in Ref 7 and 16. This particular vortex
tone is believed to be specific to this test and has
not been observed in other measurements.

To illustrate the contributions from the
three spectral components in the landing gear
noise, Figure 10 plots the contributions from the
three frequency domains, together with the total
noise, for the Boeing 737 man gear a the
overhead location with M = 0.2. In this case, the
three components have comparable amplitudes,
leading to a very broadband total noise spectrum.
The overall noise levels are compared with data in
Figure 11, for different flow Mach numbers, as a
function of the emission angle. Again, the test data
are for frequencies above 200 Hz because of the
low frequency cutoff of the test facility. To make

the comparison meaningful, the predicted OASPL is also computed for frequencies above 200
Hz. The overall agreements between predictions and data shown in Figure 9 and Figure 11 are
satisfactory, but there are some discrepancies between the two, noticeably for the case of lowest
Mach number of 0.18. This is due to the fact that the high frequency noise data scale on the
seventh power in Mach number better than the sixth power. This is discussed in Ref 7 and is
attributed to the significant contributions to the landing gear noise from the wake flow. This
mechanism is not modeled here, as is clear in the development given in the previous sections,
where the noise is scaled on the sixth power in Mach number. This approach is followed here
because the difference is small enough to be acceptable for empirical predictions.
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To apply the empirical models to the total

90,,”, 6 = 90" aircraft landing gear noise, the contributions from
' the main gears and the nose gear need to be
@80, , predicted  independently and be  added
E N incoherently. Furthermore, the installation effects
@ 70} ;\r/I?EjaIFreq on the mean flow just ahead of the gear also need
HighFreq . to be considered. This is because the local flow
60— tovfred | Mach number under the wing/fusdlage can be
10° Er 10° 10" different from the flight Mach number. From Ref 7

equency (Hz)

Figure 10 An example of spectra and 15, it is noted that for the main landing gear,
decomposition of total noise for the Boeing the lifting effects of the wing typically reduce the
737 main landing gear. local flow velocity to about 70 to 80 percent of the
flight velocity. While the local flow velocity depends on the aircraft type and the location of the
landing gear, we simply set it to 75 percent of the flight velocity here, due to the lack of detailed
information on this parameter. Future work on this is clearly desirable and needed, since the
noise is very sensitive to changes in the flow Mach number, scaling on the sixth power law. For
the models used here, we define

M =0.75M,, (9.2)

where My denotes the flight Mach number and M is the local flow Mach number used in the
prediction models devel oped in the previous sections.

This reduced local flow velocity may not
apply to the nose gear that is under the fuselage. It
is also possible that the local velocity may be even

110 r

S0p e SEXNY higher than the flight velocity because of the flow
§ / — \ acceleration due to the nose geometry of the
& oor / ngég \ fuselage. This, however, needs to be confirmed.

i — ngﬁgﬁ For the present application to the Boeing 777

goler v, arcraft as a demonstration, we assume the local

0O 30 60 9 120 150 180 ity i i i
Emission Angle (Degress) flow veIOC|ty.|s the same as the flight vel 90|ty. For
Figure 11 Comparison of OASPL between NOSe gear noise prediction, the complexity factor

predictions and test data for an isolated discussed in the previous sections also needs to be
Boeing 737 main landing gear. treated differently. The empiricll models are

developed based on main landing gears, which in
general are more complicated and have more small details than nose gears. The gear complexity
may not increase with parameters such as the maximum takeoff weight. Clearly, test data on
nose gear noise are needed to develop a reliable model. This may turn out to be important
because the flow velocity at the nose gear location is higher than that near the main gears,
making significant contributions to the total noise. For the case considered here, we assume a
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fixed vaue of 0.1 for the
complexity  factor. For
reference, this is to be
compared with the value of
about unity for the Boeing
737 main landing gear. The
small vaue assigned to the
nose gear complexity factor
reflects the fact that nose
gears are much simpler than
main geas and ther
complexity does not vary
with aircraft type as much as
main gears. This essentialy
suppresses the high
frequency component and

makes the low and mid
frequency component
dominant.

With these, we apply
the empirical models to the
Boeing 777 aircraft. The test
data were obtained from
flight tests at a flight Mach
number of 0.258, with the
data normalized to the
aircraft noise certification
condition, including the
standard atmospheric
absorption and the flight
atitude of 394 feet. Again,
the input for the predictions
includes the wheel

Table 8 Typical dimensions of the main struts in the Boeing

777 main landing gear.

Component Le_ngth Di_ametgr/ Thi c_kness
(in) Width (in) (in)
Shock Strut 153.0 16.0 -
Upper Hydra. Rod 30.0 12.0 -
Lower Hydra. Rod 35.0 3.0 -
Axel 105.0 8.5 -
Axel Connection 120.0 13.0 -
Front Hydra. Rod 54.0 7.6 -
Low Front Side Bar 50.0 7.0 6.0
Lower Aft Side Bar 50.0 7.0 6.0
Up Front Side Bar 54.0 8.0 6.0
Upper Aft Side Bar 54.0 8.0 6.0
H. Front Side Bar 48.0 4.0 4.0
H. Aft Side Bar 43.0 4.0 4.0
Upper Torque Bar 58.0 5.0 3.0
Lower Torque Bar 64.0 5.0 3.0
Rear W. Steering 25.0 25 -
Rear W. Hydraulic 20.0 5.0 -

Table 9 Typical dimensions of main struts in the Boeing 777

nose gear assembly.

Component Lepgth Di.ametgr/ Thi c.kness
(in) Width (in) (in)
Shock Strut 75.0 9.0 -
Axe 20.0 6.0 -
Front Bar 42.0 4.0 4.0
Hydraulic Rod 9.0 35 -
Upper Torque Bar 58.0 5.0 3.0
Lower Torque Bar 64.0 5.0 3.0

parameters as well as the dimensions of the main struts, for both the main and the nose gear.
These are listed in Table 8 and Table 9, respectively for the main and the nose gear. Apparently,
the main gears are much more complex than the nose gear. Thisis especially true for the Boeing
777 aircraft because the main gears for this aircraft have six-wheel tracks. From these two tables,
the total length of the struts and the length scales for the mid and high frequency component can

be found from the definitions given in section 4, leading to
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L=963 in
a=92 in
/=14 in

and

L=268 in
a=62 in (9.3)
£=09 in

respectively for the Boeing 777 main and nose landing gear.

The prediction of the total landing gear noise for the Boeing 777 aircraft, including two
six-wheel main gears and one two-wheel nose gear, is compared with test data in Figure 12,
which plots the sound pressure levels at three emission angles as a function of frequency. The
test data were obtained by taking the difference between two airframe noise measurements, one
with and the other without the landing gears deployed.

Boeing 777 arcraft is comparable to other
components of its airframe noise, the extracted
landing gear noise data have uncertainties and this
explains the significant scatter in the data, as
evidently seen in Figure 12. Despite the scatter,
the predictions seem to agree with the data well,
both in the spectra shape and in the absolute
noise levels. To illustrate the contributions
respectively from the main and the nose gear, the
case of 90 degrees emission angle is plotted in
Figure 13, together with the individua
contributions from the gears. The two main gears
generate most of the total noise, with the nose
gear contributing a small part in the low and mid
frequency domain. This is expected because the
main gears, with six wheels, for this aircraft type
are much more complex than its nose gear. To
further validate the empirical models, the overall
sound pressure levels are predicted and compared
with data in Figure 14, as a function of the
emission angle. The overall trends of the test data
are well captured by the predictions.

In the empirical models presented here, the
landing gear noise prediction requires the
dimensions of the main struts as input. These
dimensions are not difficult to obtain. Since the

SPL (dB)

SPL (dB)
D
o

SPL (dB)
D
o
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Because the landing gear noise for the
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predictions are not sensitive to small errorsin the Figure 12 Comparison of landing gear
dimensions, an easy way to obtain them is to noise SPL between predictions and test data
measure them on a production gear. The data for the Boeing 777 aircraft.
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shown in this report are al obtained in this way.

They contain some errors, compared with the 80; 0= 90°
valuesin the landing gear design charts, but these 720 -

errors will only lead to insignificant differencesin ) ‘//77\:\\\\

the prediction. There are practical cases where it 5605/' .

may not be easy to obtain the dimensionsof all © [ Tota

the main struts, or where the noise prediction is ~ °f  [ao ManGeas

performed only as an estimate without high  ,} . Daa =
accuracy requirement. In these cases, it is 10° 10° 10°

. , - Frequency (H2)
desirable if the predictions can be done by only Figure 13 An example of the Boeing 777

specify one or two typical dimensions, instead of gircraft landing gear noise and the
a whole list of the main struts. For this purpose, contributions from its main and nose gear.
we recommend the use of the diameter of the

shock strut, which is the component connecting the wheel track with the airframe and is usually
the largest main strut in the gear assembly. With this diameter given, the total length of the main
struts can be estimated by

L =86d, — 415, (9.4)

where ds denotes the diameter of the shock strut. This total length is needed for computing the
mid frequency noise, as well as the complexity factor for the high frequency noise. Similarly, the
length scale for the mid frequency noise component can be estimated by

a=0.6d; - 0.5. (9.5)

For both quantities, the unit is inches. With this ssmplification, the quantity defined by (5.6) is
replaced by

Sy =rmaL, (9.6)

which is needed in the calculation of the mid frequency noise. The two equations are derived
from the data for the Boeing 777 and 737 aircraft main landing gear. They essentially assume
that the size of the main struts scales on the size of the gear assembly. This is reasonable because
the parts in the landing gear are designed to meet certain structural and operational requirements,
which leads to large struts for large gears, and similarly, smaller struts for smaller gears. The
equations can of course be improved by using more aircraft types, which, though not reported
here, will be pursued in the near future.

10. Conclusions and Discussions

In this report, we have documented a semi-analytical and semi-empirical method for
aircraft landing gear noise prediction. The method starts with the theory of aerodynamic sound
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generation by moving bodies, which leads to
scaling laws governing the  functional
dependencies of the far field noise from landing
gears on aircraft operational parameters and
landing gear geometric specifications. The total
landing gear noise is decomposed into three
spectral components, respectively for the low, the
mid and the high frequency domain. The source 50?‘ L
mechanisms of these three components are 0 30Emi S%OOH A r?gle (DJéZQQGeS)BO 180
respectively characterized by three groups of f gure 14 Comparison of OASPL between
landing gear parts, namely, the wheels, the main prediction and flight test data for the
struts and the small details of the gear assembly. Boeing 777 landing gear noise.

Empirical modeling and correlation with test data are used to model the spectral properties and
the far field noise directivity in the three frequency domains. The component modeling and
prediction have been validated and calibrated by experimental data. The total landing gear noise
predictions for the Boeing 737 and 777 aircraft have been compared with test data, showing good
agreements both in parametric trends and in absolute noise levels.
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