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Abstract

Airframe noise as a seemingly impenetra-

ble barrier for the reduction of aircraft
noise has attracted considerable interest
since almost one decade. The initially
rather poor knowledge about the relevant
aeroacoustic phenomena has spurred inten=-
sive research with the objectives of (1)
better understanding airframe-noise gener-
ation and radiation processes in order to
improve prediction, and (2) exploring ways
and means to lower airframe noise itself.

This paper surveys the development of
airframe noise research and the present
state-of-the art. Approaches to airframe
noise prediction through either the "total
aircraft"- or the "aircraft-component"-
method are discussed, whereby wing trail-
ing-edge sources and landing-gear/wheel-
well sources as the prime contributors to
airframe noise receive a fairly extensive
treatment. Both theoretical aspects ofair-
frame noise and relevant experimental ef-
forts, particularily those pertaining to

gliders as test-vehicles and testbeds, resp.

are described. Finally, some more specula-
tive thoughts on possibilities to reduce
airframe noise and on future research areas
are offered.

1. Introduction

Advances in subsonic aircraft engine
technologies over the past two decades have
reduced aircraft noise to levels, where

"airframe noise" becomes comparable to pro-
pulsive noise especially during landing
approach, where thrust and hence engine
noise levels are low. Airframe noise is a
result of the aerodynamic interaction of
the airflow with certain airframe compo-
nents, the wing-slats and flaps, and the
landing gears in particular. Airframe noise
levels are surprisingly high and can reach
overall values close to 90 or 100 dB for
large aircraft flying overhead in their
landing-approach configuration (Fig 1).

Airframe noise has been referred to as
the "ultimate barrier" that stands in the
way of lowering aircraft noise by 10 EPNAB
below FAR Part-36 certification levels, as
envisaged as a near term goal in the CARD-
study {(Ref 1). In fact, a recent total
system study conducted by MBB (Ref 2) to-
wards achieving 10 EPNAB below FAR Part-36
levels through advanced acoustic nacelle
treatment of the Airbus revealed that such
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a goal could not be attained since airframe
noise levels were found to be only 9 EPNAB
below certification levels. It was recog-
nized then, that precise prediction of air-
frame noise in terms of levels and spectral .
characteristics was imperative, since even
a slight overdesign of acoustic nacelle
treatment may in consequence waste hundreds
of thousands of dollars. Indeed, it is prob-
ably not too soon to begin studies on the
reduction of airframe noise itself, if the
potential of engine nacelle treatment is
to.be fully utilized and to ultimately a-
chieve such long term goals as 15 or even
20 EPNAdB below current certification levels.
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Figure 1 Airframe Noise ("Dirty Configura-

tion Noise") of Several Aircraft,
referenced to a Flight-speed of
100 m/s and Altitude of 100 m.
(a) Galaxy C5A; (b) Boeing 747;
(c) Vickers VC-10; (d) McDonnel
Douglas DC-9; (e) Convair 990;
(f) VFW 614; (g) SB-10 Glider

Thus airframe noise as a physical and
ultimately technological problem has at-
tracted considerable interest since about
1970, where airframe-noise was first rec-
ognized as a potential problem. A consider-
able amount of effort went into studies
since that time towards a better under-
standing of the relevant aerocacoustic mech-
anisms, with the objective to first devel-
op and then improve prediction techniques,
and to provide guidelines towards lowering
airframe noise below its present levels.

This paper surveys the development of
airframe noise research and the present
state-of~the-art as exemplified through the
results of some recent study-programs.



2. Basic Concepts in Airframe Noise
Research

In order to discuss concepts and ap-
proaches to airframe noise research, those
aircraft components that are the most like-
ly contributors of airframe noise need to
be identified.

Fortunately - in a sense-there are only two
of these, namely the wings and the under-
carriage. Unfortunately, each of these com-
ponents represents an extremely complex
mechanical device with numerous potential
acoustic "sub-contributors". Fig 2 shows
an aircraft in the approach configuration.
Wing leading-edge slats and wing trailing
edge flaps are deployed, as well as the
nose-, and several main landing gears. The
landing-gear wheel-wells are - at least in
part - open, and the wheel-well doors pro-
trude into the external flow. Each compo-
nent interacts with the external airstream
in a complex manner, to constitute an aero-
acoustic source of high complexity.

Figure 2 Large Commercial Aircraft during
Landing Approach

Ideally, one would like to understand
and then predict noise radiation from each
of these components, considering them as
sources that radiate sound independently of
each other. The total airframe noise would
then "simply" be the sum of the noise radi-
ation from all individual sources. Unfortu-
nately, these components do not act as in-
dependent sources, but interact in a some-
times very complex manner. For example, the
unsteady wake flow shed from the landing-
gear may impinge on the fully deployed flap-
system, thus causing highly turbulent flow
to interact with leading or trailing edges
of flaps. Also, the unsteady flow-pattern in
the wheel-wells, responsible for wheel-well
noise generation is heavily affected by
flow about the landing-gear struts. Thus,
in studying airframe noise sources, there
is a need to not only consider individual
aircraft components, such as the wing, the
slat- or flap-system, the landing-gear, the
wheel-wells and the well-doors, but to in-
vestigate their aerodynamic and acoustic
interaction. This is what makes airframe
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noise such a complex phenomenon.

In the course of time two approaches to
study and predict airframe noise have evolved,
the total aircraft method and the component
method, whichincludes the drag-element meth-
od, and the distributed-source method. The
total aireraft method relates airframe noise
radiation on a largely empirical basis to
aircraft and flight parameters, such as
gross weight, wing area, wing aspect ratio,
and flight-speed. The drag-element-method,
being somewhat more sophisticated, ties
airframe noise to the steady-state-drag of
aircraft components. Finally, the distribut-
ed source method employs - wherever pos-
sible - basic physical principles to char-
acterize aeroacoustic generating and radi-
ating mechanisms for as many individual
airframe-noise-generating components of the
aircraft as seem feasable. Here, the break-
down may go as far as to individual subcom-
ponents of, say, the landing gear, e.g. its
shafts, actuators, axles, wheels etc. In
principle, the distributed source method
should be the most accurate, since the
noise source is separated into (hopefully)
all of its constituents and basic aeroacous-
tic source mechanisms are used for predic-
tive purposes. However, this method is also
the least advanced due to the inherent com-
plexity of the approach.

3. Airframe Noise Prediction through
the Total Aircraft Method

The initial approach for the prediction
of airframe noise was entirely empirical.
Aircraft flyover noise data for aircraft in
the cruise configuration with flaps and
gears retracted and the engines as close to
idle as (safely) possible served to derive
empirical prediction schemes for overall
noise and spectra. Lateron aircraft were
also studied in their "dirty" configuration,
where either only flaps,or only gears, or
both flaps and gears were deployed. Com-
parison studies were conducted with gliders
but solely for the purpose of relating gross
aircraft and operational parameters to ra-
diated airframe noise. Table I is a fairly
complete listing of those aircraft that were
used since 1970 specifically in the context
of airframe noise studies.

One of the first to offer a semiempirical
prediction scheme for overall airframe noise
was Healy (Ref 3), who used data from 5 pro-
peller aircraft and one glider. The rawda-
ta as measured are shown in Fig 3, implying
a general dependence of overall airframe
noise on the 6th power of velocity. Healy
applied a "spectral smoothing process"
whereby he argued that non-uniformities in
the spectra were due to potential vehicle
sources such as antennas, pitot tubes,
wheel-well-cavities, engine nacelles, feath-
ered propellers and the like. Hence the
idealized spectra would isolate those effects
solely due to general aerodynamic noise,
rather than being peculiar to any individu-
al aircraft. After this operation overall



levels could be precisely predicted by equa-
tion (1) on Table II. This equation links
overall sound pressure to the sixth power
of velocity, to the wing area and, somewhat
surprisingly, to the minus fourth power of
the wing aspect ratio.

Likewise, a representative non-dimension-
al airframe noise spectrum was offered
(Fig 4) on the basis of the "smoothed" spec-
tra.

Using the same aircraft data and addi-
tional data obtained on a Galaxy C5A air-
craft Gibson (Ref 4) came up with a slight-~
ly different prediction scheme, that re-~
lates overall sound pressure to the sixth
power of velocity, the wing area and the
minus first power of the aspect ratio, as
shown by equation 2 on Table II. Both au-
thors claim that predictions were found to
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Figure 3 Overall Airframe Noise (includ-
ing "parasitic" noise) of 5 Air-
craft after Healy (Ref 3)

be accurate within a +1 and -1,5 @B range
for moderate to high aspect ratio aircraft,
while gross overpredictions were found, when
applied to a supersonic delta-wing aircraft,
flown in a gliding mode (Ref 5).

Hardin et al (Ref 6) using essentially
Healy's data, and data from glider measure-
ments as reported by Smith (Ref 7), as well
as relevant information on 3 more aircraft
(Aero-Commander, JetStar and F 106~B)
employed a linear regression analysis to
find best data collapse when sound pressure
is taken as being proportional to the f£ifth
power of velocity, the 3/4 power of wing
area and the minus second power of aspect
ratio (Equ 3 on Table II).

Yet a different scheme was offered by
Putnam et al (Ref 8) who found good collap-
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se of airframe noise data from a JetStar,
aF 106-B, a B 747, a CV 990, and the Prue
glider on a simple velocity to the f£ifth
power and direct weight proportionality
(Equ 4 on Table II). However, since weight
could be taken as lift, and lift being pro-
portional to the square of the velocity,
Putnam's method would actually imply a sev~
enth power of velocity depence for overall
airframe noise.

Several similiar or derived schemes were
lateron developed and used to collapse data
from one set of aircraft or another. For
example Fethney (Ref 9) reports that over-
all levels from geometrically rather dif-
ferent aircraft (HP 115, HS 125, BAC 1-11,
and VC-10) are not well predicted on the
basis of Gibson's and/or Healy's formula
indicating the non-transferability of pre-
diction schemes to aircraft of radically
different types and shapes. Fethney even
suggest a slower variation of levels with
flight speed, close to a fourth power of
velocity dependence.

These few citations may illustrate the
wide variety of possible prediction schemes
available for the overall maximum sound
pressure level directly below the flight-
path. As an example for a somewhat define-
tive recent attempt to collapse essential-
ly all available overall noise data through

one simple prediction scheme, the work of

Fink (Ref 10) should be mentioned, who plot-
ted data for no less than 16 aircraft on the
basis of either a simple fifth power of ve-
locity and wing area basis, or, alternative-
ly on a f£ifth power of velocity and a direct
proportionality of wing trailing edge bound-
ary layer thickness and wing span. The first
of these two representations is shown in
Fig 5, illustrating rather conclusively

that no simple prediction scheme employing

[+ ]
h-]
- T T T T T T T T T T 1 L T
ad
o
17
8
.c_> O
w
=
5
3 -0 e S
4 Z \\
b d

o /s /‘/ N
& -z0-44] AN
pur} v /7 NN
a / N
= / NN
D 30/ AN
y RN
: N
g .
& =40 sounparies oF THE A
[ SPECTRAL DEVIATIONS \
T

S i o i i 1 1 i 1l - ) 1

o125 025 05 i 2 4 8 6 32
NON-DIMENSIONAL FREQUENCY, #/f ..
{ fmax = 1.3Vv/7t)

Figure 4 WNon-dimensional Airframe Noise

Spectrum after Healy (Ref 3)

gross aircraft and flight parameters can be



devised to collapse data from aircraft of
widely differing types. To fit certain sets
of data overall sound pressure need some-
times be related to either a fifth or a
sixth power of velocity, sometimes to the
wing surface area and sometimes not, and,
most enigmatically to aspect ratios to the
zeroeth, the minus second or minus fourth
power. All this variability indicates a
highly unsatisfactory state of affairs.
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May be, searching for the all-encompass-
ing overall airframe noise prediction scheme
is a futile endeavor, in particular when
"dirty" aircraft configurations are to be
considered. Fethney (Ref 9) on the example
of the VC-10 shows how -~ in a rather unpre-
dictable manner - radiated overall airframe
noise changes with the successive deploy-
ment of flaps, slats, and landing gears
(Fig 6). Obviously, the problem of predict-
ing airframe noise for aircraft in the land-
ing approach configuration cannot be tackled
through just one simple additive quantity.

Thus, to increase confidence in airframe
noise prediction methods there is a need to
understand better both physically and mathe~-
matically the pertinent aeroacoustic mech-
anisms of each individual airframe-noise-
producing aircraft component, as well as re-
levant interaction phenomena. The "component
method" and pertinent theoretical and ex-
perimental efforts as described in section
4 provide the basis for such an improved
understanding.
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4. Airframe Noise Prediction through
Component Methods

A more refined view, such as provided by
either the drag-element method or by the
distributed~source method is necessary to
improve airframe noise prediction accuracy.

The drag-element method developed by
Revell (Ref 11} is based on the hypothesis
that sound generation by an object in flow
can be related to the steady-state drag it
experiences. The argument is advanced that
the fluctuating aerodynamic drag which con-
stitutes an aeroacoustic source mechanism
is a function ¢f steady-state drag. Revell
utilizes three categories of drag for the
various aircraft components, namely (a) wing
profile drag, (b) induced drag or trailing
vortex related drag, and (c) fuselage and
other "parasitic" drag, claiming that any
noise generating component of an aircraft
can be associated with at least one of these
drag forms. The potential advantage of the
drag-element method is that it involves drag
quantities which to any aircraft designer
are more or less straight forwardly avail-
able.

The approach to airframe noise that is
probably closest to the actual physical gen-
erating mechanisms, however, is the distri-
buted-source analysis method, most advanced
by Hayden (Ref 12). It requires positive
identification of the individual noise gen-
erating aircraft components, and of the ap~-
propriate source mechanisms. From the basic
understanding of the respective aeroacoustic
source mechanism the source-spectrum of each
mechanism and for each component resp., is
predicted and its farfield contribution at
some observer point determined, accounting
for atmospheric propagation~, ground reflec-
tion-, and moving source effects.

Table III presents the aircraft compo-
nents predominant in generating airframe
noise together with the appropriate aero-
acoustic mechanisms.

These mechanisms and the pertinent theo-
retical models will be described in the fol-
lowing section (4.1), while research and re-



sults on component studies pertaining to
the wing and the landing-gear/wheel-well
configurations, will be discussed in sec-
tions 4.2 and 4.3, resp.

4.1 Theoretical Basis for Airframe Noise
Prediction

Starting point for essentially all stud-
ies on the problems of sound generation by
turbulent flows was Lighthill's "General
Theory of Aerodynamic Sound" (Ref 13) for-
mulated in the early fifties. Shortly there-
after, Curle (Ref 14) extended Lighthill's
theory to account for the effect of solid
boundaries upon the sound generation by
turbulent flows. His work in essence re-
presents the basis for sound generation
through flow/solid-body interaction, and
thus for the phenomenon of "airframe noise”.

Curle shows a twofold effect of a solid
boundary on the radiated sound by a turbu-
lent flow field, namely

e reflection and diffraction of the
sound waves at the solid boundaries,

e a resultant dipole field at the
solid boundaries, which are the
limits of Lighthill's quadrupole
distribution.

Thus, Curle obtains a surface integral
over the forces as the solution of the in-
homogeneous wave equation, which are a re-
sult both of the effect of the sound waves
of the Lighthill quadrupole sources and of
the hydrodynamic forces as caused by the
turbulent flows upon the surface. To deter-
mine the sound radiation by a body in flow,
information on the spatial and time-depen-
dent characteristics of these forces is
necessary. This information, however, is
usually not available, largely because of
the presently rather incomplete understand-
ing of turbulence structures. Thus, physi-~
cally plausible simplifications and assump-
tions - depending on the particular case
considered - are required to obtain appro-
ximate solutions. Quantitive information is
attainable only on the basis of experimen-
tal data.

4.1.1 Acoustically Compact Sources

On the basis of a dimensional analysis
Curle developed a simple proportionality
for the sound radiation by a body in flow,
when body dimensions were small compared to
the characteristic acoustic wave length
g, ub 12

3 r2

(1) I

3

For the "simple" case of an acoustically
compact source, the sound intensity is pro-
portional to the sixth power of a charac-
teristic flow velocity, and to the square
of a characteristic body dimension. Thus,
under the above mentioned constraints equ 1
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whereU

could be applied to sound radiation by a
bluff body in flow, such as a landing gear,
or its components.

4.1.2 Turbulent Flow on an Infinitely ex-
tended Surface

Rather more difficult is the mathematic-
al treatment of sound generation by a tur-
bulent surface-flow field on an infinitely
extended surface. Early results by Philips
(Ref 15) or Powell (Ref 16), for example,
were of rather qualitative nature; however
both indicated already that due to mutual
cancellation of turbulent-pressure sources
of neighboring areas, a turbulent boundary
layer is not a very efficient sound radia-
tor. More recently, Vecchino and Wily (Ref
17), Tam (Ref 18), and Pan (Ref 19), point-
ed out, that in the treatment of turbulent
boundary layer noise, viscous forces and
the compressibility of the fluid medium
must be accounted for. Vecchino and Wily
show that the turblent surface-flow relat-
ed sound field is composed of the Lighthill
volume-integral over the quadrupole source
distribution within the turbulent flow-
field, and of a surface integral (given by
Lotsch, Ref 20) over the dipole-source dis-
tribution on the surface; this dipole-
source distribution can be determined from
the surface pressure fluctuations, which are
termed "pseudo-sound". Hence, the portion
of the sound field due to guadrupole-
sources is a function of US, while that due
to the dipole sources obeys a ub dependence,
U being a typical flow-velocity.

4.1.3 One-sided Flow on a Semi-infinite
Surface

Two fundamentally different sound gener-
ating mechanisms for turbulent flow passing
the edge of an otherwise infinitely extend-
ed surface have been developed.

Starting from Lighthill's quadrupole distribu-
tion ina turbulent surface boundary layer,
Ffowks-Williams and Hall (Ref 21) show the
acoustic effect of an edge within a turbu-
lent flow-field. Accordingly, an edge acts
as a "scattering center" for those pressure
disturbances within the turbulent boundary
layer that would "normally" not radiate.
These pseudo-sound sources at the edge then
become radiating sources. The sound inten-
sity radiated by one eddy due to the scat-
tering effect is given by
k9 u? o? v2

(]

3

mw

U2
3 1
*% Uc (Ei)' ;7

{(2) Te
aorz(kro)3

c is the convection velocity of the eddy
of typical dimension 1 (or of typical volume
V), « is the turbulence intensity, r is the
distance of source and observer, and rg the
distance of the "eddy-system" from the edge.
Equ (2) shows that because of the factor
(kro) =3 those eddies being closest to the
edge generate the most intense sound. Di~



mensional analysis allows to express equ 2
in the form given on the right~hand side.
This representation indicates the depend-
ence of the radiated sound intensity on the
fifth power of the convection velocity.

Ffowks-Williams gives the directivity of
the radiated sound field in the plain par-
allel to the flow~-direction and orthogonal

to the edge as cosz(%) where © = 0 in the
surface plain.

In contrast to this "edge-scattering
model", Powell (Ref 16) and later Hayden
(Ref 22) propose a hydrodynamiec sound gen-
erating mechanism at the edge. The sudden
pressure release at the edge is said to
cause a momentum fluctuation at the edge,
or, more precisely, just downstream of the
edge. The hydrodynamic acceleration of fluid
flow elements just downstream of the edge
permits this process to be described by a
distribution of dipole sources along the
edge, which can be considered as acousti-
cally compact, since the process occurs
within "one correlation-length". Morse and
Ingard (Ref 23) give the sound power of a
simple (point-) dipole source as

2 2
mw =3 2L E W

7T'90- ao

(3) for k1l =<1 R

where F(w) is taken as the force required
to accelerate a fluid element of dimension

Through dimensional arguments Hayden
takes this force to be proportional to the
product of the free-stream dynamic pressure
and a correlation area of dimension lx in
the streamwise and ly in the lateral direc-
tion. Since both these correlation lengths
themselves relate to the ratio of a charac-
teristic velocity and a characteristic fre-~
quency, he finally determines the sound
power radiation from the edge of length Y
as

6
3wrg U 1 Y
o 2 Y

3 .
4 ag

(4) 7rtota1

In contrast to the Ffowks-Williams and
Hall edge scattering model which leads to
a u3 dependence, equ 4 yields a Ub~depend-
ence of the sound power. In analogy to
Ffowks-Williams and Hall's model, Hayden
also finds a directivity corresponding

to cosz(g)for the case considered of flow
past the“edge of an semi-infinitely extend-
ed plain. Hayden calls this source a "half
baffled dipole".

In a more recent paper of Hayden et al
(Ref 24), the "hydrodynamic model" is re-
fined by not only accounting for the aver-
age or mean fluid flow quantities (the flow
velocity in particular) but also for the
turbulence properties of the surface flow
(turbulence-isotropy and scale in particu-
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lar). This more sophisticated model leads
to a dependence of the velocity-exponent on
Mach-number. The U6-law is now considered
the low-~Mach-number limit, while for higher
Mach-numbers, the velocity exponent de-
creases , depending on the turbulence pro-
perties.

4.2 Wing Trailing Edge Noise

4.2.1 Source Considerations

Applying the hydrodynamic edge noise mo-
del, as described in section 4.1, the far-
field radiated sound from wing trailing
edges can be predicted from the fluctuating
surface characteristics in the vicinity of
the edge. Unsteady forces resulting from
unsteady fluid-element acceleration cause
(equal and opposite) reactive forces on the
trailing edge, where such forces could be
measured in terms of fluctuating pressures
acting on appropriate surface areas of cor-
relation. It should be kept in mind that not
the fluctuating surface forces on the trail-
ing edge generate sound, but rather the un-
steady hydrodynamic processes just down-
stream of the trailing edge, which are - in
turn -~ intimately related to the phenomena
on the trailing edge.

On the basis of these considerations an
analytical expression can be developed on
the relationship of surface pressure spec-
trum and farfield radiated sound pressure
spectrum: Assuming spherical radiation and
replacing the force-term by the product of a
surface pressure and a correlation area of
extent ly in the streamwise and 1y in the
spanwise direction equ (3) can be rewritten
as

PRlf) o £X[1(8) 1 (6)]°

(5) =
Pé(f) 4 a2 r2

providing the ratio of mean square farfield
and surface pressure for one source element.

Thus, in order to compute the farfield
sound radiation from the edge-located sour-
ces, the surface pressure spectrum repre-
sentative for the source area must be known
together with the spatial extent of the
source element. For realistic wing-flows
this information is not available.

Therefore, an experimental research pro-
gram was initiated about 2 years ago by
DFVLR (Ref 25), in order to determine under
realistic conditions surface pressure spec-
tra and pressure field correlation charac-
teristics on an aircraft-wing. The test-
aircraft was an aerodynamically very clean
glider, which - in a sense - could be con-
sidered as a "near full-scale" equivalent
when compared to typical medium-size com-
mercial aircraft. Thus, fairly close to
full-scale Reynolds-numbers for wing sur-
face flows could be obtained. Since both
source characteristics (i.e. trailing-edge
unsteady flows) and farfield sound signa-



tures could be measured, this program serv-
ed to check the relevance of trailing edge
sources to the phenomenon of airframe noise.

4.2.2 Prediction of Glider-wing Trailing-
edge Noise from Surface Pressure
Characteristics

The test glider - the Braunschweig Aka-
flieg SB-10 - is a high performance glider
with an unusually large wing span of 29 m,
and an average wing chord of 0.8 m, corres-
ponding to a wing aspect ratio of 36.6. The
wing profile pertains to the Wortmann-Se-
ries with classification FX 62135. At a
flight speed of 50 m/s, the chord-based
Reynolds-number is about 3.3 million. With-
in the speed range investigated flow trans-
ition occurs at the 50 to 60% chord posi-
tion. Thus surface flow is fully turbulent
under all flight conditions by the time it
reaches the trailing edge. Surface pressure
spectra were measured by flush mounted sen-
sors near the trailing edge of the wing-
flap, arranged both along and across the
flow direction. Data were acquired at £light
speeds up to nearly 60 m/s and for flap-
settings from -10° to +85°, thus cover-
ing a range of typical cruise and landing
approach conditions and configurations,resp.

Farfield noise radiation from the SB-10
was measured by condenser microphones laid
flat on the concrete surface of the runway
or alternatively elevated 5 m above ground
to facilitate correction for reflection ef-
fects. Flight altitude and speed were deter-
mined from the ground through a high speed
camera. Fig 7 shows the test aircraft above
the measuring station.

Figure 7 Test Glider above Measuring
Station
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(a) Fluctuating Surface Pressure Data

Fig 8 shows typical surface pressure
spectra just upstream of the trailing edge
at a flap angle of n= 0°. Surface pres-
sures are normalized with the free-stream
dynamic pressure, frequencies are non-di-
mensionalized on a Strouhal-number basis.
The measured trailing-edge spectra (with
the exception of the maximum near
£f.0*/Ue = 1.2 which may indicate the pre-
sence of a discrete-frequency flow-shed-
ding phenomenon at the trailing edge, to
be discussed) correspond to those that have
been measured for attached turbulent bounda-
ry layers with equal physical properties
(i.e. displacement thickness, Reynolds-
number) . Hence the presence of a boundary
discontinuity seems not to affect the pro-
perties of the approaching boundary layer
flow which are in their entirety determin-
ed by the upstream flow history. The edge
- of course - is instrumental in the sound
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Figure 8 Typical normalized Wing-flap

Trailing-edge Surface Pressure
Spectra measured on the SB-10
Glider (not corrected for Finite
Transducer Size)

generating process, leading to an aerocacous-
tic dipole mechanism due to flow-spillage
past an edge.

Narrowband spectral analysis of trailing
edge pressure fluctuations confirm the pre-
sence of discrete-frequency flow phenomena
and indicate strongly periodic shedding pro-
cesses even for turbulent boundary layer
conditions. Evidently the phenomenon is lo-
calized at the very trailing edge, since
upstream measurements do not show any pe-
riodic flow-behavior (Fig 9). Tones in the
spectra cannot be normalized on a Strouhal-
number basis with the displacement thick-
ness as length-parameter. However, they
were observed consistently and most pro-
nounced for negative (i.e. upward) flap
settings in the immediate vicinity of the
trailing edge. Further upstream, as also
observed by Hahn (Ref 26), the tones were
immersed in the broadband noise level.

The typical data scatter that occured
for nomically identical flight conditions



(i.e. *0.5 dB) and, more pronounced, even
for different sensor positions in the span-
wise direction (i.e. %2 dB) is illustrated
in Fig 10. Data for flap-settings of

40°=n < 85° fall in a *3 4B band, with lev-
els some 25 dB higher than for the low-an-
gle flap-settings. The flow in all likeli-
hood was fully separated for the larger
flap deflections.
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Figure 9 Narrowband Wing-flap Surface Pres--
sure Spectra measured at two Lo-
cations upstream of the Trailing-
edge (Flap Angle n= 0°)
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Figure 10 Wing~-flap Trailing-edge Surface

Pressure Spectra for different
Flap Angles (not corrected for
Finite Transducer Size)

(b) Pressure-field Correlation Character-
istics

Fig 11 shows the longitudinal pressure
field correlation in terms of a coherence
7 versus a normalized sensor distance
ox/6* as measured by Panton (Ref 27) on a
flat portion of a glider fuselage. The co-
herence of the fluctuating pressures in-
creases steadily towards untiy with decreas-
ing sensor-separation distance, but for a
given sensor-separation distance, the co-
herence reaches a maximum at some frequen-
cy. Thus, a limiting frequency should exist
below which no correlation length can be de-
fined by integrating the curves shown in
Fig 11.

Before determing this limiting frequen-
¢y, Panton's data, together with data ob-
tained in the DFVLR study (Ref 25)and data
by Schloemer (Ref 28) and by Bull (Ref 29)
are shown in a representation employing a
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linear abscissa scale (Fig 12). The data
need not necessarily fall all upon one curve
since Panton's data were taken on a flat
portion of a glider fuselage, while both

10 T 1 T
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0
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Figure 11 Longitudinal Coherence of Sur-

face Pressure Fluctuations as
Function of Normalized Sensor
Distance measured on a Glider
Fuselage {(after Panton, Ref27)
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Figure 12 Longitudinal Coherence of Sur-
face Pressure Fluctuations as
Function of Normalized Sensor
Distance :

Schloemer and Bull obtained their data in
windtunnels on straight surfaces. Since
"coherence versus normalized sensor-separa-
tion distance" is a continous function, .cor-
relation lengths can only be defined by a
mean value, i.e. the integral of y versus
£f:4%/Uep . Numerical integration of the curve
drawn through the glider wing-flap data
yields a longitudinal correlation length of
ly = 0.72 U /f. Corresponding information
on the lateral coherence yields a correla-
tion length of 1y = 0.26 Usw/£.

From Fig 11 it can be seen that the
curves tend to collapse at frequencies above
the frequency of the maximum coherence, but
fan out at lower frequencies. Evidently, the
limiting nondimensional frequency is given
by that frequency where each curve branches
off. The corresponding non-dimensional fre-
quencies taken from data obtained by Panton
(Ref 27), Bull (Ref 29) and also by Bhat
(Ref 30), who measured longitudinal pressure
field coherence on a B 737 aircraft fuse-~
lage, are plotted in Fig 13 both for longi-
tudinal and lateral coherence. A straight _
line of unity slope can be drawn through the



data points, yielding a simple expression
for the limiting frequency for both longi-
tudinal and lateral correlation lengths of
flimit = 0.04 Uy /5*. Hence, the above de-
rived longitudinal and lateral correlation
lengths are only valid for frequencies
above those defined by the limiting fre-
quency.
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Figure 13 Relationship between the Fre-
quency limiting the Normaliza-~
tion of Pressure Field Coherence
Functions and the Corresponding
Flow Parameters

(c) Farfield Sound Prediction

Having available all required input quan-
tities, the validity of equation (5) can be
checked. The following two suppositions
were made: (i) The total radiating trailing
edge area is represented by n = Y/ly inco-
herently radiating areas along the ¥railing
edge* of extent 1y = 0.72 Uy /f and
ly = 0.26 Uw /£, in the streamwise and la-
teral direction, respectively, and (ii) the
directivity of the source is that of a half~
baffled dipole source.

Fig 14 shows acceptable agreement be-
tween predicted and measured spectra for
the glider directly above the microphone.
The high frequency peak in the measured
spectrum near 3 kHz is most likely due to
sound radiation from the horizontal stabi-
lizer. Alternatively, it could very well be
due to some periodic vortex-shedding off
the trailing edge as had been observed for
certain sensor locations near the flap
trailing edge. The underprediction of the
spectral portions above 4 kHz could be ac-
counted for by applying a finite transducer

* Distributing sound sources of equal
strengths all along the trailing edge
seems appropriate because of the large
aspect ratio of the SB-10 glider wings;
the wings in this context can be consider-
ed as being essentially "two-dimensional".

size correction (Ref 31).

4.3 Landing-gear/Wheel~well Noise

4.3.1 Review of Prediction Schemes

The treatment of undercarriage noise is
frequently separated into that from the
actual landing-gear, and that from the wheel-
well. Treating the landing gear as an indivi-
dual source is not necessarily wrong, since
over most of the approach phase, the wheel-
well doors are partly closed.
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Figure 14 Prediction of the Farfield Sound
Signature from Surface Pressure
Characteristics on the SB-10
Wing-flap Trailing Edge

Both nose and main landing gears consist
of many components, such as wheels, axles,
shafts with lateral support struts, drag
braces and actuators. All exposed subcompo-
nents are essentially bluff bodies, inher-
ently shedding unsteady wakes. From the scale
of major landing gear components it is ob-
vious that fairly low-frequency wake shed-
ding phenomena will occur; hence, corres-
ponding sound phenomena are of predominant-
ly low-frequency character. On the other hand,
small-scale structural elements such as wires,
hoses, screw-holes, small-diameter cylindri-
cal struts, etc., are likely to generate
high-frequency noise. Thus, one would ex-~
pect a fairly broad frequency spectrum to
be emitted from a landing gear.

Hersh (Ref 32)considers a landing gear
simply as one large dipole source and on
that basis derives a prediction scheme that
utilizes the induced drag on the landing
gear when the gear geometry is idealized by
either a "horizontal” cylinder of wheel-di-
ameter and length corresponding to the over-
all wheel-distance, or, alternatively by a
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"vertical" cylinder that has the diameter
of the wheel distance and the protruding
length of the entire gear. For one aircraft,
the JetStar, where data was available for a
"retracted flap, extended gear"-configura-
tion, he evaluates a proportionality con-
stant that related overall intensity to ap-
propriate aerodynamic parameters such as
steady-state drag-coefficient and the flow
velocity, obtaining good overall landing-
gear noise prediction also for the Convair
990 and the Boeing 747.

In an attempt to predict not only overall
levels of landing gear configurations, but
the spectral distribution of radiated ener-
gy too, Bliss and Hayden (Ref 33) subdivide
a landing gear into its components and con-
sider each of these as a bluff bodv which
experiences fluctuating forces through the
shedding of an unsteady wake. Depending on
Reynolds-number and the particular geometry
involved, this shedding process is either
periodic or random and produces sound ac-
cordingly, i.e. tonal or broadband. In or-
der to apply Curle's dipole formulation,
for acoustically compact sources they take
typical ratios of fluctuating and steady-
state drag, as established by Heller and
Widnall (Ref 34) together with a fluctuat-
ing force spectrum for certain kinds of
bluff bodies, to determine a composite
spectrum from a complicated body such as a
landing gear.

In an effort to quantity the relevant
acoustic phenomena and put predictions on a
firmer ground the DFVLR initiated an ex-
perimental/analytical research program on
landing gear/wheel-well noise (Ref 35).

First studies involved scaled replicas
of both nose gear and main-gear configura-
tions. Fig 15 and 16 show full scale nose
landing gears and model configurations in
comparison.

Such models were tested on a stationary
wall-jet flow facility which had the advan-
tage of easy model access, and provided a
the option to disassemble the model for com-
ponent and interaction studies. Similar
studies employing wind-tunnels were conduct-
ed by NASA-Langley (Ref 36) and are present-
ly planned by Fink (Ref 37).

Acoustic data for a two-wheel landing-
gear model configuration are shown in Fig
17 in a normalized fashion allowing straight
forward extrapolation to a full-scale situ-
ation.Employment of these results to one
particular aircraft with three two-wheel
bogies (Lockheed JetStar) yields rather
acceptable agreement (Fig 18). A similar
approach employing four-wheel bogie model
data to predict full-scale landing gear
noise, however, shows rather poor agreement
(Fig 19) namely overprediction for low-,
and underprediction for high frequencies. 1005

130
dB

120

Lp -60log Ue/Us*20l0g r/D

5
f-D/
Based on some available full-scale data . D/Ueo
Fink (Ref 10) uses a curve-fitting approach Figure 17 Normalized Nose Gear Model Spec-
to derive a landing gear aerodynamic noise tra at 3 Measurement Points
(U = 100 m/s)
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Figure 18 Comparison of Predicted and Me-

asured Landing Gear Noise:

a = Measured Full-scale Data;
b = Predicted 2 Nose Gears;

c = Predicted 1 Nose Gear;

d = Sum of b and ¢

(Lockheed JetStar: Flight alt.
152 m; Flight Speed 103 m/s)
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Figure 19 Comparison of Predicted and Me-

asured 4-Wheel Landing Gear
Noise (Boeing 747)

prediction scheme, which compared with full-
scale data inherently provides excellent a-
greement, although no physical basis is pro-
vided in the context of this straight-for-
ward approach.

From a more general point of view, then,
it must be stated that extreme caution has
to be applied in employing aerodynamic
scaling to such a complex case as represent-
ed by landing gears, and that neither model
scale experiments, nor calculation from bas-
ic (physical) principles provides the need-
ed accuracy. Apparently Reynolds-number ef-
fects play a dominant role in aerodynamic
scaling of landing gear aeroacoustic data.

4.3.2 Prediction of Landing-gear Noise from
Surface Pressure Characteristics

The understanding of the physical mecha-
nisms involved in 4-wheel landing gear noise
generation and -radiation has been furthered
through model experiments, where flying test
beds were employed.

An appropriate study that attempted to
relate fluctuating surface pressure charac-
teristics on 4-wheel gear models to radiated

!

noise is reported in Ref 35. Within this
study two four-wheel landing gear models
with a wheel diameter of.27 m were attach-
ed to the wings of the SB-10 airplane, thus
employing a glider as "flying" test-bed
(Fig 20) . At typical glider flight speeds,
Reynolds-numbers based on wheel-diameter
were of the order of one million leading to
turbulent flow separation even when the for-
ward wheel set was impinged upon by undis-
turbed flow.

Four miniature piezoelectric sensors
- two in a front wheel at both sides, two
more in an aft wheel again at both sides -
were installed flush within the surrounding
surface in areas where particularily high
fluctuating pressure intensities might act
as potent sound sources.

(a) Fluctuating Surface-pressure Data

Previous model tests (Ref 38) have shown
that the dominant mechanism responsible for
sound radiation from a four-wheel main land-
ing gear bogie is related to turbulent flow
In-

impingement on the rear set of wheels.

Figure 20 Four-wheel Landing Gear Model on
Glider Wing

specting the flow pattern (Fig 21) it be-
comes quite obvious, why strong unsteady
flow phenomena would occur at these loca-
tions: The turbulent wheel-flow wake is
pushed downwards and inwards, resulting in
violent flow patterns on the inside rear
wheel with highest fluctuating pressures at
these locations.

.

\—l\——/-:_——»’”

—
COCO

Schematic Flow Pattern around a
Main Landing Gear Configuration

Figure 21

52



Surface-pressure spectra measured on the
inside of the rear-wheel of the landing-gear
model is shown in Fig 22. The data are nor-
malized on a Ps/de Versus Strouhal-number
basis, with the wheel-diameter as the rele-
vant length dimension.

(b) Source Considerations

While sound radiation from a wing trail-
ing edge can be considered to be the result
of "two-dimensional" flow phenomena, a land-
ing gear causes the flow to assume compli-
cated three-dimensional patterns. Thus the
typical acoustic wavelength and the hydro-
dynamic wavelength at frequencies near the
spectral maximum are both of the order of
the body (i.e. landing gear) dimensions.

In this regime, one would expect "whole~
body-dipole” sound radiation.

The fluctuating pressures, measured on
the wheels - as shown in Fig 22 - should
thus not be considered representative for
"isolated patches” on the gear, but rather
as representative for the entire bluff body
(specifically the rear set of wheels and
axles). Large correlated turbulent regions
shed from the forward wheel-set cause reac-
tive forces to occur on the rear set of
wheels of order pg-A, where pg is the meas-
ured surface fluctuating pressure and A is
a representative correlated surface pressure
area on the wheel surface, responsible for
the radiation of sound.

(c) Farfield Sound Prediction

In order to relate surface spectra to
radiated farfield pressure spectra the same
basic aproach as used in the prediction of
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Figure 22 Typical Normalized Landing Gear
Wheel-Surface Pressure Spectra

trailing edge noise was applied in this ae-
rodynamically complex case, somewhat arbi-
trarily taking for both the lateral and
longitudinal correlation lengths a value of
lx = 1y = 0.5 Ug/f.

Assuming the prime radiating area to be
the inner portions of the rear treads where
surface spectra were measured, a farfield
spectrum was predicted and compared with a
measured one (Fig 23). The agreement of pre-
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dicted and measured spectrum is surprising-
ly good. It should be emphasized that the
somewhat arbitrary assumption of the corre-
lation lengths does not have much effect on
the prediction.

Applying the appropriate analytical ex-
pression, one finds that in the high fre-
quency region, farfield and surface pres-
sure spectra have a f£O-dependence {(i.e.
their shapes are identical). At a frequen-
cy where the lateral correlation length be-
comes equal to half the width of the wheel,
one finds a fl-dependence.

Finally where the longitudinal correla-
tion length becomes equal to that portion
of the circumferential length - which is
considered as radiating - a fz—dependence.

The overprediction for high frequencies,
where correlation lengths become small with
respect to the body dimensions, might be
due to cancellation effects of areas of cor-
related pressure fluctuations, an effect
similar to infinite-surface boundary layer
flow conditions.
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Figure 23 Prediction of the Farfield Sound

Signature from Surface Pressure
Characteristics on Landing Gear
Aft Wheels

4.3.3 Wheel-well Related Airframe Noise

Cut-outs or cavities in aircraft struc-
tural surfaces that are exposed to high-
speed external flow can give rise to in-
tense pressure fluctuations, and in conse-
quence to the radiation of intense tonal
sound (Ref 39). Therefore, for many years
it was thought that aircraft wheel-wells
were to constitute important airframe-noise



sources. Although the treatment of "isolat-
ed" landing gears as a source of airframe
noise is quite in order, treatment of "iso-
lated" wheel-wells, however, is a purely
academic exercise, because aircraft wheel~
wells are invariably cluttered with gear
components and are not "clean and empty" as
would be a prerequisite for the generation
of sufficiently intense "cavity-pressure
oscillations".

Recently a definite experiment was con-
ducted (Ref 35), that showed wheel-well
pressure oscillations not to be an important
airframe noise source. This experiment was
conducted on a DC-10 Series 30 aircraft
where microphones were positioned within
the wheel-wells of (1) the nose gear, (2)
the center-main gear, and (3) one side-main
gear (Fig 24). The aircraft was then flown
in the approach configuration with gears
deployed and wheel-well doors open over a
speedrange that corresponded to typical
approach speeds up to twize that amount.
The internal pressure response of the Cen~
ter Main Landing Gear for example, analyzed
in 1 Hz bandwidth at speeds of 77 and 151
m/s, shows no truly pronounced discrete
tones in the frequency range from 0 to 300
Hz where such tones according to the wheel-
well dimensions should occur (Fig 25). Fur-
thermore, the well=-internal pressure levels
although high in an absolute sense are ra-
ther low from the view point of a farfield
radiating airframe noise source. This con-
clusion was reached on the basis of appro-
priate model experiments.

NLG

CMLG

Figure 24 Schematic Representation of Mi-
crophone Location in the DC~10
Wheel-wells
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Figure 25 Effect of Flow-speed on DC-10
Center~-Main~Landing~Gear Wheel-
well Internal Pressure Response

A comparison of a measured landing gear re-
lated airframe noise signature for the VC~
10 aircraft and of tones as predicted for
the corresponding wheel-wells (Ref 35) re-
veal that the latter ones are unimportant

(Fig 26).
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Figure 26 Comparison of Predicted Farfield

Signatures of Wheel-well Reso-
nances and Total Airframe Spec-
trum for VC-10 Aircraft at 183 m
Altitude and 82 m/s Flight Speed

5. Noise Reduction Concepts

Since airframe noise cannot be controll-
ed through either enclosing the various re-
levant sources, or applying sound-absorpti-
ve treatment to the radiating surfaces,

which - in the case of the wings and/or
flaps - would most likely Jjeopardize their

primary purpose, only direct control of the
generating and - if possible - radiating
mechanisms offers possibilities to "tres-
pass the ultimate barrier”.

As far as the wings - as one of the pri-
mary airframe noise contributors - is con-
cerned, a reduction in surface flow (i.e.
flight-) speed would be most desirable. Since
a direct reduction of flight-speed is how-
ever not feasable, one could reduce the lo-
cal flow speed at, say, the wing and/or
flap-trailing edges. This could be achiev~
ed through shaping the edge in a saw-tooth
fashion (Ref 46), which would have an ef-
fect similar to that on swept-wing-edges of

delta-wing aircraft. However, possible
beneficial effects would probably be off-
set through the increased trailing-edge
length.

Model tests have also shown, that edge-
blowing could effectively decrease edge-
noise generation. Here, comparatively very
small amounts of secondary (bleed-)air, re-
leased just upstream of the trailing-edge
have been found to reduce sound intensities
(Ref 47). A similar effect could probably
be achieved through a simple "comb-like"”
structure at the very trailing-edge with
perhaps rather devastating companion effects

on the 1lift. Hayden et al (Ref 48) conduct-
ed extensive experiments with - as he term-
ed it -~ the"variable impedance edge": A po-
rous edge extension results in a more.grad-
ual impedance change from the solid lifting
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surface to the impedance of the surrounding
air, with reportedly very beneficial results
due to reduced fluctuating-force intensi-
ties. This concept could also be applied to
the leading edges of flaps, or flap-systems.
A decrease in turbulence scale of flow im-
pinging on leading edges would also reduce
sound intensities, or, at least, shift sound
generation towards higher frequencies, which
as the case might be could lower noise in a
sensitive frequency range.

Prevention of large-scale turbulent ed-
dies to occur at flap-trailing edges through
operational means, e.g. flying with the
smallest possible flap-deflection angle,
should likewise be beneficial. As far as
the landing-gear/wheel-well configuration
is concerned, prevention of uniform {corre-
lated) vortex-shedding from the various
bluff constituents of a gear would reduce
force fluctuations and - in consequence -
radiation of sound. For the case of cylin-
drical struts, for example, Sallett (Ref 49)
demonstrated the feasibility of using split-
ter-plates behind such bodies to suppress
periodic flow-shedding.

Landing gear noise of four-wheel bogies
could be reduced by tilting the bogie with
respect to the mean-flow-direction (Fig 27),
(Ref 25).
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Figure 27 Effect of Tilting Four-wheel
Bogie with Respect to the Mean-
HRow-direction on Radiated Sound

Thus, the Boeing 747 main-landing-gears
- which are tilted during landing approach -
should cause less aerodynamic noise. Accor=-
dingly arranging landing gears behind each
other in the streamwise direction, as might
be necessary for large transport aircraft,
should be bad practice.

Finally, the wheel~-well - if it were a
source of (low-frequency) discrete frequen-
cy noise - could be shaped as to prevent
periodic oscillations to occur. Heller and
Bliss (Ref 39) for example demonstrated the
feasibility of a slanted trailing edge for
the suppression of tonal cavity-noise over

_a large frequency range.

It must be admitted that all these tech~
niques for the reduction of airframe noise
are in a fairly rudimentary conceptional
stage. If any of them has been demonstrated,
it was through model tests only, where the

scaling effect due to Reynolds-stresses has
not at all been clarified . Furthermore,
relevant efforts are not pressed very hard
at present, since the basic understanding
of airframe noise aeroacoustic phenomena is
a more urgent problem, and airframe noise
reduction is "only" the next step.

6. Future Research Needs

Unquestionably, total-aircraft noise
studies should be abandoned, unless they
serve to check the results of component-
studies. Indeed, the authors are of the o-
pinion, that emphasis must be put on study-
ing, preferably through full-scale experi-
ments or - if not feasable - through model-
experiments, aerodynamic noise generation
from aircraft-components (wings, flaps,
slats, landing gears/wheel-well-configura-
tions, but not isolated empty wheel-wells)
and their constituents (struts, stringers,
actuators, wheel-well doors, cavities). On-
ly through a basic analytical and physical
understanding of the aeroacoustic source
mechanisms pertinent to aircraft components,
and - most importantly - to their aerodynamic
and acoustic interaction will the accuracy
of prediction schemes be furthered, and the
basis provided for the next step of lower-
ing airframe noise below present levels.

It is quite significant, that along these
lines several major aircraft companies and
research institutes are presently conduct-
ing or preparing flight-experiments with ]
gliders where both steady-state and unstead-.
y aerodynamic parameters on the wings, in
particular wing trailing-edges, . are deter-
mined and put in relation to ground observ-
ed acoustic signatures. In this context
there is a particular need of information

on surface pressure fluctuation and corre-
lation characteristics on both the pressure-
and suction-side of the wings and/or flaps
and slats, most desirably on realistic
powered aircraft (flown, however, at idle-
power or with engines off). These very im-
portant full-scale and flyover noise mea-
surements need to be supplemented through
carefully designed tests in aeroacoustic

wind tunnels of the open-jet type. Here a
direct source/receiver signal correlation

is feasable, providing information on the
primary (airframe noise) radiating areas

on, say, a wing, a flap, a landing gear etc.
Inherent new extremely low noise, low tur-
bulence wind tunnels need to be made avail-
able for airframe noise studies.

As far as basic mechanisms is concerned,
vortex-noise, edge-noise and turbulent-sur-
face flow noise in-depth analytical and ex-
perimental studies are required. Scaling~
effects need to be clarified to improve con-
fidence in extrapolating model - test results
to the full-scale situation. Likewise - for
purposes of flight data acquisition and re-
duction the understanding of atmospheric
and ground reflection effects on sound pro-~
pagation must be furthered, as well as
flight and wind tunnel data acquisition in-
strumentation be continually improved to-

gether with relevant computational procedures.
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TABLE I

TEST AIRCRAFT FOR AIRFRAME NOISE STUDIES

No Year Author(s) Reference Aircraft
1 1970 Gibbs, Healy 40 Douglas DC-3
2 1970 Smith, Paxon, 7 Libelle 1
Talmadge Schweizer 2-32 ; Gliders|
Schweizer 2—33[
3 1970 Healy 3 Prue 2 (Glider)
Convair 240
Douglas DC~3
Aero-Commander Shrike
Cessna 150
4 1972 NASA Flight Res. - Aero Commander
Center
5 1973 Gibson 4 C~5A Galaxy
6 1974 Putnam, Lasagna, 8 JetStar
White Aero Commander
Ccv-990
Boeing 747
7 1974 Burley 5 F 106 B
8 1975 Munson 41 McDonnel Douglas DC-10
9 1975 Fethney 9 Handley-~Page HP 115
Hawker-Siddeley HS 125
British Aircraft Corp.
] BAC 1-11
Vickers vVC-10
10 1976 Cheeseman 41 Chipmunk
11 1977 Bauer, Munson 42 McDonnel Douglas DC9-31
12 1977 Chaussonnet 43 Airbus A-300
13 1977 Dobrzynski, Heller 25 SB-10 (Glider)
35 Cirrus (Glider)
38 McDonnel Douglas DC-10
14 1977  Griinewald 44 VFW 614
15 1978 Revell 45 Y 12 C
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TABLE II OVERALL AIRFRAME NOISE PREDICTION
- EMPIRICAL RELATIONSHIPS -

No | Author(s) | Year| Ref. Basic Equation Expressed in Basic Pro-
(as presented by Author): terms of Air- portionality
Overall Sound Pressure craft-Speed, of Overall
Level is proportional to Wing—geometric Sound Pres-
Parameters and sure
Flight-Alt.
s 2 6 r6 =5 6
1 | Healy 1974 3 | =10 log | (219 (‘-’—-f—)] «10 log 02‘33} P
r AR lr~1 . AR
7 ~ P ' 62 6
5 U W C o] U'C .0~ 8
2 Gibson 1974 4 =10 log [(;f)(E;)(T)(?Tﬁ =10 log —;5—] ~ “3R
U4.93 9.72 with rounded exp. ,
3 | Hardin 1974 6 =10 log |( ) ( ) ru5 @3 5 g3/4
et al (162" 1 22.06 <10 1log U2 c ] U s2
(on the ir- 1 ~AR" .
Basis of :
Healy-Ref4})
ro! =
4 Putnam, 1974 8 e 10 log v 2W e 10 log Q__%~£] ~$U7 S
Lasagna, ) r L r
White
~r o= A 2
where e W =1 = 39y, u“-s
e 5=1C
e AR = —é-

TABLE III AIRCRAFT COMPONENT AND RELEVANT AEROACOUSTIC MECHANISM -

Aircraft
Component

Aero-
acoustic
Mechanism

Landing

Slat Gear

Wing Flap

Wheel-
well
Doors

Wheel-
well

Fuse
lage

Direct Turbulent
Boundary Layer
Radiation

Lift and Drag
Force Fluctuations
Due to Turbulent
Inflow

Lift and Drag
Force Fluctuations
Due to Turbulent
(Wake) Shedding
Processes

(Free-) Shear Layer
Oscillations and
Resonant Cavitiy
Response
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Q

fh O O

limit

HI

max
O f

Flw)

OASPL
pp (£)

Po

pg (£)

Qoo

List of Symbols

m/s

Hz
Hz

Hz

Hz

N

m
Watt/m2
radians/m

m

dB

dB
N/m

N/m

N/m

N/m

speed of sound
correlation area
aspect ratio
lift coefficient
mean wing chord
wheel-diameter

frequency
limiting frequency

maximum fregquency
frequency bandwidth
(fluctuating) force
flight altitude

sound intensity
wave-number

linear source dimension,

eddy length scale,
wing span

streamwise correlation
length

lateral correlation
length

sound pressure level

number of sources

overall sound pressure
level

farfield RMS {(sound)
pressure

static pressure

surface RMS (fluctuating)
pressure

free-stream dynamic
pressure

distance, flight altitude,
distance source to
observer

distance eddy-~system
from edge

wing surface area

wing surface area
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t m

T K

U n/s

U, m/s

Uq m/s

U m/s

\' m/s

v m3

W N

X -

Ax m

Y m

& -

7 —

s * m
degree

2] degree

%o kg/m3

w radians/s’

WL(w) Watt

Abbreviations:

NLG

CMLG

RMLG

Acknowledgements

wing thickness maximum
static temperature

free-stream velocity,
flight speed

convection velocity
reference speed

free-stream velocity,
flight speed

velocity
eddy volume
weight

coordinate - streamwise
direction

sensor separation

coordinate -~ lateral
direction

wing trailing edge length
turbulence intensity
coherence

displacement thickness
flap angle

angle observer point and
: surface plane

fluid density
circular frequency

sound power of dipole
source

nose landing gear
center main landing gear

right main landing gear
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