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Preface

The field of acroacoustics has matured dramatically in the past two decndes. Re-
searchers have galned significant theoretical and experimental understanding of the
nojse generated by aircralt power planis and their components. In addition, airframe
noise and interior noise have been investigated extensively. The physical understand-
ing obtained from these offorts has resulted in the development of hardware capahle
of reducing comnunity noise and of meeting strict noise certification requircments,
Reductions in overall sound pressure level of 20 to 30 dB have been obtained for sotne
types of power plants, while in the same period their installed power has incrensed
significantly.

Curront quiet flight vehicle designs are based on information reported in a
multitude of journals, counference proceedings, researchh reports, and specialized
books. Ench of these scientific publications represents only incremental steps in the
evolution of our present understanding of the various acroacoustic noise generation
and propagation mechanisms and procedures for noise control. There is thus a need
for o reference document summarizing the current status of acroacoustics. It is
recognized that some other fine books on acroncousties are already available, The
reader is referred to the classic handbooks by Harris on noise and vibration control,
to Goldstein’s “Aeroacoustics,” which provides a gencral theoretical treatment
of most acroncoustic noise sources, to the text “Noise and Acoustic Fatigue in
Acronautlcs” by Richards and Mead, and to the ALAA Reprint Series volume
entitled “Aerodynamic Noise.” The current book represenis an attempt to integrate
and update the information in previous related publications, to provide a bnlrnced
viewpoint with both fundamental and applied aspects being considered, and to focus
on those topics that are significant for the design and operation of quict flight vehicles,

In July 1982, the Continuing Education Subcommittee of the Institute of Aero-
nautics and Astronautics (ATAA) Aeroacoustics Technical Committee identified a
critical need for a reference book summarizing and interpreting the status of re-
search in aeroacoustics. The full Aeroacoustics Teehnical Committee agreed with
this conclusion and enthusiastically supported the concept of publishing such  book,
The hook would have a scope consistent with that of the Technical Committee and
would include physics of noise produced by motion of fluids and bodics through the
atmosphere and by chemical reaction processes; it would also include the responses
of human beings, structures, and the atmosphere to acrodynamic noise. The sub-
committee was then instructed to prepare an initial outline of the book for planning
purposes and to procure financlal support for its printing. This effort has been given

vii



Preface

generous snpport by NASA (Langley, Lewis, and Ames Research Centers), the U.S.
Air Force Wright Rescarch and Development Center, and the U.S, Ariny Aviation
Systems Command,

This book is planned as a reference publication, casily readablo by persons
with scientific or engineering training who have completed o bachelor degree study
program. It serves ag an authoritative resource book for tenchers, students, and
researchers, but it is not designed for use directly as a textbook. [t provides
recornmended methodology to eviluate neroncoustics-relnted probloms and suggests
approaclies to their solutions, without extensive tables, nomographs, and derivations,
It is oriented toward flight vehicles and emphasizes underlying physical concepts,
Theoratical, experimental, and applied nspects are covered, including the main
formulations and comparisons of theory and experiment.

The preparation of the material for this hook has been enrried out stieler the
general supervision of the ATAA Technical Commitice on Aeroncoustics, The Com-
mittee clected the editor {Harvey H. Hubbard), two associnte editors (Christopher
K. W, Tam and Robert H, Schlinker), and six additional editors (Charles E, Feiler,
James C. Yu, Walter K. Eversman, Marvin E. Goldstein, Roberl E. Kralt, and
Yung H. Yu). Donnld L. Lansing and John Laufer (until his untimely death) also
served for short terms, They functiened as an editorial board to establish the overall
palicy for the organizing, revicwing, and cditing of the book, Each wns selected
beenuse of his expert knowledge of at least one of the speeialty arens covered in
the book. They collectively comprise a team of experts who represent industry,
government, and acudemia viewpoints.

The editorial board members chose by vote the lend authors for ench chapter
based on their stature and expertise in particular technical areas and on their proven
ability ta communicate, T all cases, contributing authors were selected and enlisted
by the lead anthors on the basis of the same eriterin, An outline of each chapter
was first approved by the editorial board as n menns of defining the overall scope of
that chapter, Technical reviewers were chosen by vote of the editorinl board based
on their expertise of subject matter and the nature of their experience, Two to
four persons were selected to provide technical reviews for each manuscript. These
technicnl reviews were then provided to the appropriate nuthors as o basis for the
preparation of their final manusceripts. Final editing was accomplished by Mary K.
MeCaskill and Thomns H. Brinkley of the NASA Langley Rescarch Center Techinienl
Editing Branch. This latter effort involved skilled technical editors closely associated
with the publication profession, Their work included checking for ncenracy, grammar,
conslstency of style, compliance with editorial instruetions, and assembly for printing.

Authors and reviewers contributed their time for this project without receiving
compensation, Dralt manusecript preparation, typing, and graphics were supported
partially or wholly by the participant’s employer. All these contributions were vital
to the success of this project and are greatly nppreciated.

Supporting reference information cited in this book is limited to publications
available at the time of the text preparation, No proprietary or classified information
is inchuded in order to protect the interests of authors’ companics and governments.
In order to enhance its utility, this book is divided into two volumes, each of which
has a list of symbals, an index, and a separato glossary of terms. Reference lists for
each chapter contain the key available supporting dociuments.
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Volume 1 includes all the chapters that relate directly to the sources of flight
vehiele noise: Propeller and Propfan Noise; Rotor Noise; Turbomachinery Noise;
Jet Noise Classical Theory and Experiments; Noise From Turbulent Shenr Flows;
Jet Noise Generated by Large-Scale Coherent Mation; Airframe Noise; Propulsive
Lift Noise; Combustion and Core Noise; and Sonic Boom. Volume I includes
those chapters that relate to flight vehicle noise contral and/or operations: Human
Response to Aircraft Noise; Atmospheric Propagation; Theoretienl Models for Duct
Acoustic Propagation and Radiation; Design and Performance of Duct Acoustic
Treatment; Jot Noise Suppression; Interior Noise; Flyover-Noise Measurement and
Prediction; and Quiet Aireralt Design and Operational Charncteristics.




Technical Reviewers

Anders O, Andersson
Boelng Commercial Airplanc Co.
Seattle, Washington

Frank .J. Balena
Lockheed California Co,
Burbank, California

Henry E. Bass
National Center for Physical Acoustics
University, Mississippi

Ear] H. Dowell
Duke University
Durham, North Carolina

Norris L. Haight
McDonnell Douglas Corp,
Long Beach, California

Alan S; Hersh
Hersh Acoustical Engineering, Inc.
Chatsworth, California

Karl D, Kryter
Stanford Research Institute
Menlo Park, California

Alan H, Marsh
Dytee Engincering, Inc.
Huntington Beach, California

John C, McCann

United Technologics Corp.
Pratt & Whitney

East Hartford, Connecticut

x1

Michael K. Meyers

George Whashington University
NASA Langley Research Center
Hampton, Virginia

Jack V. O'keefe

Bocing Commerical Airplane Co.

Seattle, Washington

Karl S. Pearsons
Bolt Bernack & Newman Labs
Ceanoga Park, California

Robert E. Pendley
McDannell Douglas Corp.
Long Beach, Californin

Allan D, Pierce
Georgin Institule of Technology
Atlenta, Georgin

Rolund A, Prydz
Lockheed Chalifornia Co.
Burbank, California

Jamcs. D. Revell
Lockheed Chalifornin Co.
Burbank, Californin

Edward J. Rice
NASA Lewis Research Center
Cleveland, Ohio

C. G. Rice

ISVR

University of Southampton
Southampton, England

e e e L et 30 A FAT T o B s ania




Technical Reviewers

Kevin P. Shepherd
NASA Langley Research Center
Hampton, Virginin

M. J. T. Smith
Rolls Royce
Derby, England

James R, Stone

NASA Lewis Research Center
Cleveland, Ohio

xii

Rimas Vaicaitis
Columbia University
New York, New York

John E. Wessler
Wyle Labs
Arlington, Virginin




LT e

=

ERer b

cross-sectional arca; acoustic admittance
chord

drag coeflicient

lift cocflicient

specific heat at constant pressure
specific heal at constant volume
speed of sound

diameter

distance, e.g,, from source to receiver
fuel-air ratio; force

frequency

crags spectral donsity of acoustie pressure
height

enthalpy

intensity

imaginary mumber, \/ﬁ

wave number

A-weighted sound level

D-weighted sound level

day-night average sound level
effective perecived noise level

equivalent continuous sound level

xlii

s




Symbols
Lpy
4

M

m

S AT

perceived noise level
length

Mach number

mass

mass flow ratio
Prandt] number
Reynalds number
Stronhal number
power

sound pressure

reflection cocfficient; acoustic resistance; gas constant; duct
radius; jet radius

distance from arbitrary point on rotating rotor blade to
observer

rotor radial position
wing aren

Sears [unction
temperature

time; wing thickness
flight velocity

particle velocity; mean velocity; axial velocity
velocity

exit velocity of jet
acoustic reactance
cylindrical coordinutes
impedance

sound absorption
=vMI-1

ratio of specific heats

flap deflection

xiv



E m e 8 ™ m u 3

on
Ly

Ahbreviations:
BPF
BVI
DNL
EPNL
FAR.
HSI
ICAO
LEQ
LLg
LLgy
NR
OASPL
PNL
PWL
Tms
SLA
SLD
SLE

Symbols

Kranecker delta

ratio of characteristic impedances
wavelength

visensity

cutofl ratio

density

reduced [requency of gust

phase angle

rotor rotational rate

cireular frequency, 27 f

blade-passage frequency
blade-vortex interaction
day-night avernge sound level
effective pereeived nolse level
Federal Aviation Regulations
high-speed impulsive
International Civil Aviation Organization
equivalent continuons sound level
Stevens loudness level

Zwicker loudness level

naise reduction

averall sound pressure lovet
perceived nolse level

power level

root-mean-square

A-weighted sound level
D-weighted sound level

E-weighted sound level

XV

T VT e




Symnbols

SPL sound pressuro level
SWR standing wave ratio
TL transmission }oss

xvi




11 Human
Response to
Aircraft
Noise

Lead auther

Clemans A. Powell

NASA Langley Research Center

flampton, Virginia
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James M. Fields
CGavernment Avcounting Office
Waskington, D.C.

Introduction

If noise is defined as sound that produces adverse effects, then aireraft are
o major source of noise affecting, at least to some extent, the work and leisure
activities of a large proportion of people in nearly all developed countries. Although
only a small percentage of the propulsion energy of nn aircraft is converted into
sound, that pereentage represents a large power source, The sources of aireraft
nolse most responsible for community and ground crew effects are the high-velocity
jet exhausts, fans, internal turbomachinery, propellers, rotors, internal combustion
engine exhausts, and, for supersonic aircraft, sonic booms. Thase sources most
responsible for passenger or flight crew ecffects are turbulent boundary layers,
propellers, helicopter gear boxes, jet cxhausts, internal combustion engine exhausts,
and structureborne vibration from unbalanced rotational forces. However, there
is not & one-to-one relationship between sound cnergy and any given noise effect.
To cffectively control the noise, that is, reduce those components that are most
responsible for adverse human effects, it is necessary to thoroughly understand the
physical characteristies of the sound and how each of those characteristics can affect
human response, ‘

Adverse effects of aireraft noise include hearing loss, task performance degra-
dation, gpeech intelligibility reduction, slecp interruption, and general feelings of
annoyance. A number of nonauditory physiological effects that may adversely affect
health are elaimed to result from noise exposure. It is not possible in the limited
space of this chapter to examine all the potential effects of aireraft noise in great




—r—:

Powell and Fields

detail. Sinee nearly all effects of noise an bumans rely on the perception of sound
by the hearing mechanism, the human auditory systemn and the general perception
of sound are discussed. However, the mnjor conecentration of this chapter is on an-
noyance respoense and methods for relating physical characteristics of sound to those
psychosociologienl attributes associated with human response, Results seleeted from
the extensive laboratory and field research eonducted on human response to air-
cralt noise over the past several decades arve presented along with disceussions of
the methodology commonly used in conducting that research. Finally, some of the
more common eriteria, regulations, and recommended practices for the control or
limitation of aireraft noise are examined in light of the researeh findings on human
response,

Those readers with particular interest in the effects of noise on task performance,
sleep interruption, health, or other nonanditory physiologieal functions are referred
to the general reference texts of references 1 to 3.

Perception of Sound

The human auditory system is capable of sensing, analyzing, or interpreting
fluctuations in air pressure over an extremely wide range. The interested reader
can (ind more details of this fascinating sensory system in many modern textbooks
such ns reference 4, The following sections, however, provide a briel overview of
hearing anatomy and theory and thase attributes which are considered most critical
to hutnan response to acroacoustie noise sources,

Anatomy of the Ear and Hearing
Theory

The auditory system consists of the outer (pinna and ear canal, or external
meatus), middle {essienlnr chnin), and inner (cochlea) ears and the associated
pathways to the brain. A diagram of the internal hearing organs is shown in fgure 1.
Alr pressure fluctuations in the external meatus vibrate the tympanie membrane, or
enrdrmn, which is coupled mechanically to the fluid-filled inner ear through the
bounes {malleus, incus, and stapes), tendons, ligaments, and muscles which make up
the ossicular chain located in the middle ear. The mechanical linkage forms the
impedance-matehing interface between air and the fluid-Rlled cochlea.

The tensor tympani and stapeding museles in the middle ear are eapable of
impeding the motion of the ossicular chain and are responsible for the acoustie,
or aural, reflex, This reflex, which is involuntary in most people, altenuates intense
sounds and therchy offers some protection to the sensory organs in the inner car.

The vibratory motion of the stapes is coupled to the fluid-filled cavity of the
coclilen through the oval window. Dressure fluctuations cause n traveling wave to
pass along the cochlear partition, or basilar membrane, with the ultimate excitation
of the hair cells situated on the basilar membrane within the organ of Corti, The
mechanisms of nerve cell excitation and transimmitial of neural signals to the brain
are beyond the scope of this review but ean be found in most texts on hearing such
as reference 4.

Since the cochlear partition decreases in stiffness from the stapes, it acts as a low-
pass filter, with the result that the end further from Lhe stapes is more responsive

2
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Figure 1, Cross section of the huwmnan ear,

to low frequencies, This mechanism facilitates the frequency analysis capabilities of
the auditory system, particularly at higher frequencies, and forms the basis of the
“place” theory of hearing. In addition, the “volley” theory proposes that analysis is
performed by the central anditory nervous system, particularly at low frequencies,
and that Mrequency information is transmitted In volleys of neural discharges which
are phase locked to the pressure fluctnations, It is now genernlly aceepted that
neither theory ean fully explain the sensitivity and selectivity of the auditory system
over the total frequency range and that a better explanation is found in an interaction
of both mechanisms.

Beeause of the complexity of the anditory system and the interfaces between
the aconstical, mechanical, and neurological systems, it is nol surprising that the
response of the auditory system to sounds with differing speetral and temporal
characteristics is not easy to predict or measure. However, severa! generalities can
be stated:

1, The human auditory system is sensitive to a very wide range of air pressure
fluetuation. The pressure ratio of the threshold of pain to the thresheld of

audibility is approximately 1 million,

(2]

The aundible frequency range of hearing is normally considered to be 20 Hz to
20 kHz, However, the sensitivity is not uniforin across the requency range; lower
sensitivity occurs at both the high- and the low-frequency end of the range.

3. One sound can mask the pereeption of another sound of lower intensity, In
general, although the masking is most efficient if the frequency contents of the
two sounds are similar, a sound with lower frequency content than a given sound
is more efficient at masking the given sound than is a sound with higher frequency
content,
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4. Sound at high sound pressure levels ean canse both tempernry and permanent
threshold shifts iy hearing ability. Levels greater than about 180 dB can rupture
the tympanic membrane, and levels greater than about 85 dB ean cause significant
temporary or permanent loss of hearing aenity depending o the duration of the
Itoige exposure, '

Auditory Phenomena Affecting
Perception of Sound

The following scetious consider those anditory phenomena that have been found
to be important in predicling how people pereeive and respond to a given sound in
a given situation, The scope of this discussion does not, tllow a complete treatment
of any of these important lopics, The reader ean find mere information in a munber
of general references including references 2 and 4.

Loudness

. Loudness is traditionally defined as the perceived intensity of a sound. Consid-
erable research has been conducted over the last 75 years to investigate how the
Lhtnan anditory system integrates the temporal and speetral information contained
in sound waves arriving at the ear so that it may be quantified subjeetively in terms of
a single overall intensity measure, The basie mechanisms and important parameters
have been known and studied for many years (ref, 5); however, the advent. of madern
electronie and audio systems has resulted in inprovernents in and refinements to
loudness prediction models,

The enrves of figure 2 represent the sound pressure levels of oetave bands of noise
which produce the sensalion of equal loudness (ref. 6}, As can be seen, the auditory
system is neither uniform seross frequency wor completely linear with amplitude.
Similar equal-loudness curves have been defined for sounds consisting of pure tones.
The basic shapes of the equal-loudness curves are similar, with the region of greatest
sensitivity occurring at about 3 kliz,

The question of how the auditory system sums the londness of sonnds comprised
of more than u single component has also been the subject of much resepreh. The
maodel of loudness summation in reference 7 considerd not anly the loudness of the
individual components bul also the concepts of critical bandwidths and mulual
masking, or inhibition, between the various sound components. Again the more
interested render is referred to a more complete text (refs. 2-4).

The loudness of a somul has also heen lound to depend on its duration, The
loudness of a constant-amplitude tone increases with inerensing duration up to a
duration of approximately 200 msee. This duration is commoniy referred to as the
“iptegration time ol Lhe car.” This temporal summation is believed to take place
in the central nervous system rather than in the ear itsell {ref. 8). Most research
in this arca indicates that the loudness increases about 10 dB for a factor-of-10
increase in duration up to the integration time, This type of londness inerease is very
important for sounds of short duration such as impnlses and is discussed at more
length in subsequent sections, There have also been studies that indieate a type
of loudness adaptation, or decrease in londness, with increasing durations beyond
the integration time; however, the study of reference 9 suggests that the previously
measured adaptation may be an artifact of the test methods used.,
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Figure 2. Equol-loudness conlours, (From ref. 6.)

Piteh

Piteh ean be defined as the perceived frequency of sound. High-frequency tones
or narrow bands of noise are heard as being “high” in pitely, and low-frequency
tones or narrow bands as being “low” in pitch, Althongh there has heen mmch
research into the pereeption of piteh, there lias been very little consideration of piteh
and some related phenomena, other than simple frequency content, in explaining
reaction of people to the noise of aireraflt or other acroacoustic noise sources.
The potential relevance of these phenomena may he of increasing importance for
some configurations of advanced turboprop aircraft which may have countarrotating
propellers with unequal numbers of blades,

The relationship of pitch and consonance or dissonance of multiple tones is
deseribed in the maodel of reference 10, A concept of virtual piteh is deseribed which
accounts for many psychoacoustic and musical phenomena related to combination
and regidue tones, A historical review and the determination of the detectability of
combination tones which result when two (or more) tones at different [requencies, f)
and f2, are heard simuliancously are presented in reference 11, These combination
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tones include not only the summation (fy + fa) and difference (fa — f1) tones but
also the cubie dilference (2f) — f2) tone and higher order tones, The “residue” is
the, pitch produced by a set of frequency components rather than by any of the
single components (ref. 12). The low piteh tone associated with farge high-bypass-
ratio turbofan aireraft engines, commonly called “buzz saw,” is one such example,
This pitch results from the difference in frequency of the many harmonically related
components of the fan shaft frequency rather than rom the fundamental itsell.
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Notsiness

Noisiness was suggested in reference 13 to refer to the characteristie or attribute
of » sound which makes it unwanted, unacceptable, disturbing, objeetionable, or
annoying and which may be distinguishable from loudness. Through extensive
laboratory tests a sel of equal-noisiness contours were determined (ref. 14). As
indieated in figure 3, these curves have the same general shape ns the cqual-
londness contours of figure 2 although there are some differences particularly at
high frequencies,

The tempors] summation of noisiness has been shown to be very similar to that
of loudness for durations less than the integration time of the car. However, the
summation for noisiness continues for durations considernbly in excess of that time.
Based on analysis of data lrom many studies, 3 dB per doubling of duration, or 10 dB
for a lactor-of-10 change in duration, scemns appropriate as a temporal suunmation
factor for neisiness,

Localization and Precedence

The ability to determine the location of sound sourees is one of the major henefits
of having & binaural hearing system. Localization has been studied nearly ns long
as has loudness. It is generally recognized that the human auditory system uses
both interaural intensity and interaural temporal differences between the ears as
cues which are processed in the central auditory nervous system. At low [requencies,
tcmporal or phase diflerences at the ears are thought to provide the dominant enes,
whereas at higher frequencies, intensity differences are thought to provide more useful
information. Typical examples from the work of reference 15 on the crror in ability
to loeate a sound source are shown in figure 4. As indieated, the ervor is greatest in
the frequeney region about 3 kHz where the localization cues are more ambiguous,
The localization errors are minimal directly in front of the head, and with head
movement, Tnost people can locate the origin of a sound within 1° or 2°.

L.ocalization
utrer

gl I q) 1 i 1 1 1 { ]

[{3]¢] 100 Do

Frequency, 1z
Figure 4, Error in localization as a function of frequency, (From ref. 15.)

Another phenomenon related to binaural hearing is commonly called the Haas,
or precedence, effect {ref, 16). This refers to the ability to hear as a single acoustie
event the sound from two or more sources radinting nearly idontical acoustic signals
provided that the signals arrive at the listener’s ears with a delay not exceeding
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50 msee. In addition the sound appears o originate at the nearer source or thal
souree from wiich the first signal areives, Although neither localizalion nor the
precedence offect is as significant in determining uman response Lo neroncoustic
sources as is loudness or noisiness, they may be significant modifiers to that response
il the sound is perceived to be too close or in some location where safety is
compromised.,

Noise Metrica for Predicting Human
Response

Considerable research has gone into developing methods to predict the londness,
noisiness, and annoyanee of sounds on the bosis of measurable pliysienl characteristics
of tho sounds. In the following seetions some of the proeedures developed to predict
human response to noise [rom neroacoustic sources are diseussed. Complele details
of the calculation procedures can be found in a number of references (e.g., refs. 17
and 18),

Single Events
Loudness Level

Metrics developed to predict loudness have, in general, incorporated varions
means to account for the Innnan sensitivity to frequency and sound level and the
summation of the different frequency components of sound. The most commonly
used metric is based an a simple frequency Rlter (defined ns the A-weighting filter)
for weighting the spectral content of & possibly complex sound. Although eriginally
intended to approximate the londness level of sounds with sound pressure level
{SPL) between 24 and 55 dB, the A-weighted sound level (SLA) has been found
ta correlate very well with noisiness and loudness of many sounds with hroeadband
spectra regardless of level. The relative response of the A-weighting filter is indicated
in figure 5, The summation of different frequency components is a simple energy

o =
et e
0 - \
[telutive
response, =10 l—
i}
-m -
-1 L1 T B 1

50 mwr 0 0 2000 G000 EBOAD
Frequency, 1z

Figure 5. Itelative response of the A-weighting filter.
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summation afler frequency weighting, If the weighting is incorporated in a sound
level meter, the rool-mean-square (rms) eireuitry In the meter performs the necessary
summation, I the A-weighting is applied to octave or Ya-oetave band SPL's, the
resulting weighted SPL's are summerd on an energy basis:

n )
Ly = 10logyg [Z 1054 [m‘m] )

i=]

where L (2) are the weighted SPL's of the frequencey bands,

A somewhat more complicated procedure for predicting loudness level (LLg)
was developed by Stevens (ref, 19) and called Mark VI It acconnts for frequency
characteristies including nonlinear level effects nnd in a simplified way for masking
and inhibition between frequency components, The unit of louduess, sone, is defined
as the loudness of a 1-kHz pure tone with a sound pressure level of 40 dB, The
loudness in sones theroby represents a ratio senle with the property that twice as
many senes Indieate twice the loudness,

The requency and level charaeteristics of the Mark VI loudness procedure are
shown in figure 6. The loudness in sones S(#) of cach octave or Vs-octave band is
dotermined from the figure or & calenlation algorithm. The total loudness is then
found from the summation

Si=Sm+F [i SURy Sm] (2)

i=]

where Sp; s the loudness of the londest band and F is a masking factor, 0,15 for
Y3-octave band data or 0.30 for octave band data. The londness level in phons is
then caleulated by

Ly, =40+ 10]og, S¢ (3)

The phon scale has decibel-like properties and a factor of 10 phons represents an
approximate doubling of Joudness,

Another prediction scheme for loudness level (LLg) has been developed by
Zwicker (ref. 20} and accounts for more of the complexities of the lnnan auditory
system, such as widening of “eritical bandwidth” at low frequencies, “remote
masking,” and different sensitivitics to different types of sound fields. In the original
formulntion of the method, only loudness of stationary sound fields or of time-varying
sound fields at a limited number of iustants was easily caleulated beeause the mothod
relied on the plotting of Va-octave band sound levels and integration under the curve
with a planbimeler, The development of refatively inexpensive computer systems,
however, allows this method to be easily applied to nonstationary sounds, After
caleulation of the total loudness of the sound in sones Sy using the graphical or
computer method, the loudness level LLg, in phons, is caleulated using the same
type of relationship as equation (3).

Perceived Noisiness

The noise metrie which is most commonly used to predict the noisiness level
of saunds is the pereeived noise lovel (PNL), This metric, which was developed to
prediet the reported annoying quality of jet aircraflt sounds (ref. 13), is caiculated
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Figure 6. Frequency characteristics for the Mark VI loudness procedure,
{From ref. 10.)

very similarly to the loudness level Llg (ref. 19). The unit of perceived noisiness,
noy, is defined as the noisiness of an octave band of noise centered at 1 kHz with a
sound pressure level of 40 dB. A sound which is subjectively twice as neisy as the
reference sound has thercflore a perecived noisiness of 2 nays,

The noisiness of each Ya-octave band N(7), expressed in noys, is determined by
using curves such as those in fgure 3, by using a set of tables based on those curves,

i
i

or by using o computerized algorithm, The noisiness of the total sound at any instant -
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is given by

Ne= N+ F {i N(i) - Nrrz] (4)

F=1

where Ny, Is the noisiness of the noisiest band and P is the masking factor in
cquation (2) for the Stevens loudness enlenlation, The PNL is then given by

Loy =40 4 10loga Ny (5)

The PNL scale is thereby similar te the phon seale for loudness in that it has decibel-
like properties, and a factor of 10 in PNL represents an approximate doubling of
noiginess,

In mueh the same way that SLA bas been used rs o simplified method to
approximate the loudness of sounds, another frequency-weighted metrie has been
used to approximate the noisitess of sounds. The D-weighted sound level (SLID)
uses the frequeney weighting shown in figure 7, whieh is comparable to the inverse of
the 40-noy contour of equal nofsiness (fg. 3). The summation of different frequency
components is an epergy summation after frequency weighting, The D-weighting
filter is also incarporated in some sound level meters which provide the necessary
rms cirenitry for the summation, If the D-weighting is applied to octave or a-octave
SPL's, the resulting weighted SPL's Lp(i) are summed on an energy basis:

n .
Lp = 10logg lz ]OLD(I)}.]D] (6)
i=|

The similarity of the equal-neisiness and equal-londness contours is ohvious by
comparing figures 2 and 3. Because of the similarity and reanalysis of data of many

10 -
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Figure 7. Relalive response of the D-weighling filter.
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noisiness and loudness experintents, it was proposed in reference 2] that loudness and
noisiness were nctually manifestations of the sume auditory response and could be
predicted using a slightly modilied set of response curves, This ealenlation procedire
was citled Mark V11, perceived level (PL). The unit of pereeption for PL is based,
however, on the pereeption of p Ya-octave band of noise centered at 3.15 kHz with
& sonnd pressire level of 32 dB as a reference sound, The frequency weighting for
this procedure Is given in Bgure 8. The magnitude of each octave or Ya-nctave band
8(¢) is determined from the curves in Lhe Rgure or from a caleutation algorithm, The
total porecived level of a sound is then enlenlated using the summation relationship
ol equation (2). The masking factor £ for this newer procedure was proposed to be
a function of Sy, as indieated in figure 9. The perceived level of the sound is given
by the relation
LP = 32"‘"9]0{;-3 Sg (7)
which is based on a doubling of perceived magnitnde being equivalent to a 9-dB
change in sound level,

A simiplified method of approximating the perceived level of a sound was also
proposed in referenee 21, This metrie, annlogouns Lo the A-weighted and D-weighted
sound levels, Is ealled the E-weighted sound level (SLE) and Is computed using the
frequeney weighting of figare 10.

Tone and Duration Corrections

The advent of fan-jet engines on conunercial airplanes was secompanied by a
concern of whether the tenal nature of the sound was adequately accounted for
by the PNL metrie. A mumbaer of tene correction procedures were developed and
one procedure was incorporated into the noise metrie for nelse certifieation ol new
transport ajreraflt. It wis also proposed that sounds of longer duration were snore
annoying than those of shorter duration, Therelore a duration correction procedure
was also incorporated inte the cerification noise metric, The certification noise
metric developed for large jet airplanes was based on the PNL metrie (ref, 13) to
account for the basic frequency characteristies and sonnd pressure levels of the noise
which the airplanes made in airport commmunities, The certification noise metric,
effective perceived noise level (BPNL), requires that the PNL be caleulated and
corrected for significant tones overy 0.5 see and energy summed over the effective
duration of the flyover noise (ref. 22). The tone eorrection procedure consists of
identifying tones contained in the spectra, estimating the level differences hetween
the tones and the broadband noise in the Ys-octave bands containing the tones,
determining the value of the tone correction, amd adding that value to the PNL to
obtain the tone-corrected perecived noise level (TPNL) for each 0.5-see interval, If
the frequency of the tone is less than 500 Hz or greater than 5000 Iz, the corvection
for that band is ene-sixth the level difference (in dB) between the tone and broadband
noise; if between 500 Hz and 5000 Hz, the correction is one-third the lovel diiference,
The corrections for the bands, however, are limited to 8.3 dB and G,7 dB, respectively.
The overall corrcetion for the time interval is the maximum of the corrections for
the individual bands., The EPNL for the {lyover is then given by

n
Lppn = 10logy [Zm’-ﬂw")/ “’J - 13 (8)

i=1
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Figure 10, Relative response of the E-weighting filter. {From ref. 21.)

where Lppn(f) 18 the value of the TPNL in the ith 0.5-sec interval of the flyover, The
summation is over the duration when the Lrpy(f} are within 10 dB of the maximum
TPNL of the Ayover. The factor of 13 dB is subtracted to account for the difference
in the {1.5-sec time increments and a reference duration of 10 see,

Another duration-correeted noise metric commonly used to prediet the annoyance
of single aireraft and other noise events is the sound exposure level (SEL), This metric
is the energy average over the duration of a noise event refereneed to a duration of
1 see, If the noise level is sampled with period ¢ between samples, the caleulation

14
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formula is "
Lap = 10log g [}: lOLM")/mt} (9

i=]
where L4 (?) is the instantaneons A-weighted sound level for the dth sample. TFor

practical purposes the summation is normally limited to the duration for which the
instantanecous level exeeeds a level 10 dB below the maximum level,

Specch Interference

A nmumber of metrics have been develaped to predict the effect that a given
noise environment wiil have on the intelligibility of speech, Severnl of the methaods,
Ineluding articulation index {AI) and speech transmission index (STI), require more
detail to adequately describe the caleulation procedures than ean be given in this
review, The more interested reader i3 referred to the original work in reference 23 and
the suggested modifications in reference 24 for the procedures involved in ealeulating
Al, which predicts how much of the speech speetrum Is masked by the nolse signal,
Because of its wide acceptance and usage, the calenlation procedure is covered by
ANSI standard 83.5-1969(R1971) (ref. 25). The newer 8T method of reference 26
eonsiders the effective signal-te-noise ratio produced by the modulated speech signal
and includes the effects of reverberation,

The speech interference level (SIL) is a simpler method for predicting speech
interference effects of noise of essentinlly constant level and Is frequently used to
quantily aireraft interior neise (ref. 27)., The caleulation of SIL is the simple
numerieal average of the unweighted SPL in the lour cetave bands from 500 Iz
to 4000 Hz as deflned in ANSI standard 53.14-1977 (ref. 28). Initially the average
was defined over the three octave bands which encompassed the frequency range
from 606 Hz to 4800 Hz. After the introduetion of the “preferred” [lrequencies for
octave bands, the range was modified to include the three newly defined oetave bands
centered at 500 Hz, 1000 Hz, and 2000 Hz, and the procedure was called preferred
speech interference level for ashort period. The method has its grentest applicability
if the noise is relatively steady, has a smooth spectrum, and is in an environment
which is not highly reverberant.

Multlple Events and Total Noise
Exposure

Many different noise indices have been suggested to quantify the annoyance
potential of time-varying continuous and multiple-discrete-event noises, Those maost
commonly used for aireraft noise have been hased either on the A-weighted level or
on the perceived noise level to account for the basic frequency characteristics. The
fullowing seetions describe several of the more commonly used indices.

A-Weighted Indices

The continuous or multiple-event character of noise is aceounted for in the
A-weighted indices through energy averaging or summation. The basic index is
ealled the equivalent continuous sound level (LIEQ) and is defined as the level of the
time-averaged A-weighted sound energy for a specified period of time. The most
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common perieds for averaging are 1 hour, 8 honrs, and 24 hours, The LEQ for a
given period can he calenlated from temporal samples of the A-weighted sound level

by N
Leq = 10logy :—‘ [E 1(][4:1(‘)/10] (10
7=]

where n is the munber of snmples and L4(é) is the level of the ith smmple. In
addition to its wite use to assess people’s reaction to aiveraft community noise, LEQ
is widely and effectively used to assess reaction to other community noises aud to
predict hearing loss for Jong-term naise exposure.

In an effort to account for the possibility that noise occurring when most peaple
are asleep 18 more annoying than during the day, the U.S, Envirotmentsl Protection
Apgency (ISPA)} developed noise criterin based on a modificd LEQ with a 10-dB3
penalty for the period between 10:00 pan. and 7:00 s, The index is called the
day-night average sound level {DNL) and can be caleulated in a number of ways
depending on the sound level information available for the day and night periods, If
the LEQ is known for both periods, DNL is given by

Lay = 10log m{;% [15(101«1/“’) + {1050/ 10)]} (11)

where Ly is the LEQ for the day peried {7:00 a.mn, to 10:00 p.m.) and Ly, is the LEQ
for the night period {10:00 pan. to 7:00 aam.),

Another varlant on Lhe equivalenl continuous sound level applies not only the
10-dB night penaity but also a 5-dB evening penalty, This index is primarily used
in Calilornia for airport community nolse. The community noise equivalent level
(ONEL) is calewlated by

1
Ljen = mlogm{ﬁ [12(1020/10) 4 3(10%/10) 1. 91050/ ‘“)]} (12)

whare Ly is the LEQ for the day peried (T:00 a.m. to 7:00 pan.}, Ly is the LEQ f{or
the evening period (7:00 a.un, to 10:00 p.m.), and Ly, is the LEQ for the night period
{10:00 p.m. to T:00 a.m.),

PNL-Based Indices

Before the BEPA adopted DN for assessment of all community noise, the most
widely used index for assessing airport commmunity noise was the noise exposure
foreeast (NLEI). This index was based on EPNL [or assessing the mpact of each
aireraft operation with adjustments for the time and number of ocenrrences during
the 24-hour period. The nighttime adjustment was based on a 10-dB penalty il the
average number of aircralt operations per hour during the day and night were the
same, If, however, EPNL i3 known for each event {Lgpn{Z)) at some location, the
NEF is given by

7t . m ,
Lygr = 10logyg | Y 1048rw (/10 4 16,675~ 10fmen /0] g (13)

i=1 =]
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where r is the number of events oceurring duying the day (7:00 aan. to 10:00 pan.)
aud m is the number occurring during the night (10:00 pan, to 7:00 a.n ). The {actor
of 16.67 is the night correction factor which applics an effeetive penalty of 12.2 dB
to each event oceurring during the night period.

Another PNL-based Index is frequently used in the United Kingdom to assess the
effects of aireraft noises on communities. The noise and munber index (NNI) is based
on the average (energy basis) PNL of aircraft noise events “heard” at a loeation in
the cornmunity and an adjustiment for the number of events oceurring during a given
period. The ealeulation formula is

LNNI = IJPN' peak + 15]01,’][] N -80 (l‘l)

where Lpy, peak i the energy average of the peak PNL's of all events which execed
80 dB during the period, and N is the mumber of those events, 1t is interesting to
note that the myunber correction, 15, is greater than a correction based on equivalent
energy principles, 10. This results in a correction of 4.5 AB {or a doubling or halving
of the number of aperations rather than the correction of 3 dB for indices such ns
LEQ or NEF,

Laboratory Assessment of Human
Response

Many laboratory experiments have been conducted over the last three decades
to determine varlous aspeets of human response to alreraft noise as heard in the
airport community and within the aircraft. In most of these experiments, test
subjects have judged or rated the aunoyance of naise stimuli that the experimenter
reproduced in the laboratory. Since the noise stimuli rarely interfere with an activity
that the subject prefers or hns to do, it is questionable whether true annoyance is
involved in the laboratory situation, ‘There has been, however, limited validation of
laboratory findings through earcfully controlled field studies of response to specifie
physical charncteristics of aircraft noise. Thusit is generally accepted that laboratory
testing can play a major role in the assessment of the physical characleristics of
noise that can cause true annoyance in real-life situations, The major advantages of
laboratory experimentation are the cost savings and experiiental eontrol relative to
field experimentation. The lollowing sections present some aspects of methodology
and findings of Inhoratory experiments of aireraft community and interior noise which
denl with noisiness or the potential for cansing annoyance in a real-life situation.

Methodology

Facilities and Stimuli Presentation Systems

The use of modern high-quality headphones to reproduce aircraft or other
noises that are used as stimull in psychophysieal tests cirenmvents several potential
problems of facilities and stimuli presentation systems. First, very little considern-
tion need he given to the facility other than providing a measure of creature comfort
and a relatively low background noise condition. Normal office or home environments
are generally satisfactory, Second, headphones are generally capable of reproducing
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airerafl-type noises with lower distortion, over a wider frequeney range, and at higher
intensity levels than are most normal londspeaker systems. Tlieir major disndvan-
tages are slight discomfort over long periods of tine, difficulty of calibration, and
variahility in stimuli between subjects and tests due to variations in placement on the
hend, A direet comparison of results of nolsiness tests conducted upder headphone,
ancchoie, and semireverberant listening conditions is reported in reference 29, Very
little difference in subjective results was found hetween the three methods.

Altliough loudspeaker systems sufler from a munber of shorteomings, they have
been used extensively to reproduce noise stimuli for most subjective tests Involving
abreralt noise, Loudspeaker systems of all levels of sophistication have been used,
Since the efficient response range of a londspeaker system is related to the physieal
size of the drivers, most modern systems use multiple drivers of dillerent sizes. Asa
consequence some reinforcement and eancellation oceur at various locations for some
frequencies. This can result in fess than ideal or llat requency response in the direct
field of even the mast expensive and reportedly smooth response systems. Another
problem which plagues loudspeaker systems is hermonic distortion at high intensity
levels. Loudspeaker systems are, at best, low-eflicieney deviens; therefore, aireraft
noises at realistic ontdoor levels are difficult to repraduce, particularly if they contain
much low-frequency cnergy. Loudsperker systems also have considerable phase
distortion. While such distortion is not normally considered important for most
hroadband noises, it does prevent the realistie reprocuetion of the time signature of
impuisive noises such as blade slap produced by some helicopter operations, It ia
possible, in some cases, Lo electronically predistort. the phase of different frequency
components so that the pressure ficld al the listener loeation has the proper phase
relationships (ref. 30).

In order to better control londspenker-reproduced stimuli and to simulate outdoor
listening eonditions, many subjective listening tests have been conducted in anechoie
chambers, In addition, a limited number of tests have been conducted in progressive
wave [ucilities (ref. 31). These types of facllities have the obvious advantages of
reducing the effeets of reflected sound and of genernlly baving lew background noise
levels. However, such facilitios have n potential disadvantage of poor visnal realism
and may cause anxiety in some subjeets during tests of Jong duration,

Many subjective aircraft noise tosts have been concdueted nuder semireverberant
eonditions such s in pormal office environments or in special quiet facilities such
as audiometric hooths. As indieated in reference 29, little difference in results of
noisiness tests is anticipated provided that the frequency response charncteristics
and room aconstles effects on those eharacteristies are accounted for (o the analysis
of results or, betler yet, by the clectronic filtering of the input signals to the sound
repraduction systen.

A number of speeinl purpose facilities have been built to provide a reallstic
visual environment. in addition to the required scoustic environment (refs. 32-34).
The Interlor Effects Room Incated at the NASA Langley Research Center (ref. 35)
produeed the visual simulation of a living room as well as the acoustic simulntion of a
typical house structure, Multiple loudspeaker systems were located outside the room
strueture, and vealistie aireralt and other environmental noises were transmitted
through the structure, While such attention to detail is most probably unwarranted
on purely acoustic grounds, numerous tests were conducted in the facility where hoth
visual and acoustle simulation was required for long-duration, multiple-event, and
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multiple-noise-sonrce studies. The Passenger Ride Qualily Apparatus also located
at the NASA Langley Research Center (refl 36) provided both the visual simulation
and the vibration simlation of an ajreraft interior as well as acoustie simulation for
many passenger annoyance studies,

Paychoacoustic Procedures

The purposes of most laboratory aircralt annoyanee studies have been to deter-
mine how different physical characteristies of aireralt sounds affect reported annoy-
ance response, how the sounds of different aireraft types will be necepted in commu-
nities, or how well differeat noise metries prediet annoyanee or nojsiness. Since it is
generally recognized that these types of laboratory assessments are not absolute but
rather are relative to either tie whole set of sounds or to a specific sound used in the
tests, comparative Lypes of psychoacoustic test procedures and/or analyses are most
often used. Frequently the goal of the tests is to determine noise levels for a set of
stimuli which produce equal annoyance or noisiness response. The most commonly
used procedures are deseribed in (he following paragraphs, Additional information
on the various psychometric methods and analysis of data obtained can be found in
references 37 and 38, In reference 39 the different procedures for determining human
response to aireralt noise were evaluated using a standardized set of test conditions
and noise stimuli.

In the method of ndjustment (MOA), or method of nverage error as it Is sometimes
called, the task of the test subjects is to adjust the intensity of one of a pair of sound
stimulj so that ench has equal noisiness or some other atiribute. Subjects are typically
instructed (ref. 14)

Your Job is to listen to the standard noise ... then ... the comparison noise ... and
udjust the intensity of the comparison nolse wntil it sounds ny aceeptable to you as the
atandard.

Subjects enn usually make the adjustment and comparison as many times as
necessary for convergence, The experimenter then records the sound level of the
variable stimulus for comparison with the level of the fixed stimulus. Both orders
of presentation of the fixed and variable stimuli are usually given in the tests to
prevent an order bias, By averaging over the reported points of equality for all test
subjeets or repeated trinls for single subjects, the experimenter obtains a statistiend
estimate of sound levels which produce responses of equal noisiness (or some other
attribute} for the twe stimmli. These noise levels will be referred to as “levels of
subjective equality” (L.SE} in subsequent discussions. The exact application of this
methodology has heen varied between different lnboratories and experimenters, Tn
some cases the level of the standard sound is varied and in others the level of the
comparisen sound is varied, While intnitively MOA has many virtues, it is perhaps
the most time-consuming and difficult test procedure for the subject, and is therefore
rarely used for tests involving itany stimuli,

Another [requently used psychometrie test method is #lso based on direet
comparisons of pairs of sounds. This mothod has been called paired comparisons
by some experimenters but is more properly called the methad of constant stimulus
differences (C8D). In this procedure many pairs of noise stimuli, comnprised of a
standard and o comparisen slimulus, are presented to the test subjects who judge
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which member of cach pair is more annoying or noisy. The subjects are typically
Instrueted (ref, 14)

You are to judge which of the sounds yon think wonld be more disturhing to you if heard
vegularly ... 20 to 30 times per day in your hone.

Ench comparison stimulus is presented at a nunber of levels greater than and less
than the standard stimulus. In the course of a test the order of presentation of
the standard and comparison stimuli is varied to prevent order bins, and frequently
the overall order of prescutation of the pairs is varled between different subject
groups to minimize learning or other temporal effecis. Paychometrie unctions of
the proportion of responses, versus nofse level, for which the comparison stimitlas
is more annoying than the standard are determined using appropriate siatistieal
melhods {refs. 37 and 38). Levels of subjective equnlity (LSE) for all comparison
stimuli are then based on estimates of levels which would produee an equal mmnber
of positive and negative responses, The CSD procedure generally requires less time
for the test subject than does the MOA procedure sinee the number of comparisons
is fixed, However, a comparisen of the two methods (ref, 39) indicates that MOA
provides somewhat smaller standnrd devintions in LSE than does CSD and therefore
may have slightly better relinbility.

The method of magnitude estimation (M), or fractionation, has heen extensively
used in experiments concerned with aireraft flyover and interior noise. The task of
the subject is to assign a numerieal value to each test stimolus, the magnitide of the
value being propartional to the pereeived magnitude of the stimulus, A reference or
standard stimulus is presented and is assigned a convenient uumerical value, such
as 10, and the subject nssigns to a test stinulug a value twice as great (ie, 20} if
it is twice as noisy or annoying, cte. Since the relationship between the magnitude
of many types of sensations and a physical measure of their intensily is generally
fourd to be a power function, a plot of the logarithm of the subjective magnitude as
a function of the level of a sonnd is asually found to be linear, The ME procedure
thus provides much more information than does the MOA or CSD proecedures about
response to the noise stimuli. The LSE for each test stimulus ean be found by
graphical interpolation or regression analysis to estimate the level which produces the
same nnisiness or annoyance response as the standard, The functional relationship
of respanse to noise level provides estimates of the growth of noisiness with level
and convenient comparisons between test stimuli, The subjective respenses can
be converted into numerieal values having properties like decibels from prediction
cemations based on regressions of noise Jevel on subjective responses for a standard
or reference sound presented over o range of sound levels. The total amount of time
required by cach test subject is approximately one-half that required for o CSD test
with the same number of test stimull, Based on comparisons of results of ME with
those of MOA and CSD (refs, 29 and 39), ME provides roliability nt least as good
as, if not better than, the other comparative proceditres.

Another test procedure, numerieal eategory sealing (NCS), has also been used
in many aircraft. fiyover and Interior noise subjective studies, This precedure more
closely parallels the procedure used in many community noise surveys aned has been
almost exclusively used In laboratory studies concerned wilth multiple noise events
ar multiple noise sources. The task of the subject is to assign a numerienl valee
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or a eategory to each test stimubus which is related to the subject’s nssessment
of annoyance or other attribute of the stimulus. There has perhaps been more
varinbility in the specific application of this procedure than in the other procedures,
Different experimenters have used different munbers of entegories (4 to 11 is typieal},
different. labeling of eategories, and in some cases only labeling of the end points of
the seale. Typical analyses and comparisons of the noisiness of the different stimuli
arc based on linear regression of the subjective responses on measured or computerd
noise levels or are based on analysis of varinnee of the responses. Like the responses
from the ME procecure, the NCS responses can be converted to a seale having
decibel-like properties, Based on the evaluations of reference 39, the reliability of
NCS is comparable Lo that of CSD but nol quite as good as that of ME or MOA for
determining levels of subjective equality. For comparison of different noise stinmli
using the decibel-like computed seale values, the NCS procedure provides reliability
very comparable 1o the ME procedure,

Findings Related to Alrcraft Nolso
Annoyance in the Comumunlty

Mast laboratory studies of airerafll noise have eoncentrated on various physieal
characteristics of the sounds which can affect the noisiness or annoyance of the sounds
as heard in the community. Although laboratory seltings have also heen used to
study other effects such as sleep interference, there is considerable eoneern whether
results are dircctly applicable to the normal environment {rel. 3). In addition it
is vory difficult to obtain enough data for statistically meaninghil interpretation of
those results. The reader particularly interested in effects of aireraft noise on sleep
is referred to the review in reference 40, The following sections therefore consider
only annoyance studies {and some appropriate londness research) related to those
physieal characteristics which are considered most influential in determining ineman
response. Additional information on studies of human response Lo airerafi noise prior
to about 1975 can be found in reference 41,

Spectral Content

Very few studies using real aireraft noise have been specifically designed to study
the most appropriate frequeney weighting and component summation for predicting
human annoyance respense. Fundamental studies that led to the development of
the PNL metric for aireraflt noise nssessient were comducted nsing filtered bands
of noise of various bandwidths. The problem with using actual airerafl sounds is
that most of the other varinbles, such as duration, toual content, and Doppler shilt,
are highly correlated with frequency content throngh their individua] dependencies
on distance. Many studies using real or recarded aircraft sounds, however, have
examined the subjective results for clues as to which metrie or frequency weighting
procedure is most highly correlated with reported annoyance. A series of MOA and
CSD studies using eight jet and propeller aircraft recordings (ref, 13) indicated that
an early version of PNL was less variable in predieting the judged nolsiness of the
fiyover noises than were varions loudness menasures or simple frequency weighting
schemes, In a later field test, using real aireralt overflight noises in outdoor and
indoor settings, PNL and LLg were lound superior to SLA and SLD (rel. 42),
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An extensive set of CSD tests were condueted {rell 31) under closely contralled
acoustical conditions in a traveling wave facility. Subjects compared a reference
octave Dband of noise centered at 1000 Hz with the noisiness of 120 recorded
Jet airplane, propeller airplane, and helicopter flyover sounds, Because of the
great number of different sounds, the intercorrelation between the various ncoustic
varinbles snch as duration, Doppler shift, and {requeney content was reduced, Some
data from his study are plotted in figure 11. The standard deviation of the prediction
error, the difference between the judged {or subjective) level and measured noise
level for the different. metrics, is plotted for all nircraft—jets, turboprops, piston-
engine propeller aireraft, and helicopters, In gencral, LLg followed by LLg and
PNL praduced less error than SLD and SLA. The noisiness of jet snd piston-engine
nireraft was predicted better by all metries than was the noisiness of turbopraps and
helicopters. It was postulated that the combination of high-frequency (compressor)
aml law-frequency (propeller) tones of the turhoprops and the low-irequency pulsatile
nature of the helicopters may have been respounsible for the poor performance of the
metries. A subsequent propeller and jet aircraft annoyanee study (ref, 43) using
NCS methodology reported similar findings that the band summation metries PNL,
PL, and LLg were somewhat superior to the weighted metries SLD and SLA., A
renalysis (rel. 44) of data from 23 studies of environmental noises indicated that
the more complicated smmmnation metries LlLg, PL, PNL, and LLy in general better
predicted Joudness and aceeptability than the weighted metries SLA, SLID, and SLE.
In addition the weighted metries SLE and SLD were slightly, but simificantly, hetter
predictors than SLA.

Oy Helicopters

6.4 F
1.9 |-
Tuthuprops
10
Al sounda
Stanclued
clevintion, . |_.
3.0
iy
Piston-engine
0= uireraft
Jets
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24 L

LLy LLg PN SLIY SLA

Figure 11, Prediction error for different notse metrics. (Based on ref, 84.)

It is perhaps not surprising that the majority of laboratory noise annayance
studies indicate that the more compliented computed or band summation metrics
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perform better at their inlended tasks than the more simple frequency-weighled
nielrles, Their summation procedures are empirienlly bised on response to complex
sotnds. Another finding from most studies, hased solely on the spectra of aireraflt
smmds {i.e., keeping duration constant or the same}, is that there seeins to be very
little differenee between amnoyance and loudness. The lowduess-derived metrics LLg
and LLy, prediet noisiness as well ns does PNL, the noisiness-derived metrie,

Duration

It is logical to assume that the longer an imense sound is present in the
anvironment, the more annoyance it can cause. The question then arises, how mach
more annoying? Loudness has been shown not to increase with duration after a few
tenths of a second, the integration time of the human hearing system. Thus the
effect of duration is potentially different for numoyance and loudness and has been
studied extensively for aircraft noise assessment purposes.

In o series of CSD tests (rel. 14) using shaped time histories of recorded helicopter
and shnulated jet and propeller noise with 1.5- to [2-sce cduration, it was found
that the judged annoyance of the sounds increased about 4.5 B for a doubling of
duration. An extension of these tesis to longer durations (rel. 45) indieated that
the duration cffect decrensed with longer durations. Figure 12 presents the results
of both these siudies. Based on these results and other laboratory confirmations,
a penalty of 3 AB per doubling of duration was incorporated in the noise metric
used by the Federal Aviation Administration {FAA) for noise certification of new
Jet aireraft. This penally was tested in a laboratory-iype field stndy (ref. 42) and
in the extensive laboratory Lests (ref. 31) with the general conelusion that the 3 dB3
per doubling penalty did reduce the scatter and improve the correlation between
subjective response and various noise metrics, The necessity of a duration correction
was refuted in reference 46 based on results of laboratory tests and examination of
previous work, Reference 46 suggested that all studies that showed a signifieant
and large cffect of duration used strong duration eues in the instructions to the test
subjects and that the subjects actually used a form of cross-modality judgiment in
which they rated intensity in terms of duration, The lack of an apparent duration
effect in some studies was suggested in reference 47 to be the result of cues within
the aircralt sounds. Cues, such as Doppler shift, could provide distance and speed
information which would result in the listener rating a soutd by what he expeets to
hear rather than by what he actually hears,

A number of the postilates were fuvestigated in the study of reference 48 using
computer synthesized flyovers in which spectra, flyaver veloeity, and altitude could
be independently controlled. Thus duration, spectra, and Doppler shift could be
uncoupled in the experimental design. The instruction to the test subjects used
no duration cue, but rather the subjeets were simply instrueted to moke their NCS
Judgments when they heard o beep, which oceurred at the end of ench flyover. Results
from the study indieated that the duration correetion of 3 dB per doubling was very
nearly optimum and that Daoppler shift was not significantly correlated with the
aunoyance judgments, These findings were [urther substantinted in the study of
reforence 49, in which recorded aiveraft flyovers were modified by playback at higher
or lower speeds to change the apparent Doppler shift, by spectral filtering to correet
for spectral ehanges resulting from the playback speed changes, and by shaping the
Ayover time histories to produce chinnges in the duration of the Hyovers.
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Figure 12 Effect of duration on annopance. (From ref, 45.)
Tones

The question of whether or not n tone correction or penalty is needed to assess the
human response to alreraft noise has been hotly debated since the advent of turbofan
Jot engines in the early 1960's, As pointed out in a review of research resnlis {ref. 50),
most studies Lhat indicated the need for tone corrections used artificial sounds, such
as pure tones in shaped bands of random noise, wherens studies that indieated no
need for enrreetions most often used actual airernft overflights or recerded aireraft
sounds,

A typical exaiple of results indienting the need for a tone penalty is shown in
figure 13, These summary results, from references 51 and 52, indieate that in order
to produce equal noisiness, the sonnd pressure level of a tone In an oetave band of
nolse must be recdueced by as much as 15 dB relative to the smme octave band of
nolse without the tone component, The tone effect increases with tone-to-noise ratio
up to 30 dB and inereases with [requency up to 4000 Hz. Later rosults (ref. 53)
indieated that modulation of the tones had little cffect on judged noisiness of the
tone-in-noise complexes, that multiple tones within the noise bands inereased the
effect by up to 5 dB, but that it wade very litile difference whether the multiple
tones were harmonically related or not, Primarlly because of this type of data, the
Federal Aviation Administration ineluded a tone correction in the noise certification
metrie for jet aircraft.

In field and laboratory studies using actual or recorded aireralt sounds, the
results have not indieated so conclusively that a tone correction is necessary to assess
aireraft noise impaet. In a controlled flyover field study (ref. 42), both the FAA and
another tane correction proeedure gave inconsistent results and offered no significant
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Figure 18. Effect of lone-lo-noise ratio on noisiness. (From ref. 51.)

improvement aver the non-tane-correeted metries. Similar results were found in the
large-seale laboratary study of reference 31, As indicated by the summary of these
results in figure 14, the standard devietion in annoyance prediction error was reduced
by the addition of a tone correction only for EPNL for jet airerafi. In all other cases
the addition of tone corrections inereased or did not ehange the standard deviation,
In o reanalysis (ref, 54) of over 500 aireraft and other speetra with and without tonal
eomponents and responses to those spectra, very little evidence could be found to
support either the FAA or several other tone corrections,

Repented Impulses

A characteristie of some helicopter noise which lins been reported to cause
increased annoyance without an cquivalent increase in level, as measured by most of
the eommon noise metrics, s the repotitions impulses ealled blade slap. Although
blade siap ean be attributed to several mechanisims, it is generally characterized
by a popping or banging sound with a repetition frequency equal te the main-
rotor blade passage frequency. In terms of human response and the need to
apply n correction to the common ajreraft uolse metrics to account for increased
adverse responses, research studies hiave been about as inconclusive as they have
been for tone corrections. In a review of 34 psychoacoustic studies (ref. 55), the
eonclusion was reached that helicopter noise should be measured in the same way
ns other aircraflt noise and that no impulse correction was necessary to account
for blade slap, Although mauy studies indicated the need for an impulse correction,
nearly all utilized electronically synthesized or modified examples of helicopter noise.
Conversely, most of those that indicated no need for corrections nsed natural live
or tape-recorded hielicopter sounds, A typical example of the type of mixed results
is illustrated in figure 15, which is based on data from a CSD method study of
reference 56, In the tests the subjects compared the annoyance of sounds with
and without repetitive impnlses. TFor stationary sounds with various levels of
added impulses, there was a rather strong trend for increased anmoyance without
a corresponding inercase in PNL as the level of the impulses was increased, For
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Figure 14, Effect of a tone corrcetion on annopanece prediction crror for
different atrevafl types, (Based on ref. 81.)

transient. noises that were recordings of helicopter flyovers, no such clear lrend was
indieated. Similar results were reported in reference 57, In these tests no significam
effects of impulsiveness were found for a limited mymber of recorded helicopler
flyavers, but a significant effect was found for fabricated neises with added pulses.

In a study {rel. 58} in which subjects loeated indoors and outdoors judged the
annoyanee of actual helicopler operations using the NCS methad, EPNL without
any jimpuise correclion was most highly correlnted with the reported annoyance. The
biggest drawback to this study was that only two helicopter types were used, although
one type was flown in such a manner that various levels of impulsiveness were
generated for different flyovers, In order to overcome this drawhack, an extensive
set of tests were conducted (rel. 59) using recordings of 80 different helicopter
Nlights (22 different types) and 30 conventional aireraft flights. These tests utilized
both headphone and loudspeaker presentations and compared the NCS and MOA
techniques. Results of these tests also indieated no significant need for an impulse
eorrection and in fact indicated that the helicopter sounds were no more annoying
than conventional aireraft sounds for the snme EPNL,

Sonic Room

The eoncern about adverse cffects of sonic boom has resulted in the prohibition
of commereial supersonic flight over land within the United States. A reeent
Libliography (ref. 60) includes a very extensive listing of physical and psychological
studies of sonic boom. In addition to annoyance due to the actual noise levels
produced by a sonie hoom, there is perhaps a more important startle reaction due to
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sounds, (Based on ref, 56.)

the suddenness of the senic boom sound, The sonic hoom noise characteristics result
from the N-shaped pressure pulse eansed by the compression and rarefaction of alr
as an aireraft flies at a speed greater than the speed of sound. A Fourier transform
of the pressure time history inte the frequency domain indicates that the acoustie
energy covers a wide frequeney range and that the Jow-lrequency cutolfl'is determined
by the duration between the pasitive and negative pressure peaks. The wmount of
high-lrequency acoustic energy is inversely related to the rise time of the pulse, A
series of CSD tests {ref, 61) on simulated and idealized sonie-honm-type N-waves
and sawtooth pressure pulses indicated that the duration between the positive and
negative pulses was not a major factor of loudness, that loudness increased with a
decrease in rise time, and that loudness and annoyance were not very different for
sonic-hoom-type noises,

Fourler transformation of the pressure time history into. the frequency domain
serves a8 the basis of several loudness and anncyance predietion procedures. The
method deseribed in reference 62 basically converts the spectral information into
V3-ocelave band pressures, correets Tor the integration time of the ear, corrects for
the large amount of energy at very low frequencies, and then uses the Stevens
loudness ealeulation procedure to predict a eomposite loudness Jevel, A simplified
method of loudness predietion for sonie booms has been suggested in relerence G3,
Based on analysis of subjective data from outdoor judgments of sonic booms from a
test eonducted in Meppen, W. Germany, an empirical relationship for determining

the loudness of the bpoms was developed. The loudness in terns of phons is
approximated by

L =20logyyfp/pe) — - 12 (15)
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where p is the peak overpressure of the boom, p, is the reference acoustie pressure,
2 18 P, and ¢ is the rise time in msee. In o later report {rel. 64), also based on
results of the Meppen tests, startle reactions were investigated and could be related
to a similar function of p and ¢,

Agrinvestigation of sonjc boom reaction is presented in reference 65, Some results
af these CSD tests are shown in figure 16, The boomu signatures were produced
using computer-generated eleetrical signals and special filtering, Effects of rise time
and peak overpressure agreed well with previous studies (refs, 61, 62, and G6).
Although little effect of duration was found for short durations, a significant inerease
in Joudness was found for durations exeeeding 200 wsce. Since this duration cxceeds
the integration time of the ear, it is suspected that the subjeets were reacting to
both the positive and the negative portions of the siimulated N-waves,

Multiple Noise Ezposures and Other Effects

Community annoyanee due to afreraft noise exposure is generally considered to
depend on the number of Hight operations in the eonununity as well as the noise levels
ol the operations. Although nunicrons social survey siudies have been eondueted
to determine the relationship of annoyanee to noise exposure, the relationship of
annoyance to the number of events has remained relatively unresolved. The first
major laboratory study to investigate the eflfects of the number of airerafll events
on annoyance was reported in reference 34. In the study, subjects in a living-room-
type environment who were engaged in quiet activities, such as reading, made NCS-
type judgments on l-hour-long sessions of aireraft neise exposure, The sessions
contained from 4 to 64 aireraft flyover noises of various types. Based an resnlts of
the study, the best fit for number of events was nbout 7logg N or N/G, where NV
was the number of fiyover events per hour. A series of similar tests (refs, 67 and
68) indicated n somewhat larger number effect, 15logq N. However, this effect did
not significantly differ from the number cffect, 10log,o N, implied in the energy-
averaging-type metries, such ns LEQ or DNL, Some other findings of the study of
reference 68 were as follows, The time of occurrence of the flyovers in the session
was not a signifieant factor; thus annoyance does not decrease significantly after
exposure at least for relatively short. perinds of time {minutes and hours), in addition
annoyanee decreased with increases in session duration for a fixed number of fyovers
in the sessjon; thus the subjeets make an averaging-type judgment over time rather
than a simple surmmation. Thus an encrgy-averaging noise exposure metrie may be
very approprinte for assessing total community neise exposure.

Another factor that has been considered to affect human response to aireraft
noise is the level of the ambiont or background noise in which the airerafl noise
is heard, Most studies that investigated background noise effeets have used NCS
proeecdures in which aireraft nobses with different noise levels were heard in a session
with a constant background noise. The background noise ceffeets were determined
by having the subjects judge the same aireraft flyovers in o number of sessions with
different background noise levels, A summary of three different studies (refs, (9-71)
is shown in figure 17. A significant reduction in sibjective noise level for inereasing
background noise level was found in each study, and the magnitudes of the effects
were very similar as indicated by the high correlation of the pooled data. Although
these effects are consistent and significant, the effect is rather small at typical
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aircraft-to-background noise raties (>20 dB); therefore it is not expeeted that
background noise is a mnjor faetor in determining community annoyance to aireraft

noise.
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Figure 17, Lffect of background noise on atrerafl notse annoyance Judgments,

Findings Related to Alrcraft Interlor
Noise

The eflecls of aireralt interior noise on people have yeceived much Jess speeifie
attention as a research topic than lias aiveraft conununity noise, Many reasons may
cantribute to the apparent lack of interest in airerafl interior noise as n researeh topic,
First, the peaple exposed to nireraft interior noise normally are willing participants
and benefit direetly from flying. They have some contraol over their overall exposure
and lovel of annoyance by simply not {lying or by llying in aireraft that provide
an acceptable interior hoise enviromnent., Sccond, the nirlines tend toward buying
ajfreraft with aceeptable interior noise levels as much as cconomically possible so that
the passengers will eontinie to fly with their airline. Third, the aireraft industry takes
wlhatever noise contrel measures are necessary and economically feasible to maximize
passenger aceeptance and sales to Lhe alrlines or private operators. And finally, the
nnture of the noise itself allows application of findings from basic or generic vesearch
on human response to noise to guide noise control methods,

Afreralt interior noise environments vary significantly with the type of aireraft
and operation. For most fights, however, the cruise phase lasts much longer than
takeoff or landing phases or other phases with significant maneuvers which cause
variations in noise level or spectrum. Typical cruise noise levels for the interiors
of 1 number of different classes of aireraft are indicated in figure 18 and are
compared with the noise Jevels typieally measured In ground transportation systeins
(ref, 72). Typical interior noise levels in commercial jot alreraft range from 80 dB
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to 85 dB (A-weighted). Typical general aviation airplanes and helicopters have
significantly higher interior noise levels and ean create the possibility of Learing
damage with long ane naprotected exposures. Private business jets arc frequently
quicter than commercial jets so that better verbal communication is posstble between
the passengess, The noise Jevels for large commercial jets are actually optimized so

that conmmmunication is possible beiween ndjacent seats hut a measure of privacy is
provided-from other passengers.
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Figure 18. Comparative interior naise levels Jor different aiverafl and ground
transporiation sysiewns. (From ref. 70}

The three most important effects of nircralt interior nolse on passengers and
crew are the potential for pertnanent hearing loss, speech interferenee, und general
anmoyanee. Sinee for the most part aireraft interior noise has constant level and
gpectrum, generic hearing damage and speech intelligibility reseprch is directly
applicable for predicting these effects of the aireraft interior noise environment, A
possible exeeption would be for speech intelligibility in some helicopters where the
nolse environment is dominated by high-frequency tones. In reference 73 it was found
that the commonly nsed articulation index procedure tended to underestimate the
intelligibility scores (perceat correct) for a helicopter interior nolse environment with
very strong pure tone components. The following sections therefore present some
research results of fnctors related specifieally to aircralt Interior noise aunoyanee,

Interaction of Speech Interference and Annoyance

Alreraft crew and passengers can suffer from futigue as the result of the incrensed

voeal effort required to communieate effectively inside aireraft with high noise levels,
Thus [n addition to the direct effeets on general annoyance and speech intelligibility,

aircraft intorior noise can be the source of increased annoyance which results from
the increase in fatigue level,
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In reference 74, subjects were asked to rate recorded aiveralt interior noises for
general annoyance and “communication annoyance,” nssuming they would want
to be able td converse in the nolse, Recorded speech noises were presented
simultancousty with the aireraft interior noise, and speech intelligibility tests were
administered during part of the study, Results of the study are presented in figure 19.
The percentage of the subjects whe reported that they were highly anmoyed by
pireralt interior noises was in general greater when the subjeets considered verbal
communieation, particutarly in the middle range of the noise levels presented, The
communication noise ratings were alse found to be significantly correlated with
specch intelligibility., Figure 20 presents the communication annoyance ratings
gronped according to speech intelligibility and related tonoise level, An interaction of
noise level and speech intelligibility is elearly indieated, Since speech conununication
i a common and hinporiant activily in aireraft, it mnst be concluded that speecl
intelligibility as well as noise level should be considered in determining appropriate
noise environments inside aircraft,
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Figure 19. Effects of afreraft inlerior noise levels on general annoyance and
communication annoyance. {From ref. 74.)

Interaction of Notse and Vibration

Aireraft interior noise is usually accompanied by vibration aver a wide frequency
range. Depending on the level and frequency, the vibration may be sensed through
whole-body motion aor tactile sensation through the hands or feet or other body
members. In 1975 a research program was instituted at the NASA Langley Research
Center to develop a ride quality model that would be applicable for predicting huinan
respense to the wide range of vibration inputs possible from all types of aircraft.
During the research for development of the maodel, it wis found that the effects
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Figure 20. Effects of notse level and speech intelligibilily on communication
annoyance, v i3 the product moment correletion coefficient. (From ref.

4.}

of noise and vibration were interactive in determining the acceptability of a given
aircraft interior environment,

The ride quality model involves transforming the physical noise and vibration
characteristics into subjective discomflort units of noise and vibration nsing a commen
scale which can be combined into a single discomfort index (ref. 75), The madel
was validated in a simulator study using the Passenger Ride Quality Apparatus
mentioned previously with recorded helicopter interior noise and vibration (ref, 76),
Experienced military helicopter pilots served as test subjects. Typical results from
the study are shown in figure 21, The open symbols represent the mean discomfort
ratings given by the pilots; the elosed symbols are the predicted discomfort ratings
from the maodel. The agreement is good over the range of conditions, and the data
illustrate the interaction between noise and vibration in determining total discomfort,

Field Assessment of Human Response!

Cominunity noise annoyance surveys are the major source of information about
the effects of neise on people in the community. Over 200 social surveys of community
response to noise have been performed and over 90 of those surveys have specifically
addressed nircraft noise (rel. 77). The reader interested in a more detailed discussion
of the findings from field studies of aireraft and other types of transporiation noise
sources is referred to reference 78, Such studies consist of two main parts: a social
survey in which residents in the studied community answer questions about their
reactions to airerafl naise and/or other community environmental factors and a noise

1 Seetion authored by Jumes M, Fields,
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Figure 21, Comparison of pilot discomfort judgments with predictions of the
NASA Ride Quality Model showing the interaction of noise and vibration.
{From ref. T.)

measurement survey wlich provides estimates of Lthe residents’ noise exposures. The
major advantages of ficld assessment of the clfects of neise are Lthat community
residents are exposed to the actunal noise environment which can interact with other
cnvironmental fnctors and their personal living conditions to produce feclings of
unnoyance or dissatisfaction with the environment. The major disadvantages ave that
a carcfully conducted social and physical survey of aircraft noise is expensive and
time-consuming but sLill may nol provide the necessary statistical accuracy to test
liypotheses of the effects of some aconstical variables. The following sections present
some of the methodological considerations and findings of aireraft noise surveys wlich
relate to both individual noise annoyance and eommunity complaint netivity,

Methodology

Activity Disturbance and Annoyance Sealing

Activity disturbanees are normally studied in o natural community selting by
asking retrospective questions in surveys rather than by directly observing specific
instances of activity interference as is done in the laboratory. Respondents are asked
a series of questions such as the following from the 1987 Heathrow aireralt noise
survey (ref, 79):

Do nircraft ever . . |

i. Startle you?

34



Human Response ta Aireraft Nojse

ii, Wako you up?

ili. Tnterfere with listening to radio or TV?
iv, Muke the TV picture flicker?

v. Make the housc vibrate or shake?

vi. Interfore with conversntion?

vii. Interfere with or disturb any other activity?

Respondents are also frequently asked how annoying they find the disturbanee {e.g.,
“very, moderately, a littie" ) or how often they are disturbed (e.g., *very often, fairly
often, oceasionally”). In spite of the diverse exposure conditions and the use of
self-reports rather than laboratory observations, the surveys consistently show that
activity interference consistently inercases with increasing noise exposure, A typical
example is shown in figure 22, which is from dala collected in n survey around the
Geneva, Switzerland, airport {rel. 80). These results indicate that communication
interference (conversation, radio, TV) is the most {requently meationed type of
activity interference;

Although there is consistency in the qualitative results of activity inlerference
across different surveys, the level of reported activity interference varies widely
between surveys (ref. 81}, The exact wording of the questions has been found to result
in large differences in reported disturbance even within the same survey, Therefore
attempts to summarize interference results across studies or to compare results from
different studies need to take into account the specific questions asked in the surveys,
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Figure 28. Reporled activity inlerference (percenl) as related to aircraft noise
czposure around Geneva airport. (From vef. 80.)

Sacinl surveys typically measure annoyance by asking whether spectfic noises
“annoy” or “bother.” Since the respondents hear only these questions rather than a
philosophical treatise on the “true meaning of annoyance,” the annoyance which is
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measured ts nothing more than whatever dimensions are tapped by the partienlar
wording of the survey questions. Questions which are typically used are as follows:

Pleasa Jook at this seale and tell me how nmeh the noise of the nircraft bothers or annoys
you.

Negren “How tnuch
Very much acals i
Moderately ., Extremely
A litt]e 4 Iy
Not at all (From the 1067 Henthrow saevey, ref, 79) —
3
T will now read o number of noises
heard in differemt neighborhoods, 2
Which cnes do you hear in this
neighborhood? 1
Qf those that you hear, how much Yuro Not &t all
are you bothered or annoyed? Use A ot al o
the Opinion Thermometer. (From a U8, survey, rvef, 82) ar
noane

Tudividual responses to these types of guestions ean be scored munerieally and used
to obtain group averages as a function of noise exposure, ot they can be scored
categorienlly and used to deterinine pereentages of the population 1n each category
as n Nmetion of noise exposure. In an efflort to compare results across a large
ounber of surveys for a nunber of noise sources, the upper 27 to 29 pereent of any
annoyance seale was used in reference 81 to represent “ligh” annoyanece, Therefore
most sibsequent studies of community noise annoyance have presented resulis in
terms of the “highly annoyed” dichotomy. There is, however, no seientific renson
for chonsing a particular dichotomization of the nnnoyance scale. It may be argued
that a “hight" annoyance point should be less influenced by personal characteristies
and more related to nolse level, The only empirical data that compare different
annoyanee cutting points show that the high annoyance dichotomization is no more
closely related to noise level than less sevore dichotemizations (ref. 83).

Validity and Reliability

In order to correelly interpret the meaning of annoyanee measurements from
social surveys, it is important to consider both the validity nnd the reliability of
the annayance mensurements, Validity is defined as the extent 1o whieh a question
aclually measures some “true” underlying annoyance. Reliability is the extent to
which repeated measures of some individurls® annoyance are consistent.,

The subjective nature of the response of the residents and the possibility that the
responses might be binsed by the interview procedure have led to careluily designed
and tested social snrvey research procedures lor community noise studies, General
guidelines for the destgn and conduct of social surveys can be found in speeialized
texts (refl. 84), The [ollowing practices reduce or eliminate some of the potential
binses. Survey questionuuires coneeal the focus on noise ns long ns possible by
being presented as studies of general environmental problems. The primary nolse
annoyance question is presented early in the questionnaire in the context of a list

38



N
J
]
3
:.l

4
2]

PIETR LTSI Lo b Ay

P AT YT
e e ———

Humuan Response to Aireraft Noise

of environmental disturbanees. Interviewers are trained to ask all questions exactly
as printed so thatl they do not bias the respondents’ answers. Questions are staled
in a simple, unbiased manner. And finally, the selection of respondents is based
on sampling technigues which ensure that the sampled respondents represent Lhe
community ns a whole,

Methodologieal studies of the annoyance measures have given further confidence
that other characteristics of the surveys do not hiss the results H the guidelines
are followed {ref, 78). In general it has been found that answers are not allected
by variations in the order of questions or the order in which the allernatives are
presented, Studies have found that responses are not distorted by the length of the
questionnaire or deliberate falsification on the part of the respondents. Other snpport
for the validity of the annoyance mepsures comes from the fact that annoyance
responses correlate with other variables in a meaningful manner (rel. 85) and are
highly correlated with one another as well as with more objective measures such
as nctivity interference, private behavior, and public complaint reports. Annoyance
responses also correlate with noise exposures,

Whereas the available research indicates that annoyance responses obtained in
surveys are valid, unbinsed measures of annoyance, the responses to any single noise
environment are highly variable and affected hy the exact wording of questions. Thoe
relinbility of annoyance indices consisting of several questionnaire jtems has gonerally
mel the standard, accepted social seience reliability eriterion (in terms of praduct
moment correlation), r 2 0.80, although there Is still a great deal of variability.
When the same individuals were asked about their unchanged nolse environments
at an interval of about 1 year {ref. 86) only about 35 percent of the variance in
response ratings could be explained by their answer on the previous guestionnatre.
Since respondents in surveys in general must consolidate all their experiences anel
feelings about noise into a single response and must make a somewhat arbitrary
choice between the words or numbers that the interviewer offers, the low level of
relinbility is not surprising.

Findings Related to Alrcraft Nolse
Annoyance in the Community

Community aireraft noise annoyance is related to noise exposure and other
environmental Tactors as well as to attitudes and other personal fnctors. The next
sections examine results of selected aiveraft noise surveys for information related to
those factors that ean aflect community response.

Extent of Aireraft Noise Annoyance

Large numbers of people in nationally representative surveys have reported that
they are annoyed by aireralt noise. In the United States an annual national housing
survey found that about 8 percent of the pepulstion is bothered by aireraft noise
in contrast to about 18 percent bothered by road traflic noise (ref. 87). Although
aireraft noise was found to be the second most widely heard nolse source in England
(road traflic noisc was the most widely heard source), it was rated as annoying less
often than were the noises from children and animals {ref. 88},

It has been generally found in airport comnunity surveys that individual annoy-
ance and the perceniage of people highly snnoyed increase with inereasing aireraft
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nolse exposure. Flgure 23 presents the percentage of people highly annoyed (di-
chotomized accarding to the top 27 to 20 pereent of an annoyance scale after ref, 81)
in five Buropean and one U.3, survey s related to their noise exposure in Ly (ref, 3}
Using these deata and estimates mado in 1974 (refl 89) of the numbers of people liv-
ing in wrban areas of the United States exposed to various levels of aireralt noise, it
can be estimated that between 3 million and 5 million people are highly annoyed by
aircralt noise in urban arcas of the United States alone.

W e Trend curve, all stilies exeept U.S.
Average, two Heatlirow niud

0 b= two Swedish stuelies

— v Frepch

—— Swisa

80— Munich
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highly
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Figure 28, Percentage of respandents highly annoyed in several surveys, (From
ref. 5.)

Acoustical and Situational Factors

Communily aireraft noise annoyance has been found to be systematically related
to noise exposure, The total noise exposure is made up of many single events
which resalt from different aireraft types, oceur at different thnes of day or night
in combination with other noises, and vary in noise level, spectral content, and
duration. Most information on spectral, duration, and aiveraft-type effects has come
from Iaboratory studies. The general findings are that duration affeets annoyance and
that an energy simmation procedure such as used In EPNL or SEL is appropriate.
The commonly used A-weighted scale appears to be as useful as the more complex
metries for rating aireralt noise in most environments,

The Imporiance of the munber of noise events relative to the noise level of the
events has been a major issue in aireraft noise evaluation, The most common method
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of describing the number effeet is the “deeibel equivalent™ of a tenfold increase in
the number of events (ref, 79), The 1961 Heathrow siudy (refs. 90 and 91) estimated
the decibel equivalent to be either 24 logyy NV or 15 logg N depending on the type
of analysis used. The 1967 Hesthrow study (ref. 70) was specifically designed to
estimale the mumber weighting and reported a value of 4. In a review and analysis
of nvailable survey data (ref. 92), it was coneluded that the balance of evidence
suggests that the number weighting is no more than, and is perhaps somewhat less
than, the weighting of 10 log,y N which is implicit in equivalent energy indices such
as LEQ. .

It is genernlly assumed that the same nolse levels cause more annoyance in
residential areas if they occur during the evening or night than if they occur
during the day, because more residenis are at home and ave engaged in more noise
sensitive activities (T'V viewing, conversation, etc.) and because the noise may be
more intrusive given the lowered nighttime ambient noise level. Tt has been found
that after adjusting for the difference in noise levels, people rate their nighttime
and cvening environments as more annoying than their daytime environments
{ref. 93). On the other hand, the study of reference 94 found thal people were
not sensitive to a change in late-night noise exposure. In this study, condueted
around the Los Angeles International Airport, people did not report a reduction in
nighttime annoyance after an almest Lotal climination of nighttime (11:00 p.m. to
6:00 a.m.) flights over the study area. A review of surveys providing information
on time-of-dny effects (ref. 92) found that good nnmerical cstimates of the relative
importance of daytime, nighttime, or evening noises are not available and the
results are highly variable. Some studies have reported that the nighttime weighted
indices, such ag DNL, are inore closely related to annoyance than simple unweighted
24-hour indices, such as LEQ; other studies have reported the opposite. The lack of
consistency of the survey results may be due in part to high correlation between the
daytime and nighttime noise levels at individual airports. As a consequence, it may
nat be possible to adequately determine Lhe most appropriate time-of-day weightings
from conventional surveys.

The reactions of peaple to aireraft noise in the presence ol anbient noise have
been addressed with two alternative hypotheses. It is frequently hypothesized that
anmoyance to a specific noise would he greater when experienced along with a low
ambient noise than when experienced along with a high ambient noise. Tt hns
also been hypothesized (ref. 95) thal an intrusive sound may be more annoying
in p high ambient noise beeanse people ¢an become sensitized in general to noise,
Enrly attempls to investigate ambient noise elfects in surveys were hampered by
inadequate ambient notse level data (ref. 79) or unacceptably small numbers of study
sites for each ambient noise eategory (ref. 96), Results were inconsistent for the
magnitude or direetion of an ambient noise effect. A large-seale survey (ref, 97) that
was specifically designed to study ambient noise effects found that aireraft noise
anngyance was not aflected by the level of road traflie ambient noise, These findings
along with the small ambient noise cffects found in laboratory studies suggest that
most normally oceurring ranges of ambient noise do not strongly affect, if at all,
community annoyance to aircraft noise,

Another issue concerning multiple noise sources that has been nvestigated using
data from community naise surveys is the refationship between total nojse annoyanee
atd the levels of the individual noise sonrees. The analyses of reference 98, which
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examined five alternative models for evaluating annoyance reactions in mixed noise
environments, indleated that annoyance reactions were mare aceurately predicted by
any of the more camplex models than by the simple measurement. of the LEQ of the
total cuvironment. Although it was not pessible to identify the correct mode] with
the analyses, the findings do suggest that it may ultimately be possible to identify
a model for general community noise annoyance that is better than the equivalent
energy maodels LEQ or DNL.

Findings on differences in annoyance between different classes of aireraft have
often been contradictory. A study in Australia {ref. 9) lound that annoyance around
a military airfield was similar or less than that around civilian airports, whereas a
study in the Netherlands (ref. 100) eancluded that noise annoyance around military
airfields was probably grenter than around civilian airports at the same noise level, A
West German survey (ref, 1) found general aviation noise to be more annoying than
eommmercial avintion neise, but a Canadian survey (ref. 102) found that nunoyance
differentials varicd hetween questions in ways that were related to diflerences between
the acoustical environments at the general aviation and commercial airports.

Most aireralt nolse surveys have been condueted in areas where the noise envi-
ronments have been largely unchanged for severnl years, When a naoise environment.
changes significantly over a short time span, however, renctions to the change might
differ from the reactions predieted from the relationship between noise exposure and
response obtained from the static data, One such example was the lack of ehange in
general and sleep activity annoyance when nighttime operations were severely cut-
back over certain areas nenr Los Angeles International Airport {ref, 94), Although
there was only a sinnl] change in total neise exposure as measured with the DNL
index, thus explaining the lnck of effeet on general airerafl noise annoyance, the lack
of effeet on sleep-related annoyanee is not easily explained. A study of reactions to
temporary changes in ntoise levels areund an airport in Burbank, California (ref, 103),
found that reactions followed the chianges in noise levels; 2 months alter the ehange,
renctions were similar to those predicled from the originally collected static data,
Studies conducted | and 4 years after the opening of Charles de Gaulle Alrport
near Paris (ref, 104} were consistent with each other and with relationships observed
carlier in & static noise situation around the Orly Airport also near Paris. These lat-
ter studies suggest that changes in noise exposure do lead to changes in annoyance
which, at least after a period of time, would be predicted from static data.

A number of other enviromnental and situational factors have been hypothesized
te nffect airport community annoyance. Based on daln from a number of surveys, it
has been feund that double glazing, locations of bedrooms, and other factors related
to individualized noise exposure alfect annoyance (ref, 78). However, pood estimates
are not available on the relative effect of a decibel of localized reduction (at the
receiver) as opposed to the same reduclion at the source. Many studies have found
that there are unexplained differences between the reactions found in different study
arens (ref. 105}, These are sometimes assumed to he due to differences between
renctions of people in different countries or different cities, The cxplanation of
such differences is not known, and the possibility clearly exists that there are other
important acoustical or situntionnl factors which have not yet been Investigated.
Given the presence of correlated neighborhood eharacteristics, knowledge about the
effects of these varinbles is not likely to be obtained exeept through large-seale,
earefully designed surveys that include large numbers of fully deseribed study areas.
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Attitudinal and Personal Factors

The large variance in annoyance found in surveys which is not nssociated with
noise exposure factors las led to » number of hypotheses about attitudinal and
persanal factors that may be associated with annoyance, Referenees 82, 90, and
106 in particular discuss a wide range of variables and their effects on reported
aireraflt annmoyance. The six mosl congistently reported attitudes that have been
hypothesized to affect aireralt noise annayance, when the actual noise exposure has
been held constant. or otherwise accounted for, are fearfulness, preventability, noise
sengitivity, perceived neighborhood quality, health effects, and non-noise impact of
the source,

Respondents who express fear that aireraft may crash in the neighborhood nre
generally more annoyed than those who express little or no fear of crashes (refl 79).
Similarly, respondents who believe that authorities'conld do something to reduce the
ajreraft noise exposure are also generally more annoyed than those who believe that
anthorities do all that is possible (ref. 107). Those respondents who report that they
are sensitive to other noises or to noise in general have also heen found to be more
annoyed with aircraft noise (ref. 90). The level of sensitivity, however, has never
been found te be related to their actual environmental noise Jevel. Incrensed aireraft
noise annoyance has aiso been found to be related to general negative evaluations of
other neighborhood charneteristies (ref, 108), The few people who believe that their
henlth is afTected by aireralt noise are also likely to be more annoyed by a given noise
environment (rel. 90). Finally, people who are annoyed by other intrusive nspeets of
nireraf, such as lights and odors, are also generally more annoyed by the noise of
aircraft (refl 02), .

It is sometimes argued that the above findings indiente that annoyance is caused
Ly these attitudes (refs. 107 and 109)., However, the difficultics in providing firm
evidence for the nature of the causal refationships have led other investigators to
state that although the variables are interrelated, conelusions eannot be drawn about
the dircetion of causation (refl 110).

Many studies have examined the standard demographic varinbles of age, sex,
marital status, size of honschold, education level, social status, income, iength of
residence, type of dwelling, and type of tenure (own or rent). Nonce of the varinbles,
however, have consistently been found to be related to aireraft annoyance response.

Complaint Activity

Individual and group complaint activities, in the absence of social surveys, are
indicators of noise impact which are likely to be used by public authorities. Whether
ot not such actions are good indicators of aireraft noise impact is open to disenssion
and is examined in the following scctions,

Condiitons That Affect Public Action

The first condition that affects the amount of public action is that there is
a basie underlying dissatisfaction with the existing aireraft noise situation. The
consistent relationship between aireraft annoyance and noise level means that there
is dissatisfaetion in virtually all high airerall noise areas, The second condition
is that there is an identifinble object or authority responsible for the control of
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noise, The existence of & highly visible and centralized airport anthority could help
explain why airport noise has been the foens of more public attention relative to the
total number of people impacted than has road traflic noise. The third condition is
that the group or individual believes that action ean lead (o a change in the noise
situation. Thus beliefs about preventability of aireralt noise could have even mare
impact on ecomplaints than on annoyance (ref, 90}, The fourth conditinn is that
people must. be aware of & means ol contacting the appropriate authority; when the
avaiinbility of a telephone complaint. service is publicized, the number of complaints
rises (rell [11). The fifth condition required, Tor group action in partienlar, is thal the
socinl structure of the area and society as a whele [acilitate public action. It is obvious
that complaints and group actions are imuch more likely to occur in a demoeratic
sociely than in a totalitarian society. A sixth condition that can increase the amount
aof aclion is a new foeal point. The introduction of the Concorde supersonic transport
into service at New York amd Washington, D.C., in the mid-1970" is an example of
a rvelatively small change in neise exposure causing a major public action,

Complaints as Noise Effeet Indicators

Superficially, centrally collected reports of complaint activity have attractive
charncteristics for monitoring responses to airerall noise.  They are relatively
ceanomical to obtain and seem to indieate an important type of disturbance sinee the
complainant must usually go tosome trouble to make the complaint, No evidence was
found in n survey around Heathrow thal complainants have unusual psychological
traits such as nenroticism (ref, 90). Although complainants were more annoyed than
the nvernge resident around Heathrow, there was no indieation that they were a tiny
hypersensitive minorily; many more equally annoyed residents did not complain,
In the Heathrow survey and in the major survey aveund U.S, airports (ref. 107},
complainants were no more likely than the remainder of the population 1o be sensitive
to other noise sources, In the U8, airport survey, complaint activity was found to
be related to the noise exposure but nol as strongly as amnoyance.

In spite of the fact that complaints seem to be gennine expressions of annoyanee,
the eanchusion has been reachied by many researchers {e.g., refs. 112 and 113) that
compluint records are mislending indicators of the extent or eauses of noise effects in
populations. Complaint records seriously underestimate the extent of aireraft noise
effects, In n survey around Heathrow, 62 pereent of the population were nnnoyed by
aireraft noise, 15 percent were very annnyed, but only 1 percent reported making a
coruplaind, (ref, 90).

Complainants differ from the rest of the impacted papulation in several respects.
They are typically articulate and have greater confidence that they can deal with
authorities. Consequently, unlike annayance response, complaint aetion is aflected
by social class indicators suel as acenpntion, eduention, ineone, and property value
(refs. 90 and 107). Complaint activity, unlike annoyanee, has also been found to be
affeeted by the individual's attitnde toward the noise source (ref. 107). It has also
heen freguently observed that more affluent neighborhoods eomplain more about
airerafl noise.

Most complaint data are collected by various authorities for nonresearch pur-
poses. The incidence of recorded complsints and how they are categorized,

42

|



ek R e

Human Reaponse to Aireraft Novse

tabulated, and reported could depend heavily on the ageney recording the data,
It has also been frequently noted that only a few individuals may be the sowree of 2
substantial proportion of the complaints, Thus, one might erroneonsly conclude that
aireraft noise bothers only a few well-lo-do people who arve hostile toward ajreraft
and that nolse impact varies widely in ways which are only lnasely related to the
aircrafl noise exposure.

Noise Regulations, Criteria, and
Recommended Practices

With the inerensing awareness of the need to protect the overall enviromnent. in
the late 1960' and early 1970, there wis increased concern with the conununity
noise environment, The increasing popularity of commercial air transportation
and the increasing numbers of large jet transports with high neise levels erented
adverse environmental conditions affecting an ever-increasing munber of residents
near commercial airports. As a result of the pressure exerted on the U.S. Congress
and the governments of other countries, a mumber of legislative actions and resulting
noise regulations were enncted to rediee or at lenst it the growth of the community
noise problem. A few of the major actions in the United States affecting aireraft noise
in particular are discussed in the final sections of this chapter,

Alreraft Nolse Certifteation

In 1569 the U.S, Federal Aviation Administration issued a noise certification
regulation, Federal Air Regulation, Part 3G (ref. 22). This regulation, which is
connmonly referred to as *FAR 36," was issited with the objective of preventing the
escalation of noise levels of civil turbojet nnd transport calegories of aireraft. In
order to be given a type certification for operation within the United States, new
aircraft were required to be significantly quieter than the turbojet sireraft developed
in the late 1950’s and early 19G0's,

In arder to best reflect the annoyance response of people to aircralt noise,
the metrie selected for use in the noise certification procedure was the effective
perceived noise level {EPNL), which censiders frequency content, duration, and
tone eontent in addition to overall sonund pressure level. The tone corrections were
considered particularly important to account for the strong tonal components of the
new generation of turbofan engines, The new aireraft were required not to exceed
preseribed noise levels at three loeations: (1) 3.5 n.ani. {6500 m) from brake release
on the runway centerline during takeoff, (2) 0.25 nani. (450 m) to the side of the
rumway centerline ai the point of maximum noise level after lift-off during takeofl
(later modified to 650 m if more than three engines), and (3) 1.0 nami. (2000 m)
from touchdewn during landing. The noise level limits varied as & function of gross
weight of the aireraft as shown by the upper lines in figure 24. For both takeoff and
landing, closely prescribed operational proeedures had to be followed,

The basic FAR 36 standards have been modified over the years to account for
Improved technology and redueed noise levels for new generation aireraft (ref. 114).
The additional lines in figure 24 represent the current noise limils for newly certified
aireraft. The noise limil for a partienlar transport aircraft, turbojet or propeller,
depends not. only on the weight of the aireralt but also on the date of application for

43



EP'NL,
dn

EPNL,
dB

EPNL,
an

44

Powell and Fields

llll"

Orlginal FAIL 36 andk ntage 2
Stage d, > engines

105 Stagn 3, 3 engines
Stage 1, <3 engines
1n
95
{n} Tukeof limita.
o0 |-
a5 | MR
T i 108
Mux. takeall gross weight, b
nafl Original FAR 36 and stage 2
o -
o5 = o Stage 3
00 =~
%I {b) Sideline limilts,
a0 =
85 B Ry | i I RN |
wn T tnf

Max. takeofl gross weight, b

[#1H r Original FAIL 36 nnd atnge 2
105 f- ﬁl
111N
95 |- fe) Approach linits,
o =
85 A Y ) " A |
10 104 ot

Mnx. takenfT gross weight, 1b

Figure 2{. FAR 86 noise limits for transpart aircraft,
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type certifiention, I application was made prior to January 1, 1967 (stage 1}, the
aireraft must meet the stage 2 limits in figure 24 or be granted special exception, If
application was made after January 1, 1967, but before November 5, 1975 (stge 2),
the aireralt mnust meet the stage 2 limits without exception. IM application is made
on or after November &, 1975 (stage 3), the aircroft must meet the stage 3 limits,
Through the application of the stage 1 and stage 2 requirements, a number of older
and noisier nircraft were forced out of sorvice or had to be upgraded to meet the
more stringent rules.

The FAR 36 regulation also covers propeller-driven small airplanes, For this type
of aireraft a dillerent noise metrie, different operational procedures, and different
nolse limits are preseribed, These differences were prescribed Lo reduce the cost of
certifieation for the smaller manufaeturer and to reduce the noise for one of the most
common and frequiently annoying flight operations for small propeller airplanes, low-
altitude fAights around or near smadl airports with frequent touch-and-go landings,
The metric preseribed for this type of airplane is the simple A~weighted sound
level (SLA}), The preseribed flight procedure is a constant-altitude flyover at 1000 fi
(305 m) at highest normal operating power, The noise limits depend on the weight of
the airplane as indicated in figure 25, IT eertification was applied for after January 1,
1975, the slightly lower maximum limit applies.

The International Civil Aviation Organization, to which most developed nations
belong, also issues noise regulations, commonly called Annex 16 (ref. 115}, which
cover the aireralt categories covered by the FAR 36 and in addition, helicoplers,
The procedures and noise limits, with only minor exception, are the same as those
in FAR 36. Thus, nireralt manufactured in and meeting certification requirements
in any member nation can be operated in all member nations,

Application date

4
|- Prioe to January 1, 175
g0k [ Alter January 1, 1975
SLA, v e
JdB “
Ll o
o5 —_ ! 1 ! I
0 2500 5000 7400 1o 0nn L2al

Max. takeoll gross weight, b

Figure 5. FAR 36 noise limits for small propeller-driven aireraft.

Community Noise Criteria

In the Noise Control Act of 1972 the U.S. Congress directed the Environmental
Protection Agency (EFA) to “develop and publish criteria with respect to noise”
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and “publish information on the levels of envirommental nolse the attainment and
muintenanee of which in defined areas under various conditions are requisite to
protect the pnblic health and welfare with an adequate margin of safety,” To
accomplish this goal, the EPA established an august working group of experts in
all aspects of human response to noise, inchuding noise-induced hearing loss, other
health effects, and activity interference. As a result of this committee’s actions and
severnl review meetings, the EPA published what has come to be known as the
“Levels Document” (ref, 116}, In the document the A-weighied sonnd level SLA and
the day-night average sound level DNL were recommended as a “simple, unifonn
and appropriate way” for describing the effects of environmental noise. The effcets,
levels, and appropriate areas for application of the criteria are given in table 1.
These levels are not to be construed as levels that should never be execeeded but
rather as a total “dose,” or exposure, surmned over a period of time. In establishing
the activity interference and annoyance criterin, o large amount of consideration wis
given to nireraflt community noise. A smpmary figure of aireralt annoyance survey
and eommunity reaction results was presented which provides relationships between
pereentage of people highly annoyed, percentage of people wlio could be expected Lo

Table §, Summary of Naise Levels Identified ns Requisite To Proteet Public
Health and Welfare With an Adequate Margin of Safety

Eilect Level Aren
Hearing loss Log(zay 2 70 dD [ All arens
Qutdoor activity interference | Ly, < 55 dB Outdoors in residentinl nreas

and Tarms and other outdoor
nrens where people spend
widely varying amounts of tine
and other places in which quiet
is n baogis for use

and annoynsce

Leqgaqy € 55 dB | Outdoor arens whore people
apend limited nmoumts of
time, such as school yards,
playgrounds, ete,

Indoor activity interference [ Lg, < 45 dB Indoor reshilential arens
and annoyunce

Leqaqy € 45 dB | Other indoor arcas with
humnn getivities, such na
schaols, etc,

complain, the severity of community reaction, and naise level in DNL. This summary
is given in figure 26. The recommended outdoor noise level of Ly, £ 55 dB would
thereby be expected to cause no adverse community reaction, would enuse only a few
complaints, but would still canse about 20 percent of the exposed population to be
highly annoyed, The percentage of people highly annoyed in this igure, however, is
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Figure 26, Swnmary of expected annayance and communily reactions as
reluted o aircraft noise exposure, (From ref. 116.}

greater than the 5 to 10 pereent reported in other attempls Lo sumnarize community
reaction to aireraft noise (refs, 81 and 117),

Land Use Planning

To reduce the adverse impact of aireraft neise on the airport community, it Is not.
always necessary that noise limits be placed on individual aireraft or that operational
limits be placed on the air earriers, An equally effective measure is appropriate use
of the land around the airport, In 1980 a U.S, Government interageney committee
comprised of members from the Environmenta) Protection Agency, Department of
Housing and Urban Development, Department of Defense, Veterans Administration,
and Department of Transportation issued noise guidelines for land use planning
and control (ref. 118). The stated purpose for land use planning is not to limit
development but to encourage neise compatible development, guiding noise sensitive
land uses away from the noise, and encouraging nonsensitive land uses where there
is noise, The report provides the classification of seven noise zones with a wide range
of noise exposure in terms of SLA, DNL, and NEF. Approximately 100 different land
uses are then categorized for compatibility with the noise zones,

Ta obtain Federal financial aid for implementing n noise compatibility program,
airports in the United States must comply with the Federal Aviation Regulation,
Part 150 {ref, 119), This regulation prescribes the noise metric DNL for measuring
the noise and determining the exposure of individuals to neise that results from
operations at the airport and the land uses which are normally compatible with
the noise exposure. The noise exposure s classified into 6 zones, which are the

47




Powell and Fields

same as Lthe highest zones of the previously deseribed iand use guidelines, and 24
land uses are identified and categorized for compatibility witl the exposure zones,
The compatibility guidelines are essentially the same as those in the previously
deseribed general noise guidelines, The distinetion between FAR Part 150 and the
previonsly deseribed general lamd use guidelines is that an airport must comply with
Part 150 in applying for Federal aid lor inplementing a progriun which seeks to
ensnure land compatihility established by the guidelines. This, while FAR Part 150
daes not directly foree land use compatibility, it provides some insarance that
ajrports uniformly assess their problems and that if a noise compatibility program
is implemented, i is expeeted to make a measurable reduclion in adverse human

response.
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Introduction

How sound propagates from a source to a receiver outdoors is a complicated
problem because there are several wave propagation and meteorological mechanisma
that can affect the result. The shape and type of ground surface also pluy a part,
The recelved signal is influenced by cach mechanism in a different way and to an
extent thot depends on range, source and receiver heights, and sound frequency,

The study of sound propagation in the atmosphere has & long and interesting
history (refs. 1 and 2). As carly e 1636, Mersenne (1588-1648) mensured the apeed of
sound by timing the interval between the flash and sound of A gun blast, He obtained
a value of 230 toises per second, equivalent to about 448 m/sec. A contemiporary,
Guasgendi (1592-1655) noted that the speed of sound was independent of its intensity,
since the speed was the same whether the sound was made by a large weapon, such
a4 o cannon, or & smaller one, such as & musket. Derham in 1708 concluded that
favorable winds speeded sound propagation while adverse winds retarded it: he did
not mensure temnperature but concluded that the speed of sound was the same in
summer as in winter, In 1740, Bianconi in Bologna showed that the speed of sound
definitely Increased with increaging air temperature. The first precise measurements
of the apeed of sound were probably those made in 1738 under the direction of the
Academy of Paris, When corrected to 0°C, the value obtained was 332 m/sec—
within about 0.3 percent of the best modern value—and it was obtained two and a
half centuries ago,

From about 1860 onward, thete was considerable interest in (og signaling for
ahips—Joseph Henry in the United States and Tyndall in Britain investigated what
we would today call absorption or scattering by water vapor. Stokes at that timeina
private letter to Tyndall wrote that scattering was more likely caused by temperature
differences in the air, Knowledge of sound propagation in the atmosphere has usually
developed in response to the needs of practical problems. During the first World War
there was the problem of locating artillery; in the 1930, the need to understand
the loss of brilliance of music in concert halls; in the 1960°s, the concern over noise
produced by many forms of new technology—intense like commercial jet aircraft or
widespread like powered lawn mowers and air conditioning, Since then the increasing
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numbers of noise sources, and often their greater intensity, have increased the social
and political pressures on ncousticians to yet again advance their knowledge of sound
propagation outdoors. Significant progress has been made in recent yenrs (refs. 3
and 4).

This chapter revicws the current stato of knowledge of each basic mechanism and
how each changes the spectral or temporal characteristics of the sound received at
a distance from the source. An understanding of these mechanisms is important
since some affect even short-range mensurements, when one s often attempting to
characterize the source. Long-range measurements or predictions, such as when one
is attempting to predict the influence of a souree on a neighboring community or to
detect the source at the greatest possible range, are alffected in differemt ways and
by ather mechanisms.

Some of the basic processes affecting sonnd wave propagation are present in any
situation. These are

1. Geometrical spreading—Sound Jevels decrease with increasing distance from the
source; there is no frequency dependence,

2. Molecular absorption—Sound energy is converted jnto heat as the sound wave
propugates through the air; there is a strong dependence on frequency,

3. Turbulent scattering-—Local variations in wind velocity and temperature induce
fluctuations in phase and amplitude of the sound waves as they propagate through
an inhomogeneous medium; there is o moderate dependence on frequency.

Other phenomena occur only because of the presence of the ground and are usually
most significant near the ground. These plienomena and the features that cause

them are :

1. Reflection at the ground surface—The sound field reflected at the ground inter-
feres with the direct sound field; interference is a repetitive function of frequency;
height of source and receiver, their distance apart, and the type of ground surface
are important parametera,

2. Type of ground surface—Surfaces have a finite and complex aconstic imped-
ance that results in a phase change on reflection of a sound field and a reflection
coefficient that is & function of angle of incidence; this in turn leads to the
existence of a ground wave in addition to a plane reflected wave and under some
circumstances, to a trapped surface wave, ‘ )

3. Shape of ground surface—Concave ground surfaces can result in multiple ray
paths between source and recetver and hence incrensed sound levels; convex
ground surfaces such as berms or low hilla can act as sound barriers and lead
to an acoustical shadow that is penetrated by diffracted and scattered waves,

4. Near-surfoce micrometeoroiogy—The ground surfnce heats (uenally daytime)
or cocls {nighttime) relative to the atmosphere leading to vertical gradients
in temperature; viscous drag of the surface on wind produces similar vertical
gradients in wind speed; as a result, sound fields are refracted upward (warmer
ground ar upwind} or downward (cocler ground or downwind).

Finally, these phenomena depend for the most part on dilferent parameters, and so
each can be strong or weak depending on the particular circumstances. Furthermore
the phenomena coexist, and a given sound field may be influenced by different
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mechanisms at different frequencies, at different heights, or at different distances.
These coexisting mechanisms sometimes reinforce, and sometimes nullify, each other.

Geometrical Spreading

Some cnergy sprends out as it propagales away from its source. At distances that
are large compared with the effective size of the sound souree, the sound wave fronts
spread spherieally in three dimensions provided that the atmosphere is isotropic.
Note that sound does not necessarily radiate equally in all directions as it would
from a true point source. However, if the point source approximation is applicable,
tho sound level decreases at the rate of 6 dB per doubling of distance, This situation
exisis once the directionality pattern of the source does not change as & function
of distance. For coherent sources {those for which unique phase relutionships exist
between all the radiating elements), the Fresnel region near the source extends to
a distance somewhat greater than the square of the source dinmeter, or square of

" jta length, divided by the wavelength of the sound, Within this near-field region

there la interference between coherent elements of the source and there are no simple
relations between sound levels and position.

One should take care in defining the effective size of the source. For example,
noise from an axial flow compressor is generated by flow past individual blades,
but the pure-tone components of this noise are generated coherently by the complete
annular ring of blades and are radiated from the inlet duct of the compressor (in some
engines also fram the fan outlet). The effective size of the source is the diameter of
the inlet duct (or the distance between the inlet orifice and the fan outlet), When
the noise source is a turbulent jet, the effective aize of the source can be the whole
mixing region, which is mueh larger than any dimension of the mechanical hardware.

The 6-dB decrease per doubling of distance relationship applies either to the
instantanecus sound pressure level (or time-averaged sound level of a stationnry
gource) or to the maximum sound pressure level reached during a prasby of n moving
souree,

One must be careful to distinguish these from certain measures of total sound
exposure trecelved from a moving source during a passby event. Such measures as
single event noise exposure lavel (SENEL) represent the total value of sound pressure
aquared when integrated throughont the passby event. In these cases, although the
maximum sound pressure level decreases by G dB per doubling of the closest distance
of approach, the length of time during which the sound pressure level is within a
given difference from the maximum value also denbles, and the net result for any
such time-and-intensity measures is that the level decreases at the rate of 3 dB per
doubling of distance from the source. Three decibels per doubling of distance also
represents cylindrical spreading of sound energy propagating away from a line source.
Such u sound is that from the traflic flow along a busy road, where the individual
vehicles are a line of discrete point sources each radiating sound incoherently with
respect to the others,

The phenomenon of geometrical spreading, and the corresponding decrease in
sound level with increasing distance from the sotrce, is the samne for all acounstic
frequencies or wavelengths, Certain parnmneters of the atmosphere directly affect
sound levels calculated from geometrical spreading, but these effects are very small
and rarely, if ever, detectable, For example, gross changes in temperature (not to he
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confused with transverse temperature gradients that produce refraction) change the
apeed of sound and henece the sound energy density and measured sound pressure
levels. The sound level measured at the ground (temperature of 20°C}) directly below
an aireralt flying at an altitude where the temperature is =40°C is 0.5 dB less because
of this 60°C temperature change than it would be il there were no temperature
change. In addilion, if the relative humidity was 100 percent, the sound pressure
level &t the ground would be decreased by a further 0,2 dB because of air density
changes alone,

Molecular Absorption

In contrast to geometrieal spreading, the absorption of sound energy by the at-
maosphere i a sighificant lunction of frequeney, temperature, pressure, and humidity,
Studies of moleeular nbhsorption have a histery going back to the 18th century and
continue even today. In this section we summarize the basic mechanisms by which
ucoustic cnergy is absorbed by the atmosphere, we diseuss the eurrent ANSI Stan-
dard for caleulating atmospheric absorption (ref, 5), and finally we mention current
research to improve the accuracy of the calculations,

The absorption of acoustic energy by a mixture of gases occurs through two basic
physical mechanismas (ref. 6). The first involves the direet transfer of acouatic cnergy
{ordered motion) into heat energy (random motion) through processes invalving
viscous effects and heat conduction, These two loss processes have been known since
the 19th century and are known today as classical absorption, The second basic
physical mechanism of ahsorption is molecular relaxation, The compressicnal energy
of the acoustic wave is redistributed into rotational and vibrational modes of the
molecules through binary collisions. The time lng associated with this transfer lends
to absorption of sound energy, with maximum absorption (per wavelength) being
reached at the relaxation frequency. For frequencies below 10 MHz, absorptions due
to classicel losses and molecular relaxation are additive. Current theory assumes
that the totul molecular absorption of acoustic energy by the atmosphere is the sum
of four terms;

o = g + et + g 4 ON (1}

where o) is the classical absorption, ogq, the absorption due to rotational relaxation,
and ag and ay are, reapectively, the absorption due to vibrational relaxations of
oxygen and nitrogen,

The classical absorption is a function of temperature, pressure, and frequency. It
is the dominant absorption mechanism for acoustic energy at high frequencies. The
absorption due to rotational relaxation is also o funciion of tetnperature, pressure,
and frequency, Furthermeore, the rotational relaxation frequency in the ntmosphere Is
well above 10 MHz. This permita the rotational ahsorption eonstant to be combined
with the classical absorption constant into one expression for practieal purposes.
The combined expression yields the curve labeled “arg)y g in figare 1. These two
absorptions provide the dominant losses at frequencies above approximately 30 kHz.

Historically, classical sbsorption and rotational relaxation were by themselves
unnble to account for the loss of brilliance long observed in concert halls in the fre-
quency range above about 2 kHz, In response to this, theory was developed in the
carly 1930's which included the contribution of the vibrational relaxation of axygen,
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Figure 1. Decrease in sound pressure level with distance as a function of
frequency due to four molecular processes in equation {!). Temperature,
2P C; pressure, 1 atm; relative humidity indicated in percent.

In addition to frequency, temperature, and pressure, the vibrational relaxation ab-
sorption dependa strongly on the concentration of water vapor, Collisions with water
vapor molecules speed the energy transfer process and hence influence the frequency
of maxiinum absorption, The dashed curves labeled “ag” in figure 1 indicate how
the relaxation frequency, and hence the absorption due to the oxygen relaxation,
changes at 20°C when the relative humidity increases from 1 to 100 percent. At nor-
mal temperatures and relative humidities, the oxygen relaxation provides maximum
absorption at frequencies above about 2 kHz,

In the 1960's and early 1970’s, increasing activity was devoted to predicting
environmental nejse in urban areas for community planning, including the control of
aireraft noise, Measurements began to show deviations from the theory for molecular
ahsorption at low frequencies, where most of the sound energy of environmental noise
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is found. Initially empirical procedures (ref. 7) were developed to account for the
discrepancices below 2 kHz. Later it was realized that the vibrational relaxation of
ritrogen is the main absorption mechanism at low frequencies, The contribution
to absorption of the nitrogen relaxation is illustrated by the eurve labeled ‘an” in
figure 1,

The total molecular absorption due to the four contributions in equation (1) is
shown by the curve labeled “Total” in figure 1. The absorption is predicted for o
pressure of 1 atm, temperature of 20°C, and relative humidity of 40 petcent and
is expressed in decibels per 100 m. For example, the total absorption under these
conditions isabout § dB/100 m nt 2 kHz. A set of fairly simple equations for practical
calculations of the four terms in equation (1) form the basis of an ANSI standard
(1978) for atmospheric absorption (ref. 5}. The scientific support and experimental
evidence for this standard are found in reference 6. The accuracy of the atmospheric
absorption caleulated from this standard (ref. 5) is npproximately 10 percent for
temperature from 0° to 40°C, relative humidity from 10 to 100 percent, frequency
from 50 Hz to 10 MHz, nnd atmospheric pressure less than 2 atm. The calculations
can have an aceuracy of & percent over a more limited range of variables within the
onea quoted above. On the other haud, outside this quoted range, for example, at low
frequencies and low humidities, tho accuracy of the ealculation is uanally worse than
10 percent. There is still & need for more fundamental work, especially at the more
extreme conditions, to increase the understanding of these processes. Some recent
work (refl. 8) nimed at extending the measurements at low frequencies has revealed
discrepancies in the accepted relaxation frequencics of oxygen, It is expected that
this and other new knowledge will result in a revision of the current ANSI standard

(1978).

Effecta Due to the Presence of the Ground

in this section, we consider only the direct effects on sound propagation caused
by the ground. These cffects are additional to those of geometrical spreading and
molecular absorption already discussed. We postpone until later any discussion
of near-surfoce micrometeorological effects such ns those caused by heating or
cooling, Propegation effects caused by the ground are most significant within a
few wavelengths, that is, only a few meters above the ground surface. Furthermore,
the ground has a greater effect on sound waves traveling cssentially horizontally
Just above the ground than it does on sound waves impinging from nearly vertical
directions,

When the sound source and receiver arce above a large flat ground, sound reaches
the recelver vin two paths: directly from the sourece to the receiver, the direct feld,
and after being reflected from the ground surface between the source and recejver,
the reflected field (Ag. 2). Most ground surfaces are porous to some degree and
therefore their acoustic impedance is complex. In simple terms, one may think of a
resistive component of impedance that describes the losses of sound energy due to
thermal and viscous effects in the interstices of the ground material; there is also
a reactive component due to flow into and out of the porous ground in response
to the alternating acowstic pressure in the air just above the surface that results
in compression either of gas in the interstices or of the solid itself, The complex
acoustic impedance of the ground is associated with a complex reflection coefficient
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that ia rarely as large as unity and is a function of angle of incidence. The sound
field reflected from the surface therefore suffers (1) a reduction in amplitude and
(2) a phase change hetween zero and 7 radians (0° to 180°), There is another
more subtle, but very important, effect on the sound field: if the incident waves
are plane, the reflected waves are also plano hecause all parts arrive with the same
angle of incidence; but if the incident field is of some other shape (e.g., spherical),
then different parts of the wave front meet the plane surface with different angles
of incidence and are subjeeted to reflection coefficients that differ in magnitude and
phase, Thus the reflected field has a diflerent shape; for example, a spherical field
no Jonger appears to come from a point source below the surface, Instead the source
region becomes blurred and theoretically stretches to infinity.

5

~ 0
V/{/

]
[

M e e o

(s) Seurce near the ground, {b) Seurce nearly overkead.

Figure 2. Schematic of the direct sound field by the ray path SM and that
reflected at the ground surfoce by the path SGM. (I 1s the location of the
geornetric irmage of the source in the ground,)

Plane Waves

The reflection coeflicient &p for plane waves incident on a plane surface is given
in its simplest form by ol 2,2
sinl — Z1 /%
= e 2
Rp ainf + 21/52 ( )
where ¢ is the angle of incidence {fig. 2) and Z;/Z; is the ratio of the characteristic
impedance of air at ground level to the specific normal acoustic impedance of the

59




Embleton and Daigle

graund surface. The impedance Z» is complex. Thia simple form of the equation for
the complex reflection coefficient R, is for a ground surface of local reacticon, that is,
a surface whose reflection coefficient at any point is not signilicantly affected by the
sound field incident at neighboring points, If the ground can support a significant
amount of wave propagation, either in the solid material or in the air of the pores,
then the expression for the reflection coefficient becomes more complicated, but
its properties remain nlmost the same. In practice the impedance Zy must always
remain finite, even though it is very large for hard surfaces such as concrete, so
that for # small enough to make sin @ << |Z,/Za|, R, always approaches —1 at
grazing incidence. Figure 3 shows the magnitude |/2;| and phase change ¢ of the
complex reflection coefficient. By, = ]R,,Ie‘@ for plane waves incident on a typical
grass-covered surface such as an airport or field. Only at grazing incidence does
the magnitude of the rellection cocflicient reach unity, and this is accompanied by
a phase change on reflection of # radians (180°). For most angles of incidence
that are not close to grazing, the magnitude of the reflection coeflicient ia between
0.5 and 1.0, and the phase change on reflection of the sound waves is less than
about 7/4 radians (45°) and can often be ignored. The general features shown in
figure 3 apply for all ground surfaces although the angle of incidence scale (abscissa)
and the magnitude of the reflection cocfficient scale (ordinate) change depending on
the acoustic impedance of the ground surface, For example, the magnitude of the
reflection coefficient | 7p| always has a minimum when its phase change is 7/2 radians
(90°}. The angle of incidence for which this occurs becomes more neatly grazing as
the acoustic impedance of the ground increases, for surfaces like conerete, asphalt, or
packed earth, and becomes more oblique as impedance decreases, for softer ground
surfaces like snow or the ground in a forest,

Ground and Surface Waves

Because the magnitude and phase of the reflection coefficient Ry vary with angle
of incidence, as shown in figure 3, the total sound field near the ground cannot usually
be described mathematically by the simple addition of two terms, the incident sound
field and the reflected sound field multiplied by the plane-wave reflection coefficient
of equation (2). An additional term is required that allows, in effect, for the fact that
cach curve in figure 3 is not a horizontal straight line. A more complete expression
for the sound pressure p, borrowed from electromagnetic theory and known as the
Weyl-Van der Pol solution is

p ﬂikr 1 el'kr'z et’ kro
= + i + (1= Bl P (3)

In equation (3), po i3 a constant, & is the wave number of the sound field {the number
of wavelengths in a length of 27 meters), r; and rp are the ray paths in figure 2, and F
is a complex amplitude function (ref. 9) that allows for the curvature of the incident
sound field and, under some circumstances, the possible existence of & surface wave,
Mathematically f is related to the complex error function of a parameter w, known
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coefficient as o function of angle of incidence 0 ot three typical frequencies
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in this context as the numerical distance, and given by

{1, . Z1\?
w= (Etkrr_:) (smt’H- Ez;) (4)

‘The first term on the right side of equation (3) clearly represents the direct sound
field in both phase and amplitude, the second term represents the field reflected at
the ground surface but assuming the plane-wave reflection coefficient at the angle

of specular reflection, and the third term corrects the refected field to account for
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the angle of reflection systematically varying with position along the surface, This
third term in equation (3) is called a ground wave in acoustics but may also include
a surface wave under some circumstances (beware that the term “ground wave" in
electromagnetic propagation applies to the whole right side of eq. (3)).

When the source and receiver are both relatively near the ground and are a large
distance apart, the dircct and reflected fields (the ray paths r| and r2 in fig. 2(a)})
become nearly equai and the grazing angle £# tends to zero. The direct and reflected
sound ficlds then enncel each other becanse Ry — —1, and any sound renching the
receiver (npart from mechanisms to be described later) is explained theoretically by
this third term of equation (3).

The amplitude factor F' is shown in figure 4 vs. the numerical distance w described
by equation (4). The faclor F is complex and is shown for several values of the phase
angle ¥ of the ground impedance,

¢ =tan™! (}r{—n‘:—j—:) ()

It is intuitively useful ta consider the abscissa of figure 4, the numerical distance w,
as the propagation distance between source and receiver but scaled for the value of
frequency (proportional to &), for impedance Z; /Za, and for angle of incidence 8. The
behavior of the ground wave during propagation is best described by assuming for
the moment that the ground surface is purely resistive, that is, the curve for ¢ = 0°
in figure 4. This curve cannot contain any surface waves (see below), Then at shott
distances w << 1, the ground wave suffera no excess attenuation, |F| is essentially
unity, and the second and third terms of equation (3) combine to describe a sound
field as if it were reflected from an infinitely hard surface. At greater distances
w >> 1, or equivelently at higher [requencies, the ground wave decreases at a rate
that is 6 dB per doubling of distance faster than that due to geometrical spreading
alone,

In reality the phase angle 9 of the ground impedance is sbout 45° for grass-
covered and most other ground surfaces at least up to frequencies of a few kilohertz,
The eurve for ¢ = 45° in figure 4 shows a substantial incrensc in ||, especially for
numerical distances slightly greater than unity, This increase in {F| occurs only for
positive values of 1, which in turn are related to the porous or capacitive behavior of
ground surfaces for acoustic waves, The increase is due to the existence of a suriace
wave which is coupled to the ground but prapagates in the ajr with an amplitude
that has a maximum at the ground surface and decreases exponentially with height,
For those whose experience and intuition are more mathematical than experimental,
the ground wave corresponds to a branch line integral, and the surface wave to a
pole. Thus, {or certain values of complex impedance, the third term in equation (3)
is given completely by a branch line integral, but as impedance is varied, it may
become necessary to allow for the contribution from a pole, In these cases the pole
contribution effectively appears to grow out of the contribution fram the branch line
integral, just as the surface wave appears out of the ground wave when the values of
complex surfrce impedance allow,

Obviously ground and surface waves are closely related but their fundamental
origina differ, aa does their behavior during propagation. Ground waves exist because
curved wave fronts atrike different parts of the ground at different angles of incidence
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Figure 4. The magnitude of the complex amplitude factor I in decibels ns ¢
Sfunction of numerical distance w {eq. {4)). (From ref. 8; sec also ref. 8.)

and because the reflection coefficient of finite-impedance ground is also a function
of angle of incidence. Ground waves exist unless the ground is infinitely hard or
infinitely soft or unless the incident wave fronts are plane, that is, the source can
be considered infinitely far away. Surfnco waves exist when the ground surface is
sufficiently porous, relative o jts acoustical resistance, that it can inflluence the
airborne particle velocity near the surface and reduce the phase velocity of sound
wawves in air at the surface, This traps some of the sound energy in the air, regardless
of the shape of the incident sound field, to remain near the surface as it propagates
from the source to the receiver, Thia latter point may be significant because surface
waves, which spread cylindrieally (in horizontal directions only), decrease at 3 dB
per doubling of distance, whereas all other components of the sound field, including
the ground wave component of the reflected sound field, decrease by at least 6 dB
per doubling of distance, Though surface waves may initinlly decrease mare slowly
with distance, they eventually decay rapidly relative to other components of the total
sound field because they are closely coupled to the ground surface and lose energy
exponentially with distance through viscous and thermal processes in the pores of
the ground,

Acoustic Impedance of Ground Surfaces

Seund waves incident on a ground surface are reflected and interfore with the
incident field, This interference field can be probed within a few wavelengths of
the ground to measure sound pressurc and phase, or equivalently the position of
maxima and minima of pressure, or to measure the distribution of phase gradicnt or
of phase, in order to determine the reflection coefficient Ry. Alternatively the ground
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impedance can be found direetly by determining the pressure and the particle velocity
at the surface. All these mensurements are difficult to make with the necessary
accuracy for most ground surfaces, and so various techniques have been used, each
of which provides results of sufficient accuracy over a different but limited range of
frequencies or values of ground impedance. Anybody planning to undertake auch
measurements is strongly advised to read the original papers so as to be aware of the
subtleties of the various techniques and precautions that are important to obtaining
valid results, We shall do no more than outline each of the measurement techniques
and indieate their principal strengths and limitations,

Some carly values of ground impedance were measured in reference 10 with
an impedance tube “screwed” into the ground in situ to a depth of about 0.2 m.
Like several of the other techniques to be mentioned, these mensurements are
restricted to normal incidence, suffer from the uncertainty of knowing exactly
where the theoretical ground surface is located, and can change the flow resistivity,
porosity, or other parameters of the microstructure of the ground surface. To
avoid some of these limitations, Dickinson and Doak developed a technique based
on measuring the pressure profile along n line perpendicular to the surface helow
& loudspeaker suspended scveral meters above the surface—the ground surface
remained undisturbed and the sound field was unconfined. Later the interference
between the direct and reflected sound fields was measured (ref. 11} by moving
& microphone along an inclined path, GM in figure 2(a). This method allowed
measurements at oblique angles of incidence more appropriate to sound sources near
the ground but were reatricted to frequencies grenter than about 400 Hz, that is,
to wavelengths less than about 0.8 m, because the distance between interference
minima Is increased (inversely as sinfl) and becomes very large near grazing angles
of incidence, More recently, a direct presaure vs. velocity, and hence impedance,
mensurement {ref. 12} has heen obtained with a Helmholtz resonator, one side of
the volume of the resonator being open and capable of being pushed into the ground
surface. A motor-driven mechanical source provides a known volume velocity source
and a microphone measures the resulting pressure. This technique is restricted
to frequencies below about 300 Hz both by the capabilities of the sound source
and by the requirement that the sound wavelength be large compared with the
dimensions of the resonator, Another technique that measures both pressure and
pressure difference near the surface, and hence by calculation the impedance at
the surface, has been used in reference 13 for small areas of sound absorbent
materinls. Becanse of instrumental limitations and finite difference approximations,
this technique allows sufficiently precise mensurements only for frequencies greater
than about 500 Hz, Still more recently, a two-niicrophone technique (ref, 14) has
been used to measure pressure, phase, and phase difference along a vertical line in
the spherically spreading interference field below a source suspended several meters
above the ground, Measurements have been made down to 30 Hz over grass-covered
ground,

A limited selection of measured values of the resistive and reactive components
of normalized specific normal impedance for grass-covered ground at different sites
is shown by the dashed curves in figure 5,

For many practical purposes our interest in the ground surfuce ia merely the effect
it has on the sound field in the air above it. The direct effect is through the reflection
coefficient fp that varies in the complicated way illusireted in figure 3 as a function
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Figure 5. Normalized resistive (real} and reactive (imaginary) components
of specific normal impedance for grass-covered grounds as a function of
frequency. oe = 150 x 10% Pa-sec/m? assumed in equations (7) and (8).

of angle of incidence and frequency. A simpler characterization of the gronnd is
its specific normal acoustic impedance, Zs in equation (2). The impedance Z7 is
complex;

2y =Ry +iXa (G)

where R is the resistive component of the gronnd impedance, and Xp its reactive
component. Most ground materials are porous, and thus for nonlayered grounds
the apecific normal acoustic reactance of the surface is capacitive, or springlike in
clectrical or mechanical analogs, The impedance Zs ia a function of frequency and
its two components for typical grass surfaces are shown in fgure b, Such impedance
curves were shown in reference 15 to be deacribed for most porous ground surfaces
by a elngle parameter, the effective flow resistivity o, of the ground. In reference 15
the empirical expressions earlier given in reference 16 were used for the specific
acpustic impedance of fibrous porous materials, When the implied time dependence
is exp(~iwt}, these equations become

Zs . (i) -0.75 . (i) -0.73
7 =1+40.051 % + ¢0.0769 e (7)
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Embleton and Daigle

Table 1. Ranges of Effective Flow Resiativity for Varions Ground Surfaces

Flow resistivity,
Typa of surlnce Ppesve/m?

0.1 m of new [allen, dry spow 7 to 30 x 107
Sugar snow 25 1o 50 x 109
Forest floor, pine or hemlock 20 1o 80 x 1q3
Grass on airfield, rough pasture 150 to 300 x 107
Rough readside dirt, assorted particle sizes 400 to 800 x 10%
Sandy silt, packed 0.8 to25 % 109
Litnestone chips, thick layer (0.01 to 0025 m incali} 1.Gtad x 108
Old dirt roadway, stones {005 m mesh), interstices filled 2104 x 108
Earth, little vegetation and rain-packed 4108 x 10%
New naphalt, depending on particle size 5o 16 x 108
Quarry dust, packed by vehicles b 1o 20 x 109
Old asphalt, sealed by dust and use 25 to 30 x 10%
Concrete, depending on surface finish 30 to 100 x 10%

where f is the frequency in hertz, w = 27 f, and o, is the effective flow resistivity of
the ground in Pu—scc/mz. Equation (7) is valid for a widn range of ground surfaces
but tends to overestimate hoth components of the impedance below about 200 Haz,
Table 1 gives the values of effective flow resistivity for various ground surfaces (ref, 17)
that can be used in equation {7) to provide the specific normal acoustic impedance
Zp. This in turn can be used in equation (2) to provide the complex reflection
coefficient Rp and, with figure 4, a complete deseription of the effect of the ground
on the sound field nbove it.

The predicted effect of four ground surfaces on the spectrum of a sound wave
measured 1.22 m nbove the ground ot a distance of 600 m is shown in figure 6. In
figure 6(a) the source iz 2 m above the ground (i.c., nearly horizontal propagation)
as in figure 2(n) and in figure 6{b) the source is essentially overhead ns in figure 2(b).
The fow resistivity parametors of the four curves correspond roughly to snow, grass-
covered carth, packed earth, and conerete. The predominant feature of each eurve in
figure 8(a) is the broad minimum of sound pressure level in the range of frequencics
from about 100 to 400 Hz over snow to around 4000 Hz over conerete. The shape
is determined by the large phase changes on reflection al nearly grazing incidence,
illustrated in figure 3, interacting with the phase differences as a function of frequency
that occur beceuse of path length differences between the direct and ground-reflected
sound fields (fig. 2). In figure 6(b) for nearly perpendicular reflection at the ground
surface, there is almost no phase change on reflection regardless of the effective flow
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resistivity of the ground surface. The shape of the curves therefore differs very
little between surfaces and is determined almost entirely by path length differences.
‘The first minimum oceurs at about 70 Hz, for which the recciver is at a height of
one-quarter wavelength above the ground (i.e., the reflected field travela an extra
half-wavelength compared with the direct field). Subsequent minima occur at 3, 5,
7, ... times 70 Hz.

It is convenient to be able to characterize n wide range of common ground surfaces
by the value of one parameter, whether selected from table 1 or measured for a specific
surface of interest, When the onc-parameter model is not sufficiently precise, for
example, at frequencies helow about 200 Hz, or when the ground changes significantly
near its surface or is noticeably layered, then more elaborate theory can be invoked,
in reference 18 the acoustical properties of homogeneous and isotropic porous soils
were shown to depend on [our material parameters: flow resistivity, porosity, grain
shape factor, and pore shape factor ratio. Of these parameters, the flow resistivity o
and porosity {2 are the two most important; furthermaore, the empirically determined
effective flow resistivity ¢e of the one-parameter model {eq. (7} and table 1) is
essentially given by the product of}. Though in generel more complicated, the
four-parameter maodel yields a, low-frequency and high-flow-resistivity approximation
that pravides better agreement with measured impedances at frequencies below
200 Hz than does the one-parameter model (eq, (7)). The normalized surface
impedance derived from the four-parnmeter theory but limited to large values of
the effective flow resistivity o, and low frequencies is (eq. (14) of rel. 18):

Z?, _ a. 172 )
EI"MIB(T) (1 +3) (8)

Equation (8) is an alternative to equation (7) and differs from equation {7) by
predicting that the resistive and reactive components of the ground impedance are
equal and vary as the inverse square root of the frequency. {(Equation {7} predicts a
variation close to the inverse three-quarter power of frequency.)

This same law-frequency, high-flow-resistivity approximation also provides an
expression for the normalized surface impedance of o ground whose porosity decreases
with depth (eq, (31) of ref. 18):

ﬁ-‘;‘ =0.218 (-"J;—) iy [0.218 (%‘i) " Lo (ﬁf‘i)J )

Note that equation {9) is the same as equation (8) with the addition to tha reactance
of a term in n./f, where a. is an effective rate of decrease in porosity with depth,
It is predicted that the resistive component of the ground impedance is unchanged
by the rate of change of porosity helow the surface,

When the ground consists of a porous lnyer backed by an essentially rigid
impervious base, the obvious additional parameter needed to describe the normal
surface impedance is the layer thickness £, The impedance of the surface layer Z/¢
is then calculated by

Zg & (_ w )
7 7 cotlt | —=ike cﬂE (10)
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Figure 6. Predicted transmission spectrum measured 1.28 m above the ground
Jor a source 500 m away.

where o is the sound speed at the snrface of the ground and the normalized wave
number kg is given by

f -0.693 I ~0.52
ka=1 +D.0978( ) + 10,189 ( ) (1)

O A

and Zp/Z; is given by equation (7), ur equation (8} if appropriate.

The low-frequency, high-flow-resistivity approximation allows simplification of the
expression for the surface impedance of a layered surface (ref, 18). At low frequencies,
for many ground surfaces but not for & layer of snow becguse its flow resistivity is
too small, equations (10) and {11) can be replaced by (eq. (33) of ref, 18):

Z 138.90
70 = 0.00082 0ot + o (12)
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where £, represents the effective thickness of the layer given by 2£. The porosity
for many ground materials lies in the range 0.3 < 1 < 0.6. Equation (12) shows
that the normalized resistance of a surface layer backed by a hard rigid material is
independent of {frequency and that its normalized reactance inereases rapidly with
decreasing frequency.

The general effects on the sound field resulting {from reflection at a layered surface
for nearly grazing angles of incidence are illustrated in figure 7 (ref. 19). These
sound pressute levels were measured at short range over a layered ground model of
reticulated foam backed by n hard concrete floor, The principal effect is to deepen the
minimum in sound pressira level in the so-called ground effect dip, in the region from
300 to 2000 Hz, compared with propagation over an infinitely thick layer of the same
surface material. Although shown in these results, the minimum in sound pressure
level does not necessarily occur at a higher frequency above a layered medium than
above an infinitely thick ground.

Ground Surfaces With a Discontinuity
of Impedance

Asis apparent in figure 6(b), all types of ground have essentially the same effect on
sound fields reflected almost perpendicularly to the surface. Different types of ground
do however have different effects (fig. 6{n)) on sound traveling at nearly grazing angles
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Figure 7. Comparison of sound pressure levels meqsured above layers of
reticulated foam (dala points) with predictions from equation (10){curves).

of incidence. This latter configuration ia of importance in many practical situstions,
for example, sound from an aircraft on the runway or from vehicle traffic on the
highway, which propagates horizontally initially above an scoustically hard eoncrete
or asphalt surface and subsequently above a sofier grass-covered surface, Secveral
authora (refs. 20-23) have developed thecretical solutions to the problem of nearly
horizontal sound propagation across an impedance discontinuity, and measurements
both indeors and outdoors up to horizontal distances of a few meters have been made
(ref. 24) for various types and distance ratios of hard and soft ground, In general
there is good agreement between predictions and mensurements, and in all cases
the measured sound spectra are significantly different from what they would be for
homogeneous ground, whether all hard or all soft, A typical example of a measured
spectrum (ref. 24) ia illustrated in figure B for a source 0.1 m high over asphalt and
receiver 0.6 m high over grass where the propegation distances are 2 m and 6 m over
the respective surfaces. Predicted spectra for a ground consisting of all asphalt or
all grass are aiso shown, as well ns the predictions of the spectra using the theories
of references 21 to 23.

In the absence of specific calculations, which are time-consuming in many cases,
one can postulnate from the variety of measurement configurations shown in the figures
of reference 24 that & good rule of thumb is to caleulate the spectra by assuming first
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Figure 8. Measured changes in a sound field propagated across the impedance
discontinuily between asphall and grass. Source height 0.1 m nbove asphall
fo. = 30 x 108 Pa-sec/m™2) and receiver height 0.5 m above grass
(o, = 85 % 103 Pe-sec/m™2); distances over surfaces were £ m and 6 m,
respectively, (From ref. 24.}

that the ground is all hard and second that it is ail soft acouatically. A reasonably
correct spectrum (within about 5 dB) can then be obtained by weighting the hard
and soft spectra in proportion to the distances propagated over the hard and soft
grounds.

Refraction by Vertical Gradients of Wind
and Temperature

Under most weather conditions both the temperature and the wind vary with
height above the ground. The velocity of sound relative to the ground is a function
of temperature and wind velocity, and hence it also varies with height, causing the
sound waves to propagute along curved paths, During the dny solar radiation hents
the earth surface resulting in warmer air near the ground, This condition, called
a temperature lapse, is most pronounced on sunny days but can also exist under
overcast skies. A temperature lapse is the common daytime condition during most
of the year and ray paths curve upward.

After sunset there is often radiation cooling of the ground which produces cooler
air near the surface. In summer under clear skies such temperature inversions begin
to form about 2 hours after sunset, when they may extend to less than a meter
above the ground; as the night progresses, they extend to increasing heights and can
reach altitudes of the order of a hundred meters by sunrise. Throughout this period a
temperature lapse exists above the top of the growing temperature inversion, Within
the temperature inversion, the temperature increases with height and ray pathscurve
downward,
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Figure 8, Schematic showing the bending of ray paths.

When there is wind, its speed decrcases with decreasing height because of drag
on the moving air at the ground. Therefore the speed of sound relative to the ground
increases with height during downwind propagatien and ray paths curve downward.
For propagation upwind the sound speed decreases with height and ray paths curve
upward, There is no refraction in the vertical direction produced by wind when the
sound propoagates directly crosswind. An illustration of the ray paths is shown in
figure 9. In a temperature inversion or for propagation downward, the ray paths
curve downward as in figure 9(a). Under specific conditions which depend on source
and receiver heights, horizontal range, and the strength of the inversion, additional
ray paths are possible that involve cne or more reflections at the ground. In a
temperature lapse or for propagation upwind, ray paths curve upward away from
the ground as in figure 9(b). If the relation between sound speed and height is
linear, there is a limiting ray that just grazes the ground and beyond which no direct
sound energy can penctrate. This causes an acoustical shadow region. If, on the
other hand, the sound apeed profile is not linear, the limiting ray is replaced by
n caustic because sound energy (rays) from various regions of the irradiated sound
ficld can reach the same region along the shadow boundary, The effects of the
temperaturs and wind profiles on the sound speed profile are additive, Rays curve
upward or downward in the real atmosphere depending on the relative strength of
the vertical gradients of temperature and wind speed. For example, an acoustic
shadow can exist even downwind if the temperature lapse dominates the wind speed
gradient to produce a sound speed that decrenses with height., In what follows
we shall distinguish between downward and upward refraction irrespective of which
meteoraological condition produces the effect,

Downward Refraction

The propagation of sound in a temperature inversion has been studied previ-
ously (ref. 25), but the principal results would be qualitatively similar for sound
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propagation downwind. We shall therefore discuss here the more general case of a
sound velocity profile that increases with height. The form of prefile which is most
convenient for physical interpretation and mathematical computation ia one where
the sound velocity increases linearly with height:

c = cg(l + h) (13)

In equation (13), & is the height above the surface and « is the coefRcient of increase
in velocity with height. We note that a linear variation with height is a good
approximation for most cases although it is not necessarily achieved in practice,
The sound rays hetween source and receiver are then circular arca. When either the
sound source or the receiver is above the ground, in addition to the direct ray there
are reflected rays which also follow circular paths (fig. 10).

4

fa) At shori or maderate source-to-receiver distances.

{b) At longer source-to-recefver distances,

Figure 10. Bending of ray paths in downward refraction.

If source and receiver are separated by moderate distances of the order of
d = 100 m and are a few meters above the ground, there is only one reflected
ray, providing that we also agssume average atmospheric refraction. The direct
and reflected ray paths are illustrated in fizure 10{n), Nate that the angle # for
the reflected ray is greater than for un unstratified atmosphere. The magnitude
of the reflection coefficient therefore deviates further from —1 and the destructive
interference between direct and reflected waves becomes less complete, The result
is less attenuation for frequencies around 500 Hu. This is illustrated by the
measurements (ref. 26} in figure 11, The curve labeled “0” represents sound levels
measured in the absence of stratification or crosawind while the curve labeled “+5"
represents results for downwind propagation. There is essentially no difference
between those two curves below 400 Hz at 110 m or below 300 Hz at 615 m from
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the source. At higher frequencies, however, the reduced atienuation for downwind
propagation is evident.
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Figure 11. Sound pressure levels relative lo free field in 1/8-octave bands of
noise measured al 110 and 615 m from o jet engine (ref. 26). Numbers
on curves indicale wind velocity, in m/see, in the direction of propegation;
curves marked “L” are for a temperature lapse. (From ref. 3.)

In general at longer distances d there are more than one reflected ray path (refs. 25
and 27). The existence of these additional ray paths is casily predicted (ref, 25) fram
clementary analytical geometry. Further, a particular ray may be reflected several
times between source and receiver. When there is one reflection at the ground for
any ray, there are three possible reflected ray paths. These are illustrated in figure
10(b) by the dashed curves, There is the ray reflected at the midpoint between
source and receiver, assuming for the moment that the source and the receiver are
at equal heights. The two other rays have a point of reflection displaced from this
midpoint, one striking the surface relatively near the source and the other near the
receiver, These additional paths further degrade the ground effect attenuation as
shown in figure 11, at 615 m for frequencies nbove 400 Hz.

In the general case of finite source and receiver heights h, and Ay, there are o
total of four reflected ray paths for each number of reflections per ray greater than
one, There is, however, an upper limit to the number of reflections at the surface,
unless hy = hy =0, It is not difficult to develop a simple criterion Lo determine the
existence or abgenee of the higher order paths with multiple reflections, Let Hp be
the height of a ray path at its zenith (fg. 12), One can show for b, and hy << d,
that .

e

m %T (14)
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where equality occurs when Ay = hy = 0, Further, rays are realizable provided that
H
Hy ",;?' > hy and Ay (15)

Thus when = is sufficiently large that Hy, < hy or Ay then the corresponding ray
paths do not exist. To take specific examples, we assume that sy = iy = 1.2 m and
~4 =3 x 10~% m—!, typical for a temperature inversion. Then, from equation {14),
Hy = 0.04 m for d = 100 m. Thus there is only one reflected ray path as shown in
figure 10(a). Next, for d = 800 m, we find that #; = 2.4 m and 2 = 0.6 m, This
example corresponds to the illustration in figure 10(b)., Finally at a much larger
distance, for example, d = 4 km, equations {14) and (15} yield Hy ~ 60 m and hence
Hy7 2~ 1.2 m and Hg = 0,9 m, Thus, theoretically at least, there should be no ray
paths having more than about seven reflections betweon source and receiver when
both are 1.2 m above the surface.

Figure 18. Schematic showing groups of ray paths in downward refraction that
have approzimately the same heights at zenith. (From ref. 25.}

At these larger distances, when the ultimate goal is to estimate the sound levels at
a distant point as a result of sound traveling via the numerous ray paths, it is useful
to group them differently from the number of reflections a ray suffered between source
and receiver, A convenlent grouping is according to the maximum height above the
surface reached by the path as shown in figure 12, Thus the four rays having zenith
heights of approximately /] have different numbers of surface reflections m; one has
m = 0, two have m = 1, and one has m = 2, These rays follow almost the same
path through the atmosphere and maintain partial coherence between themselves to
a much greater extent than between other similar groups of ray paths. Under such
conditions a method hes been suggested {rel. 25) to estimate the sound levels at
distant receivers. The interference between the direct ray from the source and the
rays reflected at the surface are first calculated for the first grouping of individual
rays in the bundle having zenith f1. The amplitude and phase of the waves reflected
near the source are caleulated fram the impedance of the surface, assuming that this
is known, and added coherently to the direct ray, in effect nssuming a composite
soutce (see ref, 25 for the details of the caleulations), Beenuse the ground surface
in the vicinity of the receiver can vary from one location to another, the sound rays
reaching the receiver after a last reflection in the vieinity of the recciver should, on
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average, be taken into account by adding their intensity to that of rays not suffering
this reflection. If the reflection cocfficient of the surface near the receiver is known
to be unity, this implies adding 3 dB to the level given by the rays not reflected
in this region. However a more typical magnitude for the reflection coefficient is
Jess than unity and an average correction of 2 dB is suggested. The roles of sound
source and receiver are reciproeal, so this discussion is velid also when the ground
impedance near the receiver is known, but that near the source is not known or may
vary from one source location to another. The sound energy traveling via the other
groups of ray paths with zenith Hy, Hy, ete., experience different loeal turbulence
(see the next section) and hence are expected to add incoherently to the energy via
the primary group. The maximum correction to be added to the results calculated
for the primary group is about 2.2 dB when there are an infinite number of possible
paths (see ref. 25). In more realistic cases, when only a few of these paths exist, the
correction Lo be added is about 0.5 dB. In most outdoor sound propagation problems
this correction for multiple paths in downward refraction is therefore negligible,

The factors just discussed lead to the qualitative conclusion that downward
refraction can nullify the reduction in sound pressure levels ennsed by ground effects,
Sound levels therefore incrense to the levels predicted by geometrieal spreading and
molecular absorption alone, but in general not above such levels. Increnses above such
levels are due to focusing caused by curved, that i3, nonlinear, sound speed gradienis
and are inevitably accompanied by decreases caused by defocusing elsewhere in the
sound fleld.

Upward Refraction

When the sound speed decrenses with height, the sound rays are bent upwards,
away from the ground., For realistic sonnd speed profiles, there is a limiting ray
leaving the source which just grazes the ground. This limiting ray is shown in
figure 13, and when the sound speed decreases linearly with height, the ray is an
arc of a circle. Above this limiting ray the sound ficld is composed of direct and
ground-reflected waves, Below the limiting ray there is &n acoustical shadow region
in which these waves theoretically do not exist; sound energy does however penetrate
this shadow region due to other, difiractive propagation mechanisma.

It is perhaps useful to remind ourselves that rays do not represent any renl
physical entity. Rays are a convenicnt way of understanding various features of a
sound ficld. For example, interference is a wave phenomenon that depends on phase
diflferences between sound fields; rays provide a convenient set of geometrical lines
from which path length differences, and hence phase differences, can be caleulated.
Similarly in figure 13 the limiting ray is a geometrical line whose trajectory ean
be caleulated and which divides the sound field into two regions; the sound field is
however continuous across the limiting ray, although it changes across a broad band
of space near the limiting ray at a rate which depends on the wavelength of the
sound and often on other geometrical factors—again, affirmation that what oecurs
in a sound field is governed by wave mechaniams,

Above the shadow region, the sound field can be described by the same arguments
as before, A typical pair of direct and reflected waves is shown by the dotted curves
in figure 13 to the point M. There is always only one ground-reflected wave and the
incidence angle # is smaller than for the unstratified atinocaphere, The magnitude
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Figure 18. Schematic illustrating the main features of upward refraction.
(From ref. 81,)

the reflection coefficient is now closer to —1 and the destructive interference between
direct and reflected waves is enhanced. This increases the attennation for frequencies
above about 500 Hz (ste the curves in fig. 11 at 110 m, labeled “=5" for upwind
propagation and “~5L" for lapse conditiona), These resulls were probably measured
just beyond the limiting ray into the fringe of the shadow; however the results still
show the effect described above. Theory to account for the changing incidence angle
due to the curved ray path has been described in reference 27, where calculated
curves predicted well the changes in the spectra of figure 11 at high frequencies.

At 615 m from the source the results labeled *—~5" and “—3L" in figure 11 were
measured farther into the shadow region (Ma in fig. 13) and the deseription of
these results requires a very different analysis, A number of numerical methods
are available to compute accurate quantitative resulla (refs. 28 and 20). These
reconstruct the sound feld allowing for the effects of diffraction, changes in sound

-velocity with height, or other relevant factors. However to provide a better

understanding of the features involved, we shall describe the process in an alternative
and more intuitive way, The sound levels, in the absence of turbulenee, can be
determined from diffraction theory (ref, 30), which suggeats that the energy received
at My initially leaves the source and travels along the limiting ray to the ground.
Then it propagates in tiie air along the surface in a creeping wave, At an appropriate
distance, the energy is then shied from the creeping wave and travels to Me along
the ordinary geometrical acoustics ray shown by the dashed curve in figure 13, An
example of an acoustical shadow governed by this mechanism is shown in figure 14,
The points are measurements made above an asphalt surface at a distance of 200 m
from a point source (ref, 31), at locations well within the shadow region. Predictions
obtained from creeping-wave theory, the solid curves, are in reasonable agreement
with the measured values except at the two highest frequencies close to the ground

and upwind, that is, where the sound pressure levels are lowest, This discrepancy’
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is probably due to yet another meclanism, scattering by turbulence, whereby sound
cnergy is redistributed between various regions of etherwise coherently determined
sound fields,
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Figure 14, Comparison of predicted and measured sound pressure levels within
shadow region at a distance of 200 m from the source over an asphalt
surface, Sound pressure levels marked by open symbols may be perturbed
by turbulence. (From ref. 81.)

Atmospheric Turbulence

The atmosphere is an unsteady medium (ref, 32) with random variations in
tempertture, wind velocity, pressure, and density, In practice only the temperature
and wind velocity variations significantly affect acoustic waves over a short time
period. During the daytime these inhomogeneities are normally much larger than
is generally appreciated. Shown in figure 15 is a typical record of the temperature
measured 1 m above a flat ground surface on a sunny day, The measnrement was
made with a fast response (<! msec) thermometer. Fluctuations in temperature of
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5°C which last several seconds are commeon and 10°C fluetuations not uncomman,
The wind velocity fluctuates in a similar manner and has a standard deviation
about its mean value that is commonly one-third of the average value, When
waves propagate through the atmosphere, these random fluctuations scatter the
sound energy. ‘The total field is then the sum, in amplitude and phase, of these
scattered waves and the dirveet line-of-sight wave, resulting in random fAluctuations in
amplitude and phase. The acoustical fluctuations are in some respects analogous to
more familiar optical phenomena such as the twinkling of light from n star,
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Figure 15, Typical recording of the temperalure measured about 1 m above the
ground on a sunny summer day. The response time of the thermometer
was less than ! msec,

Large eddies are formed in the atmosphere as energy is injected into the turbu-
lence as n result of instabilities in the thermal and viscous boundary layers near the
ground. TFor example, we have scen in the section on refraction that the average
horizontal wind velocity varies as a function of height, being essentially zero at the
ground surface, and this variation creates turbulence of a size approximately equal
to the height, This is illustrated very clearly in reference 33, The size at which
the energy enters into the turbulence is called the outer seale of turbulence and is
designated by Ls. The cddies of sizes greater than L, are generally anisotropic, The
spectrum in this range, called the input range, depends on how the turbulence is cre-
ated in the particular circumstances, and thus there is no general formula describing
the turbulence characteristics in this range.

In the range of the spectrum where the eddy size is smaller than Ly, the kinetic
energy of the turbulence is very much greater than the amount of kinetic energy
that can be dissipated due to viscosity in the time required for a large eddy to break
down into smaller eddies. Since the dissipation ia negligible, almost all the kinetic
energy can be transferred to eddics of smaller size. Thus, the encrgy transfer can be
visualized as a process of eddy fragmentation where large-scale eddies caseade into
eddies of ever-decreasing size, The characteristics of the initial conditions disappear,
the fluid motion is almost completely random and irregular, and its fentures ean be
described in statistical terms, This part of the turbulence spectrum is called the
inertial or Kelmogorov range,

However, a3 the eddy size becomes smaller, the fraction of available kinetic energy
being dissipated by viscosity increnses. Eventually the smalleat size £, of the eddies
is reached where their kinetic energy is of the same order as the kinetic energy being
dissipated, At this size £, virtually all the energy is dissipated into heat and almost
no energy is left for eddies of size smaller than £5. This size £, ia called the inner

scale of turbulence and is typically of the order of 1 mm. The spectrum range of

eddy size smaller than &, is called the viscous range.
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The three characteristic ranges of the spectral density of the curbulent atmosphere
are illustrated in figure 16. The points are an example of o mensured spectrum
of wind velecity fluctuations. Essentially, the points represent the fast Fourier
trapsform (FFT) of the time-varying signal recorded by the anemometer. The
measutements were made about 1 m above the ground and, as expected, the outer
ascale is about 1 m.
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Figure 16, The three ranges of the atmospheric turbulence spectrum. The
poinis are the result of an FFT analysis of a wind velocity recording.

Tor horizontal sound propagation near the ground in the range of frequencies
from a few hundred to a few thousand hertz and distances of hundreds of meters,
the propagation is most influenced by eddies having sizes greater than 1 m and
hence in the input region of the turbuience spectrum, As explained above, there
is no general formula describing the turbulence in this range. Measurements and
some simple theory, although still tentative, are beginning to provide information on
the mechanism governing the propagation through turbulence in this range (refs. 31
and 34). On the other hand, for air-to-ground propagation from an elevated source,
the outer scale is much greater than 1 m and the propagation is most influenced by
eddies in the inertial range of turbulence. Our understanding of the meehanism in
this case is much better, mainly because of the large body of knowledge acenmulated
through work on atmespheric sounders (ref. 35).

Regardless of whether the significant turbulence is larger or smaller than the
outer scale, the scattering of sound by turbulence produces fuctuations in the
phuse and amplitude of the received signal. The magnitude of the fluctuations
increases with increasing distance of propagation, sound frequency, and strength
of turbulence. Shown in figure 17 are measured phase {epen points) and amplitude
{solid points) fluctuntions plotted as a function of the caleulated fluctuations (ref. 34).
The measured fluctuations are for o variety of frequencies, distances of propagation,
and strengths of turbulence. The calculated values are obtained from simultaneous
meteorological measurements, The graph shows that the phase fluctuations increase
withont bound, as predicted, for increasing values of the varinbles. The amplitude
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fluctuations on the other hand, in addition to being systematically lower than the
phase fluctuations, clearly show saturation,
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FPigure 17, Measured amplitude {solid points) and phase {open points) fluciu-
ations as a function of the corresponding calculated values, {From ref. 84.)

An effect of atmospheric turbulence, which is immediately suggested by the
results shown in fgure 17, is the nuisance of coping with fluctuating levels during
noise measurements from relatively distant sources such as aireraft, However the
saturation of the amplitude fluctuations shown in figure 17 minimizes this problem,
The fluctuations in sound pressure level initially increase with increasing distance,
but quickly reach a limiting value, TFor example when the noise from aireraft
propagatea under clearly line of aight conditions over distances of a few kilometers,
the measured sound pressure levels fluctunte about their mean value with a standard
deviation of no more than 6 dB. This is in agreement with the results of figure 17.

An effect of atmospheric turbulence which has traditionally been considered
importent js the direet attenuation of sound by turbulence, If the sound is in
o highly directed beam, the turbulence attenuates the beam by scattering cnergy
out of it (ref. 36). However for a spherically expanding wave this attenuation is
negligible, because the seattering from turbulence is elastic and mostly in the forward
direction through a small seattering angle. Therefore, in a simpleminded way, the
energy scattered out from the line of sight is replaced by energy scattered back to
the receiver from adjacent regions, This implies that the energy level of the root-
mean-gguare sound pressure in an unsteady medium is the same as the level would
be in the absence of turbulence. The only mechanism by which turbulence could
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provide attenuation in a spherical wave field is backscattering (ref. 37), However
it seems that the attenuation provided by backscattering is much smaller than the
attenuation due to molecular pbsorption. The attenuation of sound due to scattering
from a moderately directional source must lie between the two extremncs of a
finite-width beam and a spherical field, but has never been evaluated thoroughly.
It is generally belicved (ref. 3) to be negligible for most applications,

Other acoustieal phenomena are most strongly and divectly affected by atmo-
spheric turbulence. For example the interference of direct and ground-reflected
waves depands critically on the exact phase relationship that exists between them.
The random fluctuations in phase shown in figure 17 bring into question the use of
coherent acoustical theory to deseribe this phenomenon, as was done earlier. The
points in figure 18 are excess attenuation mensurements from reference 26 of jet noise
propagating across a grass-covered field for various distances. {Excess attenuation is
that whicl is over and abave attennation due to normal spreading and atmospheric
absorption.) The dashed curve is calculated using the coherent acoustical theory
described earlier. At frequencies below about 300 Hz, this theory adequately de-
seribed the measured values. However, above 300 Hz, the coherent theory begins
to consistently overpredict the depth of the ground shadow at a distance of 100 m,
The discrepancy between the measured points and the solid curve reaches about
10 dB at a distance of 1 km. The solid curves were caleulated (ref. 38) by treating
the atmosphere as 1 turbulent medium and assuming a normal distribution of phase
velocitios of sound having a standard devintion of about 2 parts per 1000 and some
partial coherence between the dircet and the reflected path, Theory (refs. 38-40)
shows that the partial coherence between the two paths is very sensitive to the ra-
tio of path separation and coherence length of the medinm. A coherence length of
about 1 m, typical of values measured close to the ground, was used to caleulate
the enrves in figure 18, To assume parsial, rather than complete, colierence between
the interfering waves is the only simple way to obtain rensonable agreement with
mensurements at al) frequencies and distances. Alternatives such as using a different
value of ground impedance could have secured agreement at some frequencies only
at the expense of worse agreement elsewhere in the spectrum or at other distances.

Another example of the degradation of an acoustical shadow region was discussed
in the previous section. The measurements shown by the open symbols in fgure 14
suggest that, in addition to the energy that is diffracted into the shadow region, the
sound seattered by turbulence is contributing to the total level. Although there ia
as yet no direct quantitative caleulation to support this hypothesis, it is consistent
with model experiments (ref, 41) using thin barriers.

In summary, atmnospheric turbulence wns evoked in the past to account for
decreased sound levels that did not appear to have any other explanation. However
this was belore the role played by many of the relevant wave propagation mechanisms
had been appreciated. Now work is showing why, and to what extent, turbulence
enhances the sound levels in the varions types of shadow regions.

Discussion

Up to now we have discussed the consequences of the finite impedance of the
ground on sound propagation outdoors in an ideal atmosphere. The diseussion was
then extended to a stratified atmosphere with curved ray paths, but in the absence of

8z



Atmaospheric Propagalion

Prediction
m e e Colittesice svmied
e Iurtinl coherenee

TR el A N T LI A M L S PRI DMLy AT s EL e e T e,

assnen el
° Measturernents (ref, 20)
0
0
-0
10
] 0
!
5 ~1n
; -2
: f. 0
: ) .
N a & .__."
;7 = -0 et
- -] -
4 3 '
l;; "E -0 of == 450
i T
I -1
4 2
fi -
h
il
i =10
¥
4 —
B : N i =600 m
il -3 -
o 10
i
i 0
. g
h 3
s H ~1t
-0
‘ *3[{ 4= 100 m
- VR S I ] PR | A i I
B w0 s00 1000 5000
Frequency, 1z
Figure 18. Comparison of measured sound levels (ref. £6) with values predicted
Jrom theory for jet noise propagating over a grass-covered field. (From
ref 98.)
T
i
sl 83
B
i

JPSTOUR e m e e e




Embleton and Daigle

turbulence, and subsequently to include the effects of the turbulent atmosphere, but
for straight line propagation. It is possible, at least theoretically, to assume straight
line propagation in a turbuient atmosphere. This could happen for propagation
downwind on a sunny day when, fortuitously, the wind velocity gradient equals the
temperature gradient in magnitude but differs in sign, to preduce a zero sound
speed gradient. In practice, sitnations do occur where the sound speed gradient is
negligibly small and there is a body of theory (refs. 33 and 38-40) that accounts
for partinl coherence due to turbulence and which shows reasonable agreement with
measurements (refs. 33 and 38).

However the idealization of a nonturbulent but stratified atmosphere may be
rarely achieved in practice, The presence of atrong wind and temperature gradients
is wsually nccompanied by atmospheric turbulence. An exception could be n
temperature inversion in the absence of wind. Fortunately it is not difficult to extend
an existing model (ref. 27) to allow for partial coherence between the curved ray
paths.

An example of such a calculation is shown in figure 19, The curves are calculated
relative sound pressure levels as n function of distance for two [requencies and
three atmospheric conditions, The solid curves assume propagation above grass-
covered ground in a zero sound speed gradient but in the presence of atmospheric
turbulence which could correspond to o Turner class (ref. 33) of 1, This calculation
has been proviously presented for one frequency in reference 31. At 125 Hz or
any other low frequency the result is indistinguishable from theory that neglects
atmospheric turbulence, However at 1.2 kilz the solid curve differs significantly
from the prediction of coherent theory, This Iatter theory begins to predict lower
sound pressure levels at a distance of about 50 m to attain —25 dB at 1 km, for n
discrepancy of 15 dB between coherent theory and the solid curve.

The short-dashed curves are caleulated for a slightly Jess turbulent atmosphere
but, in addition, for a positive sound speed gradient (downward refraction). Beyond
400 m, ray theory predicts the existence of additional ray paths (see eq. (15)), At
125 Hz the results differ little from coherent theory. On the other hand at 1.2 kHz,
the increased incidence angle, the additional ray paths beyond 400 m, and the loss
of coherence all contribute to slmost eradienting the attenuation produced by the
finite impedance of the ground (at the larger distances where there are many ray
paths, a simpler calculation was performed (ref. 25)),

The long-dushed curves were caleulated for a slightly more Lurbulent ntmosphere
than the short-dashed curyves but now for a negative sound epeed gradient (upward
refraction), The shadow boundary expected from ray theory oceurs at 400 m.
Therefore, beyond 400 m the curve is ealeulated using diffraction theory (ref. 31), At
125 Hz the long-dashed curve diftera from the solid curve only beyond 400 m, that
i3, in the shadow region that exists in this case. At 1.2 kHz the long-dashed curve
differa negligibly from the result that would be obtained using coherent theory up
to about 400 m. This is hecause the reduced incidence angle of the reflected wave
praduces lower sound pressure levels which are then enhanced because of partial
coherence between direct and reflected waves. For this particular calculation the
two effects almost concel. Beyond 400 m the levels are determined by diffraction
theary up to some relative sound pressure levels shown by the shaded area. The
body of available experimental data (refs. 3, 26, and 31} shows that, in practice,
lower sound pressure levels are not achieved in a turbulent atmosphere, There is no
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Figure 19, Comparison of predicted sound pressure levels 05 a function of
dislance for two frequencies and three atmospheric conditions. Propagation
over grass in presence of atmospheric turbulence.

rigorous theory to substantiate this at present. However there is some theary (ref, 41)
and experimental evidence (ref. 31} to support the explanation that scattering by
turbulence is responsible for these limiting sound pressure levels.

The features shown for the 1,2-kHz caleulation are also found for frequencies
botweer 200 and 2000 Hz, but differ in detail. The results also differ in detail for
different atmospheric conditions, but the main tendencies remain., The eurves are
examples of typical behavior justified on physical arguments and are consistent with
the behavior of experimental data (see fig. 13 of ref. 31 and the data in ref. 26).

In summary, because of variations in atmospheric conditions, it is not possible to
produce a unique prediction of sound pressure levels, especially for distances greater
than about 50 to 100 m. The levels will not exceed those given by inverse square law
and molecular absorption (unless there are sufficient muliiple downward refractive
paths in which case the level may be enhanced Ly 1 to 2 dB) but can be, and usually
are, lower because of a combination of other mechanisms; the levels are rarely lower
by more than —25 to —~35 dB because of the turbulent atmosphere.

Diffraction

The processes of diffraction arise from the mutual interaction of neighboring
elements of a wave field. They occur when the amplitude and phase of the sound
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field vary spatially in ways thet arc incompatible with the sound wavelength at any
given frequency. Far from any boundaries a sound field propagates in a relatively
simple way, and one can exploit this simplicily by describing the propagation in
terms of ray paths. However if a large solid body blocks the sound fleld, the ray
theary of sound propagntion predicts a. shadow region behind the bady with sharply
defined boundaries, so in principle, on one side of the boundary there is a sound
field with well-defined phase and amplitude and close by on the other side of the
boundary there is essentinlly silence. This does not happen in practice; as the waves
propagate, sound “leaks” across this sharp boundary In ways governed by the laws
of wave motion and the boundary becomes less sharp. Dilfraction effects are most
clearly evident in the vicinity of solid boundaries, or aleng geometrical ray boundaries
such as the limiting ray shown in figure 13.

Acoustic diffraction occurs in conjunction with a wide range of solid bodies: some
auch as thin solid barriers are erected alongside highways or are carefully located to
shield residential communities from ground operations of aireralt; others such as
buildings are often bLuilt for other purposes but fortuitonsly provide some beneficial
shiclding; yet othera like undulating ground or low hills cecur naturally and provide
shielding at much larger distanees and bring forth other manifestations of diffraction
such as the creeping waves referred to earlier,

Most of the development of diffraction theory for sound waves has been adapted
from optical diflraction theory (refs, 42-44), It has been applied mainly to under-
stand and accurately predict the performance of thin barriers, including the practical
situations of barriers standing on ground of finite impedance, where effects due to
ground reflections and interference interact with diffraction of sound over the top
of the barrier (ref. 45), Other developments have been to deseribe the shielding
behuvior of thick barriers (refs. 46 and 47}, such as buildings or earth berms.

The simplest and most widely used procedure for determining the reduction of
sound pressure level due to difftaction around the edge of a barrier is described
in reference 48, One must first calenlate the Fresnel number, which is simply the
minimum increase in distence that the sound must travel around the edge of the
barrier to go from source to receiver (fig. 20), divided by a half-wavelength A/2 at
the frequency of interest, The Fresnel number & is

N3 (d+dy = dy) (16)

The reduction in sound pressure level is then given as a function of Fresnel number by
the curve in figure 21. This curve is obtained from diffraction theeory assuming & thin
knife-edge barrier and no ground and then empirically allows for the presence of the
ground by reducing the loss of sound level by about 2 dB, Thia prediction curve is not
exact because the empirical correction does not account for the frequency dependence
(here, the Fresnel number dependence) of the ground-reflection interference in a
specific configuration of source, barrier, and receiver heights and distances apart,
The curve is correct to about =£5 dB in most cases and is the mean curve through
the interference spectrum that would be measured, and can be predicted, in any
specific circumstances,

In practice the reduction in sound pressure level behind a barrier rarcly exceeds
about 15 to 25 dB, except in extreme configurations when the diffraction angle, ¢
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Figure 20. Schematic defining the necessary paramelers for diffraction around

a thin barrier.

in figure 20, i very |

arge, More commenly the performance of a barrier is limited

to these values by the effects of the turbulent atmosphere (ref. 41). As discussed
previously, scattering by turbulence provides an additional mechanism by which
sound energy can penctrate the shadow behind the barrier, thus resulting in an
upper limit to the reduction in sound pressure level. If the batrier is not continuous,
such as a row of detached houses, other empirical values are sometimea used. For
example, when the gaps between houses are 30 to 50 percent of the whole, a drop
of 2 to 3 dB is sometimes assumed for one row of houses, about 4 to § dB for two

ar more rows, These

are obviously average values and are greater directly behind a

house and mueh leas in line with the break in the barrier.
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Ffigure 21, Reduction in sound pressure level relative to the free field without
a barrier as a function of Fresnel number N. {Curve from ref, 48.)
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When barriers are used specifically to reduce sound, it is good practice to locate
them, when possible, as closely as possible to either the source or the receiver. A
barrier of given height then results in a large value of the diffraction angle 8 and a
greater path lengthening (dy + dp — dz), This provides a larger insertion loss and
also more protection against degradation of this insertion Joss by refractive effects
that, under approprinte meteorological conditions, can cause the direct sound field
to curve around the edge of the barrier, It is difficult to be precise because the
variables are so many, but refractive effects can often bend sound fields through a
few degrees in a distance of 100 m: this suggests that the difftaction angle & must be
at lenst 5° for a sound barrier to provide some amount of diffractive shielding under
most meteorological conditions.

At distances between source and receiver greater than a few hundred meters,
it iz difficult to provide man-made barriers large enough to provide any noticeable
reduction in sound pressure levels, Naturally occurring topographical features such
as hillg can often function as barriers, blocking the line of sight between source and
receiver. There has been very little systematie study of the acoustical effects of
terrain shape and type at long ranges, partly because of the wide range of possible
forms and the difficulties of understanding the general principles that could then be
applied to other terrains and partly because dominant meteorological effects would
often cast considerable uncertainty on any terrain-related results. The processes of
diffraction can however assist in understanding one very simnple form of ground shape,
namely a spherical or cylindrical surfoce that curves downward. There is a close
analogy Letween a ground surface that curves downward in conjunction with sound
rays that travel in straight lines and a ground surface that is Aat while sound rays
curve upward because of n temperature lapse or ypwind propagation. The analogy
ia shawn in figure 22, where the reader will recognize that figure 22(b) has extracted
the relevant features from figure 13 that was earlior used to describe the behavior of
sound ficlds in upward refraction due to meteorological gradients. Measurements and
relevant: theory (refs. 49-52) on grass and asphalt surfrces outdoors and artificial
gurfaces indoors having shapes corresponding to figure 22(a) nre the subjeet of eurrent
work. Typical results (ref. 49) for propagation around & grass-cevered cylindrical
mound having a radius of curvature of 25 mn are shown in figure 23 for two source-
to-receiver distances and three receiver heights all within the shadow region,

The short dash curves in flgure 23 represent the
prediction of simple diffraction theory when the

5 y curved awrface is replaced by an equivalent thin
barrier, with the height of the equivalent bar-

Eeuivilent rler being determined by line-of-sight geometry

thin sereen as shown in sketch A on the left. This predic-

- ] —— tion ia reasonably good at low irequencies, here
Sketch A below about 500 Hz, but at higher frequencies it

* underestimates the measured shadow by as much

as 20 dB. The short-long dashed line in figure 23 is the prediction for creeping-
wave diffrnction mechanisms assuming a surface of infinite impedance, and the lower
solid line was enlculated (ref, 51} assuming a grass-covered surface of finite acoustic
impedance, The trend of the measured values is clear for both receiver heights and
is as expected from the ground impedance values shown in figure 5—at the lower
frequencies the ground impedance is higher and can be idealized as a rigid boundary;
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Figure £2, Analogy belween sound propagation in a homogeneous, isotropie
atmosphere over downwardly eurteng ground and sound propagation in an
upwardly refractive atmosphere, above a flat ground.

as [requeticy increases there is a smooth transition to the predictions assuming a low
acoustic impedance, The discrepancy between the measured points and the lower
?o]id line at ¢ = 11 m and Ay = 0.25 m is attributed to atmospheric turbulence
ref, 41).

Thus we see that diffractive mechanisms play an important part in the propuga-
tion of sound fielda, These mechanisms are responslble for determining the sound
pressure levels in acoustical shadow regions, whether these shadow regions are pro-
duced by solid obstacles at short or long ranges or by refractive processes causing
the upward bending of sound rays.

Large- Amplitude Waves, Pulses, and
Sonic Boomsa

The discussion of sound propagation mechanisms so far in this chapter, as in
most of the acoustical liternture, has assumed that sound waves propagate according
to linear laws in a linenr medium, It has been assumed, for example, that the
apeed of sound is a constant determined only by the properties of the air, principelly
its temnperature; that the frequency and wavelength of a given sound do not change
during propagation or as the sound is subjected to any of the mechanisms described so
far; and that the amplitude of the sound, and its spectral content, change during these
processes by the same fraction (or its sound pressure level by the same number of
decibels) regardless of whether the sound initially has a high or a low sound pressure
level. For many acoustical problems the sssumptions of linearity, superposition of
waves, and the approximations of small-amplitude acoustics are perfectly adequate.

When a sound source is sufficiently intense or when the sound field remains at a
high enough level for a sufficient distance of propagation, then nonlinearity of many
of the wave propagation processes becomes important, gives rise to many further

phenomenn, and can significantly affect the sound received by a distant observer.

ap




Embleton and Daigle

O Muisurements
e am e Shmiple dillraction ever tiin barrier
——— e weema Creengswave difleaction over hard surfaco
Crerping-wave dilfrartion over geass-covered surfice

d=7m d=11m

= ——
e —

=0 b= 0.5m

Relative _rg

5P,

dan nr—
— i [
—H) -
R (H oo
{0 = by = .25 m hy =025 m

0 .
[ | | .| ] 1 | |

=h
ul:}ﬂ[) 104H) THKID T00 Loy 108
Freuency, Hz

Figure 28, Sound pressure levels over a grass-covered curved ground with radius
of curvature of 25 m, Source on the ground.

Here we shall focus attention on cne amall group of nonlinear phenomena that are
all related to the fact that the propagation speed of any part of the waveform depends
on its own particular particle velocity, The result is that waveforms change shape
during propagation, their spectral content changes, shock waves may develop, and
there is increased absorption,

Waveform Distortion

As a sound wave propagates through air, the instantaneous pressure, particle ve-
locity, temperature, and density at any point in the waveform all vary simultaneously
and are closely related. In that part of the waveform where the pressure increases,
the temperature and density also increase, and the longitudinal particle velocity due
to the wave ia in the direction in which the wave energy is propagating, (Conversely
when the pressure, temperature, and density simultaneously decrease, the particle
velocity is in the opposite direction to that in which the energy is being propagated.)
The zero crossings of the sound waveform travel with the “small-amplitude™ speed
of sound, co = 331.2 m/sec at 0°C, which is the speed of sound described earlier,
However other parts of the waveform, which we intuitively and most commonly think
of as a pressure waveform, each travel relative to the local part of the propagation
medium (refs, 53 and 54), There are two distinet ellects on the speed with which
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individual elements of the waveform propagate. Cousider an elainent of the wave
having an instantnneous positive pressure; first the temperature is momentarily in-
erensed due to the sound wave and so the local apeed of sound is increased to a value
given by
-1

c=c.,+'72 i (17)
where - is the ratio of specific heats of air (v & 1.4) and u is the loeal particle
velocity. Second the waveform travels relative to the loeal medium which in this
region of positive pressure is traveling [n the forward direction, also with the prrticle
velocity w, The net result is that this part of the waveform travels with a velocity

-1 _ 741
3 U-+u=co+ 3

c=r:.,+’Y u (18)

Equation (18) is & general result that applies to all elements of a continuous waveform;
in particular when the acoustic pressure is negative, the particle velocity is in the
opposite direction and the negative half-eycle of the waveform travels in the direction
of propagation more slowly than the zero erossings, Furthermore the excess velocity
relative to ¢g for the zero erossings is proportional to the particle velocity u (or
propertional to the acoustic pressure p through the impedance relation p/u = pe
where p is density). Thus the positive peak of a waveform travels fnstest and “catches
up" to tho zero crossing ahead of it, while at the same time increasing its separation
from the zero crossing that follows it. The opposite process occurs for the negative
peak of the waveform. The net result of these differences in propagation speed is
that the waveform changes shape during propagation ng illustrated in figure 24,

Figure 24 representa the pressure vs. time waveform that would be detected at
succesgively increasing distanecs of propagation. The wave ia assumed to be an
inflnitely long series of initially sinusoidal waveforms, one cycle of which is shown in
figure 24(a); it propagates from right to left, and retarded time is used to reduce the
corresponding zero crossings to t = 0 In each case. In those parts of the waveform
where dp/d¢ is positive, thia gradient increases with distance of propagation; where
negative, this gradient becomes less steep. At some distanee the rate of change in
preasire may become infinitely steep (in reality, it is Anite but can take place over a
distance of the order of & menn free path of the gas molecules if the pressure difference
is aufficiently great) and this denotes the formation of a shock wave. In an initially
symmetrical sinuscidal waveform this discontinuity occurs at those zero crossings
where pressure is increasing (fig. 24(c)). As the waveform continues to propagate,
the ahock wave extends over a bigger change in pressure ns regions of lesser pressure
inmmediately nhead are overtaken by it, and higher pressure regions behind the shock
catch up to it., A shock wave represents an abrupt change in acoustic pressure and
a discontinuity in particle velocity, but once formed it travels with a veloeity that is
the mean of that associated with the pressures and velocities immediately ahead of
and behind it. Hence, for an initially symmetrical sinusoidal wavelorm, the resulting
shock waves remain symmetrical and travel with the small-amplitude speed of sound
with the result that each cycle of the wave train remains of constant wavelength and
fundamental frequency.

Once a shock wave ia formed, continned use of equation (18) leads to the situation
shown by the dotted waveform in figure 24{d), in which three different pressures
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would coexist simultaneously af, the same place—an obvious impossibility. Instead,
the shock continues to propagate with an excess velocity which is nominally zeroin a
continuous, symmetrical waveform, and the region where dp/dt Is negative becomes
lesa steep (eq. (18) still applies in this region). In particular, the element either at,
or just behind, the peak marked “A” In figure 24(d}, continues to propagate with
a veloelty given by equation (18) and ao coalesces with the shock wave. Thus an
element, such as point A, that has a pressure just more than the pressure in the
shock wave catches up to the shock because of its greater velocity to produce a more |
rapid reduction in pressure nmplitude than would be predicted by linear absorption l

f
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or dissipation mechanisms. Similar processes eccur on the low pressure side of the
shock, with the result that the magnitude of the shock i3 eroded from both sides
simultaneously. This enhanced rate of dissipation of acoustic energy is caused by the
enhanced rate of conversion of this energy into hent through thermal and viscous
processes associated with the very large thermal gradients acrosa the shock front.
We have so far in this seetion deseribed the nonlinear distortion of & sound wave
in terms of its waveform as a function of time. An equally valid approach is to
consider the change in its speetrum. The spectrum of an initially sinusoidal wave
(fig. 24(n)) is a single frequency f| having n wavelength A given by A = co/f1. As
the wave propagates and progressively distorts, in the limit into a train of triangular
waveforma, as shown by the solid line waveform in figure 24(d), the initial single-
frequency spectrum f) changes to include higher harmonics nf; (where n is an
integer). Before shocks have formed (figs. 24(a) and (b)), the amplitude of the
second harmonic in o spherically spreading wave grows at o rate given by (ref, 55)

dpa 2 rran2 _ .
S = pa(py), (BR) " Pnlzmmol — B (19)
In equation (19) the first term represents the growth of the second harmonic from
the fundamental at a rate depending (ref. 56) on the square of the fundamental
amplitude (p ), which is itsell subject to geometrical spreading (zg/z) and to
small-amplitude attenuation coefficient @j. The second term pa/z represents the
geometrical spreading of the sccond harmonic with distance of propagation, and
the third term its dissipative attenuation. Expressions similar to equation (19) can
be developed for higher harmonics and integrated to obtain the amplitudes of each
harmonie as a function of the distance of propagation. These details are beyond the
scope of this summary and interested readers are referred to references 54 and 55, In
equation (19) for a spherically spreading finite-amplitude wave, the rate of generation
of the second harmonic deerenses ns £~#, more rapidly than the magnitude of either
the first or the second harmonic, both of which decrense as 2™7,

Large~-Amplitude Pulses

The large-amplitude waves considered so far have been assumed to be repetitive
and symmetrical, Many large-amplitude waves are, however, transient pulses such
as blasts, gun shots, or sonic hooms. In these waves the initial pressure distur-
bance, usually an increase in pressure, propagates into undisturbed air (fg. 25(a)).
Subsequent parts of the disturbance can have various forms such as a decaying os-
cillatory waveform or after one or two hall-cyeles & more or less immediate return to
a relatively undisturbed state.

As before, nonlinear distortion occurs due to the finite magnitude of the particle
velocity u, as described by equation (18). The pulse becomes more distorted during
propagation, and at some distance a shock may fortn in the pulse where the pressure
rise time &p/8¢ was initially steepest. For simplicity of description (ond this is
often the case of practice), we assume that this s at the beginning of the pressure
disturbance. The zero crossings of the pressure pulse, up to this time (fig. 25(b))
travel with the small-amplitude sound speed c,. Once a shock haa formed, it
propagates with a velocity that is the mean of that associated with conditions
immediately shead of and behind it. This excess velocity is in the direction of
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' propagation and causes the first haif-cycle of the pulse te elongate as the pulse

continues to propagate-—later half-cycles of the pulse remain of constant duration
Aty, until nonlinear distortion causes further and often unsymmetrical shocks to
form in those parts of the pulse. This is illustrated in fgure 25(c) where one notes
that the firat half-cycle has a duration Ade that is longer than that of the second
half-cycle of duration Aty. If we denote the particle velocity of the first peak of the
wave, B in figure 25(c), by wnax, then the velocity of the head shock for o pulse ig
given by

1
¢ =g+ 3 ::- Umax {20)

The second most likely place for a shock to form is at the end of the second half-cycle
of the pulse, as shown in figure 23(c), This represents a typical N-wave, so-called
because of its shape, Given the asymmetry of pressure uaually associated with this
tail shock, its mean velocity in the direction of propagation of the pulse Is less than
that of the zero crossings., Thus the head shock travels faster than c; and the tail
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shock slower, so that both contribute to the lengthening of the pulse, or equivalently
an increased time duration between the head and tail shocks, The lengthening of
a pulse traveling into undisturbed air is a feature that does not occur during the
propagation of large-amplitude continuous waves even when shocks are present.

In terms of the spectrum of the pulse, this lengthening process represents a shift
in the sound energy to lower frequencies as propagation proceeds. This is in sharp
contrast to the shift in sound encrgy to higher frequencics as described earlier that is
related to the nenlinear distortion from an initislly more or less sinusoidal waveform
to one having a more nearly triangular or saw-toothed shape—a process that occurs
both in pulses and in continuous waves of large amplitude.

Sonic Booms

An important type of large-amplitude acoustic pulse is that caused by a body
traveling laster than the local speed of sound (refs. 57 and 58). Of particular
interest is the sonic boom caused by an aircraft flying supersonically. Because the
aircraft is flying supersonically, pressure discontinuities {shock waves) are produced
instantancously at the source and are not produced by waveform distortion during
propagation, Booma recorded on the ground from high flying aireralt are often good
approximutions to N-waves, If the nircraft is long or is lying sufficiently high for the
N-wave to lengthen appreciably during propagation over @ large distance, the head
and tail shacks can be heard 18 two separate evenis between which there is a brief
period of quiet. Reference 59 quotes results from severnl NASA Technical Notes
ghowing that the time between hiead and tail shocks for a fighter aireraft inerenses
systematically from about 50 msec to about 00 msee during propagation from 20 m
to 3 km,

These guthors (ref. 59) and others show that the pulse shape measured near a
aupersanie aircraft is not & simple N-wave but exhibits fine structtire relating to the
details of the aircraft’s cross-sectional arca and lift distribution, Eacli increase in
crogs-gectional aren, such as the nose or leading edge of wing, produces its own head
shock; and each decrease, such as the back end of the fuselage or wing, its own tail
shoek, However, following the same prineiples of propagation as deseribed earlier,
each hend shock that starts out situated part way along the pulse, for example, that
due to the leading edge of the wing, propagates faster than the local speed of sound,
and makes its way forward in the pulse as the whole pulse propagates uway {rom the
aireraflt. At a suflicient distance, all such intermediate head shocks coalesce with the
frontmost head shock to produce a single head shock representing the beginning of
the N-wave, Similarly all the jntermediate tail shocks, traveling more slowly than
the loeal speed of sound eventually coalesce into p single {ail shoek representing the
end of the N-wave, .

It is sometimes observed that sonic boom waveforms differ noticeably from well-
defined N-waves. These discrepancies usually oceur close to the head and tail shocks
and rarely in the intermediate parts of the waveform. The peaks of the waveform may
be very significantly rounded in shape; at other times the peaks appear to have sharp
spikes superimposed on them, These effects are caused by propagstion of the waves
through turbulence and by refractive effects that can cause focusing or defocusing
of the N-wave pulses at particular measuring locations, Focusing and defocusing of
the waves can also be caused by aireraft mancuvers such as acceleration in straight
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flight or turns, These factors have been studied by minnerous workers and the reader
should consult the literature for details (refs. 60-63).

Standards

The various sound propagation mechanisms deseribed in the ecarlier sections of
this chapter have all been studied and quantified by means of measurements. In
some cases the mensuring instruments used and methods of calculation or theories
developed for these phenomena have been agreed upen and are now embodied in
a number of national or international standards. A few of these standards are
specific to noise from aircraft, but most are of more general application and relate
to acoustical measurements of sound from almost any type of source. Here we
can merely comment briefly on a number of these standards because standards
are carefully developed precise documents, and anyone wishing to use a procedure
described in a standard should refer to the standard itself,

The standard ANSI S1.13-1971 (R1986) (rel. 64) provides guidelines for the
measurements of many different types of sound in various situations. A new standard
ia being developed to address specifically the special problems of measurcinent of
sound pressure levels outdoors, The standards IEC 851{1979) (ref. 65) and ANSI
S1.4-1983 (ref. 66) deal with the basic sound measurement system and speeify
frequency weighting and time constants. The standards ANSI §1.6-1984 (ref. 67),
ANSI 51.8-1969 {R1974) (ref. 68) and 1SO 1683-1983 (ref. G9) attempt to provide
uniformity in the reporting of results. The latter two standards differ over the
reference quantities to be used for vibratory velocity and acccleration. A major
revision of ANSI §1.11 has been undertaken and the revised version, ANSI 81,11~
1676 (R1986) (ref, 70), includes specifications for both digital and analog filters. The
standard ANSI §1,26-1978 (ref. 5) relates directly to the propagation phenomenon
described earlier in thia chapter. It is currently undergoing revision to allow for
mare realistic values of attenuation at low frequencies and to include methods for
caleulating the attenuation of bands of noise and for caleulating attenuation along
a propagation path where the atmospheric properties change, for example, with
altitude., Severa) other standards relate to specific types of aireraft operation under
specific eircumstances; SAE AIR-923 (ref. 71}, SAE AIR-1672B (ref. 72), SO 2249-
1973 (ref. 73), and IEC 561(1976} (ref. 74).

The use of standard measurement procedures and methods of calcuiation has the
obvious advantage of uniformity and of jncreasing the comparability of measurements
made at different locations and times. However, in the subject of atmospheric sound
propagation our collective knowledge of the several mechanisms involved and how
they interact has advanced rapidly. For this reason, the discussion of some of the
mechanisms in this chapter is based on new understanding that was not available at
the time some of the standards were written,
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Introduction

In the early history of jet propulsjon the principal noise source was associated with
the varjous mechanisms in the jet itgelf, Only In limited regions directly ahend of
the engine and over limited operating conditions were noise-generating mechanisms
related to the compressor important, The development of the turbofan engine, in
which a significant portion of the thrust is derived from the fan stage, led to a
reduction in jet noise and an increase in fan-compressor noise, thus exposing this
source as one of major importance in the overall noise signature of the engine. In
high-bypass-ratio turbofan engines the fan dominates the inlet-related noise, and
thus we will refer to fan-compressor noise simply as fan noise.

Figure 1 shows the various noise svurces in a turbofan engine and the general
direction in which they are radiated. The fan is enclosed within a duct system
and propagates noise upatreamn to be radinted from the inlet and downstream to
be radiated from the [an exhsust. The acoustic system thus consists of the fan
noise source, the ducts (which may be of nonuniform geometry and which may have
acoustic trentment on the walls), and the exterior of the engine to which the acoustic
field Is radlated. The prediction of the radiated noise, and the design of the acoustic
system to minimize this noise, must consider these clements. It is the purpose of this
chapter to discuss techniques for the modeling of duct propagation and radiation.
The source mechanisms are discussed elsewhere,

The fan duct in a typical turbofan engine, as shown in figure 1, consists of a
more or less cylindrical inet duct (which may have a centerbody} and an anmular
exhaust duct, Both the inlet and the exhaust duet are contoured for asrodynamic
and propulsive eficiency. In modern engines there are no inlet guide vanes aliead of
the fan, but thers are struts or stators or both aft of the fan, The inlet duct and
the exhaust duct have o length about the same or less than the inlet diameter. For
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Figure 1, Munjor noise saureces of turbofun engines.

noise suppression purposes acoustic treatinent is installed on the duct walls in both
the inlet and the exhaust duet, and in fact the treatment may cover most of the
available surface. The acrodynamic flow through the ducts can cover a wide range of
subsonic veloeities, depending on the operating conditions of the engine. This flow
in the ducts is nonuniform. The inlet and the exhaust dvet radiate acoustiv encrgy
to free space through the nonuniform inlet acrodynamic flow field in the vieinity of
the macelle. The radiation process is coupled to the propagation process within the
duet, so that in general the source and duct propagation and radiation should be
considered simultancously.

Except in the most advanced design and analysis procedures, the source model
is considered to be independent of the propagation and radiation and is considered
to be known, providing input to the duct propagation and radiation caleulations.
Furthermore, the duct propagation is generally considered independently of the
radiation. Henee, in tracing the history of acoustie design and analysis methods
for inlet suppression, it is found that the greatest emphasis has been on methods for
the prediction of attenuation in acoustically treated dueta with a high-speed mean
flow. Early work considered uniform duets with uniform flow and was an extension of
procedures developed for duets with negligible mean flow, whieh had been of Interest
in conneetion with the acoustie design of air handling systems. It was soon recognized
that the boundary layer in the mean flow at the duct wall ean have a significant
effect on the performance of acoustic treatment, so this phenomenon was added to
the physical model and appropriate analysis niethods developed. The question of
duct nonuniformity, and the consequent nonunifermity in the mean flow, was then
considered, and a substantial step in the extent of numerical analysis necessary was
required,

The prediction of acoustic radiation from ducts can also be traced to inveatign-
tions of air handling systems involving baffled and unbaffled pipes with negligible
flow. Design and analysis requirements for turbofan engines have inspired some
purely theoretical extensions of the early work by including the effect of an exhaust
flow (applicable to the fan exhaust duct, although originally motivated by propa-
gation through the jet). Approximation methods based on concepts of duct-maode
propagation angles have been developed for the prediction of the direetion in which
peak radiation directivity occurs.

The development of computational methods in acousties has Jed to the introduc-
tion of analysis and design procedures which model the turbolan inlet as a coupled
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system, simultancously modeling propagation and radiation in the presence of real-
istic internal and external flows, Such medels are generally lnrge, require substantial
computer speed and capacity, and can be expected to be used in the final design
stages, with the simpler models being used in the early design iterations,

In this chapter emphasis is given to practical modeling methods which have been
applied te the acoustical design problem in turbefan engines. The mathematical
model is established and the simplest ease of propagation in a duet with hard walls
is solved to introduce concepts and terminologies, An extensive overview is given of
methods for the ealenlation of attennation in uniform ducts with uniform flow and
with sheared flow, Subsequent sections deal with numerical techniques which provide
an integrated representation of duct propagation and near- and far-field radiation
for realistic geeometries and flight conditions.

A review of the status of duet acoustics in turbofan engines in reference I is
extremely complete up to its 1975 publication date. In this chapter we unavoidably
duplieate some of this discussion, with extensions representing advances since [975,
However, instead of an exhaustive review, we attempt to document speeific design
and analysis techniques of general utility.

The Acoustic Fleld Equations

In the following studies of duel acoustic propagation and radiation, modeling is
based on linearization of the equations governing the isentropie motion of a non-
viscous, non-heat-conducting perfect gas. The pertinent equations, in nondimen-
sional form, are as follows:

Continuity :
anp*

ey __
m-i-V(pVJ-—(J (1)
Momentum :
oV v ve Loy 9
a + (V¥ V)Vt = p_\?p @

Equation of State :

*

p*t=—p? (3)

2

where the density g is sealed by p, (a reference density), the veloeity 'V is sealed by
¢y {the reference speed of sound), pressure pr is scaled by ppe?, time ¢ is scaled by
L /ey (where L is a suitabie reference length), and the spatial coordinates are sealed
by L, In some applications a form of the energy equation is useful,

Energy :

ap*

-gt—-f-V‘on‘ + (V- V*')=0 {4)
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The acoustic equations are obtained by considering small pertorbations on 4 mean
state pg, Po, ANd Vi 50 that

gt = po+p
P =patp

V' =Vo+V

The resulting acoustic ficld equations, after seccond-order and higher order terms in
the smali perturbations are iguored, are as follows:

Atoustic Continuily :

a
-5§+Vv(pav+vap)=o (5)
Acoustic Momentum
Vv 1 1
W+V0'VV+EVP+V'VVO"‘,TPU a?’vl’o—o {6)
Acoustic Energy :
8
L Vo VPV Ui+ pe(V - V) + (V- V) =0 (7)

at

Acoustic Equation of Siate:
p=vp=clp (8)
Po

In equation (8), co is the nondimensional local speed of sound in the mean fow.
In the acoustic radiation model the mean flow and the acoustic perturbations are
taken as irrotational. In this case

V=V
V=V
Vo= V(bo

where ¢ is the velocity potential nondimensionalized with respect to epk. The
continuity and momentum equations and the equation of state are used in this case,
The continuity equation follows directly from equation (35),

Acoustic Continuity Equation (Irrotational) :

dp

EN +V  (po Ve pVia) =0 (9)
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In the case of the momentum equation, the implication of irrotationality is used
(V x V =0}, as is the isentropic equation of state (dp*/dp* = {p*)7~! = ¢*?), to
obtain

avs |1 . e c*? ~
—BT‘*'EV(V V)+V7_1—-0

where ¢* is the nondimensional local speed of sound, In terms of the velocity potentinl
this can be written

v g - g‘_b _£ . _ag2

e =1-{v ‘)[aa +2(V‘D v Mw)
where the arbitrary function of time which arises is evaluated at infinity, where
the reference conditions py and c, are also defined. At infinity the nondimensional

velocity is the Mach number M. The nondimensional speed of seund ¢, i3 unity.
Linearization yields the following isentropie relation for the mean flow:

-1
c§=1-7T- (wa-wo—M,?o) (10)

Tor the acoustic fluctuations, the following equation is used:

Aecoustic Momentum Equation ({rrotational) :

p=-5 (5 +94-4) (11)
or ’
p==po (5 + Vo 79) (12)

In equations (11) and (12), go 13 the nondimensional local depsity and c, is the
nondimensional local speed of sound in the mean flow.

Propagatlon in Uniform Ducté With Hard
Walls

In the case of a uniform duct with axially uniform mean flow, equations (5), (G),
and (8) can be combined to yield the convected wave equation

a g \*?
(E*’M‘a}?) p=v (13)

‘The nondimensional veloeity in this case is the Jocal Mach number M and the nondi-
mengional speed of sound is unity, This follows beesuse of the nondimensionalization
and because of the flow field uniformity, Equation (13) simplifies to the classic wave
equation in the absence of mean flow (i.c., M =0).

As shown In figure 2, attention i3 restricted to a duct of circular geometry with
a cylindrical coordinate system (z,r,0), For a duct with hard walls the boundary
condition at r = 1 is that the acoustic particle veloeity normal te the wall is zero,
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Figure £, Geomelrical, acoustical, and flow condilions for cirendar ducl.

The ecordinate r is sealed by the duct radius 2, The acoustic momentum equation
in the r direction shows that this is equivalent to the boundary condition at » =1

as follows:
dp _
3= 0

At the duct centerline the boundary condition is that the solution should remain
finite. It is assumed that an unspecified noise source introduees acoustic disturbances
harmonieally with time dependence exp{int), where n = wlfe,, w is the dimengional
excitation frequency, and R is the duet radius. The resulting acoustic luctuations

in the duct. ean then be written
P(L no, t) = P(CE,T, ﬂ) (!X]’)(l'f]t)
where Pz, r,0) now satisfies a convected Helmholtz equation
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2 B .
(1= M7 'gz'f_,)+v31°-2mM5§+n-’P=n (14)

with boundary condition at r = | of

?f:[)

ar

and ¥V, is the gradient. operator in the polar coordinate systen (r,8) (the coordinates
in the duet cross section). Solutions to equation (14) can be written in terms of
traveling waves o8 follows;

Pun(z, 7,0} = P(r) exp(xim0) exp(—ikz,,T)

where

k-rrrm_ 1 _ - - fﬂﬂg [
S S

The term P{r) is then governed by the Bessel equation
d2p  1dP s m?
e e — | P =
dr? + rar T (K re 0
with boundary condition at r = 1 of
dr

—_— =}

dr

The sclutions to this equation, linite at the origin, are Jiy(xr), Bessel functions of
the first kind of arder m. The eigenvalues gy, are defined by

J:u(*cmn) =0 {16)

A solution to equation (14) and the hard-wall boundary condition is therefore

Pmn (@, 7, 0,8) = PunJm(Kmar) expli(nt £ ml — kg, 1)) (17)

There are an infinite number of such solutions, corresponding to integer values of mn
and to the infinite number of values &30 defined by the cigenvalue equation (16).
These solutions are referred to as modes of propagation. At a fixed z, angular
traveling waves (or spinning modes) of the form

p « expli{nt £ md)]
are observed, while at fixed # axial traveling waves of the form

p o expli{nt — ke, 2]

are observed. A given mode of propagation is thus the combination of a spinning
mode and an axial traveling wave,
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The parameter kz is referred to as the axinl wave number and can be real or
complex depending on values of M, kpn, and 71, For

{1- M%) ('“1;'—”)2< 1

kg s real, and for most values of M, £mn, and 7 in this range &y has a positive
and a negative value corresponding to axial waves propagating in the positive and
negative z-directions, If M > 0, over the range of parameters for which

2
Kmn 1
L< ( " ) <1oMT
there are two negative values of &z, but an acoustic energy argument (ref, 2) can :
he used to show that the pesitive sign in equation (15) still corresponds to acoustic !
power transmitted in the positive z-direction and the negative sign corresponds to ‘
ncoustic power transmitted in the negative z-direction. A similar result showing two
positive values for &y applics if M < 0,
An interesting phenomenon oceurs when

(1- M3 (-’5’""—")2 >1

and £z becomes complex:

kx:rm — 1 - ] - 2 m)g_
fem ‘_—1-M2[ M:hc‘/(l M)( )

In this case the solution of equation (17) becomes

(2,1 0,8) = Pondin(5mnt) ex]){i[r;t &+ ml — Ro(ky)z Im(k,)z]}

where
Mn
Re(ke) = ~ 7372

2
Im{kz) = I—_”W\/(l - M?) ("";‘—“) -1

I
1
are the real and imaginary parts of the complex wave number kz,,,. The traveling
wave is attenuated with distance, the negative sign indicating the solution in the
positive z-direction and the positive sign indieating the solution in the negative z-
direction. An energy argument {ref, 2) shows that no acoustic power is associated |
with these modes, i
Acoustic duct mades which are attenuated with distance and earry no acoustic |
power are referred to as being “cutoff,” while modes which propagate in the vaual |
sense are said to be “eut on Reference 3 has introduced the terininology “cutoff l
ratio” for the parameter ]
J
!
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When the cutofl ratio exeeeds unity, the [requency is high enough that the mode
corresponding to Kmp is cut on. Vahies of cutoff ratio less than unity identify modes
which are cutoff.

The exact physical phenomeneon occurring in cutolf modes which produces
attenuation with 1o source of dissipation is difficult to see in the presence of flow,
However, reference 4 shows that in the case without mean flow the acoustic fleld of
a piston driver in a duct is an entirely renctive field from which no acoustic power
escapes when the cutoff ratio is Jess than unity.

In the classic work of Tyler and Sofrin (ref. 5), it is pointed out that if the noise
source is such that only modes with cutoff ratios less than unity are produced, then in
principle no acoustie power is propagated from the source. This could eonceivably be
accomplished with an isolated rotor, in which case n judicious cheice of the number
of blades and the rotational speed enn cnsure that the cutofl ratio is less than unity.
However, the inevitable presence of struts and inlet or outlet guide vanes may produce
interaction tones which propagate. In addition, the finite length of the inlot and
outlet ducts allows the basically reactive field to radiate some power to the far field.

Another physical picture of the propagation, which is exact in a two-dimensional
duct and is approximate in a circular duct, is that of viewing the acoustic field as the
result of the interference of plane waves propagating at an angle to the duct axis and
therefore reflecting from the duct walls. The angle of propagation is directly related
to the cutoff ratio (ref. 6). When the cutoff ratio is unity, the angle of propagation
ig at 90° to the duet axis and the plane-wave propagation is just across the duet, a
situation in which it would not be expected that acoustic power would be propagated
down the duct.

Rice (ref, 3) also used an extended concept of modal cuteff ratio to good advantage
in correlating attenuation In lined ducts and in estimating the direction of the major
lobe of the radiation from a duct termination. This is discussed in a subsequent
section. .

The modal solutions of equation (17) are solutions which can exist within the duct.,
Whether they are actually present depends on the source and boundary conditions
(so far not specified) where the duct terminates on the z-axis, In the case of an
infinite duct {i.c.,, one extending ~o0 < 7 < 00), only waves traveling or decaying
away from the source can be present, For a source at z = 0, enly solutions with wave
numbers appropriately defined for propagation or decay for z > 0 exist for z > 0,
and those defined for propagation or decay for = < 0 exist for £ < 0. This makes
It necessary to choose the proper sign in equation (15). We can designate the wave
numbers by Ic;"m" or k.  to indicate whether they apply to solutions traveling or
decaying in the positive or the negative z-direction. Thus, for z > 0 an appropriate
solution is

Pmn(xs L) 01 t) = Pnthm(menf) L‘X])[i(f]t +ml — k:-:'-nmm)l
and for z < 0 an appropriate solution is :
Pun(z 1 0,8) = P,;,,Jm{.'cmnr)‘ expli{nt £ mé - kz | 7)]
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In the ense of a duct of finite length, houndary conditions must be specified at
the terininations or the duct mode] must be coupled to some other deseription of
the acoustic propagation heyond the termination. In any case, the terminations
introduce reflections, and solutions corresponding to bath k3 and &7 can be present
at any point in the duet,

In most cnses it is not possible to write a boundary condition at a duct
terminntion. For example, ju the case of a duet terminating at free space, the
acoustic response of the medium outside the duct establishes Lhe boundary condition.
Therefore the duct and radiation problems must be solved simultancously. This
matter is discussed more in n subsequent section.

Becnuse of the difficulty with precise definition of termination conditions, two
approximate ones ave often introduced. At low frequencies the assumption of zero
acoustie pressure for a termination at free space is reasonable, This ¥pressure relense”
boundery condition produces complete reflection of traveling waves and does not
permit any acoustie power to eseape from the duct. It is only useful for the study of
standing waves (the internction of waves traveling in hoth directions) in ducts where
ouly the plane wave propagntes.

The much more common assumption is that the termination is reflection free or
that the duct is of infinite length. This assumption is difficult to justify for unlined
ducts in which traveling wiaves are not attenuated; however, for relatively high
frequencies (wavelength small relative to the duct radius) and for {requencies other
than those approaching eutofl frequencies, reflections from open ends are small. For
lined ducts, as shown subscquently, reflections may be even less important becanse
the incident amplitudes are considerably reduced before reaching the termination.

General solutions to the convected wave equation for the circulsr duct can be
given ns a superposition of the cigenfunction solutions {eq. (17)} to yield

[=0] o0
plz, 7, 0,1) = Z Z Poundm(kmnt) cxp[:'(r]t —mff — kfmn z)]

m=—o0 n=0

plandty= 3 3 Ju(smnr) expli(nt — m0)]

m==00 n={)

:L') + Pr;u exp('-ik;mnm)]

The values of the amplitude coefflicients depend on the nature of the source. Tor
example, if we were interested in acoustic propagation in the pesitive z-direction in
an infinite duet, for which there is no reflection at the termination and therefore no
waves propagating in the negative z-direction, the series would be

% [Phn exp( —-ik;'mn

w00
plz,r 0, 1) = Z Z P,lm-],u("‘unr) CXP[imN(nt - 0}] cxp(—ik;;m.’c)

m=—0Q n=(

for a noise source consisting of a simple rotor with N bhlades turning at angular
gpecd ), For this cquation, g = mN, the kg"m are limited to the proper choices for
solutions with =z > 0, and the modal amplitudes Ppy depend on the blade loading.
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In this case the solution is spinning moded at frequency mANG, locked In phaso with
the rotor. For internction of rotor and stator or of rotor and inlel guide vanes, all
modes are not spinning in the snme direction aned with the same angular speed ag the
rotor, Referonce 5 gives an excetlent description of the influence of the nolse source
on the modal character of the acoustic propagation in the duet.

Attenuation Caleulations In Lined
Uniform Ducts

In the previous section fundamental properties of sound propagation in uniforin
hard-wall ducts with uniform flow were introduced. In this scetion we deal with the
maore practically importunt problem of the caleutation of the axial wave munber, and
henee the attenuation, in uniform ducts with acoustierlly treated walls. The ducts
considered in general contain a mean flow which in the least restrietive case can have
a sheared velocity profile approximating the gross effeets of the viscous houndary
layer.
Attenuation caleuintions for neoustie transmission arve required in aireralt turbo-
fan engine inlet and exhaust ducts, Problems of this type are demanding not only
beeause of the acoustic enviromment involved, but alsoe becnuse of requirements for
computational efficiency and nceuracy for design studies,

The duct geometry specifically considered in this discussion is circular, Where
appropriate, results are also quoted without proof for two-dimensional rectangular
geometries, Most of the results can be directly extended to ammlar and three-
dimensional rectangular ducts, Figure 2 shows the pertinent geometrical details for
the eircular duet.,

The Physical Problem

The uniform duet carries a mean fow which is uniform axinlly but nonuniform
radially. The mean density and pressure are assumed to be uniform, The sound
transrnission problem is one of modeling acoustic fuctuations on this mean flow.
This representation is consistent with the developments of reference 7, which starts
from the full viscous equations of compressible luid mechanics and, with a series of
approximations and assumptions, arrives at this model, whiel eaptures the imporiant
features of the refructive effects of shenred viscous flow on sound propagation,

The field equations which are appropriate are equations (5), (6), and (8),
restricted to the case when pg, po, and eg are constant {po =1, pp=1, and gp = 1)
and V, = M{r)es:

ap dp _
315+M(')::+V V=0 (18)
Jv av dM
W+M—,{:’;+Vp+7;vrcx-—0 {19)
where
V = uzez + vrer + vyog
Equations (18) and (19) can be combined as
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i o\t _ra O\ 2 dM 9%p N
(Z+vg) v= (7" %)~ F e &)
Note that il M(r) is constant, dM /dr = 0 and equation (20) becomes
2 a 9 AN
(Z+"5) [(awu%) -V]p-ﬂ (21)

For harmonic excitation proportional to exp(int), with 7 = wRfe, = 2rfRfer
_ (where w = 2rf is the driving frequency), we seek solutions in the form

plx,r,0,t) = plz,r, 8) explint)
The resulting equation for p(z, r,0) is

. a3, 7. AN o, . dM 0%
(Zn‘l'.nf[ 5;) p= (ﬂ]"f'M- %)VP_2-££_T“W

Traveling wave solutjons in the form
Pz, r,0) = P(r) exp(ximb — ikpx)

are sought, The term P(r) satlsfies the ordinary differential equation

d2P 1 ke/n) dM] dP g ki )2 kr)? m?
_— e R .1 R kil iy - A= P - P =
P [r + (1- Mkzfq) dr ] 7 T" (1 M 7 ( " re 0
(22)
The boundary condition at the duct wall {r = 1) is based on the assumption

that the lining is locally reacting and that the relationship between nondimensional
pressure and nondimensional lining particle velocity u, is

2 _Z (23)

vy Prir
where Z/pecr Is the wall nondimensional specific impedance. At the duet wall the
fluid particle displacement and the wall particle displacement are the same. Note
that because of the convection cffeet of the mean flow, the fluid partiele velocity ia
the convective, or substantial, derivative of the funid perticle displacement, When
the Mach numnber at the wall vanishes so does this convection effect. Thus, if £ is
the particle displacement of the wall directed into the wall in the inward normal
direction v, then

, d
V-u—(m-l-Ma-;)C (24}
where V -« i is the fluid particle velocity in the normal direction of the wall and
directed into the wall. Since the nondimensalonal wall particle velocity v, is related

to the particle displacement by
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vy = ing

equation (24} becomes

Vou= (1 —i’-‘nf—a-) o (25)

We ean now replace v, by using equation (23) to obtain

where A = pper/Z is the wall nondimensional specific acoustic admittance,
In the case of the circular duet, vy = ve. The radinl component of the acoustic

momentum equation (19} is

This is used to rewrite the boundary conditien (eq. (25)) entirely in terms of the
acoustic pressure;

dp _ . M 2N o
el mA(l 1’? :z:) » (26)

Equation (26) is to be enforced on solutions of equation (22) at r = 1. The
boundary condition at r = 0 ja that the solution should remain finite, The ficld
equation (22}, the boundary condition equation (26), and the finiteness condition at
r = 0 constitute an cigenvalue problem of finding values of the wave number &z such
that the homogencons differential cquation and homegencous boundary conditions
have a nontrivial solution, We now consider special cases of importance,

The Eigenvalue Problem

Sheared Flow With No-Slip Boundary Conditions

It is assumed that the sheared velocity profile is known, so that we are given
M(r) and dM/dr and speeify M = 0 at the duet wall. In the circular-duct case we
have shown that the field equations can he combined to yield

dp 1 U kz/n) dM]dP 2( /2)2 (ka:)2 m?|
il PRl wars st =il LA Clatchen) Bl el B el o Sl

which is equation (22), The boundary conditions at r =0 and r = 1 are

P(0) = Finite
27}
dr , (
—d}-(l) = -inAP
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Since many of the resuits in the literature are quoted for two-dimensional ducts, it
is appropriate to state here the cigenvalue problem for this case with a lined wall at
#=1andahard wall at y =0 as

d*r 2ke/n)  AM AP 4 k,,)z kz\?%] . _
ar+ T (1) - (5) e

with boundnry conditions at y =0 and y =1 of

dp
Go=0

dr .
E(l) = ~inAP

where n = whfey = 2w fbfey, where b is the duct height.

A two-dimensional duct with two symmetrieally lined wallsat y=1landp= —1
can be treated by also solving the boundary value problem with 2 =0at y =0. The
cigenfunction solutions from the boundary conditions in equations (29) are then the
symmetric solutions and those generated with 2 = 0 at y = 0 are the antisymnictric
sojutions,

Unifarm Mean Flow

In this casc it {8 assumed that the menn flow Mach nmumber is uniform across the
duct, Therefore, dM/dr = 0. An interesting preliminary result enn be obtained from
equations (18), (19), and (21). In addition to equation (21), equaticns {18) and {19)
can be combined to yield

? B i A
(55+Ma;) [(EE+M§;) -V —-VxVx]V—D (30)
Equation (19) is used to show that
a 7 ‘
(E+Ma) (VxV)=0 (31)

This implies that vorticity is conveeted or jt vanishes. In combination with
equation (30) this means that the velocity field satisfies

8 Aan? wf B 3
(51+M5—£) V-V (57+Ma———t)V—0 (32)
From equation {30) or (32) it is shown that there are solutions for which
d d
(51 -+ MF.’E) V=0
From equation (19}, these solutions have Vp = (), which implies that the perturbation
pressure feld vanishes, and thereflore
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V:Ve=0

Henee, there exists o class of velocity solutions satislying the ineempressible conti-
nitity equation, with vanishing pressure perturbations which are convected with the
mean flow. For harmonie traveling waves of the form

V(x, 7 t) = V(r) exp(iml) expli{nt ~ krx)]

this means
. (in —iMk)V =0

or
y n _ wh
kx MV (33)

The traveling waves are thus of the dimensional form
V(z,r,0,1) = V(r} exp{imd) cxp{:'u[t - (x/‘/)l}

This is a disturbanee for which in general ¥V x V # 0 and which is propagating at
the mean flow velocity. This solution with vorticity is convected with the flow. This
is termed a hydrodynamic disturbance.

A second type of solution has V x V = 0 (eq. (31)) and is thercfore irrotalional,
These solutions satisfy

and are the acoustic fluctuations. It is thus observed that in uniform flow hydro-
dynamic (rotational) disturbances and acoustic (irrotatienal} fluctuations ean be
separated.

The above ogbservations are not gonerally true when the flow is sheared, and
in that case acoustic disturbances are not irrotational (ref. 8}, However, there are
still hydrodynamic disturbanees in the sheared flow, Reference 8 discusses this in
the case of a linear sheur profile. The main point to be made here is that the
hydrodynamic solutions nre contained in the field equations, even with dM/dr = 0,
although the sclutions are not generally retained in the development of the convected
wave equation,

We now write the efgenvalue problem for the acoustic disturbances in the case of
uniform flow, In the cireular-duct case,

() (o) - (3] -reo

with boundary conditionsat »r =0 and r =1 of
P(0) = Finite
(35)

P, ke \2
F(l)-—‘"h“(l" -ﬁ-) P
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and In the two-dimensional case,

P kN2 kN,
(13[2— +7 [(1-—-4’”?) H(T]‘) FP=0 (36)

with boundary conditions at y =0 andy =1 of

dpP
55(0) =0
, 2 (37
dr , ( km)
—(l)=—tnA{l-M—=| P
dy( )= —in m

As noted previously, the boundary conditions (cqs, (37)) generate symmetric solu-
tions for the duct spanning —1 £ y < 1. Antisymmetric solutions arise from P =0

at y=10.

No Mean Flow
For no mean flow, M = 0, In the cireular-duct case, the cigenvalue problem is

given by
1d ( dP 2 kN m2)
:z;(’ﬁ?)+{” [‘"(7;) j"re P=0 (38)

with boundary conditions at r =0 and r =1 of

P(0) = Finite
{39}

P ;
E‘_r-(l) = ~iAP

In the two-dimensional duct,

2 8\ 2
j—ygw? [1-—(%) ]P:O (40)

with boundary conditions at ¥ =0 and y = | of

dP

EJ'(O) =1

ap (41)
*d—y-(l) = —indAP

Antisymmetric eigenfunction solutions follow from P = 0 at y = 0, as noted
previously.

The boundary value problems deseribed by equations (28) snd (25) and (34) to
(41) are cigenvalue problems in which we seek nontrivial soluticns Lo the differential
equation which satisfy the specified boundary conditions. The cigenvalue in each case
is the axia] wave number kz/n which contains the essential attenuation information,
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In each case the boundary value problem defines an infinite sequence of eigenvalucs,
Corresponding to each eigenvalue is o nontrivial solution, or eigenfunction, which
defines a tranaverse pressure variation Pyp(r) or Py (y) which propangates according
to

Pran (T, 7, 0,t) = Py (r) expli{nt = ml - kz,p,, z)] (42)
or

pr(zy,8) = Po(y) expli(nt — ke, z)] {43}

The amplitndes of the eigenfunction are suitably normalized. Ench such solution do-
fines a mode of propagation. In general, the aconstic ficld in a duct is a superposition
of these nedes with amplitudes dependent on the source and termination conditions

e e e e e At 4k 7 T K e 2 e e et

plz,r, 0,1} = i i AmnPmn(r) expli{nt £ mb — kep,,z)) {44)

m=—opx n=0
or

Do) = 3 AnPalu) expliCnt = ke, )] (45)

n=1

As previously discussed, some of the solutions carrespond to propagation in the
positive z-direction, while the remainder correspond to propagation in the negative
z-direction,

The eigenvalue problems so deseribed are not true Sturm-Liouville problems
so that there is no generai statement about orthogenality of the ecigenlunctions.
However, In the no-flow cise it can be shown that

1
_/{; 1 Poun () P (r) dr = Mug Sug
or
1
/u Pu(y)Py(r) dr = Mpn S

where dpp=0forn# kb= 1for n=k, and

1
Mﬂn =f0 T‘Pf?tﬂ dr !

or

1
Mun =fn PE(y) dy

This orthogonality is not found in general when mean flow is present. The
cigenfunctions are orthogonal for any uniform mean flow when the walls are hard
(A =0}
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Calculation of Attenuation
In all the cigenvalue problems postulated we hinve sought solutiens in the form

pir,z,2) = P(r) expli{nt — kzz)| (46)
Here, the harmonie time dependence s explicitly ineluded, The term r is the vector
of coordinates transverse to the duet axis. Attenuation is defined ns the change
in sound pressure level (SPL) over a specified length of duct. In the present ease
only ducts without end reflections are considered, so that attenuntion is based only
on transmitted modes. Murthermore, the attenuation is considered in each mode
separately, The extension te multimode propagation is straightforward but ylelds a
considerably complicated result, SPL is defined as

SPL = 20 log FP—
[4

where P is the root-mean-squared acoustic pressure and P is a suitable reference
{by convention for aeroacoustics, this is taken as P, = 20 uPa), The change in SPL
over longth Az is ’

B Py Pz +Ax)
A SPL =20 log 7 20 log —-——-——-P(z)
If by = e + 18, it follows that
Pafz + Az)
— . =cxp{f Azx
Pi(5) p(8 Ax)
Thus,
A SPL = (20 loge)B Az = 8B.6863 Az (47)

For a deeaying wave, A is negative if the propagation is in the positive z-direction,
Thus, calculation of atienuation requires the solution of the eigenvalue problem
for kg,

Solution of the Eigenvalue Problem

In this section we discuss techniques for the solution of the ejgenvalue problems
posed in the previous section, Emphasis is on numerical techniques, although it is
appropriate to refer to some methods which were developed prior to the availability
of computer systems,

No Mean Flow

When the mean flow vanishes, the cigenvalue equation for the circular duct is
equation (38) and the associated boundary conditions. This ean be written in slightly
maodified form to yield

d*P 14dP a me
wﬂ?w*(" “r?)f’"” (18)
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with benndary conditions (eqs, (39) at r=0and r=1 of
P{U) = Finite

dr .
d—r(l) =—inAP

k2= [1 - (‘;—I) 2] (49)

Solutions to equation (48), satisfying the boundary condition at r = 0, are Besscl
functions of the first kind of order m:

where

P = Jy(xr)

The eigenvalue x is determined fromm the boundary condition at the outer wall {r = 1)
according to

Jin (&) .

SV o inA a0

Tnle) = (50)
There are an infinite number of discrete cigenvalues & of equation (50). If these are
cnunterated by the angular mode number m and the radial mode number n, then
from equation (49} the modal wave numbers are given by

(), =21 () &

The equivalent two-dimensional problem which follows from equation (40) leads to
the eigenvalue problem

& tank = igA (62)
and the corresponding sequenees of cigenfunction solutions

Pp =coskny

These are also the symmetric solutions for =1 £ y £ 1, as previously noted. The
antisymmetric solutions follow from the eigenvalue equation & cot & = —inA and the
eigenfunction solutions are sin kpy. Equation (51) for the axial wave number still
holds in the two-dimensional case.

The determination of the eigenvalues of equation (50) or (52} is a conceptually
simple propesition. In practice it is not simple because of the topography of the
complex functions of the complex variable & the zeros of which are the cigenvaiues
and because of the complex arithmetic which must be performed. Because of these
difficulties, early researchers were led to consider approximations. Sivian (ref. 9}
and Molloy (ref. 10) arrived st essentially the same end result by different means,
They used a one-dimensional propagation assumption. Sivian cast the problem as
an electrical analog and Molloy used the acoustical equatjons dircctly, making his
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results generally more aceessible to the present generation of acousticians, Molloy
also pravided charts [rom which attenuation ean be obtained directly. No restrietion
wis placed on the shape of the duct eross scetion and the lining could have been
circumferentially varying, provided the assumption of planc-wave propagation was
adhered to, This is a low-frequency approximation consistent with the restriction to
nearly plane waves and one would expect it to require relatively small wall admittance
to maintain the planar approximaticn. This approach has the advantage of producing
a direet caleulation formula for the attenuation,

Perhups one of the best known estimates of duct attenuation iz presenled by
Sebine (rel. 11}. He used the Sivian-Molloy resulis and his own experiments en
rectangular ducts with relatively weak attenuation to establish the attenuation
ostimate

A SPL —0.95

— o =126a70%P8 (53)
where Az is the duet length in feet, o is the reverberation chamber absorption
coefficient for the duct lining, % is the lined perimeter in inches, and S is the cross-
sectional aren in square inches,

The first direet attack on equation (52) for rectangular ducts appears to be
nresented in Morse’s well-known work in references 12 and 13, Rather than attempt
to solve equation (52) explicitly, Morse treated it ns a conformal transformation
from the & plane to the admittance plane. He effectively picked values of & and
computed values of A, Level curves of the complex admittance were then drawn
on the plane whose axes were the real and imaginary partg of x, Morse and Ingard
{ref. 13) also presented charts from which & and hence £y /5 can be determined.
They used an entirely different notation and presented the plots in a format so that
the tharts ean be used for ane or two lined walls, Great eare must be exercised
to fully understand the proper chart interpretation. Cremer (ref. 14) also gave a
thoreugh discussion of the chart procedure in the rectangnlar-ducet case. He discussed
the jmportance of braneh points of the conformal transformation in determining an
optimum attenuation based on the coaleseing of two modes of propagation.

In the circular-duct case, equation (50) ean be rewritten through use of a
recurrence relation for the Bessel funclion derivative to yield

Jin-1(x) s I
K Tl m inA (54)
Note that if m = 0, J_1(k) = =Jy{x). Morse and Ingard (ref. 13) also presented
charts for this ease. Reference 13 presents a Morse Chart with m =0 and m= 1,
again with a different notation. Molloy and Honigman (rof. 15) also addressed the
cirenlar-duct problem and apparently first produced what is cffectively a Morse Chart,
for the m = 0 ense,

A feature of the Morse Charts which makes them partieularly useful in appli-
cations is that only a single chart is needed for all duct configurations, Only nA
is required, This embodies the complete specification of the frequency, duet size,
and lining admittance, This feature Is lost when menn flow is present, as shown
subsequently.

What appears to be the first attempt to praduce a direct solution of equation (52)
in the rectangular-duct case is presented in reference 16. The approach was to expand
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the eigenvalue equation in a power scries in & and then use a standard iechnique to
invert the power series to obtain a power series defining 7.

A contribution of substantial importance for future investigalors was made in
reference 17, Addressed therein was the problem of axially symmetric propagation
in a cireular duct, for which equation (54) beeomeos

J1(#)

K To(®) =1inA (85)

I the definitions

are introduced and if cquation (55) is differentinted with respeet to y, through use of
recurrence relations for Bessel function derivatives, the following differentinl equation
for 2 results:

2w _ .
(w+y*) p w {56)

Reference 17 sought the lowest mode cigenvalue for m = 0 and thus sought the
solution of cquation (55), which at y = 0 has w = 0, It used a power series expansion,
and under the assumption that y is small, it found the selution is approximated by

w=1~—oxp(—y)

For present applications the reference 17 result is of limited value, but Rice
(ref. 18) has extended it to higher order symmetrie mnodes by considering series
solutions having initial conditions at ¥ = (, which are the hard-wall cigenvalues
for any desired number of modes. He also set the problem up specifically for
large "admittances and used initial values corresponding to the perfectly soft-wall
cigenvalues, Convergence is a problem in either ease nerr the branch cut delineating
the modal regions, and & commen nonlinear equation solving routine is wsed when
this is encountered.

Benzakein, Kraft, and Smith (ref. 19) and Zorumski and Mason (ref, 20) have ex-
tended the method to nonsymmetric eigenvalues and have used numerieal integration.
The differential equation derived by differentiation of equation (50) or equation (54}
and the use of recurrence relntions for the Bessel function derjvatives is

dik/n) i
aA " ) = (A G
This equation is integrated numerically with starting conditions corresponding to
Re(A) = 0. When Re{A) = 0, cquation (50) has only real eigenvalues which are
casily found with a real search routine to yield the starting values for x. The
differential equation is then integrated along a path with Im{A) = Constant. 1f

A = Re{A) +:{Iin({A) is the actual admittance, then the integration is along the path’
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A=z +ilm{A) (0 £ 7 < Re(A)), and the value of £ when = = Re(A) is the desired
eigenvalue. Reference 20 shows some example caleutations, but little is stated about
the performance of the method.

Donk and Vaidya (ref. 21) have considered the nature of the eigenvalues of
equation (50) in the circular-duct case and have looked at approximations of
particular interest in the limit of small 74 and large A,

Perhaps the most obvious eigenvalue solution teehnique, the sitnple Newton-
Raphson iteration, is notoricusly nnrelinble as a general-purpose method for cal-
culations involving many modes. This is because of the topography of the function
for which zerog are soughl. In certain instances very accurate starting values are
required il convergence to a nearby root is to be achieved, and all users will attest to
numerous instances when the same root is found with two different starting values
or when nnwanted roots are found. Christie (ref. 22) has published his approach to
the use of the Newton-Raphson iteration to find the lowest order mode for a rectan-
gular duet, He starts ot low frequency, The lowest eigenvalue has jk| << 1, where
equation (52) can be writien for || << 1 (the lowest mode eigenvalue) as

k2 = inA
The frequeney is incremented and this result is nsed as the next starting value, This
proceeds until the desived frequency is reached. This type of incrementing process
minimizes the chance of unpredictable convergence, For higher order modes starting
values aseending in integer multiples of 7 could he used, The Newton-Raphson
iteration is particularly useful for refining cigenvalue estimates arrived at by other
methods, such ag the integration scheme of reference 20,

Other methods which have appeared in the literature to dea] with the eigenvalue
problein come under the general category of discretization techniques. In these
methods the differential equation which governs the transverse variation of pressure
in the duct (e.m, eq. (38) or (40)) is replaced by n set of algebraic equations
based on a finite-difference method (FDM), a finite-clement method (FEM), or a
method of weighted residuals (MWR). These methods are probably too costly for
circular geometries with uniform linings and rectangular geometries with uniform
linings on cach wall. However, they may be the only approach when the lining
varies peripherally in an arbitrary way or when the duct cross scction s not
cirenlar, rectangular, or some other geometry for which the Helmholtz equation
has separable solutions, These methods are considered in more detail in subsequent
sections, However, explicit examples of their use in the no-flow case can be found in
references 23 and 24.

Uniform Mean Flow

When uniform mean flow is present, the eigenvalue problem becomes somoewhat
more complicated. The reduction to a transeendental eigenvalue equation follows
exactly the procedure previously deseribed, The analytic representation of the
transverse pressure variation remains unchanged, but the eigenvalue equations
become more complex. In the cirenlar-duct case,

w8 i (1 —M ‘;—’)2 (58)
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with

k’—__,.l__,_._., — (] = M2 fz
S P e

In the two-dimensional-duct case,

2
gtank =inA (l - M %’-) {59)

with kz/n as defined in the cirenlar-duct case. Both of these eigenvalue problems can
be viewed as a single, very complicated transcendental equation (il kz/n is inserted
into eq. {58) or (59) from the auxiliary equation) or as a conplel pair of equations,

The Morse method (refs. 12 and 13} becomes very unatbtractive for general
caleulations because the chart must be a cenformal transformation from the & plane
to the 74 plane, with Mach number as a parameter, Thus, o separate chart for
each Mach number is required. This approach has boen used, but direet cigenvalue
solutions are certainly of more general interest.

Reference 25 presents an interesting approximate solution teehnique iy its study
of bulk liners with an infinite backing space, This case yields n purely resistive fining,
and with eertain restrictions it arrived at the cigenvalue cquation

gtang = inA (1 - M %)
with ke/n as previously defined in connection with equations (58) and (59). Note
that the quantity 1 — M{kz/n) appears to the first power and corresponds to a
boundary condition based on continuity of particle veloeity. (Sece the diseussion
of cqs. (23) and (24) regarding particle velocity and particle displacement.) This
approach involved introdecing an approximation for the tangent function and then
ohtaining a direct algebraic solution of the resulting equation.

An early direct eigenvalue solution was presented in reference 26. The method,
applied to a two-dimensional duet, considered first the no-flow case. The no-flow
eigenvelues were quickly estimated from a Morse Chart and used as initial estimates
for a simple Newton-Raphson iteration. Eigenvalues thus determined are initial
estimates for a case with a slightly ineremented Mach number, Equation {59) is
then solved by a combination of relaxation and Newton-Raphsen iteration, the right-
hand side being constructed from & previous estimate of kg /n to form an eflective
admittance. At each stage of relaxation the Newton-Raphson iteration is used to
calculate a now & and ky/n. Relaxation is carried out until convergence occurs, The
Maeh number is then incremented and the procedure repeated until the final Mach
number is reached. The method was used for a number of caleulations with little
difficulty, but it has the disadvantage of requiring a solution for the no-flow problem.
It is thus not a stand-slone method.

The spproximation scheme developed in reference 21 for the circular duct in the
no-flow case was extended to the case when flow is present, This extension first solved
the problem for & in the zero admittance case, and under the assumption of small nA
it used this solution in equation (58) to evaluate the right-hand side. This yielded
a no-flow problem with an effective admittance to which the previously derived
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approximation scheme for smnll .4 was applied, If the solulions were iterated to
muke successive approximalions converge, the prineiple would have been essentially
that in reference 26,

Ko (ref. 27) has made extensive calculations for the eigenvalues in a rectangular
duct with two opposing walls lined. For symmetrie modes the two-dirnensional
cigenvalne equation (59) applies, and for antisymmetrie modes a second cigenvalue
equation involving the cotangent applies. Ko's method of solution involves beginning
with the nearly hard-wall ¢nse (A = 0} and using the cigenvalues so determined
as initial estimates for a Newton-Raphson iteration. The driving frequency is
incremented from zero to the required value, but Ko did not fully specify the manner
in which 1he starting values are assigned with cach new frequency inerement, In
reference 28, Ko reported the same type of method and results for a cireular duct,
He did not commient on the reliability of the Newton-Raphson approach, and this
could be substantially affected by the incrementing and initial guess procedures.

A refinement of the Newlon-Raphson iteration scheme has been used in refer-
once 29, Instend of n Newtou-Raphson iteration, a second-order method known as
Bailey's method (ref, 30) was used, which is different in that it requives a second
derivative but is used in exactly the same woy us a Newton-Raphson iteration. In
addition, a detailed study of the topograply of the Morse Charts for both zero and
uniform menn flow was made. In the ease ol mean flow, the Morse Charls are severely
distoried with inereasing Mach number and expand across the Re(x) axis (nt M =0
all permissible solutions lie in one quadrant in the upper half-plane of &), The start-
ing point in the analysis 1s the M = 0 case. Dascd on considerabile investigation, the
Morse Chart (which is universal for any n4 when M = Q) is divided into subregions.
Depending on the given value of n4, the starting value for the Bailey iteration is
chosen in a subregion near the n.4 valite, Convergence to the proper cigenvalue is
then relatively certain, Mach number is then ineremented with the previous Mach
number resulis used for the starting values. It is reported that the result of this de-
velopnent is a reliable computational scheme. A modal identifieation scheme based
on the Morse Charts has been wsed in reference 29 and further expanded upon in
reference 31,

A worker entering the field and needing to develop a stand-alone computational
scheme wonld probably wish to circumvent the detailed study of the topography of
the eigenvalue problem if possible, With this gonl in mind, Eversinan (refs. 32 and
33) hins developed an integration scheme to solve equation (58) for the circular-duet
cpse or equation {59) for the two-dimensional-duct case, An integration scheine was
nsed previously in conneetion with the no-flow case (refs, 17 to 20) and it was found,
ns dernonstrated by equation (57), that the eigenvalue can be obtained ns the solution
of a nonlinear initial-value prohlem.

The initinl-value-problem approach can be extended to the case when flow is
pregent. The cireulnar-duet ense is diseussed here. The eigenvalue problom

S . ( k,)ﬂ_ g

mm— inAll M?l = —inAw (60}
with
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’;7—"-’=T—_3-M—2 [—M:I:\/l-—(l—Mﬁ) (%) }_—. g (<M 20) (o)

can be transformed into a differentizl equation by differentiation of equation (60) and
use of the Bessel equation to eliminate second derivatives of the Bessel functions. The
reault is

4 (5) iuf da .
ds (5) " F(s) 4+ wP"(x) o 2AM (w/?) (/) & (©)
where
__dialn)
F(E) = —m

and prime denotes differentiation with respect to the argument. In the derivation
of equation (682), the admittance A is taken as a function of the nondimensional
parameter ¢ (for 0 < ¢ < 1). Il Ay is the admittance for which the cigenvalues are
required, a simple choice is

A=cAy
and

“_,

d;_ff

Equation {62) can be integrated from suitable initial conditions with A = 0 over
0 € ¢ £ 1 to yield an cigenvalue of equations (60) and (61) corresponding to each
atarting value. It was previously shown (eq. {67)) that an initial-value problem not
involving the caleulation of Bessel functions can be generated in the no-flow case.
This is appealing from an efficiency standpoint. It is also possible in the present case
but has not been used because of adverse effects on the accurnulation of error in the
integration. This follows because when equation {62) is manipulated to eliminate the
Bessel functions, equation (60) is used. Because the integration process at ench step
introduces slight errors, equation (60) is not actually satisfied exactly, This appears
to have the effect of making equation (62) very sensitive, to the point of requiring
extremely small integration steps,

The integration scheme employed is a fourth-order Runge-Kutta with variable
step size. The step size is adjusted by monitoring the residual generated in
equation (G0) as the integration progresses. When an error bound is exceeded, the
integration is halted and a Newton-Raphson iteration is performed to reinitialize the
process. ‘The step size is then reduced until the next integration step will lead to
an error within the error bound. This type of self-correction is the exception rather

than the rule, and a successful integration is often achieved with only 20 integration

stepsfor0<¢ < 1.
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The choice of initial starting values for the integration process as Lhe hard-wall
cigenvalues seems obvions, However, when Iin{A) > 0 two ndditional starting values

appenr which lie at

K 1-M21
5= (63}

in the limil 4 — 0. These starting values do not need to he imposed in the limit
A — 0, and in a practical caleulition a slightly sharper estimate for the starting
values is obtained which can be used to produce starting values of modest magnitude
(ref. 33).

If the eigenvalues are ordered on the basis of increasing attennntion, the extra
eigenvalues genernlly lie well down the list for parnmeters typical of turbofan engine
applications. However, for low frequencies these eigenvalues can surfaee near the top.
At least one of them hus characteristics which have led some investigators to identify
it as an instability mode. In fact, the appearance of Lhese modes is not completely
understood.

Finite-element, finite-diffcrence, and weighted-residual methods also have appli-
cations in ducts with uniform llow, particularly in eases with cross sections which are
not circular or rectangular or which have peripherally varying liners, These methods
are also applicable when the flow is sheared and are diseussed in the next seetion,
The problem of uniforin flow in a circular duct using the method of weighted resid-
uals with trigonenetric basis funetions was specifically addressed in reference 23,
Fhe major advantage of any of the methods of discretization of the problem is that
the resulting elgenvalue solution spans a complete finite subset of eigenvalues with
neither omission nor duplication, provided the discretization is earried out to a high
cnough level of accuravy, On the disndvantage side, the aceuracy of representation
of mode shapes and elgenvalues is not uniform and generally decays with increasing
modal complexity.

Sheared Mean Flow

When the mean flow is sheared, the cigenvalue problom is defined by equa~
tions (22) and (27} or equations (28) and {29). There does not appear to be any
general method of obtaining closed form solutions to these equations. Several early
investigators iutroduced approximate solutions, Pridmore-Brown (ref. 34) treated
the two-dimensional case with a linear velocity gradient and with a 1/7 power pro-
file by an approximate solution valid asymptatically under eircumstances which in
practical cases require a high-frequency restrietion, In reference 356 a power scries
expansion was used, and in reference 36 a simple finite-difference discretization of the
governing equalions was used. This approach was based on a previously suecessiul
application of the finite-difference technique when flow is absent {ref. 37). These in-
vestigations were direeted toward estimation of the attenuation in the fundamental
moade, In reference 38 an exacl solution within a linear shear profile was used to
create an approximate effective impedance which conld then have been used to treat
the problem as one of uniform flow,

In order to obtain solutions with any degree of generality it is necessary to use
methods of numerieal solution of the governing differential equations and boundary
conditions. in this section four such methods of numerieal analysis are discussed,
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These methods are all applicable to the sitnpler problems when the flow is uniform or
when the flow vanishes. In most cases, however, Lhey are not as efficient as analytic
or semiannlytic methods for the simpler problemns, and their power is mest fully
realized in the sheared-flow case.

Reference 7 in the two-dimensional-duet case, reference 39 in the annolar-duct
case, and reference 40 in the circular-duck case nsed numerieal (1.e., Runge-Kulta)
integration of the governing equation, The integration is accomplished in terins of o
transfer matrix relating the pressure and the pressure gradient at one wall to those

at the other wall;
, } [T“ ‘12] { - }
= G4
{P‘ g \Ta Tml P ), (61

If the bowndary conditions at walls 1 and 2 are represented by

Pf =61P1

Pi=ealy

{m}={a)n

[-c2, 1]{;}2=0

This leads to the eigenvalue equation

Ty le] { 1 }
—~eg, 1 P =0
[~z ][Tm Tzl Lo !

For nontrivial solntions,

we can write

F (L;) =To 4+ e1Tag — €2 (T + T2} =0 (65)

For sheared flow with no slip at the walls, Ty, Tie, Thy, and The ave lunctions of
kz/m. TFor the no-slip case, ¢ and eg are not functions of kz/n. The eigenvalue
problem is to find values of kg /1 which satisly cquation (G5).

Solutions to equation (63) are probably best obtained by a Newton-Raphson
iteration with finite-difference derivatives, Several strategies can be employed
to establish starting values. The most conservative approach begins with no-
flow eigenvalues and a systematic Incrementing of the Mach number. A second
approach begins with cigenvalues for uniform mean flow but proceeds at some
risk of nonconvergence in cases where the sheared How substantinlly modifies the
propagation characteristics,

A slightly different approach has been used in reference 41, This reference treated
the ease of rectangular-dnet flow consisting of a central core of uniform flow and a
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boundary-layer region of thickness §. The solution for the central core can be written
in analytic form. Equation (28) for the boundary-layer region is approximated by
four finite-difference equations, and the interfaces at the duct-wall and boundary-
layer uniform flow produce two additional finite-difference equations, The set of six
homogencous equations in terms of the unknown pressures at six finite-difference
points in the boundary lnyer constitutes an eigenvalue equation for values of kg /n.
An advantage of this method is the elimination of the need to increase the number
of integration steps for very thin boundary Jayers, The same number of integration
points within the boundary layer i3 always used without complicating the solution
in the uniform-flow region. Reference 41 elaborates no further on the eigenvalue
solution technique, but presumably Lhe strategy would be similar to that diseussed
in connection with the Runge-Kutta integration procedure (refs, 39 and 40). For the
calculation of just a few eigenvalues these approaches can be rensenably cficient,
However, for the determination of a large number of eigenvalues, certain techniques
described in the following discussion may be less costly.

The method of weighted residuals (MWR) in the form of a Galerkin method has
proven to be a powerful tool in extracting the eigenvalues for transmission through
sheared flows, The Galerkin method begins with the assumption that the solution
to the ficld equations (e.g., eq. (28)) can be approximated as a superposition of a
subset of a comnplete set of functions ¢;(y) in the form

N
Blu) =3 widilv) (66)
=1
where the number of basis [unctions N is chosen to produce convergence of the resull
based on the number of required accurate eigenvalues. In the standard applieation
of the Galerkin method the basis functions are chosen to satisfy the boundary
conditions. This poses no diffienlty in the sheared-flow case with no slip at the
wall since solutions to the no-flow problem serve the purpose.
The coeflicients g; in the superposition of equation (66) are determined in o way
which minimizes the error of the trial solution. Equation (32) ean he written in
linear operator form as

Llpl =0
When the trial solution j is substituted, a residunl, or error, results:
Llp) =R

The residual must. vanish if it is orthogonal to every member of a complete set of
functions. The set of test functions is chosen as the same subset of complete funetions
used as bagis functions. Thus, N reiations of the type

1
/(; ¢;Rdy=0 (f=1,2..,N) (67)

can be formed, This procedure leads to a set of N homogencous algebraic equations
for the ¥ coeflicients g;. The coefficients in this equation depend on kz/n and a
nontrivial selution exists for discrete values of &z /5. The algebraic equations can be
cast as a linear eigenvalue problens:
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Ag=Aiq (G8)

where, depending on the structure of the particular problem, A is o matrix of
coefficients, q is a veetor related to the unknown coefficients in equation (G6), and A
I the eigenvalue related to &z /. This type of eigenvalue problem is routinely solved
by standard algorithms.

Hersh and Catton (ref. 42) were the first to use this procedure in the cense of
a hard-wall two-dimensional duet, They used the no-flow solutions in the form of
{rigonometric functions, They refined the estinates thus obtained by using them as
initial valnes in the Runge-Kutta method previously described (refs. 39 and 40).

Savkar (ref, 43) approached the same problem using polynomial basis functions
which were constructed to satisfly the houndary conditions for either a hard-wall
two-dimensional duet or a two-dimensional duct with acousticully absorbing walls,

In references 44 and 45 the Galerkin method was used to study the attenuation
in sheared flow in two-dimensional and three-dimensional reetangular ducts, This
appears to be the first time this problem was cast as a linear algebraic cigenvalue
problem and a large-seale eigenvaine solution routing was used. As a consequence
of this appronch eigenvalues were calenlated which are clearly acoustic as well ns
elzenvalues which appear to be pearly hydrodynamie in pature. The Galerkin method
was #lso used in references 40 and 23 in the uniform-flow case. This is n more
difficult situation because the boundary condition at the wall involves the cigenvalue
kz/n. Rather than use basis functions which satisfy the boundary conditions, a
boundary residual is introduced in addition to the ficld-equation residual. The
modified Galerkin method s then used to obtain coefficients in equation (G7) which
minimize the ficld-equation residual and the boundary residual, A feature of this
work is the use of the acoustie field equations in the form of the primitive vartables p
and V. This constitutes an application of the Galerkin method to a sot of equations,
The choice of basis functions s suggested hy resulis in the po-flow case,

Yurkovich (ref. 47) demonstrated the power of the Galerkin method in his
investigation of the acoustic transmission in circular and annular ducts carrying
sheared and swirling flows.

The Galerkin method is but one of several methods by which the field equations
and boundary conditions are replaced by discrete relations in the form of algebraie
cquations. Perhaps the most obvious way of doing this Is by replacement of
the differential equations with their fnite-difforence approximations. This was
first proposed in reference 48, The appealing characteristic of this approach is
the tridiagonnl form of the difference equations, However, the structuring of the
difference equations as a standard linear algebraic cigenvalue problem is hindered
by e presence of the eigenvalue &z /7 in equation {22) or (28) in the coefficients
of hoth P and P'. As shown in references 44 nnd 485, it is possible to replace the
problem, which turns out to be cubic in kz/n, with one whieh is linear in kz/n but
tripled in order. However, this would not preserve the tridingonal character of the
problem. In reference 48 an iterative scheme was devised to cope with this and to
maintain a tridiagonal difference representation.

Dean (ref. 49) has also used a finite-difference scheme, He was primarily concerned
with obtaining a simple cigenvalue procedure which takes advantage of the basically
tridiagonal nature of the difference equations. Toward this end he replaced the
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actual shear profile with a velocity discontinmily {(similar to Lthe boundnry-layer
displncement thickness concept), He was then able to put the entire effeel of the
houndary layer into the houndary condition and thus only slightly disrupt the very
sitnple linear algebrale eigenvalue problem which would exist for completely uniform
[low with a zero wall velocity. He used an iterative Lechnique based on the nearly
tridingonal nature of the problem to ealeulate cigenvalues. The advaniage of Lhis
over a standard algebraie cigenvalue routine is the ability to focus on specific modes
without cnlculating the entire eigenvalue set. The disadvantage is the necessity of
having good starting values and the resulting Implication of convergence problems,
which are annlogous to diffienlties found with other methods.

The most flexible of the methods of diseretization of the field equations is the
finite-element method (FEM). The major strength of FEM lies in the systematic
treatment of problems with rregular boundaries and solution grids. The application
of FEM to eigenvalue problems in duets is relatively straightforward lor eireular and
rectangular duets because they are one dimensional (i.c., the transverse coordinate).
No considerations of element geometry arise and one is concerned mainly with the
question of choosing element shape lunctions which produce n gooad balanee between
cigenvalue solution accuracy and computationsl efficiency.

In general, in acoustic problems for ducts with attenuating walls and sheared
mean flow, variational principles are not availuble, The finite-clement formulation in
duect aconstics is thus carried out with n Galerkin methad and except for the clinice
of the basis functions and test functions is identieal Lo the classic Galerkin method,

In the finite-element method the domain is divided into subdomains (or elements)
in which suitable basis functions (or shape funclions) are defined. A distinguishing
feature of the finite-clement method is thal the shape Tunctions interpolate the
acoustie field within the elunent on the basis of the value of the acoustic field at
discrele points (or nodes) within and on the boundary of the element, A second
distinguishing feature is the fuct that swhat is a global basis function in the elassic
Galerkin method is replaced in the finite-element nethod by a patchwork of loeal
besis functions (shape functions) explicitly defined within each clement. Contimiity
on interelement boundaries leads to a rationale for assembling the elonment, “stiffness”
matrices into a global atiffness matrix. The term stiffness matrix 8 used only by
analogy with the more cornmon applications of finite-element methods to structural
analysis.

Finite-clement analysis has beeome n field of applied mathemntics in its own right.
It is not appropriate, and in fact it is prohably impossible witlin the constraints of
space herein, to give the details of the applications in duct acoustics, Henee, we only
refer to certain specifie examples of application.

In the eigenvalue prablem the application of the finite-clement method is particu-
larly simple since the fickd equation is an ordinary differential equation (e.g., eq. (28))
or perhaps Lhe equivalent set of ordinary differential equations (derived from eqs, (18)
and (19)). The main question to be answered iz the achievable acenracy with various
choices of element types. The clement type relates to the geometrical shape of the
clement and the type of shape functions, In an ordinary differential equation the
geomnetrical shape of the element is a straight line, so only the type of shape linction
is Lo be determined for the particular applieation,

Applieation of the finite-clernent method again leads to the Mnenr nlgebraic
cigenvalue problem (eq. (68)) for the axia wave mumnbers,
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Ag=4Aq

where X is related to bz /n. In this case the genceralized coordinates in q are the
values of the acoustic field at the finite-clement nodes, Henee, the eigenvectors are
the discrete analogs of continuous eigenfunctions which might arise from a selution
of the boundary value problem of equations (22) and (27).

In the context of the eigenvalue problem for the uniforn-flow duct with a general
mean flow, the FEM has been investigated extensively in references 50 to 52, In
the original formulation (refs. 50 and 51), elemenis with quadratic shape functions
were nsed. These clements require a grid where nodal values of the acoustic state
variables are specified. In certain instanees the solution set of eigenvalues degenerates
i accuracy rapidly as the modal order increases, Spurions eigenvalues oceur with
corresponding eigenvectors characterized by large slope discentimuities at element
boundaries, The degeneration in accuracy is lessened by refining the mesh and
thereby inereasing the dimensionality of the prablem.

A considerable improvement was achieved by the Introduction of Hermnitian
clements (ref. 51). These clements, referred to loasely as “beam bending clements,”
have cubic shape funetions based on specification of the acoustic states and their
derivatives at the nodes (bending deflection and bending slope in the nnalogous
structural clement). Use of Hermitinn clements climinates spurious modes and
improves the nceuracy for a given dimensionality.

A seeond concept ntroduced in the itnproved version (ref. 51) is the eqnivaleut
ol an eigenfunction expansion in vibration analysis. The cigenvalue problem for the
ease of mean flow is expanded in terins of a subset of the eigenvectors obtained when
flow is absent, When flow is absent the eigenvalue problen is significantly reduced
in dimensionality. The net effect of solving first the no-flow eigenvalue problem and
then the flow cigenvalue problem with a reduced set of basis functions is to offer &
considerable computational savings with minimal reduction of accuracy.

The FEM is not limited to simple geometries and can accommeodate an arbitrary
lining configuration, altheugh at considerable cost in dimensionality, Reference 53
demonsirated the use of the FEM for the ealenlation of the cigenvalues for circular
and rectangular duets with a peripherally varying liner.

In many cases the boundary layer iz thin in comparison with the duct transvoerse
dimension. In this ease n considerable simplification in the computatien of the duet
eigenvalues, and therelore the attennation, ean be achieved, References 54 to 36 used
an asymplotic expansion within the boundary layer based on the small parameter
§/L, where & Is the boundary-layer thickness and L is the characteristic transverse
dimension, This procedure produces an equivalent boundary eondition to be enforeed
at Lthe edge of the boundary layer. At the outer wall of a cireular duet the boundary
condition is

ap (1= MoK (ina+c{pf [ue/(1 - Ml9)%] - a})

P G9
dr L4denA fu‘ (L = Mo K9)2 de (©o)
where
c = §/R
My core flow Mach number
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A wall dimensionless admittance
] .

4 =1 —ind

A = m? + nk?

K = ke /7

The velocity profile in the boundary layer is given by

M(§) = Mag(&) (bgé=l)

where £ = 1 corresponds to the outer cdge of the boundary layer. An interesting
and important implication of equation {69} is the limiting cuse ¢ — 0, for which the
boundary condition becomes identical to equation (26), thus verifying the correctness
of the continuity of particle displacement assumption used in its derivation.

The boundary condition of equation (69) should be applied at the edge of the
boundary layer. Since the boundary layer is nssuined to be thin relative to the duct
radius, it is generally adequate to apply the boundary condition at the duct wall,
in which case it can legitimately be viewed as an effective admittance. Wherever
applied, the effective admittance is a function of the axial wave number k., wherens
in the usual point rescting liner boundary condition (eq. (26)) the admittance is
independent of kz (though generally dependent on 7, the dimensionless frequency).
In fact, the effective admittance is that of a bulk reacting boundary, that is, one that
admits waye propagation.

The computation of eigenvalues ean still proceed from equations (58) and (59),
but the integration scheme of equations (60) to (62) is no longer dircctly applierd,
The integration scheme can be nsed in combination with relaxation if the cigenvalue
problem is first solved with ¢ = 0 {the uniform-flow ease). The values of K = ke /n
80 obtained can be used to evaluate the cffective admittance

inA -+ c{ﬂ i [df,/(l - Mﬂ"w}?] _ a}
off = Ltiend fy (1= MoK ¢)? d€

which can then be used in the integration scheme to find new values of K. This
scquence proceeds to convergenee of the KX values. Should convergence difficulties
arise, increments of ¢ ean be used, but for o small € this should not be necessary.

The effective admittance can be computed explicitly for linear, sinusoidal, and
1/N power lnw boundary layers. For other boundary layers the integrals may have
to be computed by numerical quadrature.

Myers and Chuang (ref. 57) have improved upon the inner expansion by obtaining
# uniformly valid malched asymptotic expension which maintaing accuracy for
thicker boundary layers. The resulting eigenvalue problem is maodified, but a similar
procedure would be used to obtain eigenvalues and cigenfunctions,

(70)

General Computational Results

Design criteria for acoustic liners in turbofan inlet and exhaust ducts are consid-
ered in detail in another chapter. In this section we refer to some general results
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which can be deduced, All results quoted are for tuned linings consisting of a re-
sistive face sheet and a cavity hacking. Details of lining characteristics are given in
another chapter.

Rice (ref. 68) has shown that the presence of a uniform mean flow has a substantial
effect. on the ncoustie lining impedance required to obtain maximum attenuation.
Fer an initially planar acoustic wave introduced in a eircular lined duct {constructed
from the superposition of 10 nenplanar soft-wall symmetric aconstic mades), he
determined the eurves of equal sound power attenuation in the impedance plane, both
with no flow and with an inlet flow of M = =0.4 (negative Mach number indicates
propagation opposite to flow direction), at a nondimensional frequency 1 =« The
attenuation was computed over an axial length of 6 duet radii. The result in the
impedance plane is shown in figure 3, in which it is shown that the presence of flow
has a strong effeet on the values of impedance which eorrespond to a given level
of attenuation, and in particular on the impedance required to achieve optimum
attenuation, He also shows that the maximum achievable level of attenuation is
relatively insensitive to the mean flow. This is shown in figure 4 wherein attenuation
per distance equal to duct diameter s plotted against the nondimensional frequency
n. There is a substantial decrease in achievable attenuation with frequency, but very
litile dependence on Mach number, This result cannot necessarily be extended to
other combinations of maodes,

A study (ref, 26) for the two-dimensional case considered only the fundamental
mate and examined the variation of the frequency at which peak attenuation accurs
as a function of Mach number for specific iinings, Plotted in figure 5 is the ratio of
the tuning frequency fp (Irequency of peak atienuation in the fandamental mode) to
the tuning frequency at zero Mach number (fp)rs=g 88 a function of Mach number,
It is shown that the tuning frequency deereases in inlet flow and inereases in exhaust,
flow. The result is relatively insensitive to the resistance of the lining,

It is found in reference 59 thal modes of high spinning and radial orders (modes

“which are not axisymmetric) attenuate more rapidly than those of lower orders, It

is concluded that some knowledge of the source is required to carry out a reasonable
lining design,

The effect of the boundary layer is important in the determination of the eptimmuin
impedance. Simple considerations of ray ncoustics show that for an inlet flow
where the sound propagation s opposite to the mean flow, the boundary layer
tends to refract acoustic rays away from the duet wall, and it might be expected
that for a given lining the attenuation would be less than that calculated using
a uniforrn mean flow. The opposite effect should occur in exhaust flows, This
is supported by cxperiment, although a greater cffect is seen in inlet {lows than
exhaust flows, A purametric study (ref. 60) showed that for inlet flows the optimum
acoustic resistance for Individual well-eut-on modes is reduced substantially with
increasing boundary-laver thickness, while the boundary-layer effect on reactance
is much smaller, The most significant fact found is shown in figure 6. Here the
ratio of optimum attenuation with boundary layer ¢ to optimum attenuation with
no boundary layer o is plotted against the ratio of the boundary-layer thickness é
to the wavelength A for a given angular mode m and [requency n. For boundary
layers up to 25 percent of the wavelength, the achievable attenuation is not very
sensitive to the boundary-layer thickness. Hence, with proper design procedures the
presenee of a boundary layer need not reduce the achjevable attenuation for well-cut-
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on modes. This fact can be understood in the context of effective admittance. (See
eq. (70).) Aslong as theeffective admittance takes the optimal value, the attenuntion
is independent of boundary-layer thickness (within the lmitations of thie equation).

Reference 61 showed that a precise model of the boundary layer i not required to
carry ont practical desige calculations, It showed that & boundary-layer profile which
matches the shape factor (ratlo of displacement thickness to momentutn thickness)
and the displacement thickness of the actual boundary layer produce attenuation
rates essentially the same as the actual boundary layer. In particular, the 1/7 power
law boundary layer can be replaced by a linear profile with slip at the wall. This
observation minimizes the computational difficnities associated with sheared-llow
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calculations.  Other investigations showed that a thinver boundary layer with o
linear profile but without alip can also be used to sinulate the actual engine duct
profiles, which are seldom of 1/7 power, If the boundary layer is not thin, eare should
be taken te use the netual profile,

An Alternative Calculation Scheme
Based on Correlation Equations

The computation schemes introduced previonaly can be coupled with n suitable
optimization algoerithin to create a suppressor design procedure. A design iteration
based on these schemes would be comiplicated and time-consuming and in addition
may require information not wvailable to the designer (e.g., the duet modes present).
An additional complication is the large number of parameters involved, since the
aptitnum  impedance is a function of frequency, Mach number, boundary-layer
thickness, und duet modes present, Furthermore, even after an optimun design is
achieved (one whieh produces the maximum attenuation), it is necessary to consider
off-design performance, which requires more analysis, In an elfort to streamline
this procedure, Rice (refs. 3, 59, 60, and 62 to 65) has made tmajor contributions
to the design process by identifying correlating equations from which approximate
camputations of suppressor performance can be made. He has found an analytie
approximation for the contours of equal attenuation in the impedance plane (sce
fig. 3, e.g.) (refs. G2 and 63), which is a function of the optitnum impedance and the
optimum attenuation rate for a given mode, mean flow Mach number, boundary-
layer thickness, duct geometry, and frequency. This approximation allows the rapid
estimation of ofi-design liner performance, that is, the equal altenuation contours
for linings which are not optimum.

A second major contribution to the design procedure introduced by Ricn is his
discavery that the optimumn impedance (resistance and reactance) and the maximum
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possible attenuation for a given frequency, Loundary-layer thickness, and geometry
are uniquely defined by the modal cutoff ratlo (refs. 3 and 64). In this context,
the definition of modnl cutofl ratio is extended to duets with acoustic treatinent by
introdueing the definition

/i
g= - (1)
R\/(l - M2) cos 2
where the axial wave munber Iy given by
ke =M+ f1- (1= M) (e/n)?

N 1= A2

and

k= I cxp(id)

Figure 7 shows the loci of optimum impedances for a given frequency, Mach
number, and boundary-layer thickness. Numerical computations were carried out
by Rice (ref, 3) to find the optimum impedance for a large number of modes with
different spinning (angular) and radial mode numbers. The data symbols correspond
to the angular mode m, and the location of the symbol around the curve clockwise
corresponds to increasing radin]l mode number g Modal entoll ratio deereases in
the ejockwise direetion. Where two symbols are nearly eofncident the modal eutoff
ratios are nearly the same, as indicated by the identification of two syinbols with
euntofl ratios near g = 1.2

Based on this ohservation reference (4 established a correlating equation Tor
optimum impedance as a function of cutoff ratio for a given Mach nnber, boundary-
layer thickness, and [requency. The success of the correlating equations is shown in
figures 8 and 9 for 2 specific case, Optimum resistance and reactanee are shawn
as a function of cutofl ratio with boundary-lnyer thickness as a parameter for a
specific frequeney and Mach number. The data symbels are the result of numerienl
computations and the eurves are the result of the carrclating equations.

Henee, algebraic equations, which result from extensive numerieal analysis,
insight into the theoretieal results, and some empiricism, are available for the design
process, Rice and Sawdy (ref, G0} have summarized the design procedure and an
extension which also makes use of n correlation of the far-field directivity to cutofl
ratio,

The results are based on analysis of ducts of infinite length; that is, there are
no reflections from the duet termination. The results may be substantially modified
for short ducts typiceal of [on engine inlets, The cutoff ratio remains a viable design
parameter, but the duct L/ becomes an important additional parameter,

Acoustle Energy

One convenient measure of the effectiveness of acoustic treatment in a duct is
the acoustic energy which is absorbed or reflected by the treatment, In principle
this measure can be applied by computing the acoustic power or the acoustic energy
Aux (aeoustic power per unit aren) at two duct cross scetions a distance Ax apart
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and by then attributing the decrease in the flux to the attenuation introduced by
the lining. The flux of acoustic energy ean also in principle he broken down into
incident, reflected, and transmitted coutributions, Caleulation of these components
can be used Lo quantify the effectiveness of reactive acoustic trentment in terms of
reflection and transmission coelficients,

In thermo-fluid mechanies, energy density and flux are defined in terms of
products of the fluid state variables. In the aconstic case definitions of acoustic
energy density and flux are to be expressed in torms of only steady-state and first-
order-fluctuating acoustic perturbations, For general flows this is an elusive goal,
at least in the sense of producing definitions which are appropriate for practical
caleulations. Morfey (ref. 67) has addressed the question of general flows, as has
Mihring (refs, 68 and 69). Morfey also discnssed one of two deflnitions of acoustic
energy density and [lux, whieli are useful for caleulations in a restricted class of
flows, He restricted atlention to irrotational wniforin entropy flow. For this case the
consideration of the time-averaged flux of stagnation enthalpy across a fixed surface

yields the definitions

L a1
B = %-—"-5 P+ EPV + E.g(V,, -Vip (72)
1 n 1
Ny =pV+p{Vo V)V + ;Egvap" “+ c—gvn(vo “Vip (73)
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where £ is the acoustic cnergy density, Ny is the acoustic energy flux, p is the local
mean flow density, e is the locnl mean flow speed of sound, and V, is the mean flow
velocity, These definitions are given in dimensional form, as is almost universally
the case in the literature. The equivalent nondimensional forms are easily abtained
by scaling the energy deusity by a suitable reference value p.—cﬁ and the flux by p,-c‘,f.
It is important to note that the definitions are entirely in lerms of the steady-flow
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state variables and second-order terms involving the first-order ncoustic fluctuations
pand V.

A sccond appronch, typified by the work in reference 70, starts directly with the
thermo-fluld mechanics energy equation, expands in a perturbation series, subtracts
out the stendy-flow contributions, retains only second-order quantities in the acoustic
fluctuations, and defines the resulting quantitics as acoustic energy density and flux.
If the mean flow is entirely uniform, this procedure yiclds the definitions

N = ___1'__ 2 _!; 2
Iy = 5pct? + 30V (11)
1 5 1
Nnt = PV +V, (;l-]-cﬁ P+ Ep‘ﬂ) (75}

These are again in terms of second-order terms involving the first-arder acoustic
fluctuations.
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The aconstic intensity in either case is defined ss the time-avernged acoustic
energy flux

I=(N)

The total acoustic power at a duct cross section is

P=ff I'ndS
)

where 8 is the surface aren over which the integral is earried out, I there are
no energy sources or sinks the acoustic power is eonserved hetween two ducet eross
soctions Ax apart. This result is true for both definitions of acoustic energy flux.

Candel (ref, 71) has reviewed much of the literature dealing with acoustic energy
prineiples in general and their applieation to duets in particular. The classifieation
given herein is consistent with his obscrvations. Both forms are valid scts of
definitions, but the type I encrgy definitions satisfy a conservation law for a wider
class of flows.

Eversman (ref. 72) shows that the two forms of energy density are compatible
with variational principles, from which the acoustic field equations ean be derived in
the case of uniform flow when both definitions satisly a conservation law. The term
£y is the Hamiltonian density and Eyy is the Lagrangian density. In general, Ey # Ey
and Ny # Ny However, this [s not significant; as energy-related quantities, suitable
additive constants can be introduced to foree equivalence. The important fact is
that the change in acoustic power botween two duct cross sections Az apart is zero
when no energy sources or sinks are present.

When encrgy sources or sinks nre present, & modified form of the definition of
acoustic power must be used to account for them. This has been done for a lined
uniform duet with wniform flow (ref, 72), The appropriste definitions are

A= [ [ 00 ndS 4V (i) + 1 (enc)

A =/ —/S {Ny) n ([S+Vf <pb%> dx

The surface integral terms are recognized as the power definitions for the hard-wall
duct, The terms py and up are the values of the acoustic pressure and the axial
component of the acoustic particle velocity at the duct wall, The term ¢{x, £) is the
wall displacement field. It is found that

il ~(rysé)

where ry, i the resistive component in the lining impedance,
P ,
=—==7Y -+ 1I)
§t

and ¢ is the normal component of velocity at the wall. Hence, the rate of docrease
of acoustic power is the same for either definition,
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Nonuniform Ducts

The duet systemn through whieh fan noise propagates and radintes is contoured
for acrodynamic and propulsive efficiency. In the acoustic design sequence it may be
necessary to determine the effect of the duct nonunifonnity on the lining perfonnnnce.
Modeling of acoustic propagation in the fan inlet and exhaust ducts invelves
cousideration of the geometric nonuniformity of the duetl as well as the resultant
nommiformity in the mean flow. The problem thus becomes one of considerable
complexily for which uo “exact” analytical selution is generally available, asin the
case of many comparable problems in uniforin ducts,

As noted previously, the propagation and radiation proldems are coupled and
should be solved simultancously. This is the nltimate goal of the modeling process,
Haowever, most analysis methads have approached the propagation and radiation
problems separalely by treating the propagation as oceurring in a duct with no
refleetion at the termination and Lhe radiation then proceeding from the conditions
established in this manner at the termination. Even this simplification leaves the
difficult problem of deseribing the mean flow in the duct and the acoustic propagation
in the presence of this flow.

In this section we look at methods which have been used to consider the acoustic
propagation in nonuniform duets with reflection-free terminations. This challenging
problom was first attacked for the case when the mean flow vanishes or can be
assumed to be of negligible effeet. Subsequent extensions were mnele to inelude the
effect of mean flow. The discussion herein is split up in the same wry and a munber
of Lechniques are reviewed,

The question of radiation to the far field is addressed in the final seetion of this
clrapter, whercin modeling methods are introduced with which the entire propagation
and radintion process can be deseribed. This section and the final one are thus eloscly

related.

Nonuniform Ducts Without Mean Flow

Methods of modeling linear acoustic propagation in nonnniform ducts without
flaw ean be broken down into five major categories: (1) one-dimensional or plane-
whve approximations; (2) approximations for higher order acoustic modes which
negleet modal coupling; (3) stepped duct approximations; (d) variational and
Galerkin methods; and (5) fnite-element and finite-difference methods. The Jnst
category of methods has been suceessfully extended to include the radiation to the
for feld,

At low [requencics the Webster horu equation {ref. 73) ean be obtained either
by directly copsidering one-dimensional forins of the eontinuity and momentutn
equations or by expanding the aconstic equalions in terms of powers of a small
parameter which is the ratio of the duet radius to the wavelength. The first-order
terms arc the Webster equation. The resulting theory is equivalent to the “plane-
wave theory" in uniform ducts, For most problems in turbolan duct acoustics the
theory is not adequate for the representation of high-frequency propagation from
rotating-blnde noise sources. However, the solution of Webster's equation has heen
used in a modern context in reference 74 in connection with studies of the acoustic
woperties of the contoured circular duct present in a bottle neck,
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When the cross-sectional prea of the duet or the aconstie lning properties vary
slowly, perturbation techniques become uselul. The method of multiple scales was
used in reference 75 in counection with the acoustic wave equatlon in the case
without mean flow to represent the propagalion of a single mode, To this level of
approximation no interaction enn oceur between the various acoustic modes which
oceur in the duet. A second approach, which arrives at cssentially the same resull
in the case of the duct with ne acoustic lining, comes froin reference 76. It nsed a
Galerkin method but neglected the modal interaction in an application of the WKDB
approximation for the resulting uncoupled sel of ordinary differential cquations with
slowly varying coeflicients. The result is a solution for the axial variation of amplitude
of the acoustic modes in the duet, but without the effect of modal interaction.

A reasonable approach to the modeling of a nonumiform duet whiel bncludes
the effects of modal intersctions is the segnentation of the duct into a sequence of
uniform ducts with step changes in dnet eross-scctional area or lining impedance
at the interfaces. It s assumed that in ench segment the pressure field enn be
approximated by a finite (and hopefully small) munber of the acoustic modes for
the section, each with undetermined amplitede, Conditions of continuity of mass
and axial momentum at the interfuces are enforced in that a sequence of residnals,
weighted by the acoustic modes themselves, are required to be orthogonal on the cross
sections of the discontinuities, For given inpul modal amplitudes and an assumed
reflection-free termination, il is possible to sel up & set of linear cquations for the
maodal amplitudes in each segment. Acoustie pressures at any point in the duct can
then be recovered by suitable pestprocessing of the modal mnplitudes and nssocinted
acoustic modes. In reference 77 this method was Introduesd for the uniform duct
with an axially varying lining, and it. was used in reference 78 for (he ease of a duet
with axially varying eross-sectionsl] area. It is nppropriate to point out here that the
segmentation approach has also been employed in the case of ducts with mean flow,
Axially segmented linings in a uniform dnet with uniform flow were considered in
reference 79 and extended to shear flows in reference 80.

The first use of a Galerkin method (or, more generally, the method of weighted
residuals (MWRY}) in the duet acoustic propagation problem was apparently in
reference 76, as previously noted. This investigntion of hard-wall ducts was based
on a velocity potential. The formulation admitted the effect of modal conpling, hut
this was subsequently neglected at the solution stage. We are interested in the more
general case when modal coupling effeets are retained and a loeally reacting duet
liner is present.

The application of the Galerkin methed to propagation in noboniform dacis is
similar ta Lhe application to the eigenvalue problem deseribed by equations (66}
to {6B). Figure 10 shows the general geometry of the nonuniform duct between
semi-infinite uniform ducts, In the nonunifornn section 0 € ¢ < £, the impedanee
Zg{<) and the aren Sp(x) can vary. This figure can be considered either as n two-
dimenstonal or cireular duct (# = Constant plane in a eylindrieal coordinate system).

The acoustic field is described by field equations, represented here by a linear
vector operator L, ucting on the acoustic stute variables, which may inelude pressure
p and particle velocity Vi

LpiVipl =0 (76)
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The term £p is writlen as a veetor operator beenuse it may represent several
field equations. For example, equation (76) eould be the acoustic continuity and
momentum equations {eqs. (18) and (19) with M = 0) in the case of harmonic

motion,

gp+V-V=1 (77

WV =-VYp=10 (78)
or it conld be the Helmholtz equation in pressure only:
Vip+nip=0 (79)

Solutions are sought in the form of a superposition of the transverse acoustic modes
for a duct which is locally uniform;

{r} = [¢l{a}

. where {P} is the vector of feld varinhles (for example, three components of particle

velocity and pressure), (¢] is a suitable modal matrix derived for a locally uniform
duet, and {q} is the vector of madal amplitudes (generalized coordinates),

The uniform-duct acoustie modes do not satisfy the boundary conditions for the
nonuniform duct, and these conditions must be included as part of the preblem
sttoment. On the duet wall,

V-v=Ap
This can be east as the following boundary aperator:
Lp[V,pl=0 (80)

The assumed solution {P} is substituted in both the field equation operator and the
boundary operator and produces errors, or residuals, as follows:
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Ry = Lrl{PY = L7 l4){a}] (81)
On the boundary,
Rp = Lpl(P}] = Lp[lé){n}] (82)

For the Galerkin method (ref. 81), the residuals are required to be orthogonal
to each member of a complete set, in this case the acoustic modes (bosis functions)
themselves, thus establishing a set of ordinary differential equations for the elements
of the modal amplitude veetor {g{z)} which by iinplication tend to produce zero
residunl error. The statement of orthogenality is

[ 107 £rfisiar] au =0 (&)
On the boundary,

917 La[le){a}] =0 (84)

In carrying out the integration equation (83), it is found that boundary terms arise
which can be climinated with the boundary residual. Thisis the equivalent of natural

boundary conditions in variational methods,
The set of differential equations arising from the Galerkin procedure is of the

form
dq
{2} =110 (83
A transfer matrix relating {g{0)} and {q(L)}, the values of the amplitudes at z =0

and r = L, is readily obtained by a numerical integration scheme {e.g., the Runge-
Kutta scheme):

{a(L)} = [T]{a(0)}

The terms {g(Z)} and {g(0)} can then be expressed in terms of incident and reflected
acoustie modal amplitudes in the uniform sections (lined or unlined):
: +
o =lacon {27 }
ot
ey =lacen { - |

where [A{0)] and [A(L)] are suitable matrices for the known modal structure of
incident and refleeted waves at z = 0 and z = L, It is then possible to establish a

transfor matrix in the form
) at
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This can be decomposed nnder the assimnption that the incident modal amplitudes
{a*} are known and that the duct termination is reflection free ({h™} = 0) to define
refleetion and Lransimission coefficients, The reflection and transmission cocllicients
ean he wsed in o postprocessing operation to construct the acoustic field in the
nonuniform scetion.

The MWR was used in reforence 82 for two-dimensional ducts, Reference 83 used
what is essentinlly a MWR in connection with a “wave-envelope” representation of
the acoustic state varinbles (in this case pressure only) to treat the smne problem,
The wave-etivelope approach isolates the rapidly varying wave stricture of the
acoustic propagation from relatively slowly varying ehanges in the modal amplitudes
in order to create a set of ordinary differentinl equations annlogous to cquations (83)
and (84) but which represent the relnatively slow amplitude variations. Advantages
can be expected in the resolution required in the integration scheme.

The HAwpite-clement method offers a much more flexible schome than the MWR
for modeling the acoustic transmission properties of nonuniform-duct segments.
As noted previously, in applications in acousties il is generally most appropriate
to bnse a finite-cJement approximation on the Galerkin method, When this is
accomplished, equation (85), which is & set of ordinary differential equations for
the modal amplitudes, is replaced by a set of algebraic cquations lor Lhe acoustic
state variables at the finite-clement nodes, In a manner completely analogous to
the one used in the elassic Galerkin selreme, the finite-elemnent representation in the
nonuniform section can be matehed to a modal representation in the semi-infinite
entrance and exit ducts, The result of these operations is a large set of algehraic
equations of the form

{£'}
[K]4 {e~} ¢ ={F){a™} (86)
{v+}

where the elements of the vector {P} are the acoustie state variables at the finite-
clement nodes in the nonuniform section. The term {¢~} is a vector of rellected
moeal amplitudes in the inlel semi-infinite duct, {b*} is a vector of transmitted
madal mnplitudes in the exit semi-infinite duct, {a*} Is a vector of specified incident
modal amplitudes in the inlet semi-infinite duet, JK] is the assembled “stiffness”
matrix; and [Fl{at} s the generalized “force” vector. An approprinte solution of
equation (86) yiclds the reflection and Lransmission matrices

{a”} = [R){e*}

{57} = [THa™}

With modern finite-clement schemes the large set of equations does not actnally
need to be stored in active computer memory, “Frontal mnethods™ (ref, 84) provide
a systematic scheme in whieh the finite-clement assembly process and the equation
solving are integrated into an algorithm whiell requires only a modest active memory,
almost independent of the problem size. There is a vast amount of literature on finite-
element methods in general, and two partienlarly well-known works are references 85

and 86.

146

ST



e it A o s A e .

2T

e SRR S X

T

DI

Theoretical Models for Duct Aconstic Propugation and Radiation

The use of the finite-clement method in the absence of mean flow is discussed in
relerences 87 to 91 in connection with the modeling of mufllers, a physical arrange-
ment not significantly different from the fan inlet problems of interesy here. Cragps’
work (refs, 90 and 91) was soniewhat unique in that he was interested in modeling
truly three-dimensionnl geometries {as opposed to the more widely discussed two-
dimenstonal or axisymmetric problems), and therefore he discusses three-dimensional
clements. Tag and Akin (rel. 92) made caleulations for a two-dimensional non-
uniform duet, All these investigations were based on a varistional formulation, re-
quiring some manipulations which are not required when a Gulerkin method is used.
The chief difference in the approaches is in the specific elements nsed.

Referenee 93 presents a comparison of the use of the method of weighted residuals
md the Galerkin finite-element method for the ealeulation of the transmission and
reflection properties of acoustically treated nonuniform ducts, The finite-elmnent
method produces virtually exactly the same resuits for reflection and transmission
coefficients as does the standnrd Gaolerkin inethod, The commputational cost of the
finite-clement method when based on the Helmholtz equation is about the same as the
comparable Galerkin solution. The formulation In reference 93 is the only one which
employs the matching of the finite-element solution in the nonuniformity to anodal
solution in the inlet and exhaust semi-infinite ducts, This, or an equivalent. approach,
is essential Lo adequately account for inlet and exhaust boundary conditions in the
linite-clement solution.

Finite-difference methods have also been extensively studied for applieation to
the duct acoustics problem. Time-dependent (transient} aud harmonic steady-state
formulations have been used, and implicit and explicit schemes lnve been tested.
While geod results in relatively simple test cases have heen reported, the finite-
difference moethod has not become a generally used computational seheme, The main
renson is the penalty imposed on Anite-difference schemes by irregular geometries.
Finite-element schemes are particnlarly well suited for duct probleins, especially
when nonuniform duets are considered nnd when the question of imposing meaningful
forcing and termination conditions is raised, It might ulso be added here that the
finite-element scheme is more suitable for modeling the radiation to free space when
this type of boundary condilion is approprinte. A complete review of finite-diflference
applieations in duet acoustics has boen made by Baumeister (ref. 94), who lins also
made a number of contributions in this aren, Consult this review for further details,

A comparison of experiment to theory for a simple nommiferm-duct geometry
was reported in reference 95, Both the finite-clement theory of reference 93 and the
finite-difference ealeulations of White (rell 96) were found to be in good agreement
with the experiments.

Nonuniform Ducts With Mean Flow

Two types of nonuniform duets are eonsidered, The simplest situation is that of
a duct of uniform cross section but with axially varying lining impedance, In this
case the mean flow is axially uniform. This problem has been of considerable interest,
in connection with the design of linings which are segmented axially with the two
objectives of praviding attenuation over a brond range of frequencics and of inducing
attenuation because of the reactive effects of lining discontinuities, As previously
noled the stepped duet approximation (also referred to ns mode matehing) is suitable
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for modeling transmission in a duet with segmented linings, even in the presence of
sheared mean flow. Reference 79 for duets with uniform llow and reference 80 for
sheared mean flow have wsed the mode matching technique.

When a duct area nonuniforinity is present, we are coneerned not only with the
effect of the nren nommiformity on the propagation, but alse with the effect of the
axinl and transverse flow gradients induced by the area nonnniformity. A limiting
case would be the situation in which the area nonuniformity creates a sonic flow at the
throat, eompletely cutting ofl upstream transmission, Experiinental investigations of
this nttennation mechanism in references 97 to 99 have shown that locally sonic flow
conditions in nn inlet ean create a substantinl reduction in the ferward transmission
of fau-generaled noise, although the noise cannot, be comnpletely suppressed, Perbaps
of even more interest is the observation that the mechanism appears te he at least
partially effective for throat Mach numbers below sonie, perhaps as low as 0.8, An
cffort to defermine whether lincur aconstic analysis could prediet this flow-induced
attenwation led to a substantinl effort to model propagation through high subsonic
flows,

A compliented situation oceurs when the duct is nonuniform in eross section. We
also include the possibility that the lining is axially nonuniform, 1t is necessary not
only to model propagation in the nonuniform geometry, but also to consider the
cifeel of propagation through the nonuniform How ficld. In general, the mean llow
is compuied separately and is given as data for the acoustic analysis. The model
used for the mean flow has substantial influence on the complexity of the ncoustic
madel, If no restrietion is placed on the mean flow and it is allowed to be rotational
(principally due to the duct-wall boundary layers), then an appropriate form for the
acoustie field equations is the acoustic momentum equation and the acoustic energy
equationr {eqs. (6) and (7)), An allernative is the acoustie fleld equations derived
directly from the continnity and momentum equations (1) and (2). This type of
mean flow representation hins to be obtained from the Euler equations or the Navier-
Stokes equations, IF the mean flow is irrotational, then the acoustic field equations
can be obtained in the form of equations {9) and {11}, This means that the mean
flow must be nonviscous and that no boundary layer ean be included,

The computational implications of the two representations are sybstantial. 1
the mean flow is assumed to be general, then it is necessary to work in terms of
the primitive variables pressure (or density) snd velocity, with four field equations
for three-dimensional nconstic fields, If tho mean fow is assumed to be irrotational,
then the aconstic feld is also irrotational and the introduction of an acounstic velocity
potential Jerds to only one field equation for the potential. The acoustic pressure
and particle veloeities are obtained by postprocessing the veloeity potential solution,

When there is mean flow present, the boundary condition at duct hard walls is
still the requirement that the normal component of accustic particle veloeity must
vanisly

V-v=0

When a menn flow is present in a wniform duct, it was shewn in equation (26} that
for o locally reacting lining within a eirenlar duct the boundary condition is
i)

A
V.v=Ap- T%(M)) {87)
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In this form the boundary condition is valid for a lining which varies axinlly. In the
case of a nommiform duel, and nonnniform mean {low, it is showa in reference 100
that the correct boundary condition is

Ve & Ap
Viv=dp-i ” ar(fl;;)-l-a 7 [+ (v - V)V (88)
where Vi is the tangential eotnponent of mean flow Vi al the duct wall. The deriva-
tive @/8r is with respect 10 the eurvilinenr distance along the duct wall, Equn-
tion (88) is directly obtained Trom equation (87) by replacing the axial coordinate =
with the tangential coordinate 7 and adding the lnst term, In duct applications the
extra term in equation (88) is probably extremely small, sinee ils principal contri-
butions are only large near a stagnation point in the mean flow. Equation (87) is
therefore taken ns the appropriate boundary condition.

There are fower options available for computations of acoustic propagation in
duets with nonuniform eross sections with mean flow than for comparable problems
without mean flow. They ean be categorized as (1) one-dimensional or plane-
wave approximations, (2) perturbation schemes for ducts with slowly varying eross
sections, (3) weighted-residunl methods (i.e,, Galerkin), and (4) finite-element and
finite-difference methods,

A particularly useful one-dimensional model for unlined ducts has been con-
structed in reference 101 from a one-dimensional continuity and momentum equa-
tion. Without flow the governing equations ean be combined to form Webster's
horn equation, In their investigation they used a shooting technique to investigate
the two-point boundary value problem for wave propagation in n nonuniform duet
carrying a compressible mean flow with specified driving and exit conditions, The
present author has used the field eguations of Davis and Johnson with a Runge-Kutta
integration schome matched to traveling wave solutions in semi-infinite uniform in-
lets and pipes to construct transmission and reflection equations far leng-wavelength
propagation. Though unpublished, this approach was nsed as a check on a more gen-
eral Galerkin formulation te be discussed shortly. King and Karamcheti (ref, 102)
abtained solutions to what is effectively the Davis and Johnson mode! using the
method of characteristics.

Perturbation methods have been used by several investigators for studies of
acoustic transmission in nonuniform duets with mean flow. In reference 103 a ray
acoitstics approximation was used for the velocity potential for the lowest order
maode described by a generalization of Webster’s horn equation, Tam (rel. 104) used
a Born approximation based on a small area varintion and studied the seattering
of an ncoustic wave incident on a nonuniformity. His flow model was constructed
from the one-dimensional gns dynamies relationships with a superposed Lransverse
velocity to create {low tangeney at the walls, References 105 and 106 extended the
method of multiple seales (ref. 75} to include the case with a shenred mean Row in
a lined duet,

it is diffieult ro draw general conclusions from these models, However it can
be stated that little seattering effect is seen for acoustic waves incident upon a
nonuniformity (and, heoce, axinl and transverse flow gradients) unless the local
Mach number exeeeds 0.6, For higher throat Mach numbers, seattering becomes
significant (ref. 104). For propagation against the mean flow, an increase in acoustie
pressure near the throat is observed, the increase being very large for high subsonic
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throat Mael numbers. Even for near-sonic throat velocities no large atfennation is
observed, '

These analytic, or semianalytic, approximations have abvious limitations implied
in the perturbation sehemes. [ order 1o relax these restrictions it §s necessary to
resort to the Galerkin methods or to finite-clement or finite-difference sehemes,

" The appliention of a Galerkin method or a finile-clement analysis to the case
when a moean flow is present is formally the snme as when there is no mean flow,
The fleld equations are considerably more complex, meaning that mueh more time
is required in the computation of the coeflicient matrices in the Galerkin method
and of the clement “stitfness matrices™ in the finite-element analysis. The actual
solution of the ordinary differential equations in the Galerkin nethod or of the
algebraje equations in the finite-clerent analysis Is neither nore time-consuming
nor more storage dependent than the eorresponding operations when flow is absent,
provided that the same leve) of diseretization Is used. In actual computations lor high
subsonic mean flows, it is found that upstrenn of the sound source the compression
of the acoustic wavelengths requires a finer diseretization than in the no-flow case.
Downstrenm of the source the opposite is true, On balanece, however, it appears that
a finer discretization is required when flow is present.

Acoustie transmission in nonuniform ducts with a general mean flow has been
considered in references 46 and 52. In referenee 46 the Galerkin method was used
with basis finctions derived from a uniform-duct analysis, and in reference 52 n
Galerkin finite-element analysis was used. The mean flow is derived from one-
dimensional compressible flow relations with a simple superposition of & transverse
veloeity eomponent based on the requirement of flow langency ab the wall. This
is essentinlly the representation of the flow used in the perturbatien solution of
referonce 104, The techniques of references 46 and 52 give comparable results and
compare well with computations based on the reference 101 formulation at jow
frequencies.

Referenee 107 extended the wave-envelope methad (ref. 83) to the ense of
nanmiiform lined duets earrying a compressible, sheared mean flow. As previously
noted this method is basieally a weighted-residual, or Gulerkin, approach with the
refinement that the harmonic wave character of the solution is ineluded in the basis
functions so that anly the envelepe of the axial varintion of the aconstic modal
amplitudes is numerically computed, ‘This would appear to have some inplications
in the cfficiency of the axial integration scheme.

The weighted-residual computational schemes have been used to shed further
light on the question of attenuation in propagation through high subsonie mean
flows. Results were shown in reference 46 for the transmission of initially planar
two-dimensional waves through a converging-diverging nozzle at low lrequency, and
the results were comnpared with cquivalent one-dimensional caleulations based on
the formulation it relerence 10J, One exaimple was o converging-diverging hard-wall
duet with propagation apposite to the flow. The duet throat height was 75 pereent,
of the inles and exit duct heights and the nonuniform section was L.25 duct heights
in length. Mach numbers of 0.25, 0.60, and (.81 in the throat were considered (0,20,
0,40, and 0.48 in the wiform sections), Figure 11 s a plot of the ratio of trausmitted
acoustic power to incident acoustic power for nondimensional frequencies based on
the duct height #y, (This is actually hall the duet height if the straight wall is
constriued as a centerline.)
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Figure 11, Ratio of lransmitted power Wy to itneident power Wy in converging-
diverging hard-wall duct showing comparisen of one-dimensional resully
and Galerkin caleulations,

The comparison of the one-dimensional and weighted-residunl (Galerkin) results is
good up to the frequency where the first higher order mnoade cuts on. Slight deviations
aceur beeoanze the weighted-residun] model is inherently two dimensional, and even
at low frequencies some two-dimensional cffects occur. Of more interest for the
present discussion is the faet that strong aconstic attenuation does not occur, What
litile attenuation that is shown in figure 11 is in a narrow frequency band and is the
renctive attenuation of the duet nonuniformity acting as a muffler. This supports the
previous observation that linear theory does not appenr to predict the experimentally
observed attenuation in high subsonic {lows.

When the flow field can be nssumed to be irrotational, the field equations become
particularly simple. The continuity equation (9) and the version of the acoustic
momentum equation (11} are in a form well suited for finite-clement analysis. In
references 108 and 109 these equations were effectively combined and a finite-element
discretization was carried out based on the “wave-like” equation which results,
The mean flow was generated from a boundary-element method for incompressible
potentinl flow. A well-known compressibility correction (ref. 110) was then used
to include the major effects of the compressible mean flow. Dotundary conditions,
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including the effect of aconstic lining, were forced on the global “stiffness” matrix,
No attempt was made to match the solution It the nonnuniforinity region to ineident-
and reflected-wave structures st the terminations. The treatment of the termination
conditions limits the practieal application of the seheme. :

When the mean flow is genernl and not restricted by the assumption of irro-
tationality, the field equations caunot be combined into a single scalur equation.
Finite-element modeling schemes have been set up in references 52 and 111 for this
type of fow, with the field equations in the form of equations (6) and (7) {in ref. 52}
or in the form of equations {58) and (6) (in rel. 111}, There are considerable dif-
ferences in the details of the implementation of the Galerkin finite-element scheme.
Two-dimensional flow was considered in reference 52, and natural boundary condi-
tions were used for the duct-wall houndary conditions. A modal matehing proeedure
wns used to mateh the finite-element, solution for the nonuniformity to the infinite
intet and exhaust duets. This is a direct extension of the formulation for no flow
(ref. 93). Referemee (11 originally used forced boundary conditions, including the
specification of acoustie pressure on the source plane and a modal impedance on the
exit plane. In subsequent development of this scheme, modal boundary eonditions
were ineorporated at the duct terminations, This work was directed toward the de-
velopment of a very-large-seale, general-purpose duct acoustic computational scheme
and was set up for axisymmetric propagation.

Finite-clement methods have been shown to produee results in good agreement
with results from other available computational seiiemes, Reference 111 shows
excellent agrecment with some analytic solntions, Figure 12, taken from refer-
cnee 52, shows the power transmission coeflicient as a function of the nondimen-
sional frequency based on duct semiheight for the Galerkin method and for the finite-
cloment method. The geometry is a converging two-dimensional, lined, cosine-shapod
tapered-duct section with a 15-percent contraction. The propagation is ngainst the
flow, which is relatively low at A = 0.36 in the minimum area, The comparison of
the two calenlations is very good,

Finite-difference schemes, thiough placed on a fimn foundation in reference 94,
have not hecome generally nseful, This is undoubtedly because of the simplicity with
which Anite-clement schernes bandle complicated geometries. A second eonsideration
is the introduction of frontal sclution schemes in the finite-element mothod which
put. these methods on a nearly equal looting with explicit finite-difference algorithms
when compiter storage is a consideration.

Radlation

It hos been noted previously that duct acoustic propagation and radiation are
coupled atd cannot he separated in a rigorous treatment, It hias also been noted
that most duct propagatien analysis has been carried out by ignoring the radiation
aspect. The usual way to aveld it is to nssume that the duct is of infinite length and
that the reflection cffects at the termination are unimportant. This cffectively says
that the radiation process proceeds on the basis of conditions estahlished at the duct
termination by propagation without reflection, and therefore the radintion process
creates no reflections. For lining design this hias proven to be an cffective approach,
sinee reflections are relatively unimportant except at frequencies near modal cutoff,

When the radiation pattern itsell is of interest, then the problem of acoustie
radiation in the infinitc medivwn surrounding the duct exit must be addressed, In
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this discussion we limit atiention entively to the inlet radintion problem, in whicl
propagation and radiation occur through an inlet flow field (possibly absent), We
choose not to examine problems in which propagation and radiation occur through
a jet, with the resulting considerations of shear layers,

Radiation from n piston in a plane wall (ref. 112) modeled using the Rayleigh
integral and based ou the knowledge of the velocity distribution on the piston is
the classic technique for caleulation of the radiation pattern of & flanged duct, At
a duct termination the velocity distribution on the conceptual piston is determined
by the acoustic field in the duet, In the textbook case at low frequency, the velocity
distribution is assumed to be uniform and the radiation impedance is computed,
providing a mechanism for connecting the duet propagation {incident and reflected
plane waves) to the radiated field. Levine and Schwinger (ref. 113) cousidered
radiation from an unbaffed open-end pipe using the Wiener-Hopf method, The duct
propagation and radiation is treated as a coupled system, and both the radiation
pattern and the reflection and transmission cocfficients for the duet modes ean he
calculated. This Levine and Sclwinger fornulation has been widely used, but as
in the case of the Rayleigh integral for the bhaflled termination, it is limited to the
situation wilien no inlet flow is present.,

1In order to model rigorously the radiation proecess when an inlet flow is present, it
is appropriate to use the finite-clement method. This modeling method, in contrast
to the finite-diflerence method, has the advantage of being readily adaptable to the
camplex geometry of a turbofan inlet.

When the finite-element method is used, propagation in the duct and radiation
to the far field are included in one model, It is assumed that the inlet flow feld
ig irrotationzl, The appropriate field equations are then equations (9) and (11).
Equation (10} is used to compute the local speed of sound from the mean flow
veloeity potential, Equations (9) and {11) ean be combined in a single *wave-like”
equation in the aconstic velocity potential, this equation requiring as input data the
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mean flow velocity potential, derivatives of the velocity potential, and the local speed
of sound,

Two different. finite-clement models have heen developed, The first te appear was
doveloped in references 114 and 115 and is an extension of the finite-clement model for
duct propagation discussert in references 108 and 109, As noted previously, their field
equation in the acoustic velocity potential is & direct combination of equations (9)
and (11). A Gulerkin method is wsed to formulate the problem and integration
by parts is used to introduce the natural boundary eonditions on the duct walls
and what amounts o a radiation condition on a boundary outside the duct. The
source is introduced through use of a foreed boundary condition which specilies
acoustic particle veloeity on the source plane. The data for their field equation
require first and seeond derivatives of the mean {low velocity potential (velocity and
spatinl derivatives of velocity). These data are genernted by modeling the inlet flow
with a boundary-clement proecdure.

The radiation condition is introdueed by representing the acoustic ficld in terms
of n houndnry-clement method in the region outside a surface exlerior to the
nacelle, which can be called the matehing surface. The procedure is to solve the
field equations interior to the matehing surface using the finite-clement procedure,
with the radiation hmpedance on the matching surface assumed. This allows the
computation of the acoustic petential on the matching surface, This is used to
generale the exterior acoustic field and, hence, a second version of the radiation
impedanee,  This new impedance is asswned in a new finite-clement solution in
the interior. The iterative procedure continnes until suecessive fnite-element and
boundary-element ealeulations agree on the radiation impedance to some specified
aceuracy, After the iteration procedure, the acoustic pressure and particle veloeity
ean be obtained by suitable processing of the aconstic velocity potentinl,

The secoud finite-clement madel to appear was reported in references 116 and
117. The appronch used was a Galerkin formulation based on the field equations (9)
and (11}, The authors took advantage of the divergence term in equation (9}, which
in the Galerkin scheme leads (upon nse of the divergence theorem) Lo introduction
of natural boundary conditions and to the elimination of the requirement in the
input data for the spectfication of mean flow veloeity spatinl derivatives, This makes
it attractive to compute the mean flow field from a velocity-potentinl formulntion
with & finite-clement representation on the same mesh as that used for the acoustic
propngation and radiation, The source is modeled in terms of incident and reflecied
modes, which are matched to the finite-clement solution on the source plane,

The radiation Lo the far field is alse modeled with finite elements which have in
their shape [unctions the wave character of the far field of u simple source. These
wave-envelope elements allow the use of elements which are very large in the radial
direction. With these clements the region between the near feld and the far ficld can
be spanned with a relatively small number of elemnents. At the far-field boundary
a simple radiation condition can be imposed, The entire problem is cast in finite-
element form so that no ileration is necessary, The solution is carried ont with the
frontal solution method of reference 84 at a modest cost in computer storage,

Examples of the suecess of the finite-element modeling of turbofan radiation are
shown in figire 13, wherein the finite-clement predictions of acoustic radiation from
i turbofan engine are compared with the actual radiation patterns mensured in a
{Hight test program. The engine was modificd to produce a strong tone in the e = 13
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angular mode at frequencies dependent on the engine speed. Figure 13 shows the
comparison of theory and mensurement for the dircetivity (SP'L vs polar angle from
the injet centerline) for several nondimensional frequencies (based on the duct radius
at the throal)., The frequenciea shown span the range from just barely ent on to well
et on. The agreement i remarkably good, particularly when one considers the
complexities of both the modeling scheme and the flyover test proeedure.

A ray acoustics model for radiation has been deseribed in referenees 118 and 119,
Quly sparse details are available, but it is probable that the major advantage of the
method is in its prediction of broadband noise radiation, as opposed to the pure tone
radiation for which the finite-element procedure is particularly appropriate.

The complexity of the computation schemes which are required to compute
aconstic radiation (or lined ducts with interior and exterior flows has led Rice and lis
co-workers to extend the ideas of modal cutofl ratio to the radiation problem and to
derive approximate expressions for the radiation patiern which are functions of the
madul eutoff ratios for the duet modes, The starting point is the lollowing expression
derived in references 120 and 121 far the mean-square pressure as a function of the
polar angle from the inlet axis g, the modal cutofl ratio G5, and the frequency
71 = witfe (where R is the duet radius) for radiation from a Qanged duet:

2singhpy/1 — 1/63 (Sin {r)[sinwg - (l/ﬁg)]})u

P = TAl(1753) - S veP )

This approximation is valid exeept for the first few radial modes of high-order angular
mades. The important feature here is that the approximation to the radiation pattern
depends not on the individual modal structure but instead on the cutoff ratie, an
implieation that all modes with the same cutoff ratio have the same radiation pattern
for i bieing equal. Hence, just as in the suppressor design procedure {refs. 3 and 62
to 65} based on cutofl ratio, it is found that for the simple ease of the fanged duct
without flow the radintion pattern also depends on cutolf ratio.

Reference 121 combined this iden, the concept of a modal density function
(rel. 122), and cutoff ratio biasing function to predict the direetivity of broadband
(multimodal) fan noise with a substantial degree of success. [t was then determined
{ref. 6} that the polar angle at which the peak of the radiated field occurs is a function
of cutefl ratin. The funetional dependence en cutoff ratio ean be found lor no flow,
for inlet, flow with no ferward-flight effect, and for inlet flow with forward-flight effoct,
This observation led to the establishment of corrections of equation (89) for the flow
effect and additionally for the unflanged duct ease (ref. 6G).

With this development Lhe entire suppression design procedure ean be put in
an approximate but vastly situplified context in comparison with the use of the full
nmnerieal models. Such o procedure is desirable for preliminary design iterations,

Nonlinear Duct Acoustica

Nonlinear prepagation phenromena in duets present a field of study which s
potentially as vast as that of the linear theory discussed to this point, In this section
the intention is to address only two problems related to turbofin noise,
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Under certnin conditions, principally related to the presence of a shock wave
system on the fan blades because of supersonie relative tip speeds, acoustic waves
are propagated in the duet with a distinetive spectral content. In addition to the
internction tones of the Tyler-Solrin theory (ref. 5), there exist multiple pure tones
which are based en rotor speed rather than on blade passage frequency (refs, 123 to
126). These tones are apperently at least partly due to initially small variations in
the shock wave pattern on the rotor becanse of nonuniformities in the blades, These
initinlly small variations are enhanced beeause ol nonlinear effects related to the
shock strueture radiated from the blades. In addition, the nonlinear shock structure
produces an attenuntion in Lthe duct which is not predicted by linear theory (refs. 123
to 126) but which is related to the decay of shock strength away from the rotor face.
This decay is enhanced by high subsonic inlet flows and cannot be predicted by linear
acoustic theory.

It has been previously neted that in high subsonic inlet flows, the fan tones
predicted by the Tyler-Sofrin theory (ref. 5) show an attenuation not predicted by
linear theory. This attenuation becomes nearly complete when the inlet flow becomes
sonic at the thront, Tt was also previously noted that linear theory does predict a
large increase in the pressure nmplitude for acoustic waves incident upon n throat
where an approaching flow reaches high subsonic flow, This is illustrated in figure 14
(from ref, 127}, wherein the pressure magnitude is plotted against the nxial distance
for n plane wave approaching a throat with inlet flows of M = (.75, 0.85, and (.96,
The sharp pressure rise for M = 0.96 suggests the onset of ronlinear behavior,

A perturbation procedure was used in reference 128 to show that finite-amplitude
acoustic modes show nonlinear dispersion and that the characteristic velocity of
propagation of acoustic waves beecomes dependent on Lthe amplitude of the waves,
Since the wave amplitude grows near the throat, as shown in figure 14, the incident
waves ean stop propagating before the mean flow reaches sonic veloceily.

In a series of papers (refs. 129 to 131), the methoed of matched asymptotic
oxpansions was used to investigate the nonlinear behavior of originally linear planar
acoustic waves passing through the thronat region of a duet i which the mean flow
in the throat is transonie. The formation of acoustic shock waves was demonstrated
and, as might be anticipated, it was shown that the nonlinear effects increase with
source strength, frequeney, and throat Mach numnber. The shock waves cause a
sitbstantin] dissipation of cnergy and are the mechanisim by which acoustic choking
occeurs in the ene-dimensional case.  The same type of hehavior was found in
relorences 132 and 133 with finite-difference solutions of the ene-dimensional Euler
equations, and good agreement with the matched asymptotic expansion results was
also found.

In reference 134 the methed of matched asymptotic expansions was extended to
two-dimensional propagation, As in the one-dimensional case, shock waves develop
in the acoustic field in the near-sonie mean flow in the duct throat, Coupling between
acoustic modes induces the nenlinear hehavior at tower Maeh numbers than in the
case of plane-wave propagation. Dispersion plays a major role in this cnse, whercas
it did not in the one-dimensional ease.

Much remains to be learned about nonlinear effects, particularly in complicated
flows with multimodal propagation. This is a fruitful area for Mmture research,
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Figure 14. Pressure rise at high subsonte throat for plane wave af inlet Mach
numbers of .75, 0.85, and 0.96. (From ref. 127.)
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Orientation

This chapter discusses the procedure for designing acoustic treatment panels used
to line the walls of aircralt engine ducts and for estimating the resulting suppression
of turbafan engine duct nolse. This procedure is intended to be used for estimating
neise suppression of existing designs or for designing new acoustic treatment panels
and duct configurations to achieve desired suppression levels,

Federal and local government regulations limit the level of noise that may radiate
from commercial and private aircraft. Sorme airports impose even more severe limits,
such as the Washington International Airport at night, Noise certifiention levels of
alreraft, which are the starting point for determining the required noise suppression,
are discussed in the chapter on flyover noise measurement and prediction.

In general, the noise levels generated by the source mechanisms of turbomachinery
used in turbofan-powered aircraft are higher than allowed by the regulated limits,
Suppression within the engine ducts, both Inlet and exhaust, is necessary to meet
certification levels, These noise sources normally conaist of the turbofan, compressar,
turhine, and combustor,

The amount of required noise suppression often establishes the length of ducting
requiring treatment, DBeeause duct lengths should be as short as possible to
control weight, the designer must be concerned that the source level of each engine
component is appropriately determined,

To estimate the engine contribution to aircraft Ayover noise, information is needed
on both suppression and the effect of the suppression on the far-field radiation
pattern. Experience has shown that the required noise suppression can be predicted
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reasonably well for the inlet, but the suppression reguired for each aft end component
(fan duct, core nozzle) is not easily established,

The problem in the aft end stems from difficulty in unambiguously separating fan,
turbine, jet, and combustion components contributing to the overall radiated level.
The measurement of suppression of a treatment design for ene of these components
is difficult, particalarly if the contribution of that component is 10 dB or more below
the combined level of the other sources. In this easo, the small decrease in the
overall level of neise due to the increased suppression of the component cannot be
distinguished from experimental error in the measurement,

In addition, it is important that the type of acoustic treatment panels selected
have the appropriate suppression characteristics as a function of frequency. The
treatment is usually designed to preferentially suppress the noise generated in
those frequencies that contribute most to the aircraft noise as measured in noise
certification unita {perceived noise level).

Design Approach

Perspectives on Treatment Design

The panel design and associated suppression depend on the noise source charac-
teristics defined by acoustic modes propagating within the duct, which acts as a wave
guide, There are two distinct regimes, one in which the wavelength ia large relative
to the duct opening and the other in which it is small, Rigorous analytical techniques
are necessary in the farmer, but ray acoustics ar empirical methods are usually ade-
quate in the latter, For the “gray” arca, where large- and small-wavelength regimes
overlap, a combination of the two approaches is required,

The key design parameter is the acoustic impedance of the treatment panel, The
impedance is comprised of a real part, the resistance, and an imaginary part, the
reactance, In practice, analytical estimation of suppression as a function of the
treatment acoustic impedance forms the basis lor typical designs, The results of this
approach set the acoustic impedance design criteria for the treatment panels in new
applications or improve performance of existing designs,

Because of limitations to the corrent state of the art of rigorous discrete-frequency
duct propagation theory, the analytical approach is scasoned with engineering data
to cstablish a priori estimatea of the likely performance of treatment designs for
new applications. Specifically, suppression is parametrically analyzed to establish
the values of panel resistance and reactance that provide the closest approach to
maximum suppression for the assumed engine source characteristics, within practica)
constraints dictated by other considerations. This analysis is performed over the
frequency range of concern to establish the treatment acoustic impedance design
eriteria for the engine component.,

The next step is to design the treatment panel to match as closely as possible the
desired impedance for each frequency band of concern. Depending on the range of
frequency over which suppression is required, the type of treatment is then chosen:
single degree of freedom (SDOF), two degree of freedom (2DOF), or bulk absorber.

The SDOF design, shown in figure 1{(a), consists of a single-layer sandwich
construction with a solid backplate, porous face sheet, and cellular separator such as
honeycomb. The 2DOF destgn, shown in figure 1(b), adds a second layer (double-
layer sandwich), with a porous septum sheet, or midsheet. This concept could be
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extended to multiple layers. The bulk absorber, shown in figure 1(c), has a single-
layer construction in which a fibrous mat fitls the panel beiween the porous face
sheet and solid backplate,
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Single .
Jger Partitions (g hotweyramh)
Holid lawkplue

(a} Single degree of freedom (SDOF).

Tartitions Forass Bee shieet

Laer | —D3" -T-f -L-J—r Paraus segum

Layer 2 —P )
Sallsl backplote

(b) Two degree of frecdom (2DOF).

!—— Purans Fiee sliesy
G

Siagle ARSI
layor AT A e ['arisis iterind
....... A

-L— Salkt buck plate

{¢) Bulk absorber.

Figure 1. Conventional aircraft engine trentment panel designs,

Of the three design types, the SDOF type is effective over the narrowest range of
frequencics and must be tured to the frequency band containing the single fan tone of
greatest concern. The useful bandwidth of SDOF treatment is about one octave, The
2DOFT type has a wider bandwidth, being most efTective for two adjacent harmonies
of fan blade-passage frequency (BPF). With careful design, the uscful bandwidth
of 2DOF treatment ean be extended to cover the BPF and its next two harmonics
(about two octaves). This is generally sufficient for turbofan engine applications.
The bulk absorber has the wideat bandwidth, extending over three octaves in the
range of concern if the panel is made sufficiently deep {o be effective at the lowest
frecqueney. Its perfermance at the higher frequencies then depends on the selection
of fiber dinmeter and material density. Bulk absorber treatment has not been used
in aircraft engines in commercial service becanse of structural design difficulties.

Note that the SDOF and 2DOF treatments are resonater panels, and their
acoustic properties strongly depend on the dumping that the resistance of the face
sheet and midsheet provides; the acoustic properties can be either linear or nonlinear.
The damping resistance of nonlinear liner face sheets and septum sheets varies with
the amplitude of the acoustic wave incident on the liner, whereas the resistance of
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linear face sheets and septum sheets is independent. of the incident wave amplitude, at
least over the range of sound pressure levels (SPL) experienced in practice, Thus, the
resistance of a nonlinear treatment panel may vary along the length of the duct, as
the wave amplitude is suppressed, and this variation aflects its acoustic performance,

Ordinary perforate materials, typically with 1/32- to 1/16-inch-diameter holes,
are in the nonlinear category, Wire-mesh materials and bulk absorbers are in the
linear category except at extremely high SPL,

Generally, a more controlled treatment panel design can be obtained by using
linear materials, which, to some extent, makes the treatment impedance independent
of engine power setting, Since the source characteristics are known to change with
engine power setting, attempting to mainlain a constant treatment impedance is
an oversimplification of the design problem. Conceivably, with highly sophisticated
techniques, a nonlinear material could be designed with a variable impedance that
used changing SPL to track optimum impedance values better than a linear material,
but such an approach is beyond the scope of this discussion,

Available Design Approaches

Three design approaches are available to the acoustic engineer confronted with an
engine noise suppression problem: theoretical, semiempirical, or empirical, Figure 2
illustrates graphically the acoustic treatment design approaches. The purpose of
this chapter is to provide guidance to the engineer in selecting and implementing a
treatiment design method,

Ideal Theoretical Design Procedures

The theoretical design procedures discussed in the previous chapter represent
the ideal approach for the analysis of duct acoustic propagation and radiation,
These methods require knowledge of, or at least an assumption aboul, the source
characteristica, At each problem frequency, the amplitudes and relative phases of the
duct modes that are excited by the source (e.g., Tyler-Sofrin modes), or equivalent
information in terms of acoustic pressure profiles, must be known for input into the
analysis.

Elaborate experimental methods have been developed to teasure modal content
on vehicles that present wnusually difficult problem tones. Successful suppression
of these tones requires a closely tailored treatment design, Such theoretical design
procedures represent current state of the art and have been applied in practice when
the number of modes that are excited is modest. This problem arises sufficiently
often to justify the significant effort required to exercise that capability,

Semiempirical and Empirical Approaches

When there is little information about the source modal characteristics, either
becange the particular turbomachinery is still in the carly design stage and com-
ponent test data are not available nr because the number of duct modes carrying
energy is very large (typical of high-bypass-ratio turbofan inlets), assumptions about
the source characteristics usually must be made. The analytical result then becomes
dependent on the modal content assumption, and experience must be a factor in pro-
viding a “hest guess” assumption, To the extent that the input scurce characteristics
are uncertain, the rigorous analysis becomes somewhat semiempirical.
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Figure 2, Schematic of engine trentment design approaches.

Progress is being made in turbomachinery source-prediction methods so that,
again with experience, this prediction could reduce the uncertainty of the semi-
empirical procedure, On the other hand, besides the possible uncertainty about
the source, the actual conditions within engine ducts often depart significantly from
the ideal. Interruptions in the treatment both circumferentially and axially, axial
variationa in the duct height, duct eurvature, and other such departures from the
ideal introduce the need to augment the theoretical approach with experimental
data,

In the early years of development of acoustic treatment design for turbofan engine
ducts, theoretical methods were not generally available nor sufficiently complete to
permit designs by other than the purely empirical approach, ‘The empirical approach
usually consists of laboratory measurement of noise suppression, or insertion loss,
when acoustic treatment is applied to the walls of a duct built to simulate the
geometry of the engine duct.
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The insertion loss experimental method compares the noise levels measured for o
hard-walled, untreated duct with the levels measured after trentment panels have
been inserted. Choices of treatment designs used for these tests are based on
engineering experience, and because of the cost, the test series is seldom sufficiently
exhaustive to ensure that the optimum design has been achieved, Examples of such
test facilities are discussed in the subsequent section cntitled “Testing for Treatment,
Design and Performance Measurement.”

For either inlet or exhaust ducts, some of the pure empiricism can be removed
by conducting an experimental test program in which SDOF treatment designs are
employed, During a series of insertion loss tests the treatment panel depth and
face-sheet resistance are systematically varied. The variation of panel depth controls
variation of the treatment reactance, while the face-sheel resistance is varied by
means of porosity if it is a perforate, or Rayl number if it is a mesh, The measured
suppression can be plotied in the impedance plane, where the impedance of the
panels tested has been ebtained using existing methods for predicting or measuring
pane]l impedance. Contour plots of isosuppression at each frequency then provide
data on suppression in terms of impedance. Since the wall impedance is assumed
to be the key parameter determining the suppression performance of the treatment
panel, the isosuppression plots can be used in a semiempirical manner to predict the
suppression of more complicated 2DOF or bulk absorber panels at each frequency,
when the impedance for such panels is obtained by either prediction or measurement
in the laboratory,

Another example of a semiempirical approach is to make geometric acoustic
approximations in the analytical model used to represent the propagating sound
feld. Tor the inlet at blade-passage frequency and higher (ratio of duct diameter
to wavelength greater than 10), suppression and far-feld directivity of broadband
noise can be closely estimated by means of simple ray acoustics, assuming equal
energy distribution nmong the propagating modes. This semiempirical methed is not
adequate, however, when the noise is in a strong tone which is carried by relatively
few modes excited by a source characteristic such as a vane-blade interaction,
Fortunately, these exceptional cases are amenable to the rigorous analytical methods
described in the previous chapter.

Design Approach Advanteges and Disadvantages

The principal differences among the three approaches, and their relative advan-
lages and disadvantnges, are

1. The empirical approach requires extensive testing, which is not only time-
consuming and expensive but also may not give adequate representation, or mock-
up, of the conditions in the engine application. Laboratory tests can give ballpark
designs, but actual engine tests are, ultimately, the most reliable way of arriving
at an answer, If the design is marginal because a particnlar problem is unusuvally
severe, 2 number of candidate designs may need to be tested,

2. The semiempirical approach by its nature entails some theoretical basis to provide
coherence and understanding te the meaning of experimental data, Thus, the
amount of testing required is reduced in scope and the time needed ia significantly
shortened. The main problem is to identify the analytical model that can be used
with a limited data base to reach the objective,
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Design and Performance of Duct Acoustic Treatment

3. The rigorous theoretical approach is most useful in providing wunderstanding
of the basic phenomena involved in Lthe problem. In meost cases, the rigorous
model is & simplification or idealization of the actual conditions of the design
application. Nevertheless, particularly when working with an actual engine
development program, the theoretical approach provides such insight into cause
and effect that the shortcomings of the model can be overshadowed by the gain
in knowledge and understanding achioved.

Fundamentals of Duct Liner Technology

Acoustic Impedance Design Criteria

Acoustic impedance is defined as the ratio of acoustic pressure to acoustic veloceity
L a point on the surface of the panel and is given by the complex number

z=-§=fz+f.\' (1)

where

Z impedance, cgs rayls (g/cm®-sec)
p aecoustie pressure, dyncs/cm2

v acoustic velocity, em/sce

I acoustic resistance, cgs rayls
X

acoustic reactance, cgs rayls
i =~1

The convention used in this chapter for time dependence of the wave solution of
acoustic pressure and velocity in the duct Js et (where w Is tircular frequeney
and ¢ is time}, This lends to a positive sign for the imagipary term in the
impedance, which i the usual convention. Cheosing the ™% sign convention
requires taking the compiex conjngate in the definition of impedance. Further
discussion of impedance {(and its inverse, admittance) is given in reference 1,
pp. 21-24; units and conversion factors are defined in reference 2. One of the first
discussions of the impedance properties of treatment panels used in aireraft engine
ducts is presenled in reference 3,

Point-reacting treatment is used in aircralt engines and is the basis for the
methods discussed in this chapter. To be point-reactive, the treatment panel must
contain partitions that prevent propagation of the sound laterally within the panel,
The point-reacting condition (which is alse relerred to as Jaeally reacting) is required
for the concept of impedance to be valid as a design parameter, In z non-point-
reacting panel, the impedance at a point depends on the wave motion within the
panel in an extended region around the point, and analysis of the design and
petforinance of such panels must include the lateral propagation inside the panel.

As a rule of thumb, the axial extent of the partitions for resonators (SDOF,
2DOF) should be less than the depth of the panel, and partitions te block both axial
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and circumnferential internal propagation are desirable. In bulk absorbers, partitions
with 2-inch te 4-inch axial spacing have typically heen used for panels nominally
1-inch thick.

The value of impedance that provides the maximum sound absorption at a given

frequency depends on the acoustic mede or ray angle of the propagating sound wave,
The dependence is discussed for illustration briefly in the following paragraphs and
in more detail in an elementary bul clear way in reference 4, pp. 98-140, Reference 4
implicitly reveals the value of normalizing the impedance by the characteristic
impedance of air pe, such that

zZ R iX
et — = 3 = e — 2
e = §=0Fix =T (2)
where
¢ = Z/pec, the (nondimensional) impedance ratio
0 = R/pe, the (nondimensional) resistance ratio
X = X/pc, the {(nondimensional) reactance ratio
8 density of the medium (air}, g/em?
¢ speed of sound in the medium, cm/sec

One way of analyzing acoustic propagation in an idealized two-dimensional wave
guide is to consider each wave to be the superposition of a series of plane waves,
where each plane wave atrikes the wall at a different angle and then ricachets back
and forth down the duct. Reference 5, pp. 493-495, shows that in a hard-walled duct
this plane-wave solution is equivalent to an acoustic mode propagating in the duct
and that only certain angles of incidenee to the wall (the characteristic duct modes)
are allowed. This plane-wave analogy can be used to lend physical insight into the
absorption process in ducts,

For the idealized case of a plane wave incident on a flat surface, the fraction of
incident encrgy absorbed by the treatment panel is

_ 40 cos ¢
o= (1 -0 cos )2 4 (x cos ¢)? (3)

where

[l absorption cocflicient

¢ angle between the normal
to the wave lront and
the normal to the panel,
as shown in the sketch

G I

The normal-incidence absorption coefficient is the value of & when ¢ = 0.
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Equation {3) is bascd on the plane-wave solution to the wave cquation for a
reflection at a surface, assuming a semi-infinite region above the surface, This madel
ia valid for propagation in a duct in the short wavelength (ray acoustic) [imit sa long
as ¢ is not close to 90°. In that case, when the wave is propagaling purallel to the
wall, a modal analysis approach is required {see Cremer, ref, 6). For the planc-waye
mode (¢ = 90°) without airflow, Cremer’s analysis yields the optimum impedance
for ducts of rectangular cross section:

Zopt/pe = (0.92 ~ 0.774)n (4)
or
Ripe=092n X/pe=-0.7Tq
where
n = H{A, nondimensional frequency parameter

H height between duct walls, cm

A wavelength of sound, cm

In contrast, the plane-wave surface reflection result indicates that {he value of ar is
maximum when X = 0 and R/pe = 1 /cos; that is, to obtain maximum absorption,
the angle of incidence of the sound ray must be taken into account, In the event
of many different ray angles, or propagating medes, the best choice of the value of
R depends, then, on the amount of cnergy in each of the rays and on the relative
attenuation rate introduced by the panel impedance selection,

Note that the plane-wave angle of incidence result for optimum modal impedance
is an approximation to the exact result for a given mode. Determination of the exact
optimum impedance requires solution of a complex transcendental equation derived
{rom the duct impedance boundary condition {see the previous chapter).

If a single mode is dominant and giving trouble in the far field, the treatment
may possibly be designed for it alone. The typical design problem is not that
simple. Usually, there is a mix of modes with energy distributed among them in
a manner that is generally unknown and, as experience to date has indicated, not
eastly measured. Thus an engineering assumption about the modal distribution
must be introduced in order to atiempt an analytical design approach. Failing an
analytical approach, the designer must resort to laboratory mock-up duct testing, or
even to engine testing.

The direct engine or mock-up duct testing approach has been often used, but
tesults of laboratory maock-up duct tests for curved-duct fan reveraers and engine tests
for inlets sugpgest that a good engincering assumption for the analytical approach in
these cases is to assutne equal energy in all cut-on modes and random phasing among
modes, At present, this provides a basis for semiempirical analytical determination
of the hest choices of i and X and estimation of the suppression losses caused by
nonoptimum values,

In choosing the mock-up duct test approach, the designer must be aware that the
snurce being used in laboratory testing may not closely simulate the actual engine
source. Moreover, even if an engine is used as the treatment design testbed, the
characteristics of certain tones produced in the presence of inflow distortion {such as

173



Motsinger and Kraft

would be enconntered with statie engine ground testing) may be quite different from
those produced in fight with cleaner inflow, When the equal energy and random
phasing assumption holds, the mock-up duct procedure provides useful guidance in
determining the cffects of changes in duct geometry or treatment impedance, and
engine static test results are improved by the provision of inlet turbulence control
structures, as discussed subsequently.

Pane] Conflguration Design

In many cases, the desired resistance increases monotonically with [frequency,
Desired reactance is close to zero or even negative and becomes more negative with
increasing frequency, as suggested by Cremer’s (ref. 6) result (eq. (4}). These prop-
erties can be achieved over a limited range of frequency in the 2DOT construction.
SDOT designs require a series of different treatment segments along the duct to
achieve the same objective. Alse, now that reasonably accurate impedance predie-
tion is possible for bulk absorbers, it is understood that their previously known wide
suppression bandwidih originates from inherently possessing a favorable variation of
impedance (hoth R and X) as a function of frequency.

The properties of candidate panels and evaluations of their ahility to achieve the
impedance design criteria are summarized in the following sections.

Single- Degree-of-Freedom Liners

The SDOF panel (see fig. 1{a)) has a single-layer sandwich construction with a
solid backplate, porous face sheet, and internal partitions as would be provided hy
a honeycomb. The face sheet can be a perforate with or without bonded wire mesh.
The perforate is suitable lor a limited range of power settings, for example, either
for approach or for takeofl; if designed at one point, the other may be somewhat
compromised. On the other hand, the wire mesh permits a uniform resistance
property over a wide range of duct sonnd pressure levels and airflow velocities,

Linear face sheets maintain constant resistance with frequency because of the low-
Reynolds-number viscous pressure drop for very fine screens, Nonlinear materials are
eflectively linearized by mean flow for typical duct Mach numbers, but may exhibit
slight nonlincar resistance peaks near [requencies where the reactance approaches
zera,

The reactance of single-layer pancls follows a slightly modified cotangent curve,
so that the optimum valuc can be obtained only at a single tuning frequency.

Two-Degree-of-Freedom Liners

The 2DOT panel (sec fig. 1(b)) has a double-layer sandwich construction with a
salid backplate, porous septum, and porous face sheet. Internal partitions such as
honeycomb provide the spacing for the twe layers, As with SDOF punels, the face
sheet can be a perforate with or without bonded wire mesh, Even with the use of
perforate only, linear propertics can be approached because the septum can be made
to control most of the effective acoustic resistance of the panel,

To obtain a linear property for the panel as a whole, the septum should be nearly
linear, Septum linearity can be approached by using a perforate with such small holes
(in the range of 5 to 10 mils) that the acoustic velocities induce only laminar orifice
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flow. The closest approach to linearity identified to date, other than a bulk absarber,
is to use a septum of wire mesh alone; such construction is available commercially.
The introduction of the septum has these important benefits; (1) the resistance
of the panel surfuce s controlied by the septum rather than by the face sheet and
thus the panel properties are essentially independent of duct flow effects; (2} the
registance and reactance can be tailored to approach the desired design values over a
moderate range of lrequencies, To achieve thia henefit, the face-sheet resistance mnst
be small, Figure 3 illustrates the degree of control of the panel propertics obtainable.
Sepiun
ADOF panwl . FOSIREAICN,
iafpe
—_— |

I

———— )

- mm———

w U o
— k
= ]
s P
g
£ E
= e st rer . .
& AL, 4
z  p———— ] L B a Lot o A
.y._' .-
= (SNSRI — g [N S Y]
=
I-.'- F
?‘- -
— l- -
;-‘ -
2
& b
-1F -
£ ~If A
£ .k
- —JE :'
g i : AT S N WY o - (Y ETY [ A R |

e ! e ? In-! "

Tatal cavity depth/Wivelength Fond eswity depih/Wavelenpth

{a) hy/h =025 (b)hy fh=0,5.

Figure 8. Effect of wariation of septum placernen! aml resistance on
impedance of DOF treatment, for face-sheet resistance of zera,

Bulk Absorber

A bulk absorber panel (see fig, 1{c}) usually consists of a single-layer construction
with solid backplate and porous face sheet of negligible resistance {approximately
30-percent porosity or higher). The cavity is filled with a fibrous mat having very
small air passages so that the airflow through the mat (acoustic velacity excitation)
is of sufficiently low Reynolds number to be laminar throughout.
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The introduction of the bulk absorber into the cavity has the same advaniages
as the introduction of the septum in 2DOF panels, The difference between the two
is that tite internal resistance of the 2DOT panel is “lumped,” while that of the bulk
absorber is distributed continucusly over the pancl depth, The 2DOF design can be
tailared by varying the resistance of the septum and ita location. The bulk absorber
design (assuming homogeneous material} can be tailored by varying the amount of
internal flow resistance (density of mat, fiber dinmeter, etc.).

Desired minimum tuning frequencies can be achieved with slightly thinner panel
depths for bulk absorbers than for resonators, because the effective specd of sound
is reduced by viscosity and heat transfer to and from the mat., The distributed
resistance of bulk absorbers damps all multiples of half-wave antiresonances, whereas
the 2DOF panel damps only the first one, Thus, the bulk absorber can absorb
sound effectively at all frequencies above the first quarter-wave resonance, but the
2DOF panel performs well enly for the range from the fan fundamental to the third

harmonic,

Impedance Models

A comprehensive summary of analytical models for predicting impedance of
trentment materials is given in reference 7. This report includes methods for point-
reacting and distributed-reacting materials and for single- and multi-layered panels,
The following discussion is specialized for the specific types of liners deseribed in the
preceding section, with emphasis on the kinds of liners that have been widely used
in commercial engine ducts.

Design Parameters

By examining the mathematical models for treatment impedance for each panel
type, we can readily identify the key parameters that relate the impedance to the
physical construction. These physical parameters are denoted in figure 4.

The general formulas for each panel type are as follows:

For single-degree-of-freedewm panels {fig. 4{a)),

£=£+i(ﬁm+hc) {5)
pe pe

where

Rfpe  [ace-sheet resistance

Xm/pc [lace-sheet mass reactance

Xe/pe  cavity reactance, equal to —cot(kh)
h cavity depth, cm

k wave number, equal to w/e, cm™!
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For two-degree-of-freedom panels (fig. 4(b}},

%m’ k:n a,i:’ kha) _ icot(kh)

+ -
+ Zo ain{khy ) gin{kh
1+15§-_‘—!r|n)m)(—u-

where subseript 1 denotes the face sheet's impedance, resistance, and mass reactance
and subscrlpt 2 denotes the septum's; thus

(6)

A
I
B[N

P i
L _ AR X
pec pe pe

Z = ] ,'_._..X’"2
pc pe pe
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Tor bulk absorber panels {fg, 4(c)),

Z _Zp ‘
oo = e + & coth(~h) (7

where subscript B denotes the face-sheet impedance, resistance, and mass reactonce,
that is, 4

Zy _Ra, Xn

pe pe pc
and where

£ characteristic impedance ratio of impedance of the bulk
absorber o that of air

" propagation coefficient (wave number) in the bulk absorber

The bulk absorber formulas have been adapted from reference 8. Expressions
to calculate each of the parameters in these equations arve given in the following

discussion.
A more fundamental analytical model for bulk absorber panel impedance that

should be pursued further is given in reference 9, That model, if modified to use
de How resistance propecties as input, could substantially itnprove the prediction of
bulk ahsorber impedance.

Resistance: Tor the face sheet in the ahsence of grazing flow and for septum
materials, the resistance term can be determined by the expression

R
= A+BY, (8)

where A and B are determined experimentally by dc flow resistance measurements
and V; is the velocity incident on the sample. The velocity can be taken as either the
de flow velocity or the root-mean-square of the flucluating acoustic velocity incident
on the sample., Making this identification is what relates the de flow resistance
measurement to acoustic resistance,

Ripe

A{|

i Teitlem veloeity. 1

Y

When the measurements of de flow resistance are plotted versus incident veloeity
on a linear scale, the results can be described by a linear relationship (see ref, 10).
The value of A is the linear component of the resistance, while B is the nonlinear
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component, since the velocity-dependent term is what makes the resistance a function
of the amplitude of the incident wave, In gencral, wire-mesh materials have both the
A and the B component, while ordinary perforate materials have a significant value
only for the B component.

For perforate materials, parameters determining the A and B terms can be
identified from simple fluid mechanics, considering the energy loss mechanism to
be caused by the pressure differential across the sample, Figure 5 illustrates the
flow energy dissipation mechanisms comprising the resistance., The first term in
equation (8) is the pressure loss inside the hole due to pipe-flow friction; the second
term is dynamic head loss due to the turbulence associated with entrance and exib

losses,
‘Matlualent msixing boss it
wenl fronm hole,
Pt d& /// / (K + Kl
iy -
7R

velneity, By el
—.._—’

L7 ‘\ T e
RSN

Z X

~
Pipedlow loss

'4-;'—’[ in;i;lv Lle,

|
()
Figure 5, Flow mechanisms for dc flow reststance.

The first term i important when the diameter of the opening 4 is so small that
the flow through the pore is laminar, This is the case for wire-mesh materials; for
ordinary perflorates, the flow in the hole is turbulent and the second term dominates,
In the following analysis we express equation (B} in terms of acoustic resistance.
This permits identification of the parameters that allow estimation of the effect of
temperature and pressure on the material's resistance properties.

First, we note that for lJaminar flow, the friction factor is inversely proportional
to Reynold's number Np,:

a ol

= Ne = id ©
where
F friction factor for pipe flow
Vi velocity in the orifice, em/sec
I fluid dynamic viscosity, dyncs-suc/cm2
d hole diameter, cm
P fluid density, g/cm®
n dimensionless proportionality conatant, equal to 64
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The ratio of pressure loss to dynamic pressure of the fluid within the hole is given
by
o+ I+ K (10)

where

Ap  pressure loss, dynes/cm?®

q dynamic head, dynes/cm?
¢ thickness of face sheet, cm
K; dimensionless entrance Joss

K. dimensionless exit loss

For commercially available perforate materials, experience has shown that K + K.
is approximately 1, The dynamic pressure in the orifice for incompressible flow is

given by
1
g= EPVJ? {11)

Note that this can be extended to compressible flow as in reference 11, The equivalent
velocity through the vena contracta of the orifice is given by

V;
Vo= “C"J";; (12)

where Cp is the dimensionless orifice discharge coefficient. A typical value of the
discharge coefficient is Cp = 0.76. The porosity o is given by

d
o= (13)

where 7 is the number of holes per unit area,
Substituting equations (9), (11), and (12) into equation (10) and solving for
ApfpeV; pesults in

E__Ap__ agt K,-+K=V£ (14)

pc pcV;  2pc(cCp)d? " 2e(oCp)?

where we have inherently identified the dc flow velocity with the root-mean-square
acoustic velocity, Comparing this result with equation (8), we obtain

_ apt
= 2pe{aCp)d? (15)

K+ K,
= 5e(oCp) (16)
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Thus, A depends on both temperature (through ¢, p, and p) and pressure of the
air (through p} and B depends only on the temperature (through ¢). The velues of
a, Cp, and K; + K, depend on the sheet material, whether wire mesh or simple
petforate, and are most accurately determined from a de flow resistance measurement
of the actual material, which measures A and B directly.

Mass reactance: Far the face-sheet and septum materials, the mass reactance
term is determined by

X _ k(t+ed) amn
o a

where ¢ is the dimensionless end correction, which depends on the type of face-sheet
ar septum material. For perforates as in figure 5, early literature suggests ¢ = 0.85;
Ingard deduced a porosity effect (ref. 12):

€=0.85(1-0.7y/7) (18)

Note that ¢ also depends on sound pressure level and grazing flow effects {as
discussed subsequently), In the septum of 2DOF panels, equation {18) is applicable
because there are no grazing fow effects and the sound pressure level at the septum
is relatively small, When the perforate is used over a bulk absorber, the porosity
should be relatively high (greater than 25 percent}, so the face shect is acoustically
transparent. For that reason, little attention has been given to this case, but, to a
firat approximation, the resistance term for a perforate should be valid, and the end
correction on mass reactance should be about 0.3,

Dulk absorber parametera: The ratio of the characteristic impedance of the bulk
absorber to that of air is given by

%cg B p“%? = i:IB + "A';’CB‘ (19)
where
Rp/pe = 1.+ 0.06854(fp/ P)~ 075
(z/pc = 0.08777(/pfP)~ 073
and

pucy characteristic itnpedance in the bulk material
fo/P dimensionless parameter

S {requency, Hz
P linear part of de flow resistanee per unit thickness of the material

The propaéation coeflicieni in the butk absorber is given by
1T=oag+8p (20)
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where

oap = 0.194781:(_(,,/13)—0.59

Bp = k[L +0.00476(fp/ P)~"7]

These formulas are based on the vesults in reference 8,

Effects of Mean Flow an fmpedance

For turbofan engines, where the mean flow is normally at Mach number M of 0.3
to 0.4, the resistance of nonlinear face-aliect materials on SDOF treatment panels
is set by the grazing flow Mach number. The reactance is also affected by the
end correction per equation (17), and the effect is large enough to shift the panel
tuning frequency. The researcher is referred to references 7 and 13-19 for extensive
discussion of this subject,

The practicing engincer who "needs a number” may find that the following
relatively simple expressions for face-sheet resistance and for end correction to mass
reactance are sufficiently accurate to be of practical usa for typical designs in turbofan
engines;

R 03M
riaiara 1)
L {1-07V5)
¢ = 0B S5E AT (22)

Equations (21) and {22) are from reference 16,

Some heretofore unpublished data, summarized in table I, support the general
validity of this approach, Also, as discuseed in the derivations and interpretations
in the next section, these data permit a more complete description of the cambined

-effects of flow and 8PL for real treatment materials having both linear and nonlinear

properties, The table includes both measured data and predictions from the
relationships derived in the following section,

Combined Effects of Mean Flow and Sound Pressure Level

For both linear and nonlinear materials, it has been generally aceepted that the
de flow resistance is equal to the ac resistance of the sheet in the absence of flow, a
lact verified by normal-incidence impedance measurements for pure tone excitation.
The dec flow resistance parameters A and B from equation (8) provide the necessary
information on the relative importance of the linear and nonlincar components. We
can use these facts and the definition of impedance to derive an expression relating
the panel resistance to the incident SPL and grazing flow turbulence.

Starting with the definition of impedance,
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we multiply through by V;, take the absolute value of both sides, and solve for 1} to
obtain
Wi = —A2 (23)
per/I% + X2

Substituting this into cquation (8) gives

It Bp

—_—== + ——
pec pe/0TF y 2

Nermal-incidence impedance measurements have shown that equation {24) cor-
reetly handles the effect of reactance en the resistance for pire tone excitation, This
equation can be rearranged in the following form:

Bp i
(0—.»1)\/02+x2-p—c=0 (25)

For perforate face sheets used on turbofan engine ducts, the value of A from
cquation (15) is negligible, and the face sheet is essentially nonlinear, The resistance
is dominated by the value of B from equation (16) and the excitation pressure p. If,
further, the reactance X is zera, the resistance of the perforate is a maximum, and

is given at this point by
B
0= -1_2.. = /2P (26)
pe \/ e

At other [requencies, where the reactance is not zero, the resistance for pure tone
excitation is smaller, as indicated by cquation (24) or (25),

For wire-mesh face sheets of very fine weave, the value of B from equation (16)
can ideally be made negligible, and the face sheet is essentially linear. The resistance
is dominated by the value of A, that is,

(24)

o= _4 (27)
pec
and the resistance is constant, independent of reactance, SPL, or flow eflects. Purely
linear materials, of course, are not available, and the discussion in reference 20 is of
intercst,

For real materials, whether perforate or wire mesh, neither A nor B is zero, and
all real sheet materials exhibit a combination of linear and nonlincar properties so
that the excitation pressure p must be taken into account. In the absence of grazing
flow, the magnitude of the pressure (in dynes/em?) can be obtained from the SPL
of the ineident wave as

Ip] = (2 % 10~1)10(5PL/20) (28)

The agreement between the measured resistance values in table 1 and predictions
by equations (24) and (28) is shown in figure 6. These data, for pure tone excitation,
show the nonlinear effect of sound pressure level and the variation of resistance with
frequency stemming from the effect of the reactance term y in equation (24). Further
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Impedance for a 8.7-Percent Perlorate

Data obtained with apparstus in fig, 12
Cavity depth = 1.0 in,; Hole dinmeter = 0.032 in,
Fnce-sheet thickness = 0,032 in.; Porosity = 86.7%
A=14; B =02338

‘Table 1, Combined Flow and SPI. Effects on Predicted and Measured

M= M=02
Frequency, tfpe X/pe Rfpe X/pe
He OASPL [Meas. |Pred. [ Meas, | Pred, [OASPL [Meas, [Pred. [ Meas. | Pred.
1100 1469 037 (039 |-1.5 -1.60 146.7 (0,77 (049 (=145 [=1.51
1422 24 24 | =149 |-1.50 141.7 .09 89 | =145 | =150
137.0 A7 A3 =146 [~1.49 136.1 .68 B4 (=144 [=1.80
120.8 .13 04 | ~143 | =—1.47
13560 1615 N 79 |~L06 |-~1.06 140.7 a7 B1 =102 |=1.04
148.5 A7 81 |~L03 [-1.04 141.2 i) 52 (=101 |1—-104
141.6 31 S [-102 (-1.03 1359 .65 46 1~-1.00 |-1.03
130.4 21 18 =098 |-1.02
126.4 M 6 -0 -9
1750 141.6 A4 | 48 —45 —.19 147.1 .02 83 -8 =41
136.7 WJ1 .33 - 18 -~ A7 1417 81 0 -.48 =50
1204 .19 .12 -43 - 45 135.8 75 .B5 ~A7 ~,50
2100 139.9 AB 52 -.13 - 12 140.8 78 78 - 16 =14
136.5 40 A2 —12 —-.11 136.2 T4 72 -.12 -4
126.7 .25 24 -.07 -.08
2450 141.6 .52 .50 J1 18 1.7 Tl 77 A2 .18
136.5 39 41 A4 .20 136.1 62 72 11 AT
120.7 .35 19 21 24
2700 130.6 g2 43 89 1) 139.7 67 i ] A6
126.8 21 .13 A4 A4 136.0 RiZ! .68 3 a7
3000 136.7 A0 27 .66 63 137.8 81 03 48 )
128.7 .20 09 T it} 135.9 A9 02 45 B9
1200 140.3 .17 a4 83 .76 136.1 53 87 .67 74
131.5 .10 .13 B5 81
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Table 1, Caneluded

Data cbinined with apparatus in fig. 12

Cavity depth = 1.0 in.;Hole diameter = 0,032 in.

Face-sheet thickness = (.032 in.; Porosity = 6.7%

A=14; B=02338

M=03 M =04
Fraquency, R/pe X/pe Rlpe X/pe
Hz OASPL |Meas. |Pred. | Meas, | Pred, (OASPL Mens, [Pred, | Meas, | Pred.
1100 1454 (002 [0.73 [-1.13 |[~1.51 146.3 )093 (110 |-0.98 [-1.52
1415 58 g0 | -b4 [ -L1.6] 112,1 B8 108 -08 |-1.52
1360 146.9 |1,04 92 -.76 |-1.05
1411.8 04 48 -.72 [-1.05
1750 140.9 (111 1,02 -.27 -.52 144.2 D5 (138 -.13 -5
141.3 A6 [1.37 =13 =53
2100 141.4 [l.11 [1.07 0 - 18 M7 128 [1.42 33 -.18
2450 146.3 (1.08 [1.12 23 A4 150,2 [1.43 [1.48 a7 12
1414 (1,02 [1.08 2 4
2700 140.3 07 | 1.08 33 34 131 (131 j14l 81 .32
000 140, (101 |1.00 .80 .68 1428 |1.34 [1.37 K 2]
3200 1428 (1.31 |1.35 1.01 .G8
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Figure 6, Effects of SPL on resistance of SDOF panel with nonlinear
Jace sheet. Perforate properties: A = 1.4, B = 02336, { = 0.032 in.,
d =032 in,, 0 =0.7

research is needed to determine whether the effect of reactance on resistance is still
present for broadband excitation.

The data in table ! at zero flow show a systematic effect of SPL on the reactance.
These data, angmented by similar data at two additional porosities, are shown in
figure 7 in terms of the effect of incident velocity V; on the end correction e, Note that
the data correlation indicates that the prior correlation by Ingard (eq. (18)), using
porosity as a parameter, could be replaced by a relationship invelving the face-sheet
resistance as it affects the velocity incident on the panel; that is,

0.85 (V; < 0.4 cm/scc)
e={ 07380119 In V; (0.4 cin/aec € V; < 493 em/sec) {20)
0 (V; > 193 cm/sec)

The value of V; is determined by
=t (30)

V; =
: pc\/ﬁ’2 )

The flow turbulence asseciated with the grazing flow results in n pressure
excitation that causes the resistance te increase just as if SPL were increased. As
shown by Rice, the effect of low Mach number M 18 as given by equation (21).
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Figure 7. Effect of ineident veloctty on mass reaclance end correction.

To further establish the effects of flow and SPL, data were obtained using the
in sity impedance measurement systom to be described subsequently. The experi-
mental data lor a 6.7-pereent-porosity face sheet are summarized in table 1 together
with results of prediction by 4 method to be described in the following paragraphs,

The effect of flow turbulence on the total excitation pressure pp is assumed to
add on an energy basis with that from simple acoustic excitation; that is,

pr=\/r} + (31)

where

pa  acoustic pressure [rom equation (28)

pr  flow turbulence pressure fluctuation

This is similar to the root-mean-squared velocity considered in reference 17,

The experimental data in table 1, for flow Mach numbers of 0, 0.2, 0.3, and 0.4,
were used to estimate the magnitude of the turbulence effect, It was determined that
a good fit was obtained between predicted and measured resistance as a function of
Mach number, including the effect of SPL from equation (31}, when the value of pp
was

pr = 90000 Af? (32)

As pointed out in reference 17, the value of the constant should take into account
the boundary layer profile, and further research {s required to improve equation {32).
Nevertheless, the agreement between predicted and measured data can be scen,
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in total, in table 1; the measured data show a strong incrense in resistance with
increasing Mach number that is reasonably well predicted, even at Mach 0.4. The
additional effect of SPL as predicted by equation (31) is also demonstrated.

A more graphic demonstration of the relatively good agreement is given in figure 8
for Mach 0.3. Note that in both table 1 and figure 8 the predicted variation of
resistance with frequency, and hence reactance, is reasonably well confirmed,
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=
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1 10 ok RIATTH 3UIH 4500
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Figure 8. Predicted and measurcd resislance of e perforate versus frequency
at Mach 0.8.
It should be noted that cquation (26) can be put into the same form as
equation {21) for a simple perforate using equations {16) and (32) (for the case
of zero reactance) as follows:

R_ 77 _ [(Rit Ke)00000 M ,
pe ch - 2cChpe a (33)

When we set K; + Ke =1, po = 41.5 rayls, ¢ = 34380 cin/sec, and Cp = 0.76,
the constant factor becomes (0,24, which js within 80 pereent of Rice's value of 0.3
in equation (21),

The predicted reactances in table 1 used equations {29) and (30) to determine the
mass reactance end correction and used equation (31} to determine the pressure, The
prediction results in a deerease in reactance with increasing Mach number; the data
suggest a small increase. Further research on this aspect of flow effects is needed.
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Anaother feature of perforate face sheets illustrated by equation (26) is that the
square root permits both a positive and a negative answer:

R_ g B (34)

pe e
The existence of a negative square root solution implies a negative resistance,
suggesting noise gencration rather than absorption, For lincar materials, with a
significant value of A, noise generation is not a problem. Under the right conditions,
noise generation has been observed experimentally many times and generally consists
of a tone whose frequency is given by a dimensionless Strouhal number Ny,

NSL = "j_“‘!- (35}

where Voo is the mean flow velocity. In reference 18, Ng, was found to be
approximately 0.2, In reference 19, the tone occurred at the resonant frequency
(ie.,, X = Q) for Ng, = 0.26. Extensive experimental studies of the occurrcnce of this
phenomienon have also been reported in reference 21.

Measurement of Liner Impedance

The impedance of acoustic treatment panels can be determined experimentally
in several ways: {1) by measurement of the dc flow resistance of the constituents of
the panel for input to an analytical impedance madel (as discussed in the preceding
section), (2) by measurement of the standing wave pattern in a normal-incidence
impedance tube using either a traversing probe or two {or more) fixed pressure
transducers, and (3) by measuring the in situ impedance with sensors attached to
the face sheet and inside the panel cavity, The first two methods are suitable when
grazing airflow effects on the face sheet are of negligible concern; the last method
permits impedance measurement in a duct, either in the laboratory ot in the engine,

Direct Current Flow Resistance Measurement

A typical test apparatus for dec flow resistance measurement is shown in figure 9
(ref, 22). The sample panel is placed in a sample holder, which has a well-defined
cross-sectional area, Then pir is driven through the sample cither by a pressurized
line or a vacuum line, as shown, and metered by the lowmeter, The pressure drop
across the sample is determined by a differential pressure measuring device, The de
flew resistance is then determined by

= Ap
R= 7 (36)

where Ap is the pressure drop across sample in dyncs/cmg. It is assumed that V;
has been correctly determined by acecounting for the volume flow as mensured in the
flowmeter and the cross-sectional area of the sample,

As pointed out in reference 10, plotting /2 versus V; results in a linear function
of the form given in equation (8), The cocflicients A and B can be determined by
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Figure 8. Apparalus for mensuring flow reaistance. {From ref, 22. Copyright
ASTM, Reprinted with permission.)

a linear curve fit to the measured data. When the porosity of the sample is smaller
than 5 to 10 percent, compressibility effects con cause an apparent departure from
this simple relationship; a method for eliminating this difficulty in the measurement
ig described in reference 11.

Normal-Ineidence Impedance Measurement

Single-sensor method; The apparatus shown in Agure 10 {ref. 7} is representative
of systems used [cr determination of impedance by reflection of normal-incidence
sound waves. Sound introdiced at the source end of the tube travels in a plane wave
and reflects from the end containing the test sample, setting up a standing wave
pattern along the length of the tube that depends en the strength and phase of the
reflected wave, The traversing probe s used to measure the maximum and minimum
sound pressure levels of the standing wave pattern and the distances from the face
sheet of the sample to the location of the minima,

"The pressure of the standing wave pattern in the tube is described by (ref, 4)

plz) = [(A + B)?cos? (k:r + ?Lgl) + (A — B)?sin? (kx + ﬂ;ﬂ.)] v (37)
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Figure 10, Normal-incidence impedance tube apparatus. (From ref. 7.}

where

5oty b

standing wave pressure amplitude, dyncs/cm2
amplitude of incident wave, dynes/em?
amplitude of reflected wave, dynes/em?

distance from surface of test sample, cm

¢p4 phase angle between incident and reflected pressure waves, radians

The imnpedance is given by

Z _ A4 Beidna (38
pe A~ Berdna )

The magnitude of B relative to A is determined from the measured standing wave

ratie (SWR):

_A+3B '
SWR= 2"+ (39)

where A+ B is the maximum of the standing wave pattern and A — B is the minitmum
of the standing wave pattern. Rearranging equation (39), we get

B_SWR-1

AT SWRTI (40)
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(The standing wave ratio is usually measured as the number of decibels between
the peak and the null and must be converted to a ratio in pressuro units for use in
cq. (40).)

The phase of the reflected wave relative to the incident wave, ¢p4, is determined
from the position of the first minimum, £ = D; (shown in fig. 10), This first node
occurs where, in equation (37)

kDy +dpa/2=—1/2

so that
daa = ~(m +2kDy) {41)

is the phase angle that the reflected wave leads or lags the incident wave. The
tresults in equations (40) and (41) provide the information needed in equation (38)
to determine the impedance,

Because this method depends on examining a standing wave pattern, it is limited
to discrete frequencies; for that reason, in design work it has generally been discarded
in favor of the dual-sensor method, described next. The data analysis and the
correction for sound absarption in the tube are further discussed in references 23

and 24,

Dual-sensor method: A test setup for the dual-sensor impedance tube method is
diagrammed in figure 11. A random noise signal is input from one or two speaker
aources as shown in the top hall of the figure. A digital thermometer is included
because of the need to determine the speed of sound accurately. The bottom
half of the figure shows the measurement system, which includes a fixed pressure
sensor mounted fush on the wall and a translating probe-mounted sensor, The two
signals are amplified and processed in a two-channel apectral analyzer that permits
determination of the impedance over the full range of frequencies of interest with a
single measurement, The method is discussed further in references 25, 26, and 27.

The value of impedance at a given frequency depends on the pressures at the two
sensors, the phase between the two, and their separation distance and ia given by

sin{kza)

2
7 |sin(kzy) - Iﬂ%;m—-

Z L

e pippe®iz (42)

T
2

cos{kzg) — cos(kzy)

where

zy,25 distance from sample face of sensors 1 and 2, em

p1,p2  pressure amplitude at sensors 1 and 2, dynes/cm?

d12 phase angle between pressure sensors 1 and 2, radians

The quantity plpge"‘#” is the cross spectral density of the two pressure signals and pg
is the auto spectral density of pg. Many types of two-channel analyzers are available
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Figure 11, Dual-sensor method for normal-incidence impedance measurement,

to provide the information in equation (42), and the measurement can easily he
automated using a microcomputer-based system.

Locating sensor 1 as elose as practicable to the face sheet of the treatment sample
gives an indication of the SPL exciting the panel and allows investigations of panel
nonlinearity. Note that the measurement ideally requires only two sensors at the
fixed positions z; and z3. The recommendation that sensor 2 be on a maovable probe,
permitting variation of z2, arises from the fact that at certain combinations of sample
impedance and frequency, xo may fall at a null of the standing wave pattern, giving
potential signal-to-noisc-ratio sensitivity problems, Being able to vary zp avoids this
problem and perinits a means to verify measurcment repeatability, since the results
should be independent of zo.

An inherent limitation of both single- and dual-sensor impedance tube methods
is the upper frequency limit of the measurement. The measurement requires the
presence of plane-wave propagation in the tube, so that the upper frequency limit
is a conservative factor (roughly 0.75) times the [requency at which the first higher
order mode begins to propagate. In a standard 1.0-inch-diameter tube at room
temperature, the first mode above the plane wave (lowest radial mode of the frst
order circumferential mode) cuts on at about 8000 Hz, limiting the useful upper
frequency to about 6000 Hz. The upper frequency limit can be increased by using a
smaller diameter tube, but care must be taken that the treatment sample is not too
small to be representative of an average pancl area.
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In Situ I'mpedance Measurement Systems

The apparatus shown in figure 12 Is representative of that used for determination
of impedance by the more specialized in situ method often called the two-microphone
method. This method is mast often used when infermation is required about the
effects of grazing flow on the treatment impedance and can be used in a laberatory
duct or on the actual engine instaliation. It is similar to the dual-sensor method
discussed in the preceding section, but in thia case both sensors are fixed within
the panel itself, One sensor is mounted flush on the backplate of a chosen cavity
{micraphone B) and the other ia inserted through the face sheet (microphone A}, The
sensors must be small enough' to have negligible effects on the propagation within
the cavity,

NN ~ N
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Figure 12, Measurement of grazing flow impedance by two-microphone method.

A two-channel spectral analyzer is used to obtain the amplitude and phase of the
twa pressure signals relative to one another, In this case the impedance for an SDOF
panel is related to the measured quantities by the expression

Z _ _.pappetan
= —giArd” 43
ae : P sin(kh) (43)

where papge™Al is the cross spectral densily hetween micraphones A and B, pi
is the auto spectral density of microphone A, and h is the panel depth, Further
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discussion of the method and the extension of the method to 2DOF linings is given
in references 13, 14, and 28,

Empirical and Semiempirical
Design Methods

Development of Design Data
Bases and Charts

In the earlier section on ermpirical and semiempirical design approaches, the
manner of evelving designs from experimental data bases was discussed, The scope
of the genera) design problem includes the fan or compressor inlet, the fan exhaust,
and the core engine exhanst, Experimental facilities for conducting these tests are
discussed subsequently,

The inlet and fan exhausts are at temperatitres and pressures reasonably close to
ambient laboratary conditions, so that only relatively small errors are introduced if
laboratory data are not corrected. In contrast, the core exhaust is always at such
high temperature and, usually, elevated pressure that either tests must be conducted
under the engine conditions or appropriate analytical corrections must be made to
(1) the properties of the treatment and (2) the duct propagation effects,

The scaling parameter for conducting experiments at ambient or elevated condi-
tions is the ratio of duct diameter or duct height to wavelenglh (D/A or H/A). The
wavelength at a given frequency depends on the temperature in the duet,

With this in mind, contours of isosuppression can be determined to establish
design data bases or design charts as described previously,. An example of such a
contour plot is given in figure 13, showing isosuppression contours in the impedance
plane (reactance versus resistance) at a 1/3-octave band {requency of 4000 Hz and
for mean flow of Mach 0.3, To generate the plot, treatment cavity depths of 0,25 inch
through 1.0 inch were tested, in each case with seven wire-mesh face-sheet resistances.
These variations provided data for magnitude of suppressien at the intersections of
the grid that were used to draw the isosuppression contours. Similar plots can be
created for a range of 1/3-octave band frequencies and airflow Mach numbers. In
this form, the data allow peak suppression and associated optimum resistance and
reactance to be ompirically determined as a function of {requency and can be used
to obtain the suppression sensitivity to nonoptimun impedance.

These data can be normalized with dimensionless parameters as illustrated in
figure 14, showing the ratio of peak suppression in decibels to the ratio of duct
length to height as a function of duct height-to-wavelength ratio (H/A), Figure 15
shows the optimum resistance (R/pe) versus H/A. A similar plot can be constructed
for the optimum reactance. In practice, curve fita are made lor computerization of
such data including the nonoptimum contours, so that by predieting the impedance
of candidate treatment panel designs, the associated suppression speetrum can be
quickly estimated,

Reference 28 presents an excellent sumnary of methods developed by Rice and
others to enable analytical estimation of the peak suppression, optimum impedance,
and bandwidths of suppression for particular treatment designs, These methods,
when applied to inlets, lead to a “cutoff-ratio” correlating psrameter that has been
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recognized to be closely related to wave angles associated with the ray acoustics
approach,

Reference 20 is recommended to the designer interested in closed-form solutions
for suppression representing curve fits to extensive parametric study results, These
studies are based on modal analysis and are correlated in terms of culoff ratio, duct
Mach number, and treatment impedance. Rice has also evaluated the effects of
boundary layer thickness.

In referepce 30, the ray acoustics approach was pursued for turbofan two-
dimensional ducts, Such methods are in the semiempirical category, requiring an
assumption about the modal energy distribution, The advantage of this approach
is the reasonably good results obtained for engines, as well as the rapid computer
predictions that result from this simplified caleulation procedure.

Deslgn Procedures

Choice of Suppressor Design Frequencies

Even after features have been incorporated to reduce noise at the source, turbofan
engines have strong tonal content in the noise spectrum. These tones occur at
the blade-passage-frequency (BPF) harmonics of the turbomachinery rotating blade
rows, Problem sources are the fan itself, the hooster stages feeding air into the
compressor, sometimes the front stages of the compressor, and the turbine stages,
When there is more than one stage in series, nonlinear effects introduce sum and
difference frequencies of the tone harmonics from the individual stages.

The usual design problem, fortunately, is limited to the fan stage fundamental
BPF and one or two higher harmonics. If noise at only the BPF and next higher
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harmonic must be reduced, the single-layer SDOF panel construction is chosen,
If noise at the BPF and both higher harmonies must be reduced, the dual-layer
2DOF panel construction is chosen. Broadband noise from turbomachinery is
almost exclusively associated with the sideband frequencies or either side of the
tone harmonics, and a design aimed at the tones is also effective for the broadband
component,

Determination of Liner Design Parameters

The process to be nsed for selecting design values for the duct treatment
acoustic impedance, both resistance and reactance, has been briefly discussed. These
discussions are based on the concept of selecting the impedance parameters to achieve
the largest reduction of sound within the duct itself. Actually, lor turbofan engine
noise, the effect of far-field directivity must alse be taken inte account.

When the propagating energy is comprised primarily of broadband noise in
uncorrelated propagating modes (o.g., involving phase modulation by turbulent
mixing layers or by unsteady inlet conditions}, the angle of far-field radiation for
cach mode and the relative energy distribution among those modes become a primary
concern, The emphasis on which modes to suppress depends on whether the inlet or
the exhaust is being conaidered,

In the inlet, where the sound wave is propagating against the flow, the flow
boundary layer tends to relract the waves toward the axis of the duct, decreasing
their propagation angle and effectively converting them into lower erder radial modes,
In the exhaust duct, where the sound propagates with the flow, the boundary layer
tends to refract waves toward the wall, increasing their propagation angle and
effectively converting them into higher order modes, These phenomena affect the
design philosophies for inlet and exhaust differently,

Inlet suppression; Modes that radiate from the inlet to the far field aft of abont
50° from the inlet axis require more suppression than those radiating forward of that
angle, because modes at higher propagation angles reach locations on the ground that
receive the loudest noise levels during aircraft takeoff. Iortunately, the higher order
modes, which are easier {o suppress, have higher propagation angles in the duct and
thus require more suppression than the lower order modes. Lower order modes and
those modes refracted toward the inlet axis are less of a problem because of the long
prepagation distance to the ground associated with shallow radiation angles.

In reference 30, the correspondence is shown between the modal theory and the
ray aconstics solution, as illustrated in figure 16, The figure shows the mean-square
pressure measured on a far-field arc as a function of angle from the duct centerline.
When these levels are transformed to a sideline plot (more representative of an
aireraft flyover), the peak levels from the treated duct occur at 40° to 50°. As a
first approximation, these angles correspond to the same angles within the duet;
from simple acoustics and based on equation (3), the resistance to obtain optimum
suppression at these angles should be

1.30 = (sin 50°)~1 < Rop/pe < (sin 40°)! = 136

The optimum reactance should be near zero or slightly negative at the frequency of
concern.
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Ezhaust suppression; In the exhaust, the higher order modes are refracted by
the boundary layer to even higher propagation angles, increasing their atteauation
rates. Therefore, the lower order modes present the greater problem, and rigorous
analysis must consider modal propagation in nonuniform ducts with nenuniform flow
and thus requires extensive computational capability.

The engineering solution is obtained by maximizing the suppression of noise
within the duct, usually by testing a mock-up duct, This generally results in
optimum suppression for the [ar-field radiated noise as well, excepting only very
unusual problems with source mechanisms that happen to generate particelarly high-
amplitude higher order modes.

Total inlet or ezhaust suppression: The treatment lengths needed to obtain
the desired suppression are a consequence of the suppression rates achieved at
the impedance values selected by the above process. To complicate this matter
further, the overall suppression rates are not necessarily linear with treatment length,
particularly for short treantment sections, Suppression rates may be quite high near
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the beginning of a panel, as higher order modes rapidly attenuate, but gradually
decrease as fewer modes contribute to the total energy. Thus, doubling the length
of a short panel inay not double its effectiveness.

Using Segmented Treatment Design

When two or more [requencies are so widely separated that they cannot be
suppressed with either SDOT or 2DOF and when bulk absorber is not practical,
use of segmented trentment in tandem is a praclical approach. This might be the
case in a turbine exhaunst requiring suppression of both turbine tones and combustor
brondband noise. Each segment of treatment must have sufficient length to achieve
suppression at its design frequency. The primary deterrent to the use of segmented
treatment is the normal limitation on overall duct length resulting from weight

constraints,

Testing for Treatment Design and
Performance Measurement

Experience has shown that treatment for fan and turbine exhanst ducts ean be
successfully developed by testing in the acoustic Inboratory. Parametric experimental
data can be obtained at a very small fraction of the cost associated with tests on
an actual engine, and the results have been found to be relinble when applied to
the engine, particularly if a representative sector of the exhaust duct geometry is
faithfully simmiated in the laboratory facility. In contrast, the inlet ean be representec
well enough only by testing either a seale model fan simulation or a full-seale engine.

Laloratory Testing of Exhaust Ducts

A typical test facility for the exbaust mode is shown in figure 17. The treatment is
appticd on the tep and boltom of a small rectangular duct section, while the sides of
the duct are left rigid, to simulate a circumferential segment of the exhaust annulus,
The test section connects two large hard-walled plenums in which the sound levels
are measured to determine the suppression provided by the treatment, Airflow is
passed through the treated section to simulate engine conditions. The reverberant
chambers provide a diffuse sound field, and a single microphone in each chamber is
adequate for acoustic measurement; traversing the microphone assures that the data
are not binsed by a standing wave pattern, Suppression of a treatment design is
measured by [irst meaguring levels in the chambers with a hard-walled test section
and then measuring the levels with the treatmnent in place, The difference in levels
measured in the downstream chamber is the insertion loss of the treatment, giving
rise to the term “insertion loss messurement method,”

If the duct on the engine has significant curvature, disruptions of treatment,
or change in duct height, higher order modes are continually regenerated. In this
case, the facility test section should elosely represent the duet curvature nnd any
axial varintion in duct height associated with it, Many commereial turbofan engine
exhaust ducts fall into this category.

An alternative to the dual reverberation chamber method is to measure the sound
pressure levels in the duct with traversing probes upstream and downstream of the
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Figure 18. Typical test facility for development of treatment designs, Mock-up
of eurved erhaust duct,

trested section. The SPL measurement is integrated across the duct to provide
estimates of the total power flux upstream and downstream of the treatment, This
method js usually called the transmission loss method, as opposed to the insertion
loss method described previously,

In the transmission loss method, it is assumed that backward-traveling waves
have negligible effect on the measured SPL profile. Oiten, the transmission loss
is measured in a hard-walled veraion of the duct at the desired flow velocity, and
the transmission loss of the treated version is “corrected” by the hard-walled duct

transmission loss., An example of a mock-up of such a duct is shown in figure 18,
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Scale Madel Test Facilities

For the inlet testing, the typical facility consists of a fan, usually a scale model,
that can be motor driven, with the inlet noise radiating inte an anechoie chamber.
Far-field testing is cssential for empirical development of inlet treatment because
the wavelengths of the fan tones are small relative to the inlet diameter, and higher
order modes dominate the propagating energy in the duct, In this case, actual inlet
hardwatre, including the turbofan rotor and stator, must be closely simulated, An
illustration of such o test facility is shown in figure 19. Far-field microphones are
spaced along an are {o provide the essential information on the effect of the treatment

on directivity.
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Figure 18, Typical scale model mounted n anechoic factlity for development
of treatment designs for inlet duct configuration,

When testing in a scale model facility in the exhaust mode, the fan inlet must
have a suitably designed plenum to provide a amooth, distortion-free velocity profile
into the fan, and the exhaust Aow must be allowed to exit from the chamber in a
way that provides good anechoic acoustica, Such an arrangement as tested in the
NASA Quict Clean Short-Haul Experimental Engine Program (rel. 31) is illustrated

in figure 20,
Full-Scale Engine Tests

Tull-scale engine tests for acoustic measurements are made in facilities such as in
figure 21. The engine is mounted on a static test stand at the center of a far-field
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array of microphones. In the case shown, the microphone are has a 45.7-meter radius,
and a concrete pad between the engine and the mierophones controls the conditions
for the reflected wave,

One disadvantage of fullscale engine tests is Lthe inability to scparate the
contributions from the various engine sources in the far-field measurement. The
amount. of suppression due to inlet treatment, for example, may be masked at
certain radiation angles by the jet noise of the fan and core ducts, Several means of
alleviating this problem have been proposed and investigated, ineluding the use of
barriers to shield inlet noise from exhaust noise and microphone arrays (or facusing
mirrors) that facus en the noise being radiated from a particular region of space.

To obtain validd fan noise source levels representative of in-flight conditions,
an “inlet turbulence control” structure, as shown in figure 22, is used. This
eliminates some of the lower order modes generated by inflow distortion effects.
When performing full-scale engine tests on the ground, one must choose between a
bell-mouth-shaped inlet and & flight inlet. The bell-mouth inlet gives cleaner airflow
with no forward motion of the engine, but changes the inlet geometry and therefore
the directivity. The flight inlet gives poorer acrodynamic performance under static
conditions, but has the proper geometry for duct termination radiation conditions.

Figure 22, Full-scale engine test foedlity with turbulence control structure.

To measure the insertion loss of a treatment design in a full-scale inlet test, a prior
test with a hard-walled inlet is necessary for comparison, Sinee full-scale engine
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hardware and testing is so costly, thig is often an unavailable luxury. Often, the
most one might hope for is a comparison between the new design and the previously
tested “standard” treatment design, so that the performance improvement might be
determined,

Recommendations for Further Research

in the area of acoustic treatment impedance models, it has been suggested that
a uscful area of research might be the improvement of the impedance model for
bulk absorber, Development of more practical and convenient methods to measure
treatment panel impedance would be helpful.

Generally, further advancement in duct treatment design methods awaits im-
provements in theoretical prediction methods, either for duct propagation or turbo-
machinery source modal content. A usefl area of innovation would be the devel-
opment of more practical and efficient duct propagation prediction computer codes,
TFurther work is needed in those areas where duct acoustics departs [rom ideal, axi-
symmetric conditions, such as ducts that are nonaxisymmetric or vary in cross-
sectional area along the length of the duct, Propagation in nonuniform flow and
the cffects of boundary layers are impertant arens of research. Little research has
been done inte the effects of high sound pressure levels on propagation, a prohlem
in ponlinear acoustics, ’

Despite the strong dependence on empirical or semiempirical methods, acoustic
treatment design can be considered to be in a fairly advanced state of development.
Current treatment designs are able to tneet noise reduction certification require-
ments, Barring the possibility of a technology breakthrough, further increases in
treatment effectiveness will provide marginal gains relative to development resources
that must be applied, Impetus for this further rescarch will come only if noise
regulations change to the extent that new aircraft arc no longer able to meet the
certification requirements,

References

1. Beranek, Lea L., ed.: Nodse and Vibration Control, McGraw-11ill Book Ca,, Inc,, £.1071,

2, Standard for Metric Practice. ASTM Designation: E 380.85, Volumme 14,02 of 1988 Annunl Book of
ASTM Standards, ¢, 1986, pp. 310-380.

3. Groeneweg, John F,: Current Understanding of Helinheltz Resonator Arrays as Duct Boundury
Conditlons, Bame Aerodynartnic Nolse flesearch, Irn It Schwartz, ed., NASA §P-207, 1969, pp. 357-308,

4, Kinnler, Lawrence I5,; and Frey, Auatin R.: Fundamentals of Acoustics, Second ed. Jolkn Wiley & Sons,
Inc., £.1962,

&, Marso, Philip M.; and Ingard, K. Uno: Theoretical Acoustica, MeGraw- Il Book Co,, Ine., ¢.1008,

G. Cremer, ..t Theory of Attenuation of Asrborne Sound én fectangqular Ducts With Absorinny Muterial on Ther
Inner Walls and the Jtesuiting Mazimum Attenuation, BLINEL-TT.2590-(0075.461), British Library
Lending Div,, Boston Spa (England}, 1973,

7. Zorumaki, William E.; and Tester, Brinn J.: Prediction of the Acoustic fnpedance of Duct Liners. NASA
TM X-73051, 1970,

8. Deolany, M. E.; and Bazley, E. N Acoustical Propertles of Fibrous Absorbent Materials, Appl.
Acoust, vol, 3, ne. 2, Apr. 1970, pp. 105~118,

9. Hersh, A. 5.; and Walker, B.: Acoustle Behavior of Fibraus Bulk Materiala, AIAA.80.09808, June
1980,

10. Cole, Fred W.: Graphic Maodels for Acoustic Flow Reslstance, Michigan Dynunics/ AMBAC
paper presented at the American Saciety for Metals 1949 Southern Metals Conference, Apr, 1969,
{Available as Tech, Note MDD 503.)

206



Motsinger and Kraft

19,

20,

21,

22,

24,

25,

26,

27,

28.

29,

30,

1.

. Mowsinger, R, E,; Syed, A. A.; and Manley, M. B.: The Measuremant of the Steady Flow Resistance

af Poraus Materiala, AIAA-83.0770, Apr, 1083,

. Ingard, Uno: On the Theory and Design of Acoustic Resonatars, J, Acoust. See. America, val, 25,

no, 6, Nov, 1953, pp. 1037-1061,

. Kooi, J. W.; and Sarin, 8. L. An Bxperimental Study of the Acouatic Impedance of Helmholtz

Resonator Arrays Under o Turbulent Boundary Layer. AIAA-B1.1008, Oci, 1081,
Zandbergen, T.: On the Practical Use of o Three-Microphone Technique for In-Situ Acoustic
Inpedance Measurementa on Double Layer Flow Duet Liners, AIAA-81-2000, Qct, 1981,

. Rico, Edwnard J.¢ A Theoretival Study of the Acoustic fmpedance of Orificea in the Presence of a Steady Grazing

Flow, NASA TM X-71903, [1976).

. Rice, Ectward Jt A Model for the Acotatic Impedonce of ¢ Perforated Plate Liner With Mulliple Frequency

Fheitation. NASA TM X.87050, 1971,
Rtice, Edward J,; A Mode! for the Pressura Excitation Spectrum and Acoustic Jmpedance of Sound

Absorbera in the Presence of Grazing Flow. AIAA Paper No. 73-095, Oct. 1973,

. Bnuor, A, B,; and Chapkis, . L.: Noiae Generated by Boundary-Layer Interaction With Perforated

Acoustic Liners. J. Aircr, vol. 14, no, 2, Feh. 1977, pp. 157-160.

Hersh, A. 8 and Walker, B.: The Acoustic Behavior of Helmheltz Resonators Exposed to High
Spaed Grazlng Flowa, AIAA Paper 76-536, July 1076

Rice, Edward J.: A Model for the Acoustic fmped: of linear Supp Malerials Bonded on Perforated
Plale, NASA TM-82716, 108), (Available ns AIAA-81-100%.)

Mechel, F.; Mertens, P,; and Schilz, W.: Research on Sound Propegation in Sound-Absorberd Ducls With
Superimposed Air Streams, Volumes J-IV, AMRL-TDR-62-140, U.S. Air Force, 1062,

Standard Test Method for Airflow Resistance of Acoustical Materials, ASTM Deslgnation: C 522.80, Volume
04.06 of 1988 Annual Book of ASTM Standards, €,1980, pp. 220-225,

. Standard Method of Teat for hnpedanice and Absorption of Acowshical Materials by the Tube Method, ASTM

Designiation: © 384-58. Part 14 of 1070 Annunl Book of ASTM Standneds, 1970, pp. 126-138,
Lippert, W. K. R.: The Practical Representatlon of Standing Waves in ann Acoustic Impedance Tube,
Acustica, vol, 3, no, 3, 1953, pp. 153-160,

Seybert, A. F; and Rosa, D, F.: Experimentn! Determination of Aecoustic Properties Uslng o
Two-Microplione Random-Excitation Techninue, J. Acoust, Soe. Ameriea, vol, 61, no. 5, May 1977,
pp. 1362-1370,

Fahy, [P, ).t Rapid Method for the Measurement of Sample Acouatic Iimpedance in o Standing Wave
Tube, J, Sound & Vib,, vol, 07, no, 1, Nov, 8, 1084, pp. 168-170,

Seybert, A, F.; and Parratt, T. l..: Jmpedance Measurement Using a Two-Microphone, Random-Ezceitation
Method, NASA TM-7BT85, 1078,

Dean, B, Dt An In Situ Method of Wall Aconstic Impednnce Menaurement in Flow Ducts. J, Sound
& ¥ib, vol. 34, no, 1, May 8, 1974, pp. 97-130,

Rice, B, J.; and Sawdy, D, T.; A Theoretical Approach to Sound Propagation and [fadiation for Pucts With
Suppressora, NASA 'TM-620612, 1981,

Boyd, W. K.; Kempton, A, 1.; and Motfey, C. L. Ray-Theory Predictions of the Noise Radlated
From Acroenging Ducts. AIAA-B4-2332, Oct, 1084,

Stimpert, 13 L.; and McFalla, R, A.: Demonairation of Short-Hawl Aircraft Aft Noise Reduction Teehnigues
on u Twenty Inch (50.8 em} Dismeter Fan. NASA CR-131840, 1075,

206



I AT PO

I Lt e

AT o K e

N e T e T e

i T et Tt R R e T

e i i o o i e m & o e o R ok e i, e i ot S

:

15 Jet Noise
Suppression

Lead authors

P. R. Glicbe

General Electric Co.

Cincinnati, Ohio

R K. Majjigi
General Electric Co,
Cincinnati, Ohio

J. F. Brausch

General Electric Co.

Cineinnati, Ohio

R. Lee

General Electric Co.

Cincinnati, Ohia

Introduction

Jet noise suppression has been a technical ehallenge to the acronautical engineer-
ing community since the introduction of the first-generation turbojet engines nearly
40 years ago. Extensive theoretical and experimental efforts have been expended in
the United States and other countries toward solving this prablem. The advent of
the supersonic transport (88T, i.e., the British-French Concorde) in the late sixties
and early seventies sparked a renewed interest in jet noise, particularly supersonie
jet noise. Recently, Interest in a high-speed civil transport (HSCT) has incrensed
in the United States because of a projected increase in business activity between
the United States and the Pacific rim countties in the nineties and beyond. Such
an HSCT has to be environmentally acceptable {in terms of noise and pollution) to
be & viable candidate. Significant advancements in high-velocity-jet noise reduction
have been made since the introduction of the Concorde into the commercial airline
service. This chapter briefly discusses the theoretical concepts of jet noise generation
and suppression by utilizing a unified acrodynamic and acoustic analysis and enu-
merating the various jet nojse suppression concepts experimentally demonstrated. It
also explains the underlying pliysical mechanisms, so that the knowledge acquired

in the past may be utilized for solving the current or future problems of jet noise
suppression.

Theoretical Concepts of Jet Noise
Generation and Suppression

During the past 15 years, considerable progress ns been made in achieving an
understanding of the noise produced by high-velocity jets. This progress is a direct
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result of careful and accurate jet noise parametric testing and new theoretical dovel-
apmenty (e.g., refs, 1 to 8). From these test results and theoretical developments,
a unified theoretical model of jet noise generation and suppression has evolved, and
this model has been substantiated with an extensive set of experimental duta. This
unified jet noisc generation and suppression model is summarized in this section,
Further details of the theory and the resulting prediction model can be found in
references 9 to 12,

The development of the unified jet noise generation and suppression model is
based on two primary assumptions; (1) the dominant noise generation mechanisms
are the random momentum fluctuations of the small-scale turbulent structure in the
mixing regions of the jet plume, and (2) the propagation of this noise to the far-field
observer is altered significantly by the surrounding jet flow in which the turbulent
eddles are embedded nnd convecting. This second assumption is often referred to
a8 acoustic—mean-flow interaction. Thus, the proposed model is one in which the
Jjet preduces an intrinsie noise intensity spectram directly relatable to the statistical
acrodynamic properties of the jet (i.e., mean velocity and density distributions and
local turbulent structure properties auch as length seale and intensity), and this
intrinsic (or “source) spectrum is modified by the acoustic-mean-flow interaction
characteristics of the jet plume itself.

For jets operating at supereritical pressure ratios, one additional noise generation
mechanism needs to be included in the unified theory, that is, shock-celi-turbulence
interaction, commonly called shock-associated noise. This mechanism plays an
important role in jet noise radiation in the forward arc portion of the directivity
pattern.

The theoretical prediction method which developed from this unified theory
follows the sequence of the following four basic steps:

1. Prediction of the nerodynamic characteristics (mean velocity, density, and turbu-
lence structure properties)

2. Eveluation of the turbulent-mixing source noise spectrum with the flow properties
from step 1 and the Lighthill-Ribner theory (ref. 7)

3. Construction of the far-field sound spectrum at various observer positions from
the results of steps 1 and 2, with the source convection and acoustic-mean-flow
interaction accounted for through use of Lilley's equation (ref. 6)

4. Computation of the shock-cell nojse spectrum from the results of step 1 and the
theoretical concepts in reference 13 and addition of these results to the mixing-
noise spectra obtained in step 3

Jet Plume Aerodynamics

As discussed above, a prediction of the jet plume aerodynnmics is required to
provide the strength of the noise sources. The method selected is an extension
of Reichardt's theory (ref. 14}, which basically synthesizes the complex flowa from
nozzles of arbitrary geometry by superposition of a suitable distribution of elemental
round jet fows.

Reichardt’s theory is a semiempirical one, based on extensive experimental
observations that the axial momentum flux profiles are bell shaped or Gaussian
in the fully developed similarity region (far downstrenm of the exit plan) of a jet,
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From these observations a hypothesis for the relation between axial and transverse
momentum flux was formulated, and this hypothesis yields a governing equation for
the axial momenptum flux, For the similarity region of a circular jet with nozzle area
A; and exit velocity V5, the governing equation aud solution are as follows:

2ty =222 (rarten®) o)
(%) = 13V} g exol=(r )] @

where
Mz) = thby, dby fde (3)

u is the axial velocity component, p is density, the angle brackets { ) represent the
statiatical time average, and by (z) is the width of the axial momentum mixing region,
taken to be propottional to the axial distance from the nozzle exit plane:

bm(z) = Cpz (4)

The jet spreading rate Cpp becomes a key parameter in the theory and is determined
experimentally, The coordinate system is shown in figure 1,

Because equation (1) is linear, the summation of elemental solutions (cq. {2)) is
also a solution. This unique feature of Reichardt's theory allows the construction of
quite complex jet Aows with relatively simple mathematics, Although more rigorous
(but containing Just as much empiricism, albeit in different forms) theories are
available for simple jets (circular and planar), there is no other technigue availnble
which offers the capability for modeling jet flows typical of aireraft. engine suppressor
nozzles such a8 multitube, lobe, and chute nozzles.

Consider a distribution of elemental jets issuing parallel to the X-axis. The jet
exit areas lie in the z = 0 plane. Each elemental jet has an exit aren A; = o do da
Yocated at {o, x, 0}, 83 shown in figure 1, The axial momentum flux at a downstrenm
point {r, 8, z) due to the elemental jet exhausting at (@, o, 1) is given by (from eq. (2)}

d{p?) = ijf(a de dec/mb2,) exp(~(£/bn )] {5)

wlere )
g =r?+ 0% - 2rocos(f ~- a)

Integrating equation (5) results in the following solution:
1
(2)(0,2) = - [ [P expl~(e oo do da (6)
in

From the distribution of p; V2 in the exit plane, the local value of {pu?) at any point
{r,8,z) can be found from equation (6) by standard numerical integration. If we
assume that the jet plume stagnation enthalpy flux & diffuses in the same manner
as axial momentum, an analogous expression for stagnation enthalpy flux {(puH} can

209




Gliebe, Brauseh, Majjigi, and Lee

=Y

—_— i G (:? r;“
T e=1

J

Nagele exit plane Pl in (ryr) pline

N e
e p
3 f
"
LY
Ty
Nomenclture for elomentnd jot st (a,0,0)
wl Beldl point P

Figure 1. Jet flow coordinate system and nomencloture. (From ref. 10,)

be derived:

(puti)r 0,21 = 7 [ [0V Hy)expi=(e/ o0l do da )

whoere Iy, is the width of the thermal shenar layer, taken to be proportional to a:
by = Cpz (8)

for constant Cy. The stagnation enthalpy is defined as A = gpTj -+ (W/2) = epTo
(where ¢, is specific heat at constant pressure, T; is jet temperature, and T, is
ambient temperalure), and the thermal layer spreading rate C), also must be obtained
experimentally. If we assume that the jet rnixinf oceurs at constant stntic pressure
equal to the ambient value, the solutions for (pu=) and {puf) given by equations (6)
and (7) are sufficient to determine the distributions of mean axial velocity u and
temperature 75 throughout the jet plume,

In addition to the jet plume mean-flow properties, the turbulent Reynelds stress,
which is assumed to be proportional to the transverse momentum flux, alse can
be obtained, Reichardt's hypothesis (from which eq, (1) evalved) states that the
transverse momentum flux is proportional to the transverse gradient of the axial
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momentum flux, the proportionality factor being A{z). For a simple circular jet
(eqs. (2) to (4)), the Reynolds stress 7 is given by

P ORI el 2
T=—{m'y) = At‘)r {pu”) = le’Jv_} “b‘r"h b oxp[—~{r/bm) ] (9)

where u' and v are the axial and radial componeunts of turbulent fluctuation volacity.
For an clemental jet exhausting at (o, o, 0) the shear stress at (r, 0, z) lies aleng a line
connecting (o, a, 0) and the projection of (r,f,2) onto the z = 0 plane. This vector
is at an angle ¢ to the coordinate direction r {fig, 1). The radial component of the
shear stress dr at point (r, 2, z) resulting from an elemental jet exhausting at (o, e, 0)
is then dre = dr cos¢. Similarly, the azimuthal component is dry = dr sing. If we
perform the same summation and limiting process over all elemental jets, the total
shear stress at (r,0,2) is

7= (12 +)* (10)

where

7e(r,6,2) = ,%2— ][ esvitetmyexpl=Eom¥iicosio do e (11)

The azimuthal shear stress y(r,8,2) is given by a similar expression with cos¢
replaced by sin ¢, The distance is again given by the expression from equation (5},
and the angle ¢ is given by

fcosg =r—ocos(d — o) (12)

Equations (5) to (12) provide the basic expressions for computation of the jet phune
fow parameters Ty, %, and T for a nozzle of arbitrary exit cross section and exit
distribution of velocity and temperature. For axisymmetric nozzles, 7 = 7 and
9 = 0. The basic limiting assumptions mmderlying this aerodynamic model for
the jet plume characteristics are (1) the jet plume mixing oceurs ab constant static
pressure, cqual to the ambient value, and (2) the flow is primarily axinl, with all
nozzle exit elements in the same plane (r = 0).

Intrinsic Source Intensity Mixing-Noise
Spectrum

The aerodynamic characteristics of the jet plume provide the information required
to evaluate the acoustic intensity spectrum in the absence of conveetion and acoustic—
mean-flow interaction effects, This represents the sound spectrum which would be
heard if the turbulent eddies generating the sound had negligible convection speed
relative to the observer and if the velocity and temperature gradients encountered
by the sound as it propagated through the jet plume itself had no effect on the sound
radiation. As is demonstrated, thesc effects are indeed powerful for high-velocity jets.
The postulation herein is that the basic source strength spectrum can be developed,
and the convection and acoustic-mean-flow interaction effects can then he added to
this basie (intrinsic) sound spectrum.

The jet plune is first subdivided into elemental “eddy” volumes, ench having its
own source strength, spectrum, and flow shrouding, as iljustrated in figure 2. The
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jet noise generation is represented by a eollection of convecting and uncorrelated
quadrupole sources, ench radiating noise with an intensity spectrum directly related
to the local flow properties. The net radiation lrom each eddy is a function of the
fow environment of that eddy. Ench eddy velume contains a mix of quadrupoles of
various orientations. By employing o model of hamogencous, isotropic turbulence in
the moving-eddy refercuee frame and taking the azimuthal nverage of the resulting
sound field, Ribner found that a weighted combination of the various quadrupole
types contributes to the net far-field radiation (ref. 7). The amplitude of these
quadrupole types is of the form

13
dl{w) = c%‘}# ('Y wt H () dV (13)
(2]

where dI{w) is the ncoustic intensity per elemental jet volutne dV, p, is the ambient
density, R is the source-to-ohserver distance, ey 8 the ambient speed of sound,
u' I8 the Jocal turbulence intensity, H(u) is the Fourier transform of the moving-
frame spaes-time cross correlation of u', and p is the ratio of emitted frequency
w to charncteristic [requency w, BEquation {13) is used to caleulate the mixing-
noise amplitude and frequency content for each volume element in the jet, The
characteristic turbulence frequency and length scale for each cddy volume are
determined from the local mean-flow velocity, temperature, and shear stress with
the empirically derived similarity relations of reference 15;

wo = OU}Or }
(14)

1 s ulfw,

where ! s the characteristic turbulent cddy size and the turbulence intensity is
obtained from the shear stress as follows:

u’-‘-'::‘/;_/; ’

Acoustic—-Mean-Flow Interaction Model

The equation which describes the propagation of sound emitted by the turbulence
in a jet was developed in reference 6 and is as {ollows:

Lot b an Stopep, (2) w22 0 ;
gl D'(Ap)dr(lol’c D, (Dr M=y i (18)
where 9 8

D, = 5t Ua-; and  S=pD,[v-v- (-] {16)

In equations (15) and (16), U = U(r),e = ¢(r), and p = p(r) are the azimuthally
averaged mean-flow axial jot veloeity, speed of sound, and density, respectively. The
symbol A is the Luplacian operator, t is time, and u' is essentially the turbulent
velocity fluctuation, Roughly spenking, § is the noise source strength which drives
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the ncoustic pressure fluctuations p. Equation (15) is a third-order wave equation
for the variable p, and this equation explicitly displays the influence of mean velocily
U(r) and temperature (through speed of sound efr)) profiles on the propagation of
noise,

To salve equation (15}, the profiles for U(r),c(r), p{r), and S(r) must frst be
prescribed. These are provided by the aerodynamics caleulation described in the
previous section. The Green's function salution for equation (15}, when convoluted
with the source term S, provides the solution to Lilley's equation. From the Green’s
function, solutions for higher order singularities {dipoles and quadrupoles) can be
obtained by differentiating the source solution with respect to source coordinates.
The right-hand side of equation (15), S{r), represents a mix of quadrupoles of
various orientations, as discussed in the previous section, The various quadrupcle
contributions are sdded in the manner developed in reference 7, but with each
quadrupols type having its own solution ferm representing the combined cffects of
convectlon and aconstic-mean-flow interaction.

The combined convection and interaction effects can be thought of as a multiplier
of the bagic source intensity spectrum given by equation (13}, and this multiplier is
a function of the local mean-flow properties and their radial gradients. It includes
the effects of the following: :

1, Convection—the effect of source motion relative to the observer, sometimes
called the Doppler effect

2, Refraction—the alteration of the sound pressure and directivity as it propa-
gates through a moving Auid with cross-stream gradients

3. Shielding—the decay of the sound as it propagates through portions of the
menn-flow gradients where wave-like behavior gives way to cxponential decay
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Details of the acoustic-menn-flow interaction theoretical development can be found
in reference 5, The details of the acredynamic theory and source intensity spectrum
model development can be found in references 9 and 14. The apalytical madel
does take into pecount Mach wave radiation associated with edelies convecting at
supersonic speeds (which, in turn, tends to amplify the noise levels in the region
near the jet axis}.

The above annalytienl model elements have heen integrated into a unified com-
putationa! procedure. The jet phnne is subdivided into elemental eddy volumes
(as previously mentioned), each having its own source sirength, spectrin, and flow
shrouding, as illustrated in figure 2, The simple closed-form acoustic pressure so-
lutions, combined with the simple aerodynamics ealculation method, permit rapid,
economical computations of the entire jet plume acrodynamic and acoustic charac-
teristies, including far-field spectra at all observer angles. The contributions from
each clemnental jet volume, in each frequency band, are simply added based on mean-
square pressure, The shock-cell noise contribution is then computed separately and
added to the mixing-noise contribution to yicld the total far-field apecira.

Comparisons of Model Predictions With
Experiment

Many comparisons of the predicted and measured (ar-field acoustic spectra of
nozzles of various types have been carried out, and these results are reported in
references 9 to 12, Typical exnmples of sound pressure level (SPL) spectrn for a
single-stream conical nezzle and overall sound pressure level (OASPL) for a dual-
flow conventional bypass nozzle are shown in figures 3 and 4, respectively. These
comparisans of prediction with experiment show that the unified aeroncoustic jet
noise prediction model described above duplicates the characteristic behavior of these
simple nozzles rather well. In particular, the spectrum shapes agree ¢uite well and
the trends of OASPL as a function of velocity ratio V,/V; and area ratio Ap/4;
predicted by the theory are consistent with the experimental results. Note that the
magnitude and location of the noise minimum as a funetion of velocity ratio shown
in figure 4 for the dual-flow conxial jet is predicted quite well,

Comparisons of predicted naise characteristics with measured characteristics for
an inverted-flow coannular nozzle are shown in figures & and 6 (taken fromn ref, 11),
Note that the observed “double-peak™ spectrum shape is predicted fairly well by
the theory. Comparisons of predicted noise trends with measured trends for a 36-
element moitichute nozzle are shown in figures 7 and 8 (taken from ref. 12}, The
characteristic flat spectrum shape is well modeled, and the trend of noise dependence
on chute arca ratio (defined as annulus area divided by Row area) and jet velocity is
also well predicted,

The comparison resulta shown in figures 3 to & provide reasonable verificntion
that the unified theoretical model for predicting jet noise described herein has the
necessary ingredients (i,e., the important physical mechanisms) for analyzing and
disgnosing the mechanisms for controliing jet noise.

Noise Suppression Mechanisms

Conventional Bypass Versus Inverled-Flow Nozzies

Based on the reasonable suecesses achieved in predicting the acroacoustic char-
acteristics of a wide variety of nozzle types over a range of operating conditions (as
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snmmarized in the preceding section and detailed in refs, 9 to 12), it was deemed
worthwhile to utilize the theory to analyze the noise suppression mechanisms of co-
annlar nozzles, Of particular interest was how flow inversion (i.e., ducting the
high-velocity hot stream to the outside) could provide noise reduction for dual-flow
exhaust systems, Theoretical predictions were made of a conventional bypass and
an inverted-flow coannular nozzle, The nozzles were sized to give the same thrust
and equal! primary {(high-velocity) and secondary (low-velocity) fow arcas, The two
nozzles therefore had equivalent thrust, mass flow, primary and secondary stream
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velocities, and temperatures; thus, the differences in noise should have been solely a
funetion of jet plume profile development and mixing,

Acroncoustic predictions were made for both a conventional bypass and an
inverted-flow nozzle for velocity ratio Vy/Vp = 0.7 and area ratio A4/Ap = 1.0, where
subscripts p and s refer to primary and secondary streams, Figure 9 shows mean
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axial velocity I/ profiles across the jet plume at several axial stations /Dy, along the
plime, The normalized peak velocity at any axial station U, versus downstream
distance is presented in figure 10 for the two nozzle types. These results show
that the flow inversion produces more rapid plume deeay, Figure 11 shows axial
turbulence velocity, a key ingredient in the mixing-noise sonrce strength, at several
axial stations along the plume. This figure shows the expected lower turbulence
levels at small values of x/Dp, for the conventional bypass jet and higher levels of
turbulence at large /Dy than the inverted-flow nozale,

Conveptional
Tay paass

T} D,. =4

'..'/-- Tiverted
%
]

flerw

w1 Dy =16

Runsudizeed vailies, rf 02,

Figure 8. Inverted-flow and conventional bypnss mizing mean velocity profiles,
(From ref. 11.}

The corresponding far-field acoustic spectra are shown in figure 12, At 8 = 90°
(i.e., in the plane of the nozzle exit), the inverted-Aow nozzle exhibils higher noise
at high [requencies and lower noise at low frequencies than the conventional bypnas
nozzle, Since the high-frequency noise gencrally comes from regions close to the
nozzle exit, the highest high-frequency noise correlates with the highest turbulence
levels at small values of x/D, shown in figure 11, Similarly, low-frequency noise
is primutily from the fully developed regions far downstream, and the lowest low-
frequency noise of the inverted-flow nozzle correlates with its lowest turbulence levels

for large =/ Dy,
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profiles. (From ref. 11.)

The results in figure 12 for & = 50° (130° from the inlet axis), however, show
the inverted-flow jet noise to be lower than that of the conventional bypass nozzle
throughout the spectrum, This lower noise is primarily a result of reduced convective
amplification, that is, lower eddy convection speeds. The eddy convection speed is
proportional to the peak mean axial velocity, and the peak velocity curves shown
in figure 10 imply that the inverted-flow jet exhibits lower convection speeds, and
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therefore reduced convective amplification, than the conventional bypass nozzle,
Figure 13 shows nozzle overall sound pressure level {OASPL) versus angle for the
two nozzles. Note the shallower slope of the directivity curve for the inverted-flow

nozzie, a result of reduced convective amplification.

To demonstrate the influence of flow shiclding as a noise reduction mechanism, the
above predictions were repeated with the shielding effects in the acoustic-mean-flow
interaction model suppressed. These results are shown in figure 14 for @ = J0°, First
of all, flow shielding cffect is less for the inverted-flow nozzle than for the conventional
bypass nozzle, but the reduced eonvective amplification more than compensates for
the lozs, The main point to observe is that the shielding effect js substantial at angles
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close to the jet axis, being an Lhe order of 30 to 40 (B at # = 30° for these cases.
The shielding effect also increnses with increasing ftequency, as figure 14 shows,

Multiclciment Noziles

The theoretical concepts for jet noise generation and radiation discussed in the
previous sections can be evaluated through use of the analytical model in selective
modes. The objective s to ldentify the relative roles these mechanisms play in
the generation and suppression of jet noise, Such a study was carried out with a
multiclement, 36-chute suppressor nozzle used as a representative case study {ref. 12),
The basic jet noise mechaniss are as follows: ’

. Turbulent-mixing-noise generation
. Convective amplification

. Fluid shieiding

. Shock-cell noise

" CE B

It is of interest to evaluate how the individual mechanisms combine to yield the
far-Aeld result and, motre importantly, how these mochanisms change due to the
addition of a suppreasor to a baseline nozzle.

A parsmetric study was performed to evaluate the relative contributions of the
four mechanisms to the far-field noise for hoth a baseline conical nozzle and a typical
high-suppression, multielement nozzle. A 36-chute turbojet suppresser with a ratio of
total nozzle area Ap to flow area A; of 2.0 was chosen for this study as representative
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of a high-element-number, high-suppression (10 to 12 PNdB) exhaust system. A
typienl takeofl condition of V; = 732 m/scc (2400 ft./sec) and T5 = 906 K (1630°R)
was selected for evaluation. The exit area of both the baseline conical nozzle and
the 36-chute suppressor nozzle was 0,218 m? (338 in?). Noise characteristics were
predicted for a 732-m (2400-{t) sideline distance,

The prediction computations were performed in the following four modes:
(1} complete acoustic calculation; (2) na in (1), but with shock-cell noise omitted;
(3) s in (2), but with fluid shielding omitted; and (4) as in (3), but with convective
amplification omitted. (For the 36-chute suppressor, mode (1) was omitted since
the ability to model shock-cell noise of multichute nozzles was not estahblished at the
time these computations were performed. However, Stone has evolved a semiempiri-
cal prediction method for shock-cell noise of multielement suppressor nozzles utilizing
more recent data, (Sce ref, 1G for more details,) The difference in noise levels be-
tween modes (1) and (2) is a measure of the shock-cell noise contribution to the
total jet noise signature. The difference in noise levels between modes (2) and (3)
is a measure of the influence of finid shielding on the jet noise. Finally, the differ-
ence in noise levels between modes (3} and (4) indicates the amount of convective
smplification that is present in the jet,

The results of the above series of computations are summarized in figures 15 to
17. Figure 15 shows the perceived noise level (PNL) directivity patterns for the
different prediction modes. Also shown for comparison are measured data from
reference 12, which should be compared with mode (1) predictions (mode (2} for
the 36-chute nozzle)., Figures 16 and 17 show the corresponding spectrum shapes
(1/3-octave SPL) at 50° and 130° relative to the inlet axis. The mensured spectra

are also shown for relerence.
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For the conical nozzle PNL directivity patterns (fg. 15), the shock-cell noise
contributes substantially to the total noise in the forward quadrant, that is, at angles

to the inlet less than 90°. This contribution can be seen in the difference between
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mode (1) and (2) predictivns, There is no contribution of shack-cell noise close to
the jet axis (i.e., at nngles greater than 120° from the inlet axis), since predictions for
modes (1) and (2) are the same in this region. There is no fluid shielding for obscrver
angles less than about 110°, based on a comparison of predictions for medes (2) and
{8). Forangles greater than 110°, however, shielding effects become quite substantial,
on the order of 30 PNdB. Eddy-convection eflects are also large; they inerease the
noise in the aft quadraut (angles greater than 90°), This effect is apparent from
comparing predictions for modes (3) and (4),

The prediction for mode (4) shown in figure 15{a) represents the basic turbulent-
mixing noise in the absence of convection and Huld-shielding effects, It posscsses
o basic, nonconstant directivity pattern dictated by the weighted summation of
various quadrupole types composing the turbulent eddies. This basic pattern is
only symmetric about 90° when the locnl flow Mach number is zero because the
quadrupole weighting factors are a {unction of local Mach number and bias the
radintion toward the forward quadrang,

The corresponding PNL dircetivity patterns for the 36-chute suppressor are shawn
in figure 15(b). The trends discussed above for the conical nozzle are qualitatively
similar for the 36-chute nozzle, with the exception of the shock-cell noise contribution.
The predictions were made with the shoek-cell noise neglected {mode (2)), and yet
the predictions agree well with the data, as figure 15(b) shows, This finding implies
that shock-cell noise is not a significant feature of a high-element-number multichute
nozzle. It also appears that neither convection effects nor fluid-shielding effects are
as strong as for the conieal nozele,

The breakdown of mechanisms for a typical forward-quadrant angle of 50° is
shown in figure 16. No shielding occurs at this angie; therefore, the mode (3} results
are omitted, ag they are identical to the mode (2) results, The conical-nozzle results
(fig. 16{n)) show an interesting counteraction among the mechanisms. The basie
mixing-noise spectrum (mode {4)) yields a high noise level, much higher than the
measured level. The convection effect is to Doppler shift and drop this spectrum to a
level significantly lower than the data (except at very low frequencies), as indicated
by the mode (2) prediction. Finally, the addition of the shock-cell noise spectrum
raises the spectrum back to the measured level at middle to high frequencies.

The corresponding spectrum resulis for the 36-chute nozzle are shown in fig
ure 16(b}. The good agreement between the spectrum predietion and the mensured
spectrum for mode (2) substantiates the implieation from figure 15(b): shock-cell
noise may not be a significant source for a high-element-number multichute suppres-
sor. However, acoustic data for multielement suppressors employing fewer clements
(c.g., 20) show evidence of shock-cell noise in the forward quadrant, particularly in
flight, (See ref. 16.) Again, the effect of convection ia to reduce the level and Doppler
shift the spectrum to lower frequencies.

Near the peak noise angle of 130°, convection effects are significant. They produce
u dramatic amplification of the mixing noise, as the results in figure 17 show, Another
counteraction of mechanisms occurs at this angle and involves the competing effects
of convection and fluld shielding. The basic mixing-noise spectrum (mode (4}) is
much jower than the measured level, as shown in figure 17(n). The effect of convection
is to increase the levels by as much as 40 to 50 dB at high frequencies. The offect of
shielding, however, i3 to reduce the noise levels by 20 to 30 dB at high frequencics,
consistent with the measured levels.

224



B

Jet Naise Suppression

It is interesting to note that the convection effect Doppler shilts the basic mixing-
noise spectrum to higher frequencies, as would be expected from classic notations
of moving-source acoustics. However, the fluid-shielding effects, which increase with
increasing frequency, attenuate the high-frequency portion of the convected spectrum
to such a large extent that the resulting spectrum peaks at a much lower frequency,
lower than even the basic unconvected spectrum pesks. This attentuation explaing
the observed *reverse Doppler shift” at angles close to the jet axis,

The competing influences of conveetion and fuid shielding are also evident in
the predictions for the 36-chute nozzle shown in figure 17(b). The magnitudes of
these effects are considerably smaller than those exhibited by the conical nazzle, For
example, at 2000 Hz the convective amplification is 22 dB for the 36-chute nozzle,
compared with 48 dB for the conieal nozele at the same frequency, Similarly, the
fluid-shielding attenuation is only 12 dB at 2000 Hz for the chute nozzle, compared
with 31 dB of attenuation for the conical nozzle.

The various suppression mechanisms can be isolated explicitly by examining the
difference between the various prediction curves shown in figures 15 10 17, First, the
total PNL suppression as a function of angle is the difference between the conieal-
and 36-chute-nozzle total noise PNL directivity patterns. This difference can be
compared with measured PNL suppression and is shown in figure 18, The predicted
total PNL suppression compares well with the mensured suppression.

Tat] suppression
esoesmmnn Cotvertive mnplification suppeession

== Slhuck uoiso suppression

----------- Fluid shickling suppression

et R A 1T Y] (T E P N TS T
o Mensyred total suppression

PNL suppression, PNJAD

=10

=k L 1 1 1 1 | J
A0 (1] 80 i 1200 140 jLH]

Angle frons inlet, 8y, deg

Figure 18, PNL suppression composition for 36-chule nozzle al V; =
732 m/sec. ApfA; = 2.0, (From ref. 12.)

For the results of figures 15 to 17, it can be concluded that the high-element-
number multichute nozzle almost completely suppresses the shock-cell noise and thus
permits the mixing noise to dominate the forward-quadrant spectra. The shock-cell
noise suppression is then approximated by the difference between mode (1) and
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mode (2) conical-nozzle predictions. This estimated shock-cell uoise suppression is
higher than the total predicted suppression in the forward quadrant; hence, some
other mechanism is providing negative suppression, that is, increasing the PNL,

The suppression due to convective amplification can be computed by first
celeulating the convective amplifieation for each nozzle (mode (3) PNL iminus
maode (4)) and then subtracting the 36-chnte-nozzle result from the conical-nozzle
result, The convective ampiifieation suppression is shown in figure 18, Note that it is
negative in the forward quadrant; this explains why the shock-cell noise suppression
is greater than the total (net) suppression.

Similarly, the difference between the fluid-shiclding attenuation for the 36-chute
suppressor and the conical nozzle was computed from the results shown in figure 15,
and this difference is also shown in figure 18, From this result, it is apparent that
a multielement suppressor exhibits less fuid-shielding effects than a conical nozzle,
that is, part of the beneficial effect of fluid shielding is lost by the addition of a
suppressor,

The observed suppression in the aft quadrant is primarily a result of reduced
canvective amplification, offset somewhat by o loss in fluid shiclding, This delicate
balance between convection and shielding effects In the aft quadrant is very difficult
to predict accurntely because these two effects nre large in magnitude but opposite
in sign, as illustrated in figure 17.

Finally, the suppression of basic turbulent-mixing-noise generation has been
evaluated by subtracting the prediction for mode {4} for the 36-chute nozzle from that
for the conieal nozzle, and this result is also shown in figure 1B, The basic mixing-
noise suppression is quite small, from 1 to 5 dB aver the range of nngles shown, and
this result is contrary to historical conceptions of how much multiclement suppressors
suppress jet noise.

The mulsichute suppressor in fuct generales approximately the samne total mixing
noise as the equivalent conieal nozzle but redistributes the noise to higher frequencies.
This is dramatically Hllustrated in figure 19, in which the basic mixing-noise spectra
{mode (4)} for the two nozzles are presented. Also shown are these same speetra
with the atmospheric air attenuation removed (i.e., the “lossless” spectra)., The
multichute lossless spectrum has about the same peak level as the conical-nozzle
lossless speetrum, but at & much higher frequency. The ratio of 36-chute-nozzle
peak-noise (lossless) frequency to conical-nozzle peak-noise (lossless) frequency is
about G:1, This is precisely the ratio of the conical-nozzle diameter to 36-chute-
nozzle equivalent-area diameter, :

The reduction in shock-cell noise produced by a multichute suppressor can be
explained by the fact that breaking up a large, round jet inte very small, diserete,
rectangular jets will cause the shock-cell formation to be dissipated much more
rapidly. The shock-cell spacings and cross-sectional dimnensions will be much smaller,
and the cells are likely to be less numercus, The resulting radiation is therefore likely
to be much loewer in level and higher in frequency than that for a conical nozzle.

The observation that the total generated mixing noise is not significantly different
for a multichute suppressor than for a conical nozzle is explained by the fact
that the multichute-nozzle mixing layer perimeter close to the nozzle exit planc
is considerably larger than that of an equivalent-area conical nozzle, The high-
frequency noise generated in the initial shear layers should thercfore be higher by the
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Figure 19, Predicted turbulent-mizing-noise spectra at §; = 90° for conical
nozzle and §6-chute nozzle (Ap/A; = 2.0) ot V; = 732 m/see. (From
ref. 12,)

ratio of perimeters, provided the promerged portions of the chute mixing layers have
approximately the same turbulence characteristics, Onee the chutes have merged, a
large, axisymmetric jet forms which has 2 substantially lower velocity than the exit
value; therefore, the multichute-nozzle low-frequency noise levels should be lower
than the corresponding conical-nozzle levels.

The reduction in convection effects exhibited by a mmltichute nozzle is the resuls of
lower eddy-cenvection velocities, The rapid decay of plume mesn velocity exbibited
by a multichute nozzle suggests that the majority of the nolse-producing turbulent
eddies in the plumo are convecting downstream at a substantially Jower velocity than
in a conical nozzle,

The reduced Auid-shielding cffects characteristic of a multichute nozzle can also
be related to the rapid plume velocity (and temperature) decny. Fluid shiclding
increnses with increasing plume flow velocity and temperature; therefore, the lower
velocity and temperature levels resulting from the rapid chute-element mixing
provide less flnid shielding than those of an equivalent-aren conical nozzle.

From the preceding considerations, it can be concluded that the best suppression
i achieved by producing the most rapid plume decay, Higher mumbers of elements
and higher aren rativs give more rapid decay. Area ratio seems to cantrol the velocity
level plateau formed by the merging of the individual chute element jets into a sinple
annular jet. Higher area ratios yield lower merged-velocity levels and hence lower
convection speeds, Element number seemns to control how fast the merged-velocity
level is reached; higher numbers of elements give more rapid decay of the individual
element jet flows to the merged-velacity level, One additional benefit of higher
numbers of elements is that the initial mixing-noise generntion is pushed to higher
frequencies by virtue of the smaller turbulence scales associated with the smaller,
individual jet elements,
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Jet Noise Suppression Concepts

Various experimental studies have demonstrated the noise reduction potential of
jet noise suppression concepts which essentially alter the jet plume development. All
these concepts may be grouped under the following two broad categories:

1. Geometric concepts, such as multielemnent suppressors {e.g., chutes, spokes,
and tubes) at the nozzle exit plane, ejectors surrounding the jet in the vicinity of
the nozzle exit, annular plug or 2-D nozzles, and combinations of the above,

2, Acrothermodynamic concepts, such as inveried-velocity profile (i.e., & higher
velocity jet surrounding a lower velacity jot), thermal acoustic shield (i.e., surround-
ing either fully or partially the main jet with n jet having a high static temperature
and low velocity), and shock noise control by appropriate contouring of the nozzle
flow path.

Some jet noise suppression concepts have employed a combination of both geometric
and aerothermodynamie coneepts {(c.gz., & dual-flow, multielement suppressor with
inverted-velocity profile).

This section presents the experimental data for the above two categories collected
over several years, explains the data based on physical reasoning, and evolves
guidelines {(where possible)} for future design of jet noise suppression devices.

Geometric Concepts

Multielement Suppressors

The principal jet noise suppression mechanism underlying the multielement
suppressors (such as chutes, spokes, or tubes) is the division of the large single
jet into many small jets with sufficient separation between these jets to enhance
mixing with the ambient air to yield a rapid deeay of the jot plume, Mixing is
enhanced by the increased surface area of the jet available for shear with the ambient
air, a classic momentum diffusion concept. Also, since each small jot has a much
smaller equivalent diameter than a circular jet, its effectiveness as a noise radintor
is restricted to a much smaller physical length compared with the single large jet,
as Jong as the separate jets do not merge, The merged jet will have a much Jower
jot velocity. This lower velocity results in the acoustic energy being transferred to
smaller scale turbulent eddjes which, by virtue of their small size, generate noise in
the higher frequency ranges than the turbulent eddies of a large single jet. This higher
frequency noise generation results in o suppressor spectrurmn which has high- and low-
frequency peaks, unlike the conical nozzle, which has a low-frequency peak only. (See
fig, 20, from ref, 17.) The acoustic signal suffers atmospheric absorption in reaching
the far-fleld observer. As various data and theorles have indicated (refs, 18 and
19), high-frequency acoustic waves suffer significantly more atmospheric attenuation
than low-frequency waves over the same distance, Since multielement suppressors
have a larger contribution of acoustic energy in the high-frequency region and that
energy suffers much higher levels of atmospheric absorption, the far-field noise of
these suppressors is lower than that of single conical nozzles.
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relative humidity); Ap = 338 in®, (Based on ref, 20.)

Figure 21 showa the following two families of multielement suppressors, for which
a large body of data exists (ref. 20):
1. Single-flow applications for o turbojet or mixed turbofan and variable cycle
engine (VCE)
2, Dual-Aow applications with n suppressor in the high-velocity stream for a
turbofan and VOE with inverted-velocity profile
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Figure 23, Forward-quadrant shock noise reduclion of 32-chule suppressor
and conical nozzle, (From ref. 21}

Figure 22 sumunarizes the suppression potential of various single- and dunl-flow
applications of multielement suppressor concepts in terms of static penk PNL
suppression measured over the range of mass-averaged jet velocities Vi, covering
typical takeoff, thrust cutback, and approach conditions. Single-flow applications
generally exhibit slightly higher suppression than outer-stream suppressors on dual-
flow systems, as the complete jet is segmented for single-flow applications. As an
illustration of the potentinl of multielement suppressors for shock noise reduction,
figure 23 (from ref, 21) shows the forward-quadrant noise reduction in terms of PNL
at §; = 50° for a wide range of supersonic jet Mach numbers, Also shown are the
spectral reductions for a 32-chute, single-stream suppressor compared with those for
a conical nozzic.

Next, data trends obtained with geomnetric variations of multitube, multispoke,
and multichute suppressors are presented, For multitube suppressors, the design
variables having first order impnct are
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1. Suppressor area ratio {total area/flow area, Ap/A4;)

2. Number of tubes

3. Ratio of internal tube Jength to diameter, Ly /D¢
4. Exit plane and base plane stagger

The influence of the above four design variables on both acoustie and nerodynamic
performance (in terms of pressure levels in the base region) is shown in figures 24 to
27. The following trends are indicated,

At high jet velocities, higher area ratios yield higher levels of acoustic suppros-
sion than lower area ratios yicld; at low jet velocities, the inverse is true. (Sec fig. 24.)
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{a) PNL suppression; 1500-jt sideline; no shroud; based on data at Ap/A; =
2.0,2.3,2.7,3.1, and 4,0 (2,0 and 4.0 repeated).
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Figure 24, Impact of multitube nozzle area ralio on acoustic and aerodynamic

performance. L/ Dy
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The designs with higher area ratios enhance ventilation of the base region to ambient
air, ihe result being hase pressures which approach the ambient pressure and thus
base drag is reduced, However, increasing the area ratio requires a larger nozzsle
diameter and associated weight and drag penalties,
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Figure 25, Impact of multitube nozzle deyree of segmentalion on acoustic and
aerodynamic performance. ApfA; = 2.7 Ly/Dy = 2.2, (From ref. 17.)
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For a given area ratio, increasing the number of tubes resulte in higher levels
of noise suppression becanse of the shift of acoustic energy into higher frequencies,
However, the increase yields lower base pressure for tubes in the interior because of
poor ventilation and results in high base drag. {Sce fig. 25.)
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Figure 26, Impact of multitube nozzle ratio of tube length to diameter on
acoustic and aerodynamic performance. ApfA; = 3.19; 85 tubes; ne

shroud, (From ref. 17.)
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b The data for the ratio of tube length to diameter indicate optimum PNL
i suppression as a function of jet velocity. (See fig. 26.) Long tubes cnbence
E‘] base ventilation by virtue of the distance available for entrainment of ambient air,
i However, weight and stowing for eruise determine the upper limit for this parameter,
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The data for exit plane and base plane stagger (fig. 27) indicate that jets with
coplanar exits but large values of base plane stagger yield the largest lovels of acoustic
suppression and low values of base drag. Coplanar exits help establish a uniform
coalescing of the individual jets to merge into a single jet. High values of base
stagger result in adequate entrainment of ambient air for better mixing and diffusion
of jets in the interior, the result being lower merged velocity and hence lower noise
levels, Improved entrainment also results in Jower base drag.

Chutes and spokes have similar geometric planforms, the only difference being
that chutes have the capability of entraining the ambient air by means of the
ventilation channel upstream of the nozzle exit plane and spokes do not. Hence, the
multispoke suppressors yield lower acrodynamic performance than the multichute
suppressors, Acoustic suppression potential of chutes and spokes is very similar.
Figure 28 is n brief summary of the multichute and nultispoke nozle acoustic and
aerodynamic performance trends with key geometrie parameters, such as suppressor
ares ratio Ap/d;, element number, and shape,

Chutes exhibit similar noise suppression trends with suppressor arcn ratio as the
tubes, that is, higher aren ratios yield more suppression at high jet velocities and the
Jower area ratios yield more suppression at lower jet velocities. (Compare figs, 28(a)
and 24(a).) However, as the suppressor area ratio is incrensed, acrodynamic
performance of chutes in terms of gross thrust cocfficient! Cy ; deteriorates, a trend
opposite to that of tubes, The principal reason for this deterioration Is that as area
ratio is increased for chutes, the base aren is increasing for a given area available for
entrainment of ambient air throngh the entrainment chanuels. (Compare fgs, 28(b)
and 24(b).} Acoustic suppression is a fairly weak function of number of chutes, {See
fig. 28(c).) For a given suppressor area ratio and chute depth/width ratio D/W, the
aerodynamic performance of the suppressor decrenses with increases in chute number.
The principal reason for this decrease is that as the chute number increases for a
given suppressor area ratio, the chute widths decrease, Thus for o constant chute
depth/width ratio, the chute depth decrenses, the result being poorer ventilation of
the chute in the interior and hence an increase in base drag. (See fig. 28(b).} Acoustic
suppression levels obtained with chutes and with spokes are similar (fig. 28(d}), with
a slightly higher level of suppression exhibited for chutes at high jet veloeities,

Exit plane angle (canting) bas a noticeable impact on both aconstic and acro-
dynamic performance, (See fig. 28(e).) A 10° cant helps the individual jets to retain
their identity for a longer distance and thus helps improve shearing of the multiple
jets by the ambient air to yield higher levels of acoustic suppression. However, a
10° cant tends to separate the flow from the plug surface, the result being poor
aeredynamic performance.

Planforin shape of the spokes (i.e,, tapered or parallel-sided) affects both acoustie
and acrodynamic performanece. (See fig. 28(f).) Parallel-sided spokes yield a larger
flow perimeter for shearing by ambient nir and thereby yield Ligher lovels of acoustic
suppression than the tapered spokes. Acrodynamic performance of parallel-sided
spokes is lower than that of tapered spokes since parallel-sided spokes have larger
base arenas in the interior, where ambient air cannot conceivably penetrate,

1 Gross theust cosfficient Cpp I8 defined as the ratio of actnal gross thrust to idenl throst based an

isentropic oxpansion to sinbimt pressure.
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Figure 25 summarizes the acoustic suppression versus thrust degradation for var-
ious tube, spoke, chute, plug, coannular, and ejector nozzles, Cruise performance
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considerations certainly will require that the suppressors be stowed te minimize
mission impact. Typical schemes for stowage and deployment of chutes and tubes
are conceptually illustrated in figure 30,

The above discussion indicates that multielement suppressor design involves a
complex interaction of acoustic suppression potential, terodynamic performance,
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Figure 80. Installalion schemes for stowed and deployed mullielement sup-
pressors. (From ref, 20.)

and mechanical feasibility (i.e., implementation, stowability, and relinbility). The
ultimate impact of these considerations on the mission is cqually important.
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Ejectors

An ejector, when designed as an jntegral part of the propulsive nozzle systetn,
can yield optimum aerodynamic performance for the entire mission by providing an
optimum flow expansion surface. It cnn also provide additionsl neise suppression
than a nozzle systen without an ejector by virtue of its capability for induction of
ambient air to enhance mixing and shiclding or suppression of noise sources within
the cjector length. For an extensive discussion of the principles of noise reduction
by mixing nozzles and ejector nozzles, sec reference 22, Ejectors used in conjunction
with conical nozzles or basic connnular plug nozzles have been ineffective since the
dominant acoustic sources are located outside the ejector. However, for suppressor
nozzles, the dominant acoustic sources are located close Lo the jet exit plane; hence,
gjectors with acoustic trentment on the internal flow surface effectively improve
the basic suppressor acoustic performance. Air induction by cjectors s alse more
effective, as induced air can impact mixing in the region of dominant acoustic sourcea.

Flight tests on a Viper turbojet engine fitted with various exhaust suppressors
with and without treated ejectors are reported in reference 23, A maximum
attenuation of 1.4 EPNdB was measured at an iden] jot exhaust velocity of 732 m/sec
(2400 ft/sec) at an adjusted altitude of 152 m (500 ft),

In reference 24, researchers used a short ejector lined with bulk absorber on
a 32-deep-chute primary nozzle system installed on a J-79 dry turbojet engine
(nonaugmented; sce fig. 32{a)). The short ejector attained a nearly uniform 2 dB
maore peak PNL suppressjion than the suppressor alone, (See fig. 31(b}).) In a more
extensive scale-model program sponsored by NASA Lewis Research Center (rel, 28),
researchers investignted the influence of ejector geometry and ncoustic treatment on
acoustic and aercdynamic performance, The scale-maodel system employed & 20-
chute outer annular suppressor with inverted-velocity profile and an ejector with or
without acoustic treatment. The plug surface was both hard walled and acoustically

" trented,

Influence on ejector spacing & from the suppressor exit plane (normalized by
the equivalent dinmeter based on flow area Deq) on peak PNL as a function of
mass-pveraged jet velocity is shown in figure 32, The influence of ejector spacing
on aerodynamic performance in terms of thrust loss due to chute base drag as A
function of outer stremn pressure ratio is shown in figure 33, Increasing the ejector
spacing results in a marked improvement in the aerodynamic performance because
an increased induction of ambient air into the chutes is possible with mare spacing,
This increased entrainment of ambient air results in improved mixing within the
ejector system, and this mixing results in a lower merged velocity and hence lower
noise levels,

Figures 34 and 35 show the influence of cjector fength L on peak PNL and on
thrust Joss due to base drag, Increased ejector length yiclds slightly higher noise
suppression at all jet velocities becruse of the containment of sources over a larger
distance. The longer ejector shows Improved aerodynamic performance as well,

Influence of acoustic treatment attached to the ejector internal surface and/or
plug on acoustic characteristics is shown in figure 36, Successive treatment of the
ejector and plug surfaces jmproves acoustic suppression, The hard-wall ejector
provides the suppression by pure plhysical shielding and ambient air induetion.
Successive improvements because of the treatment are not very sensitive to treatment

impedance.
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Figure 81. General Electric 82-chute annulnr nozzle on J-70 testbed with and
withou! treated ejector. (From ref, 17.)

Baged on these studies, the following design guidelines have evolved:

1. An increase in the axial stagger between the suppressor exit plane and
the ejector improves acoustic and aerodynamic performance; however, weight and
mechanical complexity increase.

2. An Increase in ejector length improves noise suppression alightly.

3. Treatment of the cjector and the plug surface improves noise reduction
potential, and the improvement is not sensitive to treatment impedance,
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Annular Plug and 2-D Nozzles

Twe-dimensional nozzles and plug nozzles with & high radius ratio Ry (i.c., ratio
of inner radiua to outer radius Ry) exhibit similar flow characteristics near the
jet cxit plane, since a 2-D nozzle of height & and width b can be viewed as an
“unwrapped” annular nozzle of annulus height b and of cireumference b, However,
the flow characteristics downstream and acoustic characteristics of these two types
of nozzles are quite dissimilar, They are grouped herein under one section since they
bath serve as the first step in departure from the simple conical nozzles to achieve

jet noise suppression.
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For a given flow ares, as the plug nozzle radius ratlo increases, annular height
decrenses and outer radius of noxzle increases, The noise reduction capability of plug
nozzles is ascribable to the following:

1. Larger surface area is available for shear with ambient air than in the conical
nozzic.

2. Additional aurfnace (i.e., plug) is available for shearing the jot.

3. Smaller characteristic dimension (i.e., annulus height) s present in the high-
Jjet-velocity region, and this smaller dimension implies the jet decay and shock
structures are governed by annulus height rather than by the equivalent-flow-
area circular nozzle diameters close to the exit plane, The annulus height
being the charncteristic dimension in the high-velocity region results in an
acoustic power level spectrum with more high-frequency content than for
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a circular nozzle. As in the case with multielement suppressors, the high-
frequency acoustic content suffers larger atmospheric attenuation with plug
nozzles than with circular nozzles to yield the observed noise reductions.
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Figure 85. Influence of ejector length on base drag of 20-shallow-chuie
suppressor nozzle (dual flow), (From ref, 25.)

Figure 37 (from ref, 26) shows the poise reduction characteristics of annular
plug nozzles compared with those of the conical nozzle over a range of jet velocities
in the aft quadrant (shown as normalized peak OASPL), which is dominated by
Jet noise, and in the forward quadrant (shown as normalized 50° OASPL), which
is dominated by breadband shock-cell noise. As radius ratio R, increases, the
normalized peak OASPL decreases. The trend of shock-cell noise (normalized 50°
OASPL) with radius ratio is not very clear. High-radius-ratio plug nozazles which
have a blunt tip tend to have two shock structures at high pressure ratios, one on
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2400-ft sidelineg; Ap = 1400 in®; standard day (5% F, 70 percent relnfive
humidity). (From ref. 25.)

the plug surface (characterized by annulus height} and another downstream of the
plug surface due to a supersonic flow expansion fan around the blunt tip, When
the downstream shock gets reflected from the jet shear Iayer it induces a train of
shock-cell structures downstream of the plug, The downstream shoek structure is
typically characterized by the equivalent circular nozzle dinmeter, Thus, the shock
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Figure 87, Annular pluyg nozzle acoustic characteristics as function of radius
ratio, 2400-fi sideline; Ay = 338 in®. (From ref. 26.)

High-radius-ratio plug nozzles have preferred noise characteristics. However, a
higher radius ratio for a given flow area dictates a larger nacelle diameter with
the accompanying weight and nozzle aftechody drag penalties, A value of 0.853
is considered to be the practiesl limit for the radius rutio, Elimination of shock
stritctures on the plug surface and downstream of the plug I3 discussed in the section
entitled Shock Noise Control.

Two-dimensional nozzles (also ealled rectangular nozzles) are gaining applications
in military aircraft because of their thrust-vectoring capability, Two-dimensional
nozzles are characterized by thelr aspect ratios (defined as width/height), At suifi-
clently high aspect ratios (typically larger than G), the flow near the exit planc of
the jet exhibita a 2-D character, Two-dimensional nozzles tend to be generally quicter
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than equivalent circular conical nozzles, essentinlly because of the increased surfnce
area available for shear with the ambient nir compared with that of an cquivalent
circular conical nozzle. Two-dimensional nozzles exhibit azimuthal varation and
the plane containing the minor axis is louder than the plane containing the major
axis, particnlarly in the high-frequency region, The 2-D jet flow loses its 2.
nature at downstream locations because of jet diffusion, and at distances sufficiently
downstream the flow becomes u cireular jet. Since low-frequency noise of jets is
nssociated with large, turbulent eddies and largs, turbulent cddies of 2-I nozzles are
at reglons where the jet is circular, low-frequency noise of 2-1) jets typically does not
show any azimuthal variation, .
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Figure 38. Ouverall power levels (OAPWL) of circular and reclangular nozzies,
{From ref. 9.)

Scale-model tests were performed on rectangular jets (ref. 9), and some of the
results are presented in figures 38 and 39 to justify the statement made above.
Inereasing the aspect ratio of a 2-D nozzle for a constant flow area results in the
Jjet flow retaining ita planar nature for larger distances. Also, incrensing the aspect
ratio for a given flow area reduces the jet height and thus results in a larger velocity
gradient in the vertical dircction. This larger velocity gradient in turn yields a
faster decay of the jet, although the strength of the high-frequency sources (close
to the jet exit plane) increases, Reduction in height also results in smaller shock
cells, the structure of which extends to a smaller physical length, The smaller shock
cells result in lower shock noise levels, Thus, increasing the aspect ratio of a 2-D
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nozzle is beneficial acoustically, Mechanical considerations involving airframe-engine
integration might limit the aspect ratio.
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Figure 39, Spectral characleristics of circular and reclanglar nozzles, V; =
966 ft/sec; T, = 528" R. (From ref. 9.)

Aerothermodynamics Concepts

Inverted Flow

The inverted-flow concept employs a nozzle system wherein the cooler, lower
velocity jet is surronnded by the hotter, higher velocity jet. This arrangement is
the inverse of a conventional turbofan nozzle systeln. By surrounding the hotter,
higher velocity jet on one side by the cooler, lower velocity jet and on the other side
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by the ambient nirstream, one is generating a mean velocity gradient (and hence
ghearing stress) on both sides of the principal noise-generating jet. which results in
a faster deeay of the jet plume. However, ns noted with multiclement suppressors
or plug nozzles, higher shear stress in the vicinity of the jet exhaust plane results
in higher ncoustic source strength close to the jet exhaust plane (high-frequency
content), and by virtue of atmospheric absorption this results in lower perceived
noise levels in the far fiedd. A faster decaying jet has a lower contribution to the
low-frequency portion of the spectrum. The application of a high-radius-ratio plug
nozzle in conjunction with an inverted-velocity profile accentuates the shifting of
acoustic energy inte higher frequencies.

Figure 10 presents data from reference 27. Figure 40(a) shows a design concept
for obtaining an inverted-flow-velocity profile in conjunction with n high-radius-
ratlo plug nozzle. PFigures 40(b) and 40(c) show acoustic data in the aft and
forward quadrants in terms of PNL for varions combinations of plug radius ratio
and innerfouter area ratios A;/A, over n range of mass-averaged jet velocities

(V,,m = %:‘—'1) and also over a range of “averaged” shock strength parameters 8.

This parameter is defined as VA2 — 1, and M i3 based on mnss-avernged Aow
conditions, Substantial reductions in jet as well as shock-cell broadband noise are
shown for the connnular nozzle for a wide range of plug radius ratios and aren ratios.

Figures 40{d) and 40{e) show the noise reduction potential of a representative
connnular nozzle (4;/4, = 0.2 and an outer stream radius of 0,853) in terms of PNL
directivity and of spectral characteristics at three observer angles. Acoustic suppres-
sion in the aft quadrant and at 80° is attributable to the jet source modification by
the inverted flow, whereas suppression in the forward quadrant is attributable to the
modified shock structure (i.e., one set of shoek cells on the plug and another set of
shock cells downstream of the plug).

The inherent acoustic suppression nssocinted with the inverted-flow concept has
been demoustrated in a design wherein a duct burner in the fan stream accelerates
the fan stream to & velocity higher than that of the core stream. (See ref. 28.)

Thermal Acoustic Shield

A high-temperature, low-velocity gas stream (termed o thermnal acoustic shield,
TAS) surrounding the principal jet yiclds jet noise reduction because of the acoustic
wave refraction and reflection that occurs due to the impedance change at the inter-
face betweon the principal jet and the TAS, Figure 41 (from ref. 29) schematically
illustrates the concept of TAS wherein the high-frequeney noise that is generated
neat the jet exit plane is either refracted away from the observer or undergoes multi-
ple reflections within the TAS, and a weakened acoustic signal reaches the ebserver.
Certain cambinations of the velecity and spend of sonnd in the principal jet and the
TAS yield a total internal reflection of the sound from the observer. The condition
for total internal reflection is given by Snell’s law as applied to the moving media.

The neise reduction potential of the TAS decrenses for sources which are [ocated
far downstream from the jet exit plane since the TAS mixes with the principal jet
and thereby is not able to maintain a sufficient level of discontinuity in the scoustic
impedance, In other words, the TAS is not effective in reducing low-frequency noise.
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Thus, the TAS concept is more effective when used in conjunction with multielement
suppression concepts which have a dominant high-frequency content.
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Early experimental investigations of the TAS concept for unsuppressed noszzles
{refs. 30 to 32} have shown impressive reductions in noise levels, Further detailed
studies (refs. 20 and 33) involved TAS applications to single- and dual-flow nozzles
with and without multichute suppression devices, Results from applieation of a 180°
shield on an annular plug nozzle with a radius ratio of 0.85 and to & 32-chute annular
plug suppressor with a suppressor radius ratio of 0.62 are shown in figure 42, The
data show spectral suppression obtained by the TAS for typical advanced supersonic
transport (AST) approach, cutback, and tekeolf cycle conditions, Very significant
suppression of high-frequency noise in the aft quadrant is shown with the 180° shield
applied to both systems. The sharp increase In suppression in the aft quadeant
(6; = 120°) is due to a total internal reflection of the sound waves of the primary
jet by the shield. Noise suppreasion occurs in the forward quadrant and at 8; = 90°
hecause velocity and temperature gradients of the core jet are reduced by the shield,
thereby reducing eddy source strength close to the exit plane., The reduction in
shielded velacity gradient, however, lengthens the jet plume, and this reduction in
turn leads to low-frequency amplification, as particularly noted for the suppressor
configuration, The TAS impacts acoustic source rmodification more effectively for
the 32-chute suppressor than for the annular plug nozzle, as evidenced by the noise
reduction due to TAS at 8; = 06" in figure 42, This suppression is another indieation
that TAS is more effective on noise sources located closer to the jet oxit plane, The
increased effectiveness on high-frequency jet noise sources also implies a significant
reduction in mean velocity gradient, and this reduction in turn results in significant
growth of the plume and causes low-frequency amplification,
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Figure 43 shows the influence of a 180° TAS on an annular plug nozzle and an a
32-chute suppressor nozzle in terms of PNL directivity, A 2,5-dB reduction in peak
PNL levels and a 4-dB reduction in PNL are shown for the front quadrant of the
annular plug nozzle with the TAS. For the 32-chute suppressor nozzle with the TAS,
nn 8-dB reduction in peak PNL and slightly less than an 8-dB reduction in PNL
for the front quadrant are shown, These reductions indicate significantly more noise
suppression obtained by the TAS on multiclement suppressor nozzles than on the
! annular plug nozzles,

General experimental trends that evalved from the TAS studies (refs. 29 and 33}
are as follows:

1, Partia] shields yield higher noise reduction than full shiclds.

2, Increasing the thickness of the shicld increases the noise reduction.

3. Noise reduction potential of TAS reduces as the core jet velocity increases

above 671 m/sec (2200 ft/sec) for annular plug nozzles and abave 732 m/sec
(2400 ft/sec) for chute suppressor nozzles.

4. The TAS yields higher PNL reductions for multielement suppressor nozzles

than for annular plug nozzies.
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A TAS system can be implemented through various techniques, the end require-
ment being a streamn of heated gas or air to surround the noisy jet. One method of
implementation is to derive the TAS by bleeding the high-temperature gas from the
mnin jet and throttling it through choke plates to reduce jet veloeity and achieve a
shield to the main Jei velocity ratio of & 0.4 to 0.6. This shield reinoves the enecrgy
from the main jet, so the engine throtile must be advanced to compensate for thrust
loss, For AST engines this would be [easible, as they are normally sized by thrust
requirements ab aperation points other than the takeoff condition (e.g., cruise),

™ Unsuppressed
wrenttlor g

nozzle -

Amwlar (Hlug nezzhe with 180°
TAS, 0497 i thick

32-chute anaular
|l plug nozele

10 df

PNL, dB

'— A2-chiure nogele with 186°
TAS, 0.97 in. thick

! | | l | |
20 0 i LT I T TR 1}

Angle {o inlet, &, dog

Figure 43, Influence of TAS on PNL directivily of unsuppressed annular plug
and 92-chute suppressed nozzles at eutback eycle. Ap = 1400 in2; 1000-f2
Ayover distance; static operation. (Based on ref. 59.)

Impact of a bleed-flow-type TAS was evaluated in an implementation study
(ref. 33; sec fig. 44). When thrust loss ineurred by the bleed system is comnpensated
for, the 180% TAS applied to the annular plug nozzle negates the benefit of the plug
nozzle compared with the conical nozzle, Adding the 180° TAS to the 32-chute
suppressor results in some benefit, even with the thrust loss, at lower thrust lovels
and results in some Joss of benefit at the higher thrust levels, The study pointed out
that a bleed-type system for TAS implementation would be of limited value.

An alternate method is to supply the TAS from an Independent source of hot gns,
This would add thrust to the overall system instead of degrading thrust by bleeding
and would allow the main jet te be throttled back to a lower noise level thrust setting
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Figure 44, Integration study results of TAS implementation by bleeding
305-m (1000-ft} level flyover at V = 122 m/sec (400 fi/sec). (From
ref. 84.)
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Figure 45. Integration study resulls of TAS implementation by independent
source for shield flow. 805-m (1000-ft) level fiyover al V = 122 m/sec
(400 ft/sec). (From ref. 83.)

for takeoff. As noted from the results of the AST implementation study (ref. 33)
presented in figure 45, this type of systoin has very significant advantages. For the
32-chute suppressor, jet noise levels are lowered to the point where other engine noise
gources for an AST system could become the dominant noise source. A substantial
effort is needed to cleverly implement an independent source of TAS that would not
impose excessive weight and drag penaltics.

Shock Noise Control

Shock-cell broadband noise can be a significant contributor to the total noise
radiated by jets operating at supercritical pressure ratios, particularly in the forward
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yuadrant, where jet mixing noise is lower, Experimental observations (refs, 9, 34,
and 35} indicate that the shock-cell brondband noise is amplified in the forward
quadrant due to flight. Nenisentropically expanded supersonic jets contain shock-
cell structures which are formed from oblique compression and expansion waves for
significnnt lengths of the jet plume, which is the physical means by which the static
pressure balance is achieved between the jet and the ambient air. Interaction of
turbulent eddies of the jet with the shock-cell structure results in acoustie waves
termed shock-cell broadband noise, Shock naise control is obtained essentially by
cither eliminating or weakening the shock-cell structure by

1. Aerodynamic design of the convergent-divergent (C-D) nezzle flow path
2, Plug structure modification for annular and dual-flow coannular plug nozzles
3. Proper choice of pressure ratios for operation of dual-flow nozzles
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{a) Effectiveness of C-D flow path on eircular nozzle in reduction of shock-cell
noise. Data scaled to Ay = 1400 in® and ectrapolaled to £400-ft sideline;
Tp = 1700°R.

Figure 46, Shock-cell noise reduction of C-D nozzle and of convergent eircular
nozzle, (From ref, 96.)
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For the simple circular nozzle, the convergent-divergent design for isentropic flow
expansion can be employed to eliminate the shock-cell structure in the jet at the
design Mach number and thereby obtain shock noise reduction. Figure 46{a) (from
ref, 36) shows the region of effectivencss of a circular C-D nozzle and of a convergent
circulat nozzle in controlling shock neise at and in the vicinity of the design Mach
number of 1.4 (at a ratio of total to static pressure of 3.12 and a total temperature
of 944 K (1700°R)), The OASPL reductions of 7.5 and 11.0 dB for a circular C-D
nozzle are shown at the design condition for static and simulated Right at M = 0.36.
Jet plume velocity data {fig. 46(b}) mensured with a laser doppler velocimeter show
the absence of the shock-cell structure for the C-D eireular nozzle along the nozzle
centerline at the design condition, whereas the convergent circular nozzle shows
significant shock-cell structure at the same condition. The OASPL directivitics
shown In Agure 46{c) indicate significant noise reduction in the forward quadrant
obtained with the C-D eircular nozzle for botlh static and simulated Hight conditions,
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Figure 6. Concluded.
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Next, the application of shock noise control techniques for annular and dual-flow
connnular plug nozzles is discussed. When nozzles employing truncated plugs (i.c.,
plugs with a finite base area) are operated at highly underexpanded conditions, the
jet plume has two shock-cell structures, one on the plug surface and ona downstream
of the truncated plug. The reason for two structures is that at higlily underexpanded
conditions, the shock-cell structure on the plug has not been able to slow the jet
plume to subsonic conditions at the end of the plug. As the supersonic jot expands
over the truneated plug, an expansion fan is created which reflects off the jet shear
layer as an oblique shock which in turn sets up an expansion fan, and so on. This
process results in another shock-cell structure downstream of the plug. Henee, shock
noise control for nozzles employing plugs must address elimination or mitigation of
both the shock-ecll structures.

Figure 47(8) (from ref. 36) indicates the eflectiveness of a C-I flow path in re-
ducing shock noise for an annular plug nozzle with a truncated plug at or near the
design Mach number of 1.44 for both static and simulated flight conditions. Jet
plume velocity data both along the plug surfaee and downstrenm of the trunested
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{a) Effectiveness of C-D flow path in shock noise reduction for annular p!ug
nozzle in terms of PNL at §; = 60°. Datn scaled to Ap = 0.903 m
(1400 in?) and 792-m (2400-ft) sideline,

Figure 47. Shock noise reduction for annular plug noszle with C-D nozzle flow
path, {From ref. 36.)
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plug at the design Mach number are shown in figure 47(b). The C-D flow path
for the annular passage eliminates the shock-cell structure along the plug surface,
whereas both the convergent and C-D annular plug nozzles have shock-cell structures
downstream of the plug. Since this design did not eliminate hoth the shock-cell
atructures, the shock noise conirol effectiveness of the C-I anmular plug nozzle is
less than that of the circular C-D nozzle (compare figs, 46(a) and 47(a)}.
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Figure 7. Concluded.
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Shock noise control techniques for dual-flow coannular plug nozzles with inverted
velocity profiles are now examined. Figure 48 summarizes the results of shock nojse
contro! for dual-flow coannular plug nogzles with C-D flow paths for both inner and
outer streams having design Mach numbers of 1.38 and 1.44, respectively, The area
ratio of inmer stream to outer stream is 0.2, Model 1 employs convergent flow paths
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(o) Effectiveness of shock-cell noise reduction for connnular npzzles,
Figure 48, Shock noise reduction for coannular plug nozzle with C-D flow path
and plug tip modification. (Based on ref. 36.)
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for hoth the streams and a truncated plug. Model 2 employs C-D fow paths lor botih
the streams and n truncated plug, and Model 3 employs C-D flow paths for both
the strenms and n sharp-tipped plug (i.e,, no base reglon for the plug). Application
of C-D fNlow paths reduces the noise levels at and near the design condition. {See
figure 48(a),) The application of a sharp-tipped plug reduces the shock noise furthor
nnd yields about the same total effectiveness relative to the circular convergent nozzle
as does the circular C-D nozzle. Tle jet plume traces for models 1, 2, and 3 at the
design condition indicate the absence of shocks on the plug for models 2 and 3, and
this absence is & direct consequence of the G-D flow path, The sharp-tipped plug
eliminates shock-cell structure downstream of the plug because of the absence of the
expansion fan at the plug tip. (Sce fig. 48(b).)
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Figure 49. Effectivencss of subsonic inner strenm operation on 8'50::.’: noise of
connnular extended plug nozzle, Data scaled to Ap — 0.903 m® (1400 in®)
and 732-mn (2400-fi) sideline. (Based on ref. 36.)

An effective means of flow management and resultant shock structure control for
the dual-flow coannular plug nozzles is obtained by operating the Inner streamn at sub-
critical pressure ratios. Figure 49 shows the shock noise characteristics obtained with
the inner nozzle operated at a fixed pressure ratio of 1,80 for subsonic aperation and
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3,13 for supersonic operation over a range of outer nozzle pressure ratios of 2.5 to
4.0. Significant shock noise reduction is found at all conditions with the subsonic
inner stream. The subsonic inner strenm significantly alters the shoek structure
downstream of the plug, as indicnted by the veloeity measurements shown in
figure 50, which are indicative of reduced shock-cell noise,

As mentioned previously, multiclement suppressors have significantly lowered
shock-cell nolse because of the associated rapid mixing and shock-cell structure decay
and the relatively high frequencies of shock noise of individual elements, which arc
eflectively attenuated by atmospheric absorption. Howevar, if additional sheck noise
reduction is required, individual elements {such as chutes ar spokes) may be designed
to have C-D Nlow paths. {See refs. 36 and 37 for multielement suppressor nozzles with
dual- and single-flow applications, respectively.)

Another appronch for shock noise control is the porous plug cencept, initially
proposed by Maestrello (ref. 38). The application of & porous plug, either sealed
or vented to the atmosphere, replaces the periodic shiock-cell stricture noted for
nonporous plugs with a serics of weak compression waves which yield shock-cell
noise reduction.

Of further concern may be shock screech noise. Shock screcelt noise was first
studied by Powell (ref. 39), who proposed the existence of a feedback mechanism
between the nozzle exit and the shock cells via the upstrenm propagation of the
acoustic wave penerated at the shock cell through the subsenic mixing layer of
the jet and veinforcing the feedback loop. Shock sereceh noise, unlike shock-cell
brondband noise, has a pure tone characteristic and ean lead to sonic fatigue of the
nozzle hardwara becnuse of the relatively high levels. Methods employed to reduce
the amplitude of shock screech noise are aimed at destroying the feedback loop by
causing perturbations in the flow near the nozzle exit plane {e.g., screeeh tabs or
nozzle exit plane roughness).

Summary

The abjectives of this chapter were Lo review and summarize the jet noise
suppression technology, to provide a physieal and theoretical model to explain the
measured jef noise suppression characteristics of different concepts, and to provide
n set of “guidelines” for evolving jot noise suppression designs, The underlying
principle for all the jet noise suppression devices is to enhance rapid mixing (..,
diffusion} of the jet plume by geometric and aerothermodynamic means. In the
case of supersonic jets, the shock-cell broadband noise reduction ia effectively
accomplished by the elimination or mitigation of the shock-cell structure. So far, the
diffusion concepts have predeminantly concentrated on jet momentum and energy
(kinetic and thermal) diffusion, in that order, and have yielded better noise reduction
than the simpte conical nozzle.

However, these noise reductions are not large enough to guarantee compliance
with noise regulations for engines heing considered for high-speed applications, auch
15 HSCT's. The current trend js toward higher jet velocities, so that engine size {and
hence vehicle takeoff gross weight) will be smaller for a given sea level statie thrust
requirement, This trend presents tougher challenges for the sciontific and technical
community to reduce the jot noise at these higher jet velocities, This situation will
call for innovative concepts for jet noise reduction. One avenue which has not been
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vigorously pursued so far is diffusion concepts which employ concentration gradients
of different species in addition to velocity and temperature gradients.

A critical technology issue that needs resolutlon is the effect of flight on the noise
suppression potential of mechanical suppressor nozzles, Scale-model test data in
simulated flight and Hmited fight-test data indiente that the noise suppression po-
tentinl of mechanical suppressor nozzles over an equivalent conieal nozzle deterinrates
in flight whereas it does not in the static case. A more thorough investigation of this
mechanism is necessary for the successful development and design of an acceptable
noise suppression device for future HSCT's.
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Introduction

Interior noise is an important consideration in the design and operation of
virtually all aerospace flight vehicles. Noise is a natural by-product of powerful
propulsion systems, high-speed aerodynarmic flow over veliicle surfaces, and operation
of onboard systems such as air conditioners. The noise levels produced can be
intense encugh to result in an upacceptable interior noise environment through effects
such as passenger discomfort, interference with communication, crew faligue, or
malfunction of sensitive clectronic ecquipment, Control of the nolse environment
requires substantial special effort, and the noise control measures wsually result
in penalties such as added structural weight, reduced cabin volume, or reduced
performance. Interior noise control therefore requires a continuing search for means
to reduce both the noise levels and the assoclated penalties, especially for new higher
performance vebicles,

A variety of noise sources and transmission paths contribute to eabin noise.
Sources such as propellers, inlet and exhaust systems of reciprocating or turbofan
engines, turbomachinery, and turbulent airflow over the aireraft surfaces generate
noise that impinges directly on the exterior of the fuselage and transmits into the
cabin, This noise Is referred to as “airborne noise.” Sources such as engine unbalance
forces transmitted throngh engine mounts and engine exhaust or propeller wakes
impinging on wing or tail surfaces generate vibrational energy that is transmitted
along the airframe structure and radinted into the enbin as acoustic noise. This
noige is referred to as “structure-horne nojse.* Other important noise sources such
as helicopter gearboxes, air-conditioning systems, and hydraulic systems used to
operate landing gear or flaps are located within the fuselage of the airerait. In
general, any one of these sources can produce excessive noise; therelore all must be
considered in a noise control design. Several sources may contribute about equally.
Then, reducing noise from only one source to & level below that from several others
has minimal effect since total aAcoustic power changes by only a small percentage

(ref. 1, pp. 40-44). A balanced noise contrel treatient, therefore, would reduce .

the excessive noise from each source-path combination, so that all contribute about
cqually and the combined noise satisfies the acceptability criteria,

Interior sound levels can be controlled by reducing the noise generated by
the source, by reducing the noise during transmission threugh airborne and
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structure-horne paths, and by reducing the noise transmitted within the eabin, In
some cases the interior noise sensation can be reduced, for example, by the use of
ear protectors by occupants, In this chapter the emphnsis is on the mechanisms of
transmission through airborne and structure-borne paths and the control of cabin
noise by path modification. Methods for identifying the relative cantributions of the
various source-path combinations are also discussed beeanse of the need to concen-
trate treatment on the dominant combinations and to avoid weight penalties ssso-
ciated with treatinent of nondominant source-path eombinations, The mechanisms
of source noise generation and control are discussed in other chapiers of this boak,
However, features of the source noise that have important effects on interior noise
and its control are discussed in the next section. The interior environment required
for acceptability also has a major effect on the control of transmitted noise because
of the penalties that have been mentioned. The effects of noise on equipment result
from the vibrations that are induced; procedures are available for design and Lest of
equipment to withstand vibrations {ref, 2). Human response to noise environments
is described in detail in another chapter of this hook, However, some nspects of
passenger comfort of particular interest to interior noise control are deseribed in the
following paragraphs,

Noise is one of many factors that influence the contfort of passengers. Other
factors include vibration, temperature, seat size and hardness, cabin air pressure,
and air ventilation and quality, In spite of interactions that may occur between noise
and the other factors (ref. 3), noise requirements are usually considered separately,
In general, the notse level should be low enough to provide a feeling of comfort, and
the noise spectrumn should allow speech communication and bo without excessive
low-frequency “booming” or high-frequency “hissing.” Noises that are annoying or
alarming are undesirable, even though they may be low in level for normal operation
of the pircraft. Occasionally, the noise level in the cabin may have large spatin!
variations that may also be undesirable. The penalties associated with noise control
may be significant; therefore passenger requirements should be known accurately and
the noise reduction provided should be only sufficient to satisfy those requiremonts.

Three parameters are in common use to quantify the subjective aspects of interior
noise, The overall sound pressure level (OASPL, dB) adds most audible frequency
components equally, The A-weighted sound level reduces the contributions of very
low- and high-frequeney components and has been found to correlate closely with the
subjective response of human Inboratory subjects and aireraft passengers, Specch
interference lovel {SIL) includes only the frequencies between 350 Hz and 5623 Hz and
relates to the quality of voice communication. Laboeratory studies nsing simulated
cabin noise indicate that 50 percent of the subjects reported feelings of annoyance
when the A-weighted level excerded about 82 dB or when the SIL exceeded 70 to
75 dB (ref. 4), Modern turbofan-powered aircraft having A-weighted sound levels in
the range from 75 to 82 dB during eruise and associated SIL in the range from 55
to 70 dB have gained wide acceptance by travelers and are sometimes considered a
standard of comparisan, Values of SIL in that range are considered acceptable for
large transports because nearby passengers can converse camlortably, while distant
conversations that might intrude are masked. For smaller, executive class aircraft,
a lower SIL is desirable so that ull passengers can converse as a group, Laboratory
studies have indicated that strong tones, such as those produced by propellers, tend
to cause increased annoyance (ref. 5). Surveys of interior noise levels in existing

272




p

AATIS ST AL

P pany

R A s T T

SO Y

T R T R s 4 e et R e

Interior Noise

general avintion and conunercial propeller and jet aireraft show that the A-welghted
sound levels vary [rom about 67 dB to about 103 dB (ref, 4), suggesting that a ramgo
of levels is acceptable depending on the particular appliention, Survoys in buses,
trains, and automabiles show that the A-weighted levels vary from about 60 dB to
about 90 dB, so0 the levels in the quicter aireralt are in the same range as those in
ground transportation.

The character and level of the noise dilfer for different aireralt and for different
times during the flight. These differences affect the interior noise control efforts
required. For example, the noise levels generated by full-power engine operation
during tnkeoff and by reverse thrust during landing ean exceed levels during cruise,
but the takeoff and landing phases are of sufficiently short duration that the
passengers can accept the additional noise without undue discomfort. Becnuse the
cruise portions of flight are of relatively long duration, the associated noise levels must
be controlled for a steady state level of passenger comfort. The different durations
and operating conditions for different aireraft types and flight conditions permit
different noise control requirements. The most stringent requirements are usually
associated with long flights that may last 12 to 16 hours, Somewhat higher noise
levels are acceptable on shorter flights, but some short distance operations may
involve high speerds at tow altitudes which can lead to higher source noise levels and
a requirement for more sound-reducing treatment, Thus, interior noise control must
take account of the ultimate operational use of the aircraft, ns well ns the noise
sources, transmission paths, and passenger comfort requirements,

Sources of Interior Noise

The source characteristics required for interior noise analysis include both magni-
tude and phase of the sound pressure and their distributions in frequency and space
over the surface of the vehicle, These characteristies differ signifieantly for the dif-
ferent sources of interest; in some cases the sound pressures are deterministic,! and
in other cases random, Empirical medels have been developed for the pressure fields
from many of the seurces on an airplane {ref. 7), The different characteristics ean
have important effects on the noise transmitted through n fuselage, as illustrated
in figure 1. These results were obtained in a theoretical study of the nolse trans-
mitted through a eylindrical aireraft fuselnge of typical frame and stringer-stiffened
akin construction and having a diameter of about 1.68 m (ref, 8). The source noise
characteristics were carefully modeled to match available experimental datn and the
fuselage structure and interior were the same lor both curves. For this example, fuse-
Inge noise reduction is defined as the difference hetween the maximum exterior SPL
on the fusclage surfece and the SPL transmitted through to the interior. Figure 1
shows that noise reduction is higher for the propeller source by as much as 15 dB.
These differences result from the spatial distributions of source pressure magnitude
and phase, which govern the total acoustic force on the fusclage and the cfficiency
of that force in eansing motion of the fuselage structure.

! Deterministic pressures are those that can be deseribed by wn explicit mathesnsieal relation, sich
as coswi (ref, §), where w s cireulur frequency and ¢ is tima,
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Figure 1. Predicted fuselage noise reduclion for o general aviation
airerafl showing effect of source characler on fuselage noise trans-
mission, (From ref, 8,)

Boundary Layer Noise

The noise generated by airflow over the aireraft surfaces is important for virtnally
all classes of aircraft. For the smaller aireraft with less streamlining, more exposed
struts, and light structuse, airflow noise is important at higher frequencies. For the
larger, jet-powered, well-streamlined aiveraft, high speed flows genernte significant
levels of turbulent boundary layer noise that usnally constitutes the most important
source of cabin noise during cruise. Considerable information on turbulent boundary
layer pressure fluctuations is avallable in the literature from both wind tunnel and
flight studies,

Fluctuating pressures acting on the fusclage surface beneath the boundary layer
have been measured in flight of a large jet aircraft operating at speeds from 138 to
242 m/sec at an altitude of 7620 m (ref. #). Figure 2 shows that the spectrum of
the pressure is broadband and contains significant components nt frequencies from
below 100 Hz to above 2000 Hz, Increasing airspeed from Mach 0,45 to Mach 0.78
increnses spectral density by a factor of 5, whieh is equivalent to about 7 dB. Since the
overall root-mean-square (rms) pressure varies, approximately, as the flight dynamic
pressure or the square of the flight speed, an increase of 9 to 10 dB might be expected,
Howaver, this increase js not reproduced directly in the spectrum level because the
encrgy is distributed over a wider frequency range at the higher speed, At the aft
location in figure 2, the spectral density is higher than at the forward [ocation, but
anly at frequencies helow about 1000 Hz, The incrense is a factor of about 1.5,
equivalent to 5 dB, It is due in part to a shift of energy to lower frequencies as the
boundary layer thicknoess inereases farther aft, but it also may be influenced, for the
example chosen, by the presence of low-frequency jet noise contributions on the rear
of the fuselage, The varjations ‘along the fuselnge are large enough to influence the
design of interjor acoustic trentments. These flight data were used, together with
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data from several [nboratory studies, to develop a general empirieal equation for
predicting fluctuating pressure spectra (ref. 9},

—— Forwnrd
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wr Mach no
4 | )
Fluctuating
pressutre spectra) w b
density,
Pa?/Hz
il
ar
wt
L. 1 J

Frequency, Hz

Figure 2. Speciral densily of flucluating pressure on the ezterior of n large jet
aircraft in flight. Boundary layer source. (From ref. 9.)

The flight data were aléo analyzed to determine the point-to-point correlation
(in the time domain) or cross spectral density (in the frequency domain) of the
pressures, Cross spectral density of a random pressure field plays an important role
In determining the effective force acting on a structure, and hence, the response.
Flight and wind tunnel measurements indicate that a boundary layer pressure
field is convected in the direction of the flow and the coherence decrenses as
the separation distance between the measuring points inereases. The convection
speed U is about 70 percent of the flight speed, so that as the aircralt speed
increnses, there is the possibility that “liydrodynamic coincidence” will occur. When
hydrodynemic coincidence occurs, the phase speed of the fluctuating pressures
matches the atructural bending wave speed. As a result, the structural vibration and
interior sound pressure levels increase significantly, For example, figure 3 presents
vibration spectra measured at the center of a fuselage skin panel on & large jet-
powered airplane (ref. 10}, The vibration spectral densities have been normalized
with respect to the exterior boundary layer pressure spectral densities. If there were
no change in correlation of the pressure field, the vibration would be expected to
scale directly with exterfor pressure and the two spectra in figure 3 would lie on top
of each other; this is not the case. In the frequency range from 800 to 1500 Hz, the
response at a flight Mach number of 0,60 is higher, by up to 7 dB, than that at a Mach
number of 0.78, and at frequencies above about 2000 Hz, the converse is true, It has
been shown that this effect is associated with correlation changes and coincidence
conditiona (ref. 10). Similar results can be seen in the sound pressures measured in
the cabin. Note that, at least for subsonic flight, hydrodynamic coincidence occurs
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Figure 3. Fuselage panel acceleration spectra for unit ercitalion showing
influence of pressure coherence, (From ref, 10.}

at frequencics lower than the acoustical eritical frequency which, for the example
shown, is about 10 000 He,

The correlation characteristics of turbulent boundary layer pressure fields have
been incorporated into several empirieal mathematical models of the pressure crosy
spectral density function (refs. 7 and 8), The models have been used Lo predict
fuselage vibration (ref. 11) and airplane interior sound levels (ref, 8), The decaying
and convecting nature of the pressure field is shown (in the separable form) by the
eross spectral density function Sy(E, Fo,w):

Sp(F1, Tz, w) = Sp(F,w) exp(—az|za — r1])
x exp(-aylyz — m ) exp{—ibw(zz — 1) /U]
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where the pressure field is taken to be homogencons, with an auto spectral donsity
function Sp(7,w). Coherence decny parameters ap and ay can be functions of
requency, conveetion veloeity, and boundary layer thickness.

Propeller Noise

A single propeller generates a noise field that is highly tonal in frequency content
and highly directional in spatial distribution, The noise-generating mechanisms are
associated with the thickness of the blades passing through the air and with the
aerodynamic pressures on the blades that produce the steady thrust and torque, As
a consequenee, the sound pressures are deterministic and are completely correlated
at all points in the sound field, The boundary layer turbulence in the nirflow over the
blade surfaces also generates a broadband random noise, but this source is generally
low level, The noise level generated Ly a propeller is influenced by factors such as
power produced, tip speed (rotational and forward), number of blades, blade shupe,
and distance from the propeller. The cffects of these factors have been studied
experimentally (vef, 12). Also, nonuniformity of the airflow into the propeller can
generale inereased noise. Nonuniform inflow occurs when a propeller is operated at
nonzero angle of attack, in the wake from a wing or strut, or at near-zero forward
speed. Theoretical methods are available to predict test results with good accuracy
and to include complicating factors such as nonumiform inflow and interaction with
a fuselage {refs. 13 and 14),

The spectrnm of exterior noise on a twin-eugine pireralt is illustrated in figure 4.
These results were mensured in fight using a Aush-mounted nicrophone on the
port side of the aircraft (ref. 15). Each engine was run at a different rpm, so
the contribution from ench propeller can be seen. The tone at the blade-passage
frequency of about 75 Hz has the highest level; succeeding tones decrease at n rate
of ubout 3 dB per harmonie. The first few tones greatly affect passenger comfort
and are difficult to control by sidewail trentment, especially at the lower frequencies,
Blade-passage [requencies fall in the range from 75 to 125 Hz for light aireraft and in
the range from 160 to 250 Hz for the new high-speed turbopraps, The overall level
and fallofl rate vary with operating candition, altitude (ref. 15), and propeller tip
speed (ref. 13). The propeller tones decrense with frequency faster than the boundary
lnyer noise; therefore at high [requency the boundary lnyer noise is dominunt,

Propeller directional charncteristics are illustrated in figure 5, These results were
obtained for a madel of a Llade designed for operation at Mach 0,8 (ref. 16). Design
helical tip speed is slightly greater than Mach 1,0. The test results were obtained in
flight with the model propeller mounted on a pylon atep a jet-powered aircraft and
with microphones flush-mounted in the skin of the aircraft. The figure shows that the
OASPL is highest near the plane of rotation of the propeller and decreases rapidly in
both forward and aft directions, This directivity pattern suggests that fuselage noise
control treatment (ref, 15} is required primarily near the region of highest noise.
For a transport aireraft concept designed for 155 passengers, the propeller noise
is estimated to require extra treatment over about 28 percent of the cabin length
{ref. 17). For smaller general avintion aiveraft (see fig. 4), trentment may be required
over a grenter percentage of the eabin length. The noise distribution pattern can
be expected to be broeder for larger propeller diameter and for greater clearance
between the propeller and the fuselage. In addition, the directional characteristics
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may be affected by operational factors such as flight speed, by internctions with the
fusclage flow field, and by interaction with a second propeller in a counterrotating
conliguration. For a prapeller of a light aireraft the higher frequency harmonics were
found to decrease faster with distance than the lower {requency harmonics (ref. 18).
In the cirewmferential direction the noise level also decreases rapidly, and in general

the noise Jevel on the opposite sice of the aireraft is lower by a large amount {fig. 4’

indicates about 15 dB).

Phase characteristics are illustrated in figure 6 for the snme high-speed propeller
model studied in figure 5, The results of figure 6 apply to tests carried out
in an acoustic wind tunnel with a massive steel cylinder to simulate a fuselage
(ref. 19). Tunnel airflow was carefully managed to minimize turbulence flowing
into the propeller, and propeller rotational speed was increased to produce the
correct supersonie helieal tip speed sinee the tunnel flow speed was less than design
flight specd. The figure shows that large variations in phase angle oceur on the
cylinder. Such phase varintions could have an important effect on the fuselage
response and resultant noise transmission. The propeller of figure 6 was located
with a tip clearance of 0.8 propeller diameter from the cylinder, For general aviation
aireraft, tip clearance is often much less and may be of the order of 0.1 propeller
diameter. The measured phase characteristies of one such configuration were found
to describe a traveling wave field, rotating in the circumferential direction at a speed
approximately equal to the propeller tip speed (ref, 20),

Cabin neise characteristics can be affected in an important way by interactions
between the noise felds of several propellers and by interactions of a propeller noise
field with the fusclage. For example, wheun two propellers are operated at slightly
different rpm values, beating interference between the two sources occurs, and the
noise level in the cabin rises and falls in & manner that is easily detectable and
possibly annoying (ref, 21}, Many aircralt are equipped with an electromechanical
phasing device that is intended to control rpm and phase in an attempt to reduce
these Auctuations, It has been proposed that the phase be adjusted to minimize the
cnhin noise, with the thought that acoustic interference might be used to obtain a
noise level below that which results from each propeller separately. The interaction
of the propeller noise with the fuselage dynamics is not well understoad but is being
studled (ref, 22). The noise reduction that may be possible hus been estimated in a
flight study of a large four-engine aircraft (ref, 23). Some of the results are illustrated
in figure 7. Interior noise levels were measured at six longitudinal positions for a flight
where the four propellers were controlled only by & mechanieal governor that allowed
slow angular driflt of the relative propeller positions. The data were analyzed to
determine the cabin noise levels associnted with 5832 combinations of relative phase
positions of the four (four-bladed) propellers at 5% angular steps for each propeller,
The lowest apace-averaged acoustic pressure level was 94 dB3 and the highest was
103 dB. Larger differences are observed in figure 7 at some fuselage locations, The
cotnbination giving the 94-d13 average, referred to as “optinunn phase,” also resulted
in noise levels well below the maxima at most of the individual locations. These
results indicate that substantial benefits can be obtained throughout the cabin when
the propeller phase angles can be accurately contralied,

The interaction of a single propeller with the fusclage has been studied for a twin-
engine commuter class aircraft {ref. 24). Interior noise levels were obtained in flight
and ground tests with each engine at a different rpm to identify the contribution
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from each propeller, As the nircraft was configured, the right propellor tip was
moving upward as it passed near the [uselage while the left propeller tip was moving
downward, Interior levels, oblained by averaging the microphones at left and right
seat positions just aft of the propeller plane, indicated that the up-sweeping propeller
produced as much as 10 dB less cabin noise in individual blade-passnge harmonics
than did the down-sweeping propeller, This effect is thought to be associated with
nonsymmetries of the fuselage structure and the propeller noise field with respect to
the fuselage upper and lower halves. Nonuniform inflow and installation effects may
also congribute (ref. 25). These measured cabin noise reduetions are significant, but
the mechanisms involved are not well understood,
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Other Sources of Cabin Noise

The noise radiated by the exhaust from & jet engine has been studied extensively
and methods are available for predicting the acoustic near field on an airframe (ref. 7).
The Impact of jet noise an the cabin enviroament is reduced greatly by the use of high-
bypass engines with low-velocity exhaust and by locating the engines at outboard
or aft positions, The influence of jet noise on the fusclage of an airplane with wing-
mounted jet engines has been investigated in reference 26, A related phencmenon is
associated with the noise fromn rocket exhausts on space vehicles, such as the Space
Shuttle at lilt-off (ref. 11), For jet and rocket exhaust noise, the acoustic ficld on
the airframe is random and has a trace velocity in some direction aver the structure,
Thus, the cross spectral density function can be represented analytically in a manner
gimilar to that used for turbulent boundary layers, but with different values for the
cohierence decay parameters and convection velocity, Because of the differences in the
cross spectral density function, jet noise is often a more efficient exciter of structural
vibration at low frequencies than is a subsonic turbulent boundary layer. Acoustic
loadings associnted with powered-lift configurations have been investigated for STOL
(short takeoff and landing) aircraft applications in reference 27, Reciprocating engine
exhaust noise and forward-radinted noise from a jet engine fan inlet can sometimes
influence cabin noise.

Engine unbalance forces and other sources of engine vibration are known to cause
cabin noise (refs. 28 and 29), but information for modeling these sources for cabin
noise prediction is not available, It has been postulated that the wake of a propeller
striking a wing (or empennage) could be a source of structural vibration with
subsequent noise transmission into the airplane cabin, Wind tunnel measurements
have been made of the fluctuating pressures produced by a high-speed propeller
model on s simulated wing surface placed in the propeller wake (ref, 30), The
pressure spectrum was found to be rich in blade-passage harmonics and the pressure
levels were found to exceed by more than 15 dB the maximum direct noise which
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would strike the fuselage. The mechanisms of acoustic transmission through wing
structures have not yet been clenrly defined.

Sources of eabin noise in a large helicopter are indicated in Bgure 8 (ref. 31). The
main and tail rotors are located outside the fuselage and can geperate significant
cabin nolse, Main-rotor noise extends into the very low-frequency range. For this
helicopter, the majn gearbox generates intense tones at frequencies of about 1350 Hz
and 2750 Hz, where the hurnan ear is quite sensitive and passenger annoyance may
result, Other internal equipment, such as pumps and drive shafts, also contributes
to the cabin noise.
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Figure 8. Sources of interior noise in a large helicopter. (From ref. 81.)

Airborne Noise

Airborne noise is defined as that part of the eabin noise that is transmitted
through the fuselage sidewall from sources that exert pressures directly on the
exterior of the fuselage. Such noise is 8 major contributor to the eabin noise in
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virtually all aircraft and consequently has been studied extensively, The clemunts
to be considered include the source noise characteristics, the noise transmission
through the fuseclage structure and attached acoustic treatment {or “irim”), and
the distribution and absorption of the neise within the eabin. Aireraft noise sources
and their effect on sidewall transmission were deseribed in the previous section on
gources. This section focuses on noise transmission into the cabin, with emphasis
on aircraft structural characteristics, theoretical methods for undersianding and
predicting airborne noise, and approaches for controlling it. The actun] application
of these noise control approaches to aircraft is discussed in a later section of this
chapter,

Aijrcraft Sidewall Transmission

Cabin Noise in Flight

Some effects of the sidewall transmission characteristics are evident in the
measured eabin nolse shown in figure 9 {ref. 15). Both the propeller tones and the
boundary layer noise appear it the cabin, with the propeller harmonies dominating,
as they do in the exterior noise shown in figure 4. The largest magnitudes occur at
the first two propeller tones; these tones oceur at low frequencies witcre noise contraol
is difffieult, The pppearance of an engine tone in the cabin sound levels but not in the
exterjor noise suggests the presence of structure-borne noise for this source. Roth
the propeller tones and the boundary layer noise levels inside the cabin vary in an
irregular manner with frequency, in contrast to the smoother variations exhibited by
the cxterior noise levels, These variations are evidence of the frequency-dependent
transmission characteristics of the fuselage, probably associated with fuselage shell
and panel modal activity, The levels in the cabin are significantly lower than
the levels on the exterior, indicating that the sidewall provides substantinl noise
reduction. While the boundary layer noise i3 much less than the propeller noise in
the low-frequency range shown in figure 9, at the higher frequencies, which tontribute
to specch interference, the boundary layer noise may make a major contribution, even
for a propeller-driven aircraft (ref, 32).

Stdewall Noise Reduction

The noise transmission properties of airerafl sidewalls have been studied in Right
and ground tests, Transmission i characterized in terms of noise reduction which
is defined for this chapter as the difference between two noise levels measured
simultaneously at positions inside and outsida the aireraft.? For the results shown
in figure 10, the measurements were made in the plane of the propellers, where

3 The ure of transmisston loss (TL), ns Is custemary in architectural acousties, ls not appropriate to
cheracterize alrcralt sidewal] noise transimission in flight for several reasons, The incident and transmitted
acoustic powers required by the definition of TL (ref. 1} cannat be determined In general for alreraft
noise gources, The source noise implied by the wse of TL Ia a diffuse, reverberant field (ref. 33), As
indicuted In figuro 1, soutce characteristica have an fmportant cffect on the transmitted noise, and so the
transmission of reverberant sound can bo expected to differ from the transmission of aiccraft sources,
Finally, TL does not include the affects of the receiving apace {the aircraft cabin) on the transmitted
noise, These effects cun be significant.
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Figure 9. Cabin noise speclram in flight of a light twin-engine aircrafl. No
cabin neise control treatment. (From ref. 15.)
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Figure 10, Reduction in propeller noise transmitted through light aircraft
sidewalls. Aircraft 1: Weight of 5079 kg, pressurized, no interior lrealment
(ref. 15). Aircraft 8: Weight of 3175 kg, unpressurized, fiberglass treaiment

(ref. 84).
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both outside and inside noise levels are expected to be maximum with respect to
other locations. The two aircraft in the study had similar configurations as shown in
figure 10, but differed somewhat In size nnd weight, The exterior noise was measured
by a microphone mounted flush with the surface at about mid-window height, and
the interior noise was measured nt about ear height for a passenger seat on the side
of the nireraft near the window.

The vertical bars in figure 10 indicate data measured in flight on aircraft 1
(ref. 16). The engines of this aircraft. operated at (virtually) a single rpm, so results
are shown only at the propeller blade-passage frequency and at its harmenics. The
height of the bars indicates the range of noise reduction values measured at the
various flight conditions, Altitude varied from 3000 m to 8600 m, and cabin presstire,
flight speed, and engine power differed somewhat at different altitudes,

Measurements made with aireraft 2 stationary on a runway (ref. 34) are also
shown in figure 10, Noise reduction was calculated al cach of approximately 10
propeller tanes. Operation of the (reciprocating) engine at several different rpm
values resulted in the almost continuous distribution of data paints,

For the ground tests the noise reduction has a minimum value of about 20 dB
in the range from 300 to G600 Hz and increases for lower and higher frequencies.
Noise reduction measured in flight is slightly higher than ground measurements
for frequencies below 400 Hz and is substantially higher (about 20 dB) at higher
frequencies, For hoth ground and flight tests, the noise reductions at low frequency
(below 300 Hz) are significantly higher than the value of about 10 dB that would
he expected from architectural experience {i.e., from transmission loss). The trend
and magnitude of the noise reductions shown in figure 10 are thought to be strongly
influenced by the highly directional nature of the propeller noise field (illustrated
in fig. &) and by interaction with the dynamic wave proporties of the sidewall
structure (ref. 35), Other variables that inay also affect the noise reduction include
pressurization, transtnission loss and absorption by fiberglnss or other treatment,
and the position where the interior noise is measured.

Mass and Stiffness Effects

Changes in sidewall noise reduction due to addition of mass or stiffness to the
sidewall structure are illustrated in figure 11, from a laboratory test of a light aircraft
fuselage using a horn to simulate propeller noise (ref. 36). Skin stiffness was increased
by bonding ahuninnn honeycomb panels to the inner side of the fuselage skin, The
stiffness treatment provided more noise reduction than an equal weight of mass
trentment in most of the frequency range shown. The increase in noise reduction
due to addition of mass can be estimated from {ref. 37)

ANR = 20 log(1 + me/m,) (1)

where 1y is the added treatment mass and m, is the original skin mass, provided
that the sidewall ia sufficiently massive that (rm, f/pc)? >> 1, where f is frequency
and pc is the characteristic acoustic impedance, For the aircraft of figure 11 with
2 kg/m? of added mass, the noise reduction estimate is about 5.4 dB for frequencies
above about 200 Hz, which is in approximate agreement with the results presented.
The effect of added stiffness has been shown to be beneficial in some, but not all,
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Figure 11, Measured noise reduction due lo maess and stiffness treatments
for cebin noise contral. Mass and stiffness added lo fusclage gidewql]
structure. (From ref. 86.)

laboratory studies, but no flight test results are documented to demonstrate the
benefits, Addition of stringers and ring frames I8 another method of adding stiffness,

Add-On Treatment

The ecffect on cahin noise level of add-on acoustic treatment is illustrated in
figure 12 (ref. 32). Add-on treatments consist primarily of fberglass wool and
impervious layers, which may vary from lightweight to heavy, and are usually
installed 50 that they have minimum contact with the fuselage skin and ring
frames, Their acoustic function is to provide an additional bareier to the noise,
rather than to modify the sidewall structural behavior as the mass and stiffness
trentments do (fig. 11}, The fiberglass also provides thermal insulation and the
innermost impervious mass layer usually serves as the decorative panel that gives
the passenger cabin a finished appearance. These treatments are characterizad in
term®ol Insertion loss, defined as the reduction in cabin noise that results from
the installation of the treatment, This approach is used because cabin noise levels
can be measured conveniently in flight, but exterior noise levels required for noise
reduction measurements usually are difficult to measure, especially in an aircraft to
be delivered to a customer. Insertion loss {8 determined from two fights, enc with
and one without the treatment; therefore flight conditions must be repeatable so
that anly the change in treatment affects the noise level, Such repeatability of flight
conditions can be difficult to obtain (ref. 15), and the best results have been obtained
when special flights are dedicated to the noise study.

Fiberglass provides little insertion loss at low frequencies, but is quite effective
at high lrequencies; its light weight I8 a great advantage. Cabin absorption is an
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Figure 12, Insertion loas of add-on sidewall treaiment for eabin noise con-
trol measured in flight of ¢ light lwin-engine propeller aircraft (ref, 32).
Insertion loss equals SPL before trealment minus SPL after reatment.

important factor in the results shown in figure 12. Tlie multilayer treatment weighs
significantly more than the fiberglass, but the extra insertion loss provided, about
5 dB, can be important to cabin comflort, The insertion loss values of fgure 12 were
found to be approximately predictable from values of sidewall noise transmission and
absorption measured under laboratory conditions {ref, 32).

The insertion loss provided by a treatment depends not only on the treatment
iteelf but also on the fuselage configuration (including other treatments) Lo which
the treatment i3 added (ref. 38), Development of lightweight and effective add-on
trentments is of major importance in aireraft cabin noise control,

General Modal Theory

Modal analysis forms the basis of many of the theoretieal methods that have been
used for the prediction of aircraft interior noise, The basic principles, developed in
general without specifying a particular aircraft {ref. 39), are described in the following
sections for the cabin and structure,

General Modal Analysis of Cabin Acoustics

Let the aireraft cabin occupy a volume ¥ and be surrounded by a wall surface,
of which the portion with area Ap is flexible while the remainder of aren Ap is
rigid; neither surface provides much absorption, If the air within the cahin is at rest
prior to motion of the wall, the acoustic pressure p satisfies the wave equation and
associated boundary conditions:

Vip—pfed=0 {2)
apjén = {—%"iﬁ Eg:: ﬁ;g} (3)

The dot denotes differentiation with respect to time ¢, g, and ¢, are the equilibrium
density and acoustic velocity within the cabin, and w is the displacement of the
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flexible portion of the wall in the noral direction, The ncoustic pressure is expressed

it the modal series
plE,t) = ﬂncﬁ Z Po{t)Fu(2) My (4)
n

where # is the position coordinake vector, Py are generalized coordinates, £, are the
acoustic mode shapes of the volume when all the walls are rigid, and Mg, are the
generalized niasses of the acoustic inodes® The wave equation (2) ean be transformed
into n sot of ordinary differentinl equations in tiime by using Green's theorem, the
morlal series equation (4), and the orthagounlity properties of the acoustic mode
functions F,,{#). The result for the undamped nth acoustic mode is

. -1 .
Buit) +ufuPult) = 7 [ Ptz (%)
Ap

wlera wyy, is the natural frequency of the nth acoustic iode, Solution of equatinn {5)
for ench mode produces the coefficients Py that enter equation (4) along with the
mode functions Fy to give the cabin acoustic pressure.  In geteral the acoustic
response is coupled with the struetural motion #(F, ¢} through the structural
equations of mation, to be discussed subsequently.  Solution of these coupled
struetural-acoustie equations is quite complex; therefore solutions have been found
for only a few systems {ref. 39}, Fortunately the effects of the acoustic pressure on the
structural mation are small for most nircralt applications, so the structural equations
can be solved uncoupled from the acoustics, The resulting structural motions @(F, 1)
can then be inserted as known quantities into the right side of equation (5}, which can
then be solved directly using known methods for single-degrec-of-freedom undamped
systems with a known foreing function,

The effects of acoustic damping can be included in several ways. When one
of the walls of the cabin is highly absorbent, it is often characterized by a simple
point-impedance model which states that

p=Z by (On Ay) (6)

where the subscript 4 is used to refer to the absorbent wall chamcteristics; that is,
w4 is the absorbent wall displacement and Z4 is the absorbent wall impedance. The
boundary cendition equation (6) can be combined with equation (3} to obtain the
boundary condition for the absorbing wall:

dpfn = —ppfZ2y  (On Ay) (M

This boundary condition can be used instead of equation (3) in the Green’s theorem
derivation to abtain a damping term proportional to £ that adds to the left side of
equation (5). The resulting equation has been used to study the relation between wall
impedance Z,4, acoustic damping, and reverberation time (ref. 41). The damping

4 Since the narmnl modes £, satisfy the homogeneous bouneary condition (eq. (3)) on the eptire wall
surfuce, the normal detivative of pressure (eq. (1)) does not converge uniformly ot the Rexible portion
of the wall surface, Equation (4}, is suitable, however, for enleulating the pressure itsell throughout the
cavity nnd everywhere on the wall surface, including the fexible partion (ref. 40}
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term couples all the ncoustic modes* and increases the complexity of the solution;
therefore this approach is not often used in practice. An alternative approach is
simply to add to the left side of equation (5} a modal damping termn that combines
the coordinate velocity P, with 2 modal damping coefficient that is to be determined
experimentally (ref. 42). The exact form of this damping term is determined by
analogy with n damped single-degree-of-freedom system, The acoustic modes remain
uncoupled and the solutinn is straightforward,

Prediction of Acoustic Modes

Clearly, acoustic modos and their prediction are important in predieting interior
neise using modal theory. As illustrated in figure 13, ncoustic mode prodictions
are accurate for the lower frequency modes of rectangular parallelepiped enclosures
having hard, nonabsorbing walls and geomnetries that are not too complicated. The
results of figure 13 were obtained using a subspace mode coupling methad (ref. 39},
which was also found to predict test results for a variety of other enclosure shapes.®
Finite element analysis has also been shown to predict hard-wall acoustic modes
accurately for three-dimensional analysis (ref. 43) of a large reverberant chamber, a
very irregularly shaped model of an automobile compartment (ref. 44), and a madel
of a general aviation aireraft cabin (ref. 45). Rensonable predictions of acoustic
mades have also been obtained using finite element analysis for an enclosure and a
light aircraft fuselage having flexible walls {refs. 45 and 46),

Other methods have been used to predict acoustic modes in volumes of various
shapes in aerospace vehicles, A perturbation method was applied to the closed-
form analysis of rectangular parallelepiped volumes in order to describe the acoustic
characteristics of the Space Shuttle payload bay (ref. 47), closed-form solutions have
been obtained for cylindrical cavities, and the finite difference method was used to
predict acoustic modes in a cylindrical fuselnge with a floor (rel. 48). The mode
shape shown in figure 14 was calculated with the Anite difference method and shows
the distortion of the modal node pattern caused by the presence of the floor,

Addition of acoustic damping in the form of absorption material on the walls
greatly aflects the ncoustic character of the enclosure. As illustrated jn figure 15,
the addition of fiberglass lining all but eliminates the resonant response peaks of the
acoustic modes (ref. 49). A simplified analysis for this situntion has been proposed.
There are few reports in the literature on acoustic characteristics of furnished aircraft
cabiny, but oceasionally evidence of standing waves has heen found (refs, 50 and 51).
Mathematically, the addition of damping en the walls can cause the modes Lo be
complex (having real and imaginary components) and greatly increase the difficulty
of the solution. Theoretical analysis of a eylindrical enclosure indicates that wall
damping equivalent to & Sabine acoustic absorption coefficient of 25 percent is
sufficient to suppress the acoustic mode resonances (ref, 52). Absorption coefficient
values of such magnitude have been reported for furnished aircraft cabins (ref. 4).

1 Conditions that allew negleet of the modal coupling due to damping have been defined (refs. 39-41).
A methad for estimating scoustic damping from wall impedunce Is also deseribed.

% The experimentnl studiea revealed o sound suppression effect by which sound levels n a large
enclosura ean be reduced by construeting a smaller enclosure around the moving portion of the wall
so that the smaller encloaure resonates at the frequency at which the wall I8 moving,

289



Mizson and Wilby

Theory, 476 kHz

0-0'0'6 Test, 483 g

— s e— w0 - ——

First made )
~C.g, ~0-0

Theary, 1060 He

(o] Tuar, 1080 Hz
od

P S .
p?

Seventh mode

Figure 18, Longitudinal pressure disiribution far acoustic modes in a hard-
wall enclosure, (From ref, 35.)

General Modal Analysis of Structural Responase

When the structure is represented by a linear mathematical medel, the structural
response, Including acoustic interaction, may be analyzed in a straightforward way
(ref. 39), Let the structure be represented by a linear, partial differential equation:

S(w) + civ + mih = p — p, 8)

where 9 is a linear differential operator representing structural stiffness. For example,
for an isotropic flat plate, § = DV, where D is bending stiffness and V4 is the
Liharmonic operator. The second term on the lefi side of equation (8) represents a
damping contribution, ¢ being the viscous damping coeflicient, and the third term
is the siructural inertia, m bheing structural mass per unit area. On the right side
are two pregsure loadings, the first due to the enbin acoustics and the second due to
some specified external noise source, For a modal solution, the structural deflection
w(®, ¢) is taken ns the series:

wlF t) =Y qm(t)¥m () {9)
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Figure 14. Acoustic mode shape of a cylindrical fuselage with an integral floor,
calculaled using finite difference method (ref. 48). Numbers are modal
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Figure 15, Effect of fiberglass sound-absorbing material on noise transmitted
into an enclosure through a 0.92-cm-thiek rubber panel (ref. 49).
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where g, are the structural generalized modal coordinates. The mode functious ¥y,
are defined on the flexible region of the enclosure wall and satisfy the eigenvalue
cquation obtained by setting the right side of equation {8) to zero. Solution of
equation (8) is obtained by substituting the structural modal series (eq. (9)) and the
acoustic modal series (eq. (4)) and making use of the orthoganality propertics of the
structural modes. The result is

Mindjy + Cnfn + ﬂ’fmw;':ﬂni - ﬂocﬁ Z Crndu = Qua (10)

n

In this equation My, cm, and wiy are the generalized mass, damping, and frequency
of the struetural modes. The coefficients Cyyy couple the structural and acoustic

responses and are given by
Cun = L Fo W dA[ My (11)
Ap

The term Q4 is the generalized foree scting on the mth structural mode due to the
known external source and is given by

Qs = — f1 o) (2) 4 (12)

Equations (10) and {5) form a set of coupled differential equations in time to be
solved for the structural and acoustic mode coeHicients g, and P, due to the nction
of known acoustic forces Qu.(t), The complete coupled equations have been solved
in only a few cases for simple configurations, Coupling was found to be important
in a case where the forcing frequency was equal to the resonance frequency of an
aconstic mode in the enclosure (refl, 39). The effect of the coupling was to limit the
magnitude of the acoustic pressure in the enclosure to a value that did not exceed the
exterlor source pressure. The acoustic mode acted, in effect, as a vibration absorber
and caused the structural panel deflection to appreach zero. Coupled equations have
also been used to analyze a cylindrical shell model with dimensions appropriate for
a light alreraft (ref. 53). The effect of acoustic coupling was found to be small, In
most analyses of the vibration of aircraft fuselage structures the coupling terms in
equation (10) are dropped. The structural motions can then be determined it a
straightforward way without acoustic cffects, and the structural tnotions can then
be used as known quantities to solve cquation (5), as has been deseribed previously,

Caleulation of noise transmitted into an idealized enclosure using modal methods
{ref. 54) is illustrated in figure 16. Test results were obtained using a sinusoidal
ncoustic wave applied at normal incidence at 100 dB onto a thin aluminum panel,
The panel was attached to a specially constructed box that allowed noise transmission
only through the panel. The panel was at with uniform properties and the enclosure
was rectangular with hard walls so that accurate modes could be obtained by closed-
form analysis. The modal behavior of the systen is clearly shown by the sharp
resonance peaks. The noise levels at the acoustic modes do not exceed the source
level of 100 I3, as described by the theory. The interior levels at struetural modes,
however, exceed the exterior source levels by as much as about 18 dB, a phenomenon
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Figure 16. Noise transmitted info a hard-wall enclosure through n 0.08-cmn
aluminum panel. Source level = 100 dB. (From ref, 54.)

also described by the theory, The agreement between theory and test is good,
indicating that modal analysis is a useful solution method.

The frequency range and number of modes shown in fgure 16 are in the range of
values of practical importance for many full-seale aireraft applications. For aircraft,
however, the configurations of the structure and cabin geometry, as well as the
presence of absorption on the walls, add sufficient complication that major efforis are
required to determine the mode shapes and frequencies. Thus it is now appropriate
to consider the practical applications of airborne noise transmission analysis,

Simplification of Analysis Methods

In applying theoretics! principles to the caleulation of aircraft cabin noise, simpli-
fieations are usually made to reduce the numerieal processing to a manageable level,
The essential features of the noise transmnission process must be retained, however,
for accurate predictions, Simplified and rapid procedures also are advantageous for
displaying trends, for generating insight into noise level variations with system pa-
rameters, and for use in design or neise control. Assumptions made in & particnlar
theoretical method tend to reduce its range of appliention, but & number of methods
have been developed covering most of the aireraft situations of interest, The repre-
sentations of the source and cabin ncoustics differ for each method to be discussed
in later seetjons of this chapter, The structural models and approach to treatient,

however, are similar.
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Representation of Fusclage Structure

As indicated in figure 17, a typical aireraft fusclage consists of longitudinal and
circumferential stiffeners that support a thin skin, The stiffencrs are normally closely
spaced compared with the overall fuselage dimension. Detailed mathematical model-
ing of each skin panel and stiffencr element for ealculations throughout the acoustic
frequency range is beyond eurrent capabilities. However, it is feasible to apply dif-
ferent simplified models to different frequency ranges (ref. 55). Measurements on
the nircraft illustrated in Agure 17 have shown that at low frequencies the skin and
stiffeners tend to vibrate with about the same magnitude (ref. 36) and the modal
wavelengths are long compared with the stiffener spacing (ref. 56). This behavior
leads to a low-frequency orthetropic medel wherein the actual structural properties
are averaged over a large sidewall area, At high frequencies the stiffener motions
tend to become small compared with the panel motions and the modal wavelengths
become short, This leads to a high-frequency panet model whercin the stiffeners
are assumed motionless and all noisc is transmitted only through the vibrating skin
panels. At intermediate frequencies, both panel and stiffener motions have to be
modelod, These models are more difficult to analyze, and results for the mid-
frequency region are occasionally obtained by interpolating results obtained from
low- and high-frequency madels, The frequency range where each model is applica-
ble depends on the particular aircralt being considered.
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Low frequency Midfrequency I1igh [requency

[Equ'umlunt Flexitle panel Flexible pancls,
orthatropic and atiffeners rigid stiffeners

Figure 17, Simplified mathematical models of aircraft fuselage structure for
inlerior noise prediction.

A simple illustration of Lhis structural modeling approach can be found in acoustic
transmission loss measurements (fig. 18) made on a flat, aircraft-type pancl in a
laboratory transmission loss facility (ref. 38). The panel was 1.22 m by 1.62 m and
wasg stiffened by 4 frame stiffeners and 10 stringers, The panel was full-scale in

294



T D e L L e T

a3 e Bl B 8 e bt Y DRI A T e BT R D

fnterior Noise

30 Sonrce
l- Hom n n
a 1]
nk Test
Tranamlssion
[oua,
daB Modal theary
o - Mass Jaw
miag[w(%ﬁ)"]
uJ..L*JIJ..I..I
100 200 4100 1000 2000

1/3-actave band frequency, Hz

Figure 18. Noise transmission loss of an aircraft-lype panel for a diffuse
reverberant source notse in a laboratory transmission less facility. Skin
and stiffener mass m = 5.5 kg/m2. {From ref. 88.)

that the material thicknesses and stiffencr spacings are representative of full-senle
general-aviation-class aircraft,

Test results give tranamission Josses (TL) at frequencies between 125 and 400 Ha
that are only slightly less than mass law predictions using the total mass of skin
and stiffeners. The results, along with measured panel mode shapes, suggest
that significant motion of both skin and stiffeners is taking place and that panel
wavelengths are large compared with stringer spacing. Such behavior is appropriately
modeled with the low-frequency, cquivalent orthotrapic model used in the modal
theory results shown in the figure, While the mass law is somewhat closer to the
test data, the modal theory is close enough to establish its validity, and it also has
the advantage of sufficient flexibility to handle configurations not treatable with the
mass law approach.

At frequencies higher than 400 Hz the test results fall below the mass law curve
shown, This indieates that the stiffener motion has become small and that the
transmission is being controlled by the skin motion. The high-frequency panel model
(fig. 17) would be more appropriate in this frequency region.

The panel considered in figure 18 has mass and structural values that are quite
similar to the values for aircrafl 2 in figure 10, Figure 18 indicates a TL of about
10 dB at frequencies below 200 Hz, whereas figure 10 indicates noise reduction of
more than 20 dB at these frequencies. This difference in transmission is thought to
be due primarily to differences In the excitation pressure fields; however, differences
in structure, structural support conditions, or backing eavity may also contribute,
Laboratory TL testing is useful for evaliating theories, beeanse of the controlled
test conditions, and for comparing treatment cffects, but results should be used
with caution because the TL values may not be representative of sidewall noise
transmission behavior in an actual aircraft in fight.
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Representation of Sidewall Trentment

The elements of importance to interjor noise transmission include the fuselage
structure and the acoustic Lreatment in the cabin. A calculation procedure that can
rigorously handle these elements and their interactions is not yet available. Therefore
approximate methods are required, such as that illustrated in figure 19, which
was developed for a particular calculation procedure (ref. 57). Similar appronches
are used in other methods, The approach is to caleulnte the noise transmission
throngh each clement separately and then combine the results additively. ‘Thus,
noise transmission through the cylindrical structure is ealeulnted without treatment
or absorption. Transmission through a skin panel with treatment is ralculated
separately using methods developed for an incident plane wave and a flat panel
of infinite extent (ref, 58), The increment in transmission loss provided to the panel
by the trentinent is then added to the loss provided by the untreated eylinder, to
obtain a eombined treated eylinder noise reduction (NR). This NRLis then combined
with the eabin average absorption coeflicient (o) to obtain the noise reduction of
the treated fusclage with cabin absorption, The equation used to include absorption
ia obtained from diffuse room acoustics considerations, and when TL is large, the
equation can be written as

NR = TL + 10 log{aAa/Ag) (13)

where Ay and Ay are the areas of absorbing and transmitting surfaces, respectively.
These areas may differ in an aircraft due to the presence of floors, bulkheads, scats,
and baggage compartments. This equation has been used with rensonable accuracy to
relate treatment TL and e measured using laboratory methods (ref, 33) to treatment
insertion loss measured in light aireraft cabins (refs. 32 and 59).

External nolsa

Untreated
Btructure
Cylinder o
L - - Troated
Trented Interior i
c y!inl.icr [—J abuerplion [ ‘;“r’;ltl:rlll;:
" ,_. NI coefficients noise
Skin Added
Al dde
ir gap »[  treatment
Blanket TL
Tyim

Figure 19. Approach for combining structure, ireatment, and cabin absorpiion
for theoretical prediction of aircraft interior noise (ref. 57).

Laboratory TL testing of add-on acoustic treatments has the advantages that
test conditions can be accurately controlled, many treatmment configurations can be
tested at relatively low cost, and treatment effects can be studied separately from
other factors (such as structore-borne noise) that can alfeet cabin noise. TL testing
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is commonly used, therefore, for evaluating aircraft cabin noise control treatments
(refs. 67, 60, and 61). Figure 20 illustrates treatment insertion loss obtained from
TL tests and from theoretical predictions {ref. 38), The structural panel was the one
used for figure 18. The treatment consisted of fiberglass and a trim panel located
at a distance from the skin just large enough to avoid hard contact with the 7.6-
cm-deep frames. Both test results and theory indicate that the insertion loss is
negative at frequencies just above 100 Hz, meaning that the treatment increases the
noise transmitted compared with the noise transmitted by the untreated panel, This
phenomenon is caused by a resonance of the double-panel system. The frequency of
this resonance can be predicted, approximately, by modeling the panels as having
only mass with surface densities m; and mo separated by an air gap of thickness d.
The resonance frequency is

12
= 1 Paca{my + ma) / (14)
47 Prcoso dmymng

where # is the angle of incidence of the acoustic wave. This negative effect can
be a disadvantage in practice if significant noise levels exist at frequencies near the
double-panel resonance,
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Figure 20, Insertion loss of fiberglass batl end irim panel treatment added to
an aircraft panel. Laboratory TL test. (From ref. 38.)

At frequencies above 200 Hz the insertion loss rises rapidly with increasing
frequency and quickly exceeds the insertion loss that would he obtained by adding the

- treatment mass directly to the structure. Thus, a double-wall treatment may have a

weight advantage if the negative effects of the double-wall resonance can be avoided
and if sufficient cabin absorption can be added to compensate for the usunlly low
absorption characteristics of trim panels, Trade-off anaiysis is required to determine
the best combination of treatments for a particular application (ref. 38).

The theoretically predicted insertion loss is much lower than test results at fre-
quencies between 100 Hz and 200 He, where the deuble-wall resonance is important.
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This difference is thought to be enused by the infinite representation of the treatment
used in the theory, Theoretically, acoustic waves are allowed to travel parailel to the
skin surface, wherens in the alreraft panel the frames form a barrier sthat prevents
such paralle] travel. Improvements to the theory have been examined (refs. 38 and
62), but they increase the difficulty of the solution. A rigorous (and manngeable)
analysis of double-wall treatment has not yet been developed, so most annlysis meth-
ods nse the infinite-panel theory. As shown in figure 20, the theory agrecs well with
test data at frequencies well above the double-wall resonance, where design attention
should be focused anyway because of the double-wall advantage.

Acoustic Power Flow Inlo an Enclosure

The overall analysis of noise transmission into an airplane fuselage can be
considered in terms of acoustic power flow. This approach is quite general and
ellows different analysis methods to be combined to cover an extensive frequency
range. For example, finite element analysia can be performed at low [requencies
and statistical energy analysis at high frequencies. Acoustic power flow has heen
used in varying forms, including the prediction of rocket noise transmission into the
paylond bay of the Space Shuttle orbiter (ref. 47) and propeller noise transmission
into high-speed (ref. 63) and genernl aviation (ref. 48) aircralt,

The basic concept of the acoustic power flow approuch is that of power balance;
power flow into a system st be balanced by power flow out of the system and
power absorbed within, Thus,
P = Piting (15)
where B, is the net, thne-averaged power Aow into the structure and receiving
volume, and Py is the net, time-averaged power dissipated in the structure and
on the interior walls, Since 7, is the net inflow of power, it takes into account any
acoustic power that flows baek from the fuselage interior to the exterior. In principle,
acoustic cnergy can be stored only in resonant modes, but it has been shown that
nonresonant response can also be considered in the analysis (ref, 64).

Statistical Energy Analysis

Statistical energy analysis (SEA) was first developed in 1959 (refl 65); the original
theory was presented with considernble generality so that it would be applicable to a
wide varicty of physical problems (ref. 66). A number of early applicalions involved
spacecraft wuneh vehicles, and since abont 1974 (ref, 67), the method has been
applied to the prediction of nolse transmission into aireraft., Certain assumptions
inherent in the method mean that SEA is valid only at high frequencies, although
the definition of “high” frequency is fairly flexible and varies from one application to
another. However, because of this restriction, SEA is often used in conjunction with
other methods, particularly modal methods which can be used at low frequencies,
This joint application of SEA and modal methods is particularly suitable when the
modal appronch invelves the concept of acoustic power flow. SEA depends explicitly
on the coneept of power or energy flow in the derivation of the analytical model.

Ceneral Concepls of SEA

SEA views a particular system, such as n speeific airernft cabin, as a sample
drawn from a statistical papulation with random parameters. Statistical estimates of
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average reaponse parameters, such as acoustic preasure averaged over time and space
{c.g., cabin volume), are derived atarting with modal equations such as equation (10},
The advantage of this approach can be seen by considering the calculation of the
response of a complex structure such as that shown in figure 17 nt high frequencies
uging the classical modal methods described in previous sections. As previously
mentioned, it takes great eflort to calculate the large number of modes that may
be required to deseribe response to a broadband input. In some cases computing
capacity and cost limit the number of modes that can be accurately compuied
(ref. 46), Manufacturing tolerances and varintions in materinl properties may also
affect the high-frequency mades; such variations would be impractical to define. The
SEA approach is to avoid consideration of the detailed structural charmcterlstics
and, instend, focus attention on the use of energy conservation principles to develop
relations between acoustic and structural responses that depend on average modal
properties aver a frequency band.® This procedure leads to comparatively simple
solutions that depend on structural and acoustic parameters (such as modal density,
radiation resistance, and coupling loss factors) that are unique to SEA (refs, 65
and 69). In some problems the answers are independent of many structural details,
Major activities in a typical SEA calculation are modeling the system and evalunling
the SEA parameters for the aystem (ref. 70). If the analysis is initiated early in the
development of a vehicele, successive improvements to the medel and parameter values
can lead to good predictions of interior noise for quite complex vehicles (ref. 47).

SEA of Aireraft Sidewall

The first step in an SEA calculation iz the synthesis of a mode] (ref. 70). A
model used for an nircraft interior noise analysis (ref. 67) is shown in figure 21, The
elements of an SEA model consist of interacting encrgy storage systems composed
of resonant modes, In fgure 21 each box represents a single physical element of the
sidewsll, but this correspondence is not necessary. For example, the torsional and
flexural modes of a beam might be represented in separate boXes if they interact
differently with neighboring elements, Transmission by nonresonant modes that do
not store appreciable energy s represented only by the dashed lines in figure 21. The
synthesis of an SEA model might be suggested by previous work, but judgment is
required for reliable modeling of each new system,

Energy balance relations are then written for cach element of the model. For the
fuselage skin, the energy balance is

Poe Pog+ Poy+Pyy=0 (16)
where -
Poe power flow [rom skin to exterior
Pya power dissipated within skin
Pyw power flow from skin to wall cavity
Fuy power flow from gkin to frame

§ Dowell and Kuhota {rof. 68) have developed a new high-frequency approach utilizing asymptatic
analysls.
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Figure 21, Model of sidewall noise transmission used in stotistical energy and
power flow theories for aircraft inlerior noise prediction, (From ref. 67.)

Expressions similar to equation (16) are written for each box in figure 21 and form a
set of linear algebraic equations that must be solved simultancously, in general, For
simplified anelysis the skin response i8 determined assuming no power flow to the
wall cavity or frame.

Analysis of modal energy shows that the power dissipated in the structurc is
proportional to the total mean square energy £, by the relation

Pa.d = 21 fnsEs (17)

where 1, is the damping loss factor, The power flow from the exterior to the skin is
found to be proportional to the difference between the energy of the two systems?

E :
Pa,ﬂ = zﬂ'fﬂs'rh.e (‘"—: - n£:-) (18)
where
na maodal density of the skin
Nae coupling loss factor defining the power flow from skin to
exterior

£, energy in exterior field
e modal density of exterior field

T Tha similarity of this cquation to the equations for heal and electricnl flow lends to the use of thermal
and elecirical analogies in the development of SEA resulta (ref. 66),
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The energies in the exterior field (modeled as reverberant) and the skin are given by

e .2
E.=—%<p> (14)
©T ey F
PsVs 2
= —— < > 20
] (27{)’)2 L ( )
where
<pi> space-time mean-square pressure in reverberant field
<a?> space-time mean-square skin acceleration '
Ve Vi voluines
for Ps density of ncoustic mnedium and skin

Subatitution of equations {17) to (20) into equation (16), with Py, = P, 7 = 0, lends
to the expression for skin acceleration resulting from the exterior pressure:

2 @nf)Ve (n,) ( Ng,e ) 2
< B omm | m— —_— —_—— g > 21
fa [Pu Vapack flg Mee + s be @)

Further solution of equation (21) requires evaluation of the modal densities n,
and ne and the loss factors 1y and 55e. Evaluation of these paramelers is a major
arca of effort in SEA calculations. For simple physical systems sueh as uniform flat
plates or cylinders, modal densities can be accurately caleulated nsing theoretical
methods. For complex systems (fig. 17} direct theoretical caleulation would he
impractical; therefore modal densities nre usually estimated from known results for
simple configurations. Catalogs of modal densities of many types of systems have
been compiled for such estimation purposes (ref, 71). Damping loss factors 1 involve
internal dissipation and usually must be measured or estitmated from avallable test
results from similar structures, Coupling loss factors 7. can be caleulnted with
reasonable accurncy using theoretical methods for simple configurations, but may
have to be estimated or measured foer complex systems, Coupling of mechanical
systems (plates and shells) with acoustic media can be expressed in the relation

_. oo
TNae = 2‘.‘Tfﬂ3haale (22)

where A Is skin thickness, and o,,, kown as radiation efficiency, is the ratio of
the actual power radiated to the power radiated by an infinite flat plate (with the
same mean-square velocity) generating a plane wave. Extensive caleulntions have
been carried out to determine radiation efficiencies of common practical structures
(ref. 72).

Solution of the power balance equations for each element in the model of figure 21

leads to an expression for mean-square cabin pressure as a function of exterior

pressure and the parameters of each system element. SEA has been applied in
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various forms to a numnber of aircraft and airerafi model configurations (refs. 4, 8,
47, 48, 63, 67, 73, and 74) and found to give results that agree with other analytical
methods and with test results,

Annlysis of Rectangular Fuselage

A number of acrospace vehicles are characterized by fuselage sidewalls having
latge areas with little or no curvature and nearly rectangular fuselage cross sectiona,
Many of the vehicles consist of aircraft driven by propellers that generate the major
part of the cabin noise by transmission through the sidewall, but the category also
includes the Space Shuttle orbiter where the sourees of noise in the payload bay at

lift-off are the rocket exhausts,

Propeller-Driven Aircraft

The sketches in figures 9 and 10 show a configuration associated with propeller-
driven aireraft. Modal theory has been applied to the prediction of cabin noise
in these nireraft (ref, 42). The sidewall is modeled as flat, the structural models
indicated in figure 17 are used, and the cabin is modeled as rectangular with
equivalent modal damping of the acoustic modes. Effects of add-on acoustic
treatments are included using an approach like the one illustrated in figure 19 and
using infinite-panel theory to caiculate treatment effects. Variations of propeller
noise over the surface of the sidewall are accounted for by averaging the propeller
noise level over each panel and then assuming in the analysis that the average level
acts uniformly over that panel.

At midfrequencies the theory considers the sidewall to consist of an array of
stiffened panels (fig. 17). In one application of modal theory, three skin panels and
four flexible stilfeners are analyzed together as one stiffened panel (ref. 75), The
modes of such a stiffened panel are complicated and require considerable effort to
caleulate accurately (ref. 76). The exterior noise is nssumed to act uniformly over
each stiffencd panel. The cabin noise at any position is obtained by summation on
an rms basig of the contribution from ench stiffencd panel (this assumes that the
contributions are area-related), Predictions using this theory have been compared
with tost results, as illustrated in figure 22 (ref, 77), The exterior noise was directed
onto one stiffened panel at a time using an "acoustic guide.” For the example shown
in the figure, agreement between test and theory is excellent at frequencies below
about 250 Hz,

Study of a complete aircraft fuselage in the laboratory has advantages over TL
or flight testing. The panel area under study can internct with the noise source,
adjacent structure, and cabiu acoustics in a realistic manner, but test conditions can
be carefully controlled and a variety of tests ean be performed at relatively low cost
(ref. 78). For example, tests sich as that Hustrated in figure 22 showed that different
stiffened panels transmitted different amounts of noise, and this result was then used
to tailer the distribution of treatment over the sidewall to provide a minimum-weight
treatment (ref. 75}, The acoustic guide has been used to isolate the transmission
of noise through a window, thus providing data to support theory for double-pane

windows (ref. 77).
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Figure 22, Noise reduction through a lyht aircraft fuselage using u locolized
source noise. Laboratory test. (From ref. 77.)

Comparison With Flight Measurementis

Measured and predicted interior noise for flight conditions is compared in figure 23
(ref. 5). The aircraft is a twin-engine turboprop weighing about 5080 kg and was
operated at an altitude of abount 9000 m with a pressurized cabin and nominal cruise
engine power scttings, The cabin contained seats for pilot, copilot, and test engineer
but no other furnishings, Several sidewall treatments were tested; the results shown
are for an experimental configuration having several layers of mass-loaded vinyl septa
and fiberglass blankets. The analysis (ref. 75) used experimental information for
propeller and boundary layer source noise to establish leveis on 12 stiffened pancl
areas of the sidewall, Structural vibration modes of these 12 panels, 6 of which were
windows, were determined using detailed finite element strip methods and/ar transfer
matrix methods, The cabin was modeled as a rectangular enclosure with absorption
included as “equivalent”" damping of the acoustic modes, The effects of sidewall
troatment were included by adding insertion loss values detérmined from infinite-
panel theory, ns discussed previously, Figure 23 shows that the theory predicts
the overall trend of the flight data quite well. In making a detailed comparison
of measured and predicted levels at individual frequencies, one must consider both
theoretical approximations and measurement precision, either of which could account

for the differences ghown.

Treatment Design for Airplane Cabin

The modal methods described above have been used to scarch for optimnum
combinations of structural and add-on treatments that satisfy a target interior
noise level with the least added weight (refs. 42 and 75). Structural modifications
considered included Increased skin thickness, addition of stiffencrs, addition of mass
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Figure 23, Predicted and measured inlerior noise in a light aireraft in flight.
(From ref. 5.}

or damping layers to the skin, and addition of honeyeamb stiffening panels to the
skin, Add-on treatments considered included fiberglass blankets, lead-vinyl scpta,
and trim panels in numerous combinations. Treatment designs were studied for two
twin-engine propeller-driven aircraft, one of which was flight tested to obtain the
resulta shown in figure 23,

An example of parameter studies condueted for structural treatments is shown in
figure 24 (ref. 79), The interior noise level at zero added weight is the calculated value
for an untreated interior. The figure shows that different treatments provide different
amounts of reduetion in interior noise for a given value of added weight, indicating
that there is substantial benefit potential in optimum choice of Lreatment. For each
treatment the curve tends to flatten as weight Inereases, go that benefits tend to
diminish as greater weight of treatment is added. In such a case the alternative to
& large weight penalty s to use somc other treatment. In the example shown In
figure 24 the treatment labeled “damping” wonld be the best, for that particular
noise spectrum and structure, because it provides the lowest noise level for a given
weight,

Parameter studies such as that shown in figure 24 have been conducted for n
variety of treatments, and several candidate configurations hisve been developed
(ref. 75), Laboratory TL tests of several of these configurations (ref. 80) tend 1o
confirm the ability of the theory to represent the contribution of the treatment
clements and to identify a superior treatment combination.,
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Figure 24. Reduction in aircraft interior noise predicled by modal theory
{ref. 79) for three structural treatments,

Space Shultle Paylond Bay

The payload bay of the Spacc Shuttle orbiter consists of flat sidewalls and
bulkheads (forward and aflt) and slightly curved bottom structure and bay doors
{fig. 25}, Thus, the analytical model developed to prediet noise transmission into the
payload bay envisaged the transmitting structure as an array of flat panels {ref, 47).
At low frequencies, below about 60 Hz, the maodal characteristics of the structure
were predicted using finlte elemnent methods. Then, at higher frequencies, where the
large number of rnodes made use of finite element methods very time-consuming, the
structure was modeled as equivalent single orthotropic panels. In this case, mass and
stifiness of the frames and stringers were averaged over the panel surface to give the
structure orthotropie characteristics, and closed-forin equations were developed to
represent the motion of the panels. The orthotropic medel included both frames and
stringers until the frequencies exceeded the lowest resonance frequencies of individual
panels of & given structural region. At higher frequencies, mass and stiffness of the
frames were often excluded from the model,

The cnupling between the atructure and the excitation field generated by rocket
exhausc nojse was determined (refs. 11 and 47) by use of the joint acceptance function

F3{w) for mode of order r, The joint aceeptance function is defined by

. Sp(%1, oy w) W (T} U (Fo) dF) dig
2 il v

= oo 23
Frlw) -[i'l -/i‘z Agsp(mmw) {23)
where

Sp(E1, T w) the cross spectral density of the “blocked pressure” (ref. 69)
on the exterior of the fuselage

Iy eigenfunction (mode shape) of the rth mode of the structure
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Figure 25, Measured and predicted space-average sound pressure level in the
payload bay of the Space Shuitle arbiter (ref. 47).

A structure area

Sp(Zayw) reference value of power spectral density of blocked pressure

The cross spectral density functions of the exeitation pressures were obtained from
model-scale test data. The pressure field was represented as a convected field with
exponentinl decay of the correlation (ref. 47). In a similar manner, the respanse of
the structure to the ncoustic pressure field in the payload bay was predicted from
the joint acceptanece function with the pressure field assumed to be reverherant. The
sume approach could be used to predict the response of the payload bay structure
to boundary layer excitation during high dynamic pressure conditions en ascent
(ref, 11),

Acaustic response of the payload bay was calculated from the coupling of the
niodes of the structure and the volume, The acoustic modes were predicted for a
slightly deformed parallelepiped volume, but at higher frequencies, SEA methods
were used. Dissipation of acoustic power in the volume resulted from the absorption
of sound by the thermal contral material covering the walls of the bay.

During development of the analytical model, ground test and, eventually, Inunch
data were used to evalunte some of the assumptions, This resulted in an analytical
medel (ref. 81} which could predict the payload bay sound levels with reasonable
accuracy, as is shown in figure 25, The model was then used to predict the effect of
the presence of a payload on the sound levels in the payload bay.
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Interior Noise
Analysis of Cylindrical Fuselage

For a large class of aircraft, the fusclage is nearly circular and analysis methods
have been developed thaet consider the transmission of neise into these circular
fuselnges. The methods differ in the manner in which the fuselage structure is
represented and in the analytical mode! used for the exterior pressure field, In one
case, the fuselage is assumed to be infinitely long, since the fuselage length is large
relative ta both the fuselage diameter and the reoustic wavelength in the frequency
range of interest, Furthermore, the exterior pressure field is represented by acoustic
plane waves, In another case, the fuselage is assunied to be finite and the excitation
pressure field is a detailed representation of that generated by a propeller.

Infinite-Cylinder Analysis

Thearies have been developed for analysis of sound transmission into infinitely
long cylinders, with the exterior sound field modeled as a plane wave Incident to the
axis of the cylinder at an angle 4 {ref. 82), Because of the geometry of the infinite
cylinder, coupling of the shell with the exterior and interior acoustic dynamics, as
represented in equation {10) by the Cupn terms, can be included without undue
dificulty. ‘The effects of external airAow, representing airernft forward speed, and
cabin static pressurization are included in the analysis,! and several models of the
shell structural dynamics and cabin acoustics have been analyzed.

A theoretieal madel consisting of an infinite skin that is stiffened at periodic
intervals in the direction of a traveling wave has also been applied to ajreraft
fuselage vibration and noise transmission analysis (ref, 83}, The structure behaves
as n bandpass filter, responding very efficiently in certain frequency bands (pass
bands) but not so efficiently in other frequency bands (stop bands)., The model
allows a detailed study of the interaction between the skin and stiflener dynamics,
Application of this theory to aireraft configurations (ref, 84) lias led to development
of noise and vibratlon control concepts invelving “intrinsic structural tuning” and
damping applied to stringers and frames. Flight test data tend to support the
theoretical conclusions, and several operational control devices have been develaped
and used,

Plane- Wave Transmission Into Cylinder

Figure 26 {llustrates cylinder noise transmission as measured and predicted by
infinite-cylinder theory (ref. 57}, A cylinder of 0.508-m diameter and 1.98-m length
was subjected to loudspeaker-generated noise in an anechoie chwnber, The skin was
unstiffened and the interior contained a core of sound-absorbing foam to simulate
the theoretical model of an interior containing only radially inward-traveling waves.?

4 Results have been caleulated for a typical narrow-body uircraft with fuselnge dlametor of 366 m, at
an altitude of 10660 m. Tho results show that forward speed provides n amall increase in TL in the mass
law region and Interacts strongly with the cylinder resonances at lower frequencies. Internal presanre
decreases TL slightly, and the acoustic mismatch between external and internal properties increnses T,

O The shell interior has also been modeled using acoustic modes (ref. 52).
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Figure 26. Transmission of sound incident at 45° into an unstiffened cylin-
drical shell, (From ref. 57.)

Both theory and test sliow a large decreese in neise reduction at frequencies near
the ring frequency for the particular incident angle illustrated. Ring frequency f; is
given by the relation

fr=CpjrD %= 1700/ D (24)

where €, is the longitudinal wave speed in the shell materinl, D is the cylinder
diameter, and the approximate relation applies to aluminumn when D is expressed in
meters (ref. 85), The mechanism of noise transmission near the ring frequency has
been analyzed using statistical methods showing a large concentration of structural
modes (ref, 86). Furthermore, some of the structural modes at, and just below,
the ring frequency have high acoustic radintion efficiencies. For aircraft, the cffects
of ring frequency are often not as large as shown in figure 26, probably because
of the effects of struetural complexities such as stiffeners, Nour, or add-on acoustic
treatment,

It may be noted that this infinite-cylinder theory is based on incident and
transmitted acoustic power and full coupling of acoustic and structural dynamices,
in much the same manner as the classical analysis of noise trausmission through an
infinite fAlat panel used for architectural TL studies, The effects of curvature have
been investigated in comparison with flat panels (ref, 87), The equations presented
provide a means of quantitatively estimating curvature cflects that may account in
part for differences between laboratory TL results and flight results,
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Structural Models for Infinite Cylinder

Orthiotropic-panel and discrete stiffener structural models have been incorporated
In the infinite-cylinder theory (refs, 88 and 89) to explore the influence of these
realistic lactors on predicted transmission loss. These studies show that the added
structural complexity leads to transmission loss characteristics with new features
which prebably would not have been foreseen based on previous experience and
which have not yet been fully explained. The results must therefore be considered
preliminary. However, the importance of realistic modeling of ring- and stringer-
stiffencd aireraft structures and the possible use of fiber-reinforced composites for
structural tailoring for noise control make the results of considerable interest,

As an example, the transmission loss (TL) of an orthotropic cylinder is shown in
figure 27 for three values of ratio Ey/Ex, where Ey and Ex are Young's moduli in the
circumferential and axial directions, respectively. For these enleulations, parametric
values iypical of & narrow-body aircraft fuselage were used, and the ring frequency
fr (and consequently the circumferential stifiness E,) was held constant at 445 Hz.
In this case variations of the ratio Eg/E; result only from varintions of Eg, and Ez
is important because it influences the axial bending wave of wavelength A induced
in the cylinder by the incident sound wave.

Incident plane
wiva
& = 45°

=

40
1, isotropic

a0

Cylinder TL,
qB
20

ol 1.0 10.0
Frequency, f/ fr

Figure 27. Caloulated effect of modulus ratio on itransmission loss of a
cylindrical shell. {From ref. 88.}

Careful examination of figure 27 reveals the following TL characteristics that
are consistent with general experience with flat panels. At low frequencies (in the
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stilfness controlled region) the TL increases with decrensing f/fr at a rate of shout
G dB/octave, aud for f/fr between 1.0 and 10 {often cousidered the mass controlled
region) the TL increases at about 6 dB/octave. The TL dips at the ring frequency,
fifr = 1, and at the coincidence frequency, f/fr = 12 to 20, Inereasing the axial
stiffuess (inereasing B, corresponds to decrensing By /E:) increases the TL at law
frequency and reduces the coincidence frequency,

Howaver, the figure also shows other, new feateres, the main one being the large
varintiont of TL with By /Ey for f/fr = 1 Lo 10, I this frequency region the predicted
TL inereases by 6 to 8 dB for a doubling of Ey/ E,, indieating that panel mass is not
the only controlling paramoeter. While the analysis of the cylindrical shell (refs. 88
and 88) does pot provide a ready explanation of the phenomenon, analysis of an
infinite flat plate {ref. 35) shows explicitly that mass and stiffness are coupled and
that TL can vary significantly with stiffness, Possibly, the predicted TL for the
cylindrical shell involves both resonant amd nonresonant (mnss law) transnission,
and the changes in the ncoustic radiation efficiency of the shell asociated with elinnge
in shell stiffness influence the acoustic transmission,

The choice of orthetropic properties for optimum noise contrel would have to
depend on both the directional and the frequency characteristics of the fmportant
noise sources. The caleulated results show complex changes in the TL eurves with
incidence angle (ref. 88). For realistie ring [requencies, importint nojse sources can
be expected to oceur at frequencies both above and below fr. Therefore a detailed
annlysis of the particular configuration of interest would be required to determine
appropriate values of the arthotropic moduli for minimun noise transmission,

Analysis of direraft Cabin Treatmnent

The infinite-panel theory has been combined with add-on treatment and cahin
absorption analysis inn a manner indicated in the diagram of figure 19, The resulting
prediction method has been used to design eabin noise control treatment for high.
speed propeller-driven aircraflt of three sizes (ref. 57). To handle the propeller source
noise having a nonuniform distribution, the fuselage was divided Jongitudinnlly
into several segments. The average sonnd pressure level and a range of incidenee
angles were determined for each segment from estimated propeller charncteristics
and loeations indicated in figure 28, Then sound transmission calculations were
performed for several angles of incidence within the range for cuch seginent and an
average sound transmission was dotermined.

The treatmenl design approach was to estimate the exterior noise generated by
a high-specd propeller and then to design a minimum-weight sidewall configuration
thitt would provide an A-weighted cabin sound Jevel of 80 dB, Extensive parametric
studies varied sidewall and trim panel weights, configurations, and materials (ref, 57).
Results are illusteated in figure 28. As shown by the various shadings in the figure,
the treatment varicd in several steps along the fuselnge length, but was uniform
circimferentially exeept that no treatment was applied below the floor. It was
concluded that conventional treatment could provide the required noise reduction
provided that sufficient weight was added. The weight required differed for the
executive class, narrow-body, and wide-body aircraft studied,

The detniled analysis confirmed weight estimates made enrlier using more sim-
plified prediction methods (ref, 00), Tt was estimated that cabin noise control trent-
ments with added weights up to 2.3 percont of aireraft gross weight, even though
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Figure 28, Cabin noise control treatment Jor a lransport aircrafi powered
by propellers with supersonic tip speed. Weight of treatment vequired {o
conirol propeller noise is 0.75 to 2.3 percent of aireraft gross weight. (From

ref. 57}

Trim panel

Fiberglnan

much heavier than the more usual value of about 1 percent of gross weight, were not
large enough to reduce significantly the advantage in fuel used and direct operat-
ing cost obtained by the use of advanced prapellers, However the sidewall treatiment
weights are large enough that worthwhile reductions in fuel consumption would result
if treatment weight were reduced. Efforts have been conducted in a search for lighter
weight treatment concepts specially suited to the tonal noise spectrum characteristic

of propellers (ref. 91).

The detailed analysiz also provided an engineering description of the sidewnll
configurations required. An experimental program was carried out to validate the
theoretical prediction methods, to evaluate the sidewall designs developed by the
analysis, and to provide experience with the very heavy sidewalls that the theory
indicated were necessary for high-speed turboprop application (ref. 92). The test
fusclage was a secgment taken from an operational commuter aircraft to obtain
a realistic structure. "Uhe fusclage, a specially designed floor, and the sidewall
treatment were designed to be a 43-percent seale model of the narrow-body aircraft
design of the theoretical study. Test results were obtained for several sidewall and
treatment configurations to obtain trends with weight, Nolse reduction results are
shown in figure 29 for the configuration representing the design point resulting from
the analytien] study. The fipure indicates that the theory predicta slightly less
noise reduction than is measured, suggesting that the weight estimates (ref, 57} are
conservative, Test and theory do not agree as well for the other sidewalls, especially
at lower frequencies for the lighter weight configurations. linproved representations
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of the sidewnll structure, the prepeller source noise distribution, and the interior
acoustics may be required for improvement of the theoretical predictions,

Source
neise, —|n
dn’
-0

~— Test pection

Noise
reduction,
dB

Ring frequency

20 o y | ' l | b [
204 400 o 800 1004} 1200 1400

Frequeney, Hz

Figure 29, Noise reduction of a 168-cm-diameter aircrafl fuselage with douhle-
wall noise treatment (ref. 92). Propeller source noise simulated with a
horn, Mass of outer wall wes 9,47 kg/m?; inner wall, 7.13 kg/m?,

Testing of realistic fusclage and treatments entails substantial cost and time. The
theory clearly showed its value in this program by providing candidate treatment
configurations at much less cost than would have been reqitired by experimental
approaches alone,

Finite-Cylinder Analysis

It is not necessary to madel cylindrical fuselages as having infinite length; analyses
have been performed wherein the fuselage was considered to have finite length, Those
analyses included both model and full-scale situations, and the excitation feld was
represented as either random or deterministic,

In one approach, tranamission of propeller noise into a cylindrical fuselage
of finite length has been analyzed using the general method developed for noise
transmission into the Space Shuttle payload bay (ref. 63). The fuselage structure
was idealized ns a series of curved, orthotropic panels with frames and stringers
included at low frequencies but not at high frequencies, The fuctuating pressure
generated by the propeller was represented as a random, convected pressure field,
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but since the pressure field is inhomogeneous, modifications had to be introduced
into the analytical model developed initially for the more homogencous case. The
modifications allowed calculation of a joint acceptance function that depends on the
distance of a particular panel from the location of maximum excitation pressure.
Division of the fuselage structure into several panels allowed calculaiion of noise
transmission through different regions of the cabin and determination of noise control
treatments that varied in composition along the length of the cabin. The sidewall
treatment was modeled in this approach as an independent module of the analytical
procedure.

Tranamission of random noise was also considered in another analytical model
(refs. 48 and 73), but an jimportant contribution of that study was the detailed
representation of prapeller acoustic pressures as a deterministic field. Measurements
on general aviation aireraft indicate that the harmonic compaonents of propeller
noise are essentially determninistic, Furthermere, analytical methods are becoming
available to predict the magnitude and phase of each harmonic component. This
detailed representation of p propeller acoustic field has been used to caleulate the
deterministic forcing function on a cylindrical fuselage {ref. 48). In this approach,
the region of the fuselnge exposcd to the acoustic pressure is represented by a grid of
points, with the harmonic pressure and phase defined at each point. The grid shown
in figure 30 has 160 points on the upper quadrant of the fuselage. The pressure field
for the lower quadrant is determined from that of the upper quadrant, with a phase
shift introduced to account for the rotational speed imposed by the propeller.

Figure 80. Grid used lo couple ANOPP theoretical propeller noise model
with cylinder noise lransmission in the propeller aircrafl interior noise
prediction program (ref, 78).

Other important aspects of the analytical model are the representation of the
cabin floor a8 a longitudinal partition and the first attempt to integrate the sidewall
treatment into the noise transmission model (ref. 48), The presence of the cabin
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floor ean strongly influence the dynamic characterjstics of the structure and interior
volume, For example, the acoustic mode shapes of the eabin may differ from those
of a cylindrical volume, as can be seen from figure 14, The floor and shell of the
structure can be modeled as an integral unit. Mode shapes can he ealealated for such
& configuration (refs. 48 and 93), a typical mode shape being shown in figure 31,

Figure 31, Culeulated structural mode of a cylindrical shell with an integral
floor. (From ref. 48.)

The analytical model was developed in conjunction with a series of laboratory
experiments on test cylinders with dinmeters of 50.8 to 66 cm and a variety of
configurations of circunferential and longitudinal stiffeners, floor structures, and
interior acoustic treatments, These cylinders were exposed to brordband random
noise and to acoustic pressures generated by a model-scale propeller.  As an
illustration, figure 32 compares measured and predicted noise transmission spectra
for random noise excitation (ref, 73), The agreement between test and theory Is good
at frequencles below 500 Hz, but deteriorates at high frequencies. In the experiment
the treatment consisted of a layer of fiberglass and vinyl about 1.3 em thick that was
attached to the interior of the cylinder wall. The stringer web, however, was 2,5.cm
high and, therefore, extended through the treniment into the interior of the cylinder.
In the analysis it was possible, using & high-frequency approximation, to estimate
the acoustic power flowing through the stringer webs. It was found that at high
frequencies the fiberglass-vinyl treatment was very cffective and transmitted little
noise and that the exposed stringers transmitted the major part of the interior noise.
The predicted noise reduction is therefore reduced greatly, as shown in figure 32, In
the frequency region between about 500 and 2000 Hz, neither of the theorics agrees
very well with the test results. However, it can be concluded that relatively small
areas of exposed stringer {or ring frame) can be significant noise transmission paths
when the skin areas arc covered with effective treatment.

The analytical model has also been used to prediet sound levels inside a general
avistion airplane, for comparison with measured levels (ref. 74), The measurements
were performoed nsing a space-averaging technigne that waa designed to provide space-
averaged levels suitable for comparison with the predictions, As shown in figure 33,
the predieted sound levels agree closely with the measured results for three of the
five harmonie components.
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Structure-Borne Noise

Not all the sound in an aireraft interior is associated with airborne transmission,
Somuo eomponents of the interior acoustie field are the result of mechanieal forces
or acrodynamic pressures acting on distant reglons of the airframe. The resulting
vibrational energy is transmitted through the structure and then radialed inte the
fuselage interior a8 sound. These components of the interior sound field are referred
to as “structure-borne sound.”

It has long been recognized that structure-borne sound transmission could
contribute to interior sound levels in certain types of aireraft. Bruderline (ref. 94)
in 1937 and Rudmose and Beranek (ref. 95) in 1947 observed that structure-horne
vibration from wing-1nounted reeiprocating engines contributed to interior sound
levels, Thus, Bruderline noted that on the DC-4, “rubber supports™ were to bhe
provided for the engines, and all contrals and conduits were to be flexihle between
the nacelles and engines, However, in both references, discussion of structure-borne
gound transimnission is only qualitative, Rudmose and Beranek noting thal no scheme
existed at that tine for estimating quantitatively the amount of structure-borne
vibration in an aireraft fuselage.

The situation has changed, with an improved understanding of structure-borne
sound transinission in aireralt, ground vehieles, ghips, and buildings. These nctivitics
have been the subject of several review papers (refs. 95 and 97) which provide
numerons references assaciated with a wide range of ncrospace and nonaerospace
applications, The discussion in this section is dirccted specifically to the topic
of structure-barne sound in aireraft, an application that is probably not as well
developed as in some other fields,

Structure-Borne Sound in Alrcraft

In general, structure-borne sound in aircraft is associnted with discrete requency
components. This does not mean that breadband structure-borne sound is not
present; however, if it is present, it has not been identified, probably beenuse of
masking by broadband airborne noise. The occurrence of structure-borne sound is
not limited to propeller-driven aireraft with reciprocating engines; the sources eould
be turhoprop, turbojet, or turbofan engines, air-conditioning systems, hydranlic
pumps, and other rotating or reciprocating equipment.

One of the best documented studies of structure-borne sound in an airplane with
turbofan engines is that of the DC-9 (refs. 28 and 98), but the phenomenon has
been observed on other aircraft that have turhojet or turbofen engines mounted
on the rear of the fuselage. For example, figure 34 shows a narrow-band sound
pressure Jevel spectrum that was measured in the cabin of a business jet alrplane
powered by two twin-spool turbofan engines (with geared fan) mounted on the rear
of the fuselage (ref. 29). The spectrum contains a number of discrete {requency
components that can be associated with the rotational frequencies of the fan, low-
pressure compressor and turbine, and high-pressure compressor and turbine, These
discrete frequency components are associated with structure-borne sound, whereas
the broadband components result from airborne transmission, mainly due to the
turbulent boundary layer on the exterior of the fuselage, Various tests have been
performed to demonstrate that the discrete frequency components are definitely
associated with structure-borne transmission, The tests have included ground
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experiments with engines disconnected and changes to engine mounts for repeated
flight tests, Also, external acoustic measurements and analysis show that acoustic
radiation from the engine inlet would not generate sufficiently high sound pressure
levels to be the dominant source, Structure-borne sonnd is present also in aircraft
with wing-mounted turbejet or turbofan engines, but the sound pressure levels may
not be significant except in some aircraft with large turbofan engines.
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Figure 34. Discrele frequency structure-borne components in sound levels in
the cabin of a business jet airplane, (From ref. 29. Copyright 1982 SAE,
Ine.; reprinted with permission. )

Structure-borne sound can be & major contributor to the sound pressure levels
in the cabin of a helicopter (refs, 99 and 100). For example, an investigation of the
noise sources contributing to the acoustic environment in an eight-seat helicopter
indicated that structure-borne noise from the engine and gearbox dominated cabin
sound levels at frequencles above about 3000 Hz, as shown in figure 35, In this
respect the helicopter differs from the fixed wing airplane. Structure-borne sound
in helicopters is mainly high frequency, whereas it is usually low frequency in fixed
wing airplanes, This dilference can influence the choice of analysis method and noise
control procedure uged for each type of aircraft,

The preceding discussion has been concerned with the direct transmission of
mechaniecal vibration from the engine and associated machinery into the airfratne,
A second path may also be present, although its importance has not yet been
established, This path involves impingement of a propeller wake on the surface
of & wing or empennage, with subsequent transmission of vibration energy into the
cabin. Such a structure-borne path ia difficult to identify, even under ground test
conditions, Measurements on & twin-engine general-aviation airplane with a high
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Figure 83, Noise source contributions to sound pressure levels in o helicopler
cabin. (From ref. 100.}

wing (ref. 101) suggest that, at lenst under ground test conditions, the importance
of the propeller wake as a noise source could be significant at high prapeller torque
(fig. 36).

Although most examples of structure-borne sound are associated with the main
propulsion system of an airplane, other exnmples exist, nlthough they are often
of short duration, Air cycle machines in air-conditioning systems can transmit
diserete frequency vibration which radintes sound inta the cabin, Also, vibration
can be transmitted from hydraulic pumps into the fuselage structure, with eventusl
radiation as sound into the cabin.

Usually, structure-borne sound components cannot be measured directly and bave
to be deduced from other measurements. Exceptions to this general rule occur if the
airborne components can be removed (ref. 101), but it is often only the structure-
borne path that can be broken and, then, only in ground tests {ref. 102). There still
remains the problem of determining the structure-borne components during flight

conditions,

Analysis of Structure-Borne Sound
Transmission

An analysis of structure-borne sound in aircraft can be divided into three main
parts: excitation, transmission, and acoustic radiation. The precise role played by
each part depends on the particular aireraft configuration, but the general approach
can be discussed using the example of an airplane with wing-mounted turboprop
engines and propellers (fig. 37). The main components associated with structure-
borne sound transmission are identified in figure 38, For this aircraft the excitation is
in two forms: ¢ mechanical component that is assoclated with out-of-balance forces in
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the engine and propeller and an acrndynamic component generated by the propeller
wake on the wing, The out-of-baiance forces are transmitted through the engine
mounts {which may be rigid or include vibration isolators) into the wing structure,
whereas the aerodynamic pressures act directly on the wing skin, Structure-borne
transtission along the wing oceurs in the spars and skin, although it is possible that
different paths pre important for different frequency components.

Mechanical excitation

Engiae forcea I
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Aconstic radintion
inte cnhin

Engine
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Prapeller forces
(out-of-balance)

e d ot S e
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Pressure field excitation
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Figure §8. Main components of siructure-barne sound transmission path for
twin-engine airplane.

Ezcitation

When the excitation is generated by mechanical forces, the vibrational power P
flowing into the airframe structure can be estimated by use of the impedances of the
various structural components (ref, 08). Thus, typically,

2
P =Re{FV*] = l-Z'f—‘z"z;‘.—lnn{z[}Vf (25)

where F' and V are, respectively, the force and velocity at the connection between
the source and the structure, an asterisk denotes the complex conjugate, Z, is the
impedance looking into the source, Zy Is the impedance looking into the nirframe,
and V, is the “free velocity" of the source (i.e., the engine vibratory velocity for the
hypothetical case when the engine is not constrained),

When an isolator is introdueed, the power flow cquation becames more compli-
cated. For the simplest case of & massless jsolator with impedance Z;,

12,132t

= 2
22y + 212, + z,z.-w““{zf 1 (26)

The value of V, cannot be measured directly, but & practical approach is to
measure the velocities on an engine or on an airframe during engine operation
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when no vibration isolators are present (ref. 98). Impedances can be obtained from
measurcmenta {ref, 103) or calculations (ref. 104).

If the excitation is a pressure field, such as the wake generated by the propeller,
the loading on the structure can be estimated if the characteristics of the pressure
field and the excited structure are known (ref, 105). This can be accomplished using
techniques similar to those used to predict the response of fuselage structures to
acoustic or nerodynamic excitation, as discussed carlier.

Energy Transmission

The transmission of vibrational energy in a structure involves the participation
of several types of waves (rel, 106)—flexural, longitudinal, and transverse {plane and
torsional). Thus the analysis is mote complicated than for transmission through
air. Longitudinal and transverse waves are nondispersive, their propagation speed
being independent of frequency; flexural waves are dispersive, the phase apeed
being proportional to the square root of frequency. A complete estimate of energy
transmission has to include contributions from all wave types. The situation Is
further complicated because at any discontinuity in the structure, such as a frame
or stiffener, energy can be transferred from ane wave type to another. For example,
when a flexural wave In a plate is incident on an unsymmetrically attached mass,
the resulting wave system includes transmitted and reflected flexural waves and
tranamitted and reflected longitudinal waves (ref. 107).

Various analytical approaches can be used to predict structure-borne transmis-
sion, but the choice may depend to some extent on the frequency range of interest,
At high frequencies, where the vibrational wavelengths are small relative to the strue-
tural dimensions, statistical energy analysis methods have been used (refs, 99 and
107) since the requirement of high modal density is satisfied, An alternative ap-
proach has used the theory of waveguides (ref. 105), At low frequencices, where the
wavelengths of the vibration are long relative to local structursl dimensions and the
modal density is very small, SEA methods are no longer valid, However, it is then
practical to use finite element or other methods (refs. 108 and 109).

In some cases it is appropriale to apply empirical or semiempirical methods to
supplement the analysis, For example, empirical methods were applied in the de-
termination of transfer funetions relating the forces induced by engine vibration to
sound pressure in the cabin of a small, single-engine airplane (ref. 102). Also, exper-
imental technigues have been used to determine tranamission paths by disconnecting
the engine from the fusclage structure {ref, 102) or by replacing vibration isoln-
tion mounts with rigid connections (ref. 110). To some extent, these experimental
methods are more correctly considered as source-path identification methods, to be

discussed later,

Acoustic Radiation

The final component in the determination of structure-borne sound in aireraft
is the radistion of acoustic energy into the receiving volume. This is equivalent
to airborne sound transmission except that in structure-borne transmission the
structural response is only resonant, whereas in airborne transmission the response
can include nonresonant contributions (which may be the major contributions). As
was true for the analysis of vibration transmission, different analytical methods may
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be applicable for different frequency ranges, SEA methods have been used whers
the acoustic modal densities in the receiving volume were high (ref. 99), and finite
clement methods where the acoustie modal densities were low (refs. 45 and 108)
One example of the latler situation is the analysis of engine-induced noise in small
general aviation airplanes,

Source-Path Identification

Aireraft cabin noise is generated by a variety of sources, such as turbulent
boundary layers, jet exhaust, propellers, and engine unbalance forces. Noise from
different engines or different locations, such as turbulent boundary layers on forward
and aft reglons, can be considered separate sotrces, Transmission can be airborne or
structure-borne, but either can propagate along a variety of paths, For example,
airborne noise can epter through windows, side panels, or ceiling panels, and
structure-horne noise from a propeller wake can enter through excitation of wing
panels or horizontal tail surfaces.

The need to minimize the weight of noise control devices requires that tho
contributions from various sources and paths be known in some detail. Then the
cnbin noise and structural weight limits may be satisfied by contrelling only the
dominant source-path combinations, by locating treatments where several sources
or paths are affected, or by locating treatments at a position in the path where
maximum noise reduction can be cbhtained with minimum treatment weight,

No single identification method is available that satisfies all situations. A number
of methods have been developed, however, and it is usual that several are needed
for any particular noise control application. Many identification methods have been
developed originally for architectural and surface vehicle applications, and there is
extensive literature nvnilable (refs. 111 and 112), Identification methods and resulis
for aireralt applications are described in the lollowing sections.

In-Place Measurement Methods

Identification measurements made with an aireraft in an operational flight
condition are potentially the most reliable and accurate because all noise sources
are present and are interncting in the actual manner to be controtled, Flight tests
are expensive, however, and the interactions may not allow separation of the various
gources and paths, Development of new mensurement techniques and equipnient
that can operate without interference but in conjunction with other required testing
is important for reduction of cost.

Frequency Separation

When the spectral characteristics of the dominant sources are distinetly different,
their contributions can be identified from a spectrum of the cabin noise. This
is illustrated in figure 9. The principal neise generated by the propeller occurs
at the tones, whose frequencies con be obtained from the propeller rpm and
number of blades. For this aircraft it is known that no other scurce produces
this spectral characteristic, so the tones are identified as of propeller origin. The
propeller broadband noise levels are low, so the broadband spectrum at about
70 dB is associated with the nerodynamic boundary layer. The measurcment
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of instrumentation noise Aoor and exterior sound levels on the fuselage (fig. 4)
supports this conclusion, The appearance of a tone in the cabin at about 670 Hz
associated only with an engine turbine speed suggests the presence of engine-
generated structure-borne noise (ref, 4), The spectrum does not separate the
contribution frotn the two propellers, however, For aircraft with piston engines
the tone spectra from the propeller and pulsating exhaust usually overlap. Then,
exhaust and propeller contributions can be separated only if the propeller Is geared
to operate at an rpm different from that of the engine (ref, 21) or il some engine
tones occur at frequencies hetween the propeller tones (refs. 110 and 113).

Correlation

Where several sources are present having broadband or overlapping tonal spec-
tra, the contributions can sometimes be separated by eorrelating the characteristics
of the cabin noise with those of the sources.!? The method requires simultaneous
measurement of cabin noise and source noise so that a measured signal can be ob-
tained for each source that contains information for only that one source. Extensive
statistical theory has been developed for the separation of the source contributions
(ref. 6), and methods of this type have been evaluated for surface-radiated noise
(ref. 114), gas turbine combustion noise (ref. 115), and atrcraft cabin noise (refs, 116
and 117). Use of coherent output power methods enabled separation of contributicns
from the right and left propellers, as they occurred at slightly diflerent frequencics
(ref. 117), The separation of the contributions from five fuselage panels was only a
limited success (ref. 116), Only 35 percent of the sound energy at the copilot’s posi-

- tlon was attributed to the five panels, and thig 35 percent resuited from the coherent

motion of the panels, rather than from their independent motions, More extensive
evaluation of the fuselage vibration might have been obtained through measurements
at additional locations,

These methods require an understanding of fairly sophisticated statistical con-
eepts and the use of a digital computer for processing of the dats, Modern sell
contained, portable, special purpose hardware for fast Fourier transform (FFT) anal-

yais greatly facilitates such data handling,

Intensily

The distribution of sound radiated into the cabin by the enclosing walls is of
interest for laying out the sidewall treatment distribution and for lacating *hot spots”
that indicate acoustic leaks in a finished cabin, QOccasionally a lrained observer
can Identily such hot spots simply by listening or with the aid of a microphone.
Recent advances in instrumentation, however, have made possible the measurement
of acoustlc intensity for identifying the distribution of sound radiated (rom a vibrating
surface (ref. 118).

Acoustic intensity measurements make use of a pair of carefully matched and
calibrated microphones that are mechanically held at n fixed distance apart (ref. 119),
as shown in figure 39. The pair is then sensitive to intensity flowing along the
line joining the microphones and is much less sensitive Lo intensity flowing in

¥ Two deterministic, discrete frequency sources of precisely the same frequency will always be
completely correlated so that this approach is not useful.
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other directions. The signals from the microphones are summed to obtain pressure
and subtracted to obtain velocity (from the slope of pressure), The complex
product yields acoustic intepsity. Sueh meagurements are only widely practical
through the use of specinl purpose FFT analysis hardware, The availability of such
instrumentation has stimulated a surge in research on intensity methods (ref. 120)
and hpa led to development of special equipment and procedures for measurements
on aircraft in flight {ref. 121), Intensity methods have been applied to aircraft panels
(ref, 122) and a complete aircralt fuselage in laboratory studies (ref, 123).

il s

[iel O jo

Face to face

<\l

Back to back
Staggered

Figure 89, Microphone arrangements for acoustic intensily measurement,
{From ref. 119.}

Measurement of sidewall noise transmission (ref. 123) is illustrated in Sgure 40. A
fuselage of & light aircraft was suspended in a semianechoic chamber and a pnenmatic
driver with a rectangular horn was used to gimulate the localized sound field of a
wing-mounted propeller. Total acoustic power transmitted through each of four
panel areas was measured by sweeping the two-microphone probe over the interior of
the pansl while the instrument aystem integrated the instantaneous intensity signal,
Iucident power was obtained using the same two-microphone technique with the
fuselage removed and sweeping over the area previously occupied by the panel. For
gome tests, measurement results were improved by installing fiberglass absorpiion
blocks in the fuselage when measuring power transmitted. Transmission loss obtained
from incident and transmitted power for o window area is shown in figure 40. The
measured TL of the plastic window agrees with infinite-pane! mass law, and the
technique is shown to detect changes in TL due to addition of a window shade such
as might be used for noise control purposes. At low [requencies the measurements
showed diflerences from the mass law, as would be expected from the finite nature of
the window area. Special efforts have been directed toward design of two-microphone
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systems for use in the low-frequency region of importance to propeller aircraft. It
was shown that the TL values for the four panel areas could be used to obtain the
sound presgure level in the cabin and that changes in SPL due to changes in TL of
ane panel aree could be reasonably well predicted,

The two-microphone methed can be expected to cause minimal change in the
vibration and acoustic behavior of the fuselage and therefore should produce necurate
regults.

mr O Windaw
— Muzs lnw
40 F
TL,
a8 -
20}~
] I [ ] | i P
i} 2008 4000 6000 A0

Frequency, M2

Figure 40, In-place measurement (ref. 188) of aireraft window noise trans-
mission [oss using ccouslic inlensily,

Holography

Near-field acoustic holography (NAH) is a new technique for studylng the
sound radiation of vibrating surfaces (ref. 124). The technique is quite similar
to conventional acounstical holography and iz based on the same principles. There
are differences, however, that allow NAH to provide significantly more information.
Measurements are made as close as possible to the vibrating surface to detect both
the radiating and the nonradiating pressure components. For example, one system
uses o 16 x 16 plane array of 250 inexpensive electret microphones located just o few
centimeters from the vibrating surface (fig. 41). Processing these data using FFT
algorithms to evaluate Rayleigh's integral formulas (ref. 125) allows caleulation of
the pressure, the velocity, and the vector intensity at any point in the acoustic field.
The method has been used to study sound radiation from fat plates (fig. 41) and
displays unique “source” and “sink® features of the intensity field,

System Modification Methods

Information on sources and paths can be obtained by modification of some feature
of the aireraft operation or configuration. For example, changing the rpm of one
engine (when both are normally operated at the same rpm) separates the tones in
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Figure 41, Vector acoustic intensity field of ¢ vibrating plate using near-field
acoustic holography. {From ref. 124.)

the frequency spectrum so that the contribution of cach engine can be identified,
as shown in figure 4, For the analysis to be rigorous, it should be shown that the
modification does not change the source strength, the path characteristics, or their
interactions. For the rpm change (fig. 4), o number of rpm values for both engines
could be investigated to determine the effect of rpm changes. In most cases, however,
the effect of the modification cannot be rigorously determined, so the results must
be considered only estimates,
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The precision obtainable by source-path modification is suggested by figure 42
(rel. 110}, A varlety of identification techniques, including modification methods,
were used to determine the cabin noise contributions from various sources and paths
(Ag. 42(a)). The component contributions were added to abtain a computed cabin
noise level, This is compared with the actual measured noise level in figure 42(b}.
The overall shape of the spectrum is predicted quite well, but differences of several
decibels appear at many frequencies.

00
80 =
A-welghted
SPL 70
an’ il
g |- . \
F Firing tate h \/ Structure-barne
P Prop blado rate v
50 L 1 t 1 1 1 | i |
(a) Component contributions,
a0
A-weighted
8PL, BG
dB' Computed
10 = = Measured
60 !

315 8 126 250 500 1000 2000 4000 AQOL
1/3-octavo baud frequency, He
{b) Summation.

Figure 42. Cabin noise contributions for a lwin-engine light aircraft in eruise
flight, (From ref. 110.)

Turning OfF Sources

If one of the noise sources can be turned off, then the reduction in cabin noise
that occurs can be considered the contribution of that source, This is true provided
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that turning ofl a source does not change the output of the remaining sources. For
example, turning off one engine of a twin-engine aircraft can be expected to reduce
airspeed and thus reduce both the aeradynamic noise and the noise of the remaining
angine and propeller, These effects can be evaluated either by special tests or by
theorelical considerations.

When & source is turned off, it sometimes happens that the cabin noise level is
not reduced; it may increase. Such results can occur when two seurces have a phase
relation that results in cancellation, so that the two sources together make less noise
than either one alone. Synchrophasing of imultiple propellera and active noise contral
are intended to reduce eabin noise by such cancellation,

The strength of acrodynamic sources of cabin noise in several light aircraft has
been estimated by operating in llight with the engines partly or completely shut
down (ref. 110} and some results are shown in figures 43 and 44, As reporied by the

authors,

Similar dive tests were carried out with several twin-engine aircraft, on which propellers
and engines could be brought completely to a stop without creating unusual propeller
wakes which would excite the fuselage in an uncharacteristic manner. In moat cases,
the dive apeed did not reach the cruise velocity. Therefore, n scaling relationship wns
needed to extrapolute nonpropulsion nolse mensured at a low speed to the cruise velocity
for comparison with “all sources,” ,.. [Figure 43) ehows the results of one such scaling
test, where data taken at 110 kt is scaled to closely mateh the 150 kt data using a V1
relatlonship [where V is velocity], which is normaily associated with the sealing of mean-
sguare pressures In a turbulent boundary layer, wake, ar jet when the turbulence structure
remaing basically unchanged over the speed (nnd Reynolds number) range of intereat ,.. .
These 150 kt data are then scaled to the 178 kt crulse condition by & V4 relationship;
the compnrison with “engine on" nolse [evels ia shown in ... [figure 44.] Again, the
noapropulsion contribution to the broadband speetral levels is found to be substantial,
In this case, the only major uncertainty is whether or not the flow ficld over the aircraft
wns identical between the dive and cruise conditions,

Path Blocking

If a transmission path can be blocked, or cut, so that it transmits little or no
noise or vibration, then the resulting reduction in cabin noise ean be attributed to
that path.! ’

Structure-borne noise from engine vibration has been investigated (ref, 102) by
detaching the engine from the fuselage in ground tests (fig. 45). The engine support
frames were in place for both tests so that the aerodynamic flow noise would be
the same, and the tires were partly deflated to minimize any vibration transmission
through the ground, When the engine was detached from the fuselage, both engine
und cowl were moved forward about 5 cm so that there would be no meclmnical
connection. All engine loads were then carried by the support frames. The space
between the cowl and fuselage at the detachment line was covered with soft adhesive
tape that would maintain the aerodynamic lines of flow but not transmit structural

" Note the cautions described nbove that other sources and paths should not be altered and that
acoustic cancellation may occur,
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yibrations. The reduction of 3 dB for the overall eabin noise (fig. 45) indicates that
the noise transmitted through the engine attachiments was equal to the noise from
all other sources in that test setup. Larger reductions in some 1/3-octave bands
indicate that the proportion is larger at those frequencies, and significant structure-
borne noise is evident throughout the frequency range.
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Pigure 48. Estimalion and scaling of cabin noise due to airflow using engine-
off dive tests of a large twin-engine light aireraft, (From vef, 110.)

1o~

1001

Total naise at 178 knots

90
80+
SPL, dB
70
60
Airflow noise
50~ (scaled to 178 kints
from 153 knota)
oy

0 100 200 300 400 500 60O YO0 BOO OO0 1000
Frequency, Hz

Figure {4. Airflow noise relative to lolal noise in the cabin of a large twin-
engine light atreraft. (From ref. 110.)
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Figure 45, Delermination of structure-borne noise by engine detachment
method. (From ref. 102.)

Airborne paths are often studied using n heavy mass-loaded vinyl materin] to
cover the surface (fg. 46). Vinyl sheets of 5 to 10 kg/m2 have been used with
soft foan or fiberglass between the vinyi and the surface to minimize the effects on
the dynamies of the fuselage structure, Transmission through windows was studied
in a reverberation room (ref. 126) by testing with windows uncovered and then
covered, as illustrated in figure 46(a). The objective of covering the windows was
to eliminate the sound transmission. The results showed that the covering eoffect
depended on frequency; at some frequencies the interior noise was higher with the
windows covered, but the overall sound level decreased by 3 dB wilh the windows
covered, Transmission through the fuselage sidewall and the wing structurc was
studied in ground tests of a light aireraft with engines running (ref. 101). The covered
arens are sketched in figure 46(b). The fuselage and wing coverings consisted of one
or two layers of foam and septum material weighing 3.08 kg/m* each, The entire
wing surface was covered from the fuselage to a position outboard of the region where
the propeller wake impinged on the wing. By testing with a variety of combinations
of fuselage and wing coverings, it was concluded that the propeller wake interaction
with the wing surface was a significant structure-borne noise source in the cabin.

Surface covering is an often used and seemingly straightforward approach to path
identificution. However, unexpected results are somectimes observed, for example |
the inerease in nolse level when windows were covered in reverberation room tests
(ref. 126), and the reduction in eabin noise level when o window was opened in a
propeller aircraft ground test (ref. 127}, Explanation of these effects of path changes |
would require a more in-depth analysis than has been applied yet. :

Acoustic enclosures of several kinds can be used to limit the area on the exterior |
of the fuselage over which the source noise impinges or to limit the gidewall area on !
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{o) Windows covered. {b) Fuselnge and wing covered,

Figure 46. Surfuce covering for path identification by the path blocking
method (refs, 101 and 126),

the interior of the aireraft from which the radiated noise is measured, The use of an
exterior acoustic guide to measure the noise transmitted through an aircraft window
(ref. 77) is illustrated in figure 47, The acouvstic guide is constructed of plywood
and mass-loaded viny] walls so that noise generated by the spenker in the encloaure
is directed only onto the window. A soft material is applied where the guide walls
meet the fuselage surface to provide an acoustic seal but to minimize the effect on
vibration behavior. Teat results showed that the noise level outside the enclosure was
30 dB less than the level inside, The test results indicate good agreement between the
measured and predicted transmission throngh the window. Location of the acoustic
guide at various positions on the fuselage exterior, on the wings, or on tail surfaces
would provide information on the relative sensitivity of cabin noise to source noise
position,

Parameter Variation

‘When a transmission path cannot be completely blocked, either by disconnecting
gtructyre or by adding mass, then a change in transmission properties may alter
the transmitted noise enough to infer the importance of the path. As an example,
the structure-borne noise in a single-engine light aireraft has been studied using
this technique (ref. 110), The aircraft engine was run on the ground in two test
configurations, one using the standard soft rubber engine {solation mounts and the
second using solid metal blocks in place of the soft isolators, Cabin noise and
acceleration at the four mount locations were measured, For one frequency band
the test results ohtained were |

Average mount Cabin noise level,
aceeleration, dB {re 1y) dB (re 20 uPa)
Hard mounts 10 88
Soft mounts -3 84
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Figure 47. [dentification of window noise Iransmission using an acoustic
guide, (From ref, 77.)

Airborne and structure-borne noise were assumed to be independent and therefore
to add in the cabin according to the relation,

i
<P ol = < PP oair + < D" Zutruct (27
where
< p? >eotal mean square total acoustle pressure
< p? > mean square airhorne component

< p? St nmean square atructure-borne component

The structure-borne component is then assumed to be proportional to the average
acceleration < o > at the engine mounts:

< p? e = < (ka)? > (28)

The measured meunt accelerations and eabin noise were then used in these expres-
sions to obtain two equations that were solved to obtain the lollowing result for the
sound pressure contributions in the [requency band;

Airborne Structure-borne

noise level, dB noise level, dB
Hard mounts 83.7 86
Solt mounts 83.7 73

The structure-borne noise is seen to be conéiderably greater with the hard mounts,
as would he expected,
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Transfer Function Methods

Transfer function methods for source-path identification consist of three steps.
First the transfer function between the cabin noise and the source of interest js
obtained. Measurements usually are done in a nonoperational environment where
ne other sources are present and input and cabin noise can be accurately measured.
Theoretical methods may also be used (refs. 99 and 110}, The second step is to
measure the source noise in the operational flight condition. Finally, the product of
the transfer function and the flight input noise gives an estimate of the interior noise
in flight due to the source of interest.

The structure-borne noise measurements described in the previous section may
be considered as an example, The factor & in equation (28) that multiplies mount
acceleration to give structure-borne cabin noise is the transfer function for the
engine vibration source. The simultancous equations obtained by using the ground-
measured data for hard and soft mounts can be solved for the transfer function &
{as well as the airborne component). The use of Aight-measured mount accelerations

along with & would then yield the estimate of cabin noise in flight due to engine
vibration sources.

Radiation Efficiency

Another method developed for separating airborne and structure-borne noise is
based on their differing radiation characteristics and relies on the ability to measutre
radiated intensity (ref, 128}, In certain frequency ranges, structure-borne neise and
airborne noise have different associnted radiation efficiencies because they generate
differing types of structural vibration. The first step in the method therefore is to
measure the radiation efficiencies, o, and oy, defined as

_ _ %l

Ta = pe <yt > (29)
for airborne nolse and L
3

Fg 22— — 10

T pe<uls (30)

for structure-borne noise. As indicated in figure 48, the radiation cfficiency of a skin
pane! or window i measured with an intensity probe to determine average radinted
intensity {I| and an array of accelerometers to determine mean-square panel velocity
< v° >, Airborne radiation efficiency a4 is measured with only the speaker in
operation, and strueture-borne radintion efficiency is measured with only the shaker
in operation, When both sources are in operation, the total panel velocity < v »

and radiated intensity |I| are measured and the components of radiated power P are
determined vsing the relations

s < vt > = |Ij/pc

P, = pedo, i (31)
for airborne power P, and
_ aa < v >~ |Il/pe o
Py = peAo, gy, (32).
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Figure {8. Setup for separating atrborne and structure-borne noise using
radiation efficiency method (ref. 128).

for structure-borne pawer Py, where 4 is panel area, and certain simplifying
assumptions are valid (ref, 128),

The method has been investigated using a number of aircraft panels in a
transmission loss setup and using an aircraft fuselage with laboratory sources,
as indicated in figure 48. Both cohlierent and incoherent sources were used. In
general the method successfully separated airborne and structure-barne components
and determined the proportions of radiated acoustic power. Limitations of the
method were {dentified as (1) a requirement that the radiation eficiencies oy and
o4 differ, {2) some unexplained overestimation of the airborne contribution at some
frequencies, (3) possible difficulties in deternining the separate radiation efficiencies
oq and ¢ for complex aireraft sources in fAight, and (4) a restriction to low frequencies
becayse, above the coineidence frequency of the pancl, o, and oy are expected
to be equal. This low-frequency limitation may not be serious because in many
aircraft configurations the coincidence frequency can be expected to be well above the
frequency of important noise sources. Several significant advantages of the method
were also jdentified. No changes in the aircraft structure or operation are required, in
contrast to the system modification methods, The studies indicate that the method
is quick and inexpensive and that it works for a variety of stiffencd-skin structures,
The method was successful when the acoustic and vibrational scurces were fully
coherent, in contrast to the previously diseussed correlation methods, which may
not be able to separate contributions from several highly colierent sources. Finally,
there are no limitations in principle to the use of this methed in flight.

Reciprocity

Application of reciprocity principles to aircraft cabin noise transmission has
been explored with the objective of identifying noise sources and transmission paths
(ref. 129). The reciprocity principle envisions two configurations of the alreraft, as
illustrated in figure 49. The first configuration represents the operational situation
for which results are sought. In figure 49(n) the cabin noise due to external sources,
represented as speakers, is the information desired. In the second configuration,
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referred to here as the “reciprocal configuration” (fig, 49(b)), the positions of speakers
and microphones are interchanged, and the exterior noise due to a spenker in the
cabin is measured. The principle of recipracity states that the transfer functions
obtained in the two configurations are equal, In mathematical terms,

(SpLin - Qout)n = (SPLm:: - Qin}b {33)

where @ is the volume-accelerstion level of the speaker output and subscripts
in and out Indicate measurements inside and outside. The subscripts a and b
refer to configurations shown in figure 49, Similar reciprocal relations have been
developed for the cabin noise due to o mechanical excitation on the exterior of the
fuselage (ref, 129), The advantage of using the reciprocal configuration is that the
measuremants may be more convenient or more feasible to make. For example, the
configuration of figure 49(b) may be required so as o limit the noise levels radisted to
nearby test activities. In the case of mechanical forees, a typieal engine compartiment
does not have room fer bulky shakers, but accelerometers can nsually fit in.

[

Pawer to apeakers —

Micraphone

(a} Operating configuration.

Microphone readont ——@—
1)

ab .
ao[™

Speaker
(b} Reciprocal configuration,

Figure 49. System configurations for reciprocily mensurements (ref. 129),

335



Mizson and Wilhy

Investigations completed using a light aireraft fusclage and special omnidirec-
tional speakers in laboratory tests (ref. 129) have verified the validity of recipro-
cul transfer functions when applied to the complex structure, damping treatments,
sound-absorhing material, and cabin furnishings of the aircraft interior. These re-
sults suggest that the assumptions of reciprocity, such as the requirement that the
system be linear and time invariant, are satisfied for the fuselage, These results were
valid for both single inputs of mechanical or ncoustic type and multiple correlated
mechauicnl inputs acting simultanenusly,

Theoretical Methods

Some theoretical methods for interior noise prediction are formulated in a manner
that provides information on transmission path sensitivity {refs, 45, 79, and 130). As
an example, figure 50 illustrates interior noise prediction for an aireraft fuselage. In
this method the fuselage sidewall is divided into & number of units, each consisting
of one to three skin panels and up to two internal stiffeners. The horizontal edges
are simply supported and the vertical edges of each panel wnit arce supported by
flexible stiffeners, The cabin noise is enlculated separately for each panel unit, and
the coniributions from all panel units are added to obtain the total interior noise,
As shown in the figure, the naise transmitted through the different panel units varies
considerably in the baseline configuration, The addition of damping tape to the skin
panels reduces the noise transmitted through all panel units except number 9, so
that with damping tape the contributions of all units are more nearly equal. Such
information could be useful in identifying which sidewall areas most need additionn|
treatment or in determining the sensitivity of transmitted noise to the addition of
various types of treatment to different sidewall regions.

Noise Control Application

General Appranch

Interior noise levels can be reduced by noise control at the source or by attenuation
during transmission. In prinegiple, noise control at the source is the most desirable
approach, bul it may be extremely difficult or expensive unless the techniques are
incorporated in the basic design of the airplane. Consequently, noise attenuation in
the transmission path is also required in most aircraft,

The methods used to reduce noise gencration depend on the nature of the source,
For propeller noise, the methoeds could include increasing the clearance between the
propeller tip and the fuselage, lowering the propeller rotational speed, locating the
propeller plane away from the occupied region of the fusclnge, synchrophusing the
propellers, and changing the direction of rotation of the propeller (ref, 131). The first
three methods involve the basic design of the airplane, although there may be some
benefit in retrofitting different engines and propellers. Propeller synchronization
jnvalves accurate control of the propeller speed in multiengine configurations, In
turbojet and turbofan aircraft, structure-borne noise can be controlled by reducing
the out-of-balance forces gencrated by the rotating components; and airborne noise
can be controlled by locating jet exhausts well away from the fuselage, Turbulent
boundary layer pressure fluctuations can be reduced by avoiding flow separation,
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Figure 50, Inlerior noise coniributions of panel areas of o fuselage as
determined by theoretical analysis (ref. 79).

but the main reductions can be achieved enly by remaving the turbulent boundary
layer itself, a solution that has not yet been accomplished. With the exception
of propeller synchronization and direction of rotation, reduction at source is not
considered further in this chapter.

Descriptions of noise control methods applied to aireraft of various configurations
(refs. 28, 61, 100, and 132-141) show that the most common approach is to utilize
cabin sidewall treatments that reduce interior sound pressure levels to the desired
values. A typical sidewall treatment, from a large modern jet aircraft, is shown in
cross section in figure 51, The sidewall is a multielencnt system with Bberglass
blankets, impervious septa, an interior decorative trim, and multipane windows,
Damping materials are applicd to the fuselage skin. This type of treatient reduces
both airborne (tranamission through the fuselage skin) and structure-borne (radiated
by the skin) noise, although the effectiveness may differ for the two components.
Dynamic vibration absorbers sre used in several cases to reduee atructure-borne
noise from turbofan engines (ref. 28) or airborne propeller noise (refs. 136 and 142),
Various noise contro! methods are reviewed in the following sections,

Multlelement Sidewal}

The sidewal] treatment has to satisfy both thermal and acoustic requirements,
although adequate thermal insulation can usually be achieved with less treatment
than is needed for noise control, In addition, the acoustical treatment has te have
minimum weight and volume, should not readily absorb moisture, should be resistant
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Figure 51, Typical sidewall cross section of o large passenger transport
aircraft, (From ref. 139, Copyright AIAA; reprinted with permission. )

to flame, and should not give off smoke or toxic fumes. Laboratory measurements
have shown that fiberglass blankets satisfy these criteria and are more effective than
other materials in terms of noise reduction per unit weight, The fiberglass is available
in varioug densities, such as 6.4, 8, and 24 kg/m®, and the lowest density material
is preferred unless there is p very stringent space limitation, Typieally, the fibers
have diameters of about 0.00013 em and are bonded together by o resin material
that constitutes about 15 percent of the total weight of the blanket. The fiberglass
materinl is enclosed in very thin impervious sheets to protect it from moisture,

Typical examples of multielement sidewnlls in large commercial airplanes are
shown in figure 52, which compares sections through sidewall treatments for
standard-body (3.6-m-diam) and wide-body (5.8-m-diam) (ref. 1356) airplanes. The
standard-body treatment consists of a fiberglass blanket flling the depth of the ring
feame stiffener and a relatively thin blanket between the cap of the ring frame and the
interior trim panel, Attachment of the interior pane] to the frame eauses compres-
sion of the thin blanket and thereby degrades the acoustic insulation of the sidewall,
The wide-body treatment uses the same type of low-density glass fiber but provides a
thicker blanket between the frame and the interior trim panel and an air gap belween
the two blanketas.

The acoustic design of the sidewall treatments has undergone extensive experi-
mental and analytical study over a number of years to optimize the cenliguration
(e.g., refs, 36, 38, 57-60, 62, 63, 92, 95, 132, and 143-146), The studies have inves-
tigated not only the use of the fiberglass material, but also the insertion of heavy
impervious septa, This is particularly true with respect to the advanced turboprop
airplune (refs, 63 and 92) where greater transmission losses are required at low fre-
quencies than are provided by current production sidewal] treatments.
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Figure 52, Sections through sidewall treatmenis used on large passenger
atrerafl. (From ref. 135.)

Transmission loss characteristics of an idealized double-wall treatment are shown
in figure 53, which presents predicted increases in transmission loss relative to the
untreated fuselage {ref 63). Transmission loss spectra are plotted for cases with
and without porous material between the two walls, When there is no material
in the air gap, the spectra clearly show the predicted decrease in transmission loss
at the double-wall (mass-spring-mass) and air gap acoustic resonance frequencies.
It is possible that, at some frequencies in the neighborhood of the resonances, the
transmission loss for the double-wall system can be less than the original single panel.
As the surface mass density myp of the inner trim panel increases, the frequency of
the deuble-wall resonance f; decreases but the air gap acoustic resonance frequency
is unchanged. When porous materials are introduced, the effects of the double-wall
and acoustic resonances are reduced significantly, Test data show the presence of
the double-wall resonance, but the magnitude of tha effect can vary considerably.
The results in figure 53 refer to a sidewal] that is 13 em thick, thicker than that
usually found in o general aviation airplane but typical of larger commercia) aircraft.
Increasing the distance between the sidewall panels reduees both the mass-spring-
mass and the air gap resonance frequencies, a factor that can be important when
designing for low-frequency noise control,

The analysis sassumes that the trim panel is Hmp, since all the components of the
multielement sidewall are assumed to be loeally reacting. In practice, trim panels are
usually stiff, such as 2.08-mm-thick aluminum panels, 6.35-mm-thick honeycomb, or
2.03-mni-thick crushed-core hoeneycomb (refl, 61), Thus, the assumption of limpness
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Figure 58. Predicted incrense in sidewall transmission loss due Lo addition of

a trim panel or fiberglass

is not necessarily valid. However, an approximation to a limp panel can be achieved
by addition of damgping material to the trim panel (ref. 134). Alternatively, a mass-
loaded septum, such as vinyl impregnated with lead or iron oxide, can be inserted

treatment, (From ref. 63.)

between the fiberglass blankets and trim panel (refs. 61 and 133),

Mass-londed septa ean also be inserted between the various layers of fiberglass
blankets in an attempt to optimize trangmission loss and weight {refs. 50 and 144).
However, when using multiple layers it is necessary to aveid multiple mass-spring-
mass resonances that can degrade the transmission loss in the frequency range of

cancern.

Experimental and analytieal studies of the transmission loss provided by multi-
element treatments assume that the interior trim panel is mounted so that no
structure-borne path for noise transmission exists, Any such path would degrade
the acoustic insulation provided by the treatment. In practice, the conventional
trim panel has to be mounted to the fuselage structure in such a manner that the
attachment will not collapse under shock loading yet will be soft enough to provide
ingulation at low frequencies, These opposing requirements could be satisfied by
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using mounts with snubbers, provided that the snubbers are not activated by the
normal static loads, The attachment of the trim panel to the fuselage structure
usually oceurs at fuselage ring frames; figure 54 shows an example of & trim panel
vibration isolation mount used to attach a trim panel to the eap of a ring frame
(ref. 61). The vibration and acoustic performance of typical trim mounts is illustrated
in figures 55 and 56. In one case, the vibration reduction provided by two mounts
was measured in the laboratory when each mount was subjected to a static load of
0.45 kg (ref. 29). Figure 55 shows that at low frequencies neither mount provides
isolation (there may even be an increase in the transmitled viliration at the resonance
frequency of the mount), and at high frequencles the stiffer the mount, the lower the
vibration isolation. Figure 56 illustrates acoustic perforinance in terms of the noise
reduction through a double-wall system with the pancls connected by mounts of
various stiffneases (ref. 61). Stiff mounts provide little improvement over a rigid
connection, whereas soft mounts can provide a good simulation of the completely
uncoupled system, at least for high frequencies.

Body frame

Shock mount

e

Figure 54, Vibration isolation mount for sidewall irim panel in large passenger
aireraft.  (From vef. 61. Copyright 1981, SAE, Inc.; reprinted with
permission.}

Sidewall panel

Since there is a practieal limit to the vibration isolation that trim panel mounts
can provide at low frequencies, it may sometimes be necessary to consider the
installation of an interior trim panel that is a self-supporting structure with a
minimal number of attachment points to the fuselnge (ref, 134). Examples of
possible applications are cases where significant noise reductions are required at low
frequencies (50 to 200 Hz) associated with propeller noise or structure-borne noise
fromn engine out-of-balance forces. Finally, any discussion of multielement sidewall
treatmenta should include mention of items such as windows and doors that can be
weak links in a noise control approach. Windows are typically multipane systems so
that an adequate transmission loss can be achieved, the innermost pane being part
of the trim panel. Doors have low transmission loss because the presence of opening
and closing mechanisins limits the space available for acoustic treatment and acoustic
leaks can accur around the door seals. One solution is to provide sound-absorbing
panels in entry areas (refs, 61 and 133).
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Additions to Structure

In addition to the use of sidewall treatments, the noise transmission and pcoustic
radiation characteristics of the fuselage structure ean be meodified by the addition
of mass, damping, or stiffness, Qf the three alternatives, danping is the method
most commonly used in production aircraft; mass nnd stiffness changes have been
Investigated mainly on an experimental basis,

The addition of damping material to the skin ean significantly reduce cabin noise
levels if the sound transmission or radiation is controlled by resonant response of the
structure and the existing damping is not high. Below the fundamental frequency
of the skin panel the response of an individual panel js stiffness controlled so that
inergasing the damping of the pane] has a negligible effect on sound transmission,!?
Also, damping is not very effective for mass-law-controlled transmission except near
the critical frequency, which is often above the frequency range of interest for airplane
interior noise,

Damping material has been used in produetion turbajet (rvefs. 134, 140, and 141)
and turboprop (ref. 136) aircraft, and experimental installations can be found in a
variety of airplanes and helicopters (refs. 147-150). In many exnmples the damping
material is aluminum-backed tape, the sluminum foil acting as a constraining layer
to generate the damping through shear strain within the viscoclastic materizl, which
also provides the adhesive, In some cases the tape includes a thin layer of foam
between the viscoelnstic material and the aluminum foil, The foam displaces the foil
away from the viscoelastic material and thereby augments its constraining aetion. In
other examples the damping material is unconatrained tiles. The damping material
is applied only to the skin in all the preceding examples, usually covering only part
(roughly 80 percent) of the skin area,

Measureinents op a large, modern jet aircraft (ref, 148) showed that the addition
of daniping tape reduced interior sound pressure lovels by 3 to 8 dB at frequencicy
above about 800 Hz (fig. 57). It was estimated that the addition of the dumping
material would increase the total damping factor of the panels from about 0.01
to about 0.05. In this application, the sound pressure Jevels were associated with
external turbulent boundary layer excitation, and the skin structural response was
resonatt, The presence of the damping tape would also have some effect on the
stiffneas-controlled response because of the weight of the tape; it was estimated that
the frequency of the fundamental mode of the panel was reduced from 625 Hz to
595 Hz, The eficctiveness of damping tape could, perhaps, be extended to lower
frequencies by application to stringers and ring frames (ref, 84) as well as to the gkin
panels, Damping material can also attenuate structure-borne sound, when resonant
bending modes dominate radintion (ref. 100}, Analysis of a helicopter structure
indicated that panel loss factors eould be increased from about 0,01 to about 0.07,
resulting in noise rednction of approximately 7 dB.

One important parameter affecting the acoustie performance of a given damping
material js the damping coeflicient at low temperatures; fuselage skin temperatures
during cruise conditions ean be —29°C {ref, 15) or lower, Many damping materials
are most efficient at room temperatures, so that suitable materials must be selected

carcfully,

12 Tyis nasumes that the panel welght s sinli compared with averago sidewnll weight and that dunping
is incrensed without aditing weight,
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Figure 57, Nnise reduction provided by damping lape on fuselage skin.
Boundary layer excitation, flight test. (From ref. 149.)

The use of damping material need not be restricted to the fuselage skin and
stiffeners. It can be applied to other structures if sound transmission or radiation is
dominated by resonant response of those structures. For example, damping material
has been applied in a recent installation (ref. 134) to the sidewall trim panel ag well as
the fuselage skin. Also, additional damping has proven effective in reducing acoustic
radiation from gearboxes in helicopters (ref. 148).

Increasing the busic stiffness of a fuselage structure may appear to be an attractive
way of decreasing low-frequency sound transmission. However, several factors must
be considered, First, the overall low-frequency response of the fusclage structure
should be understood, so that the frequency range associated with stiffness response
can be determined, Second, if the fuselage is pressurized during flight, the effective
stiffness of the structure is already much higher than that of the unpressurized
fuselage, Third, increasing the stiffiness with only a negligible weight increase lowers
the eritical frequency. Conscquently, the decreased transmission loss associated with
voineidence occurs at lower frequencies,

The main application of structural stiffness in noise control has been concerned
with the modification of existing structures by the addition of honeycomb material
to the skin (refs. 36, 79, 149, and 151), In practice, the honeycomb material can
be applied only in relatively small panels, because of the obstructions presented by
longitudinal and circumferential stiffeners on the fuselage, Since the honeycomb
panel can reduce vibration (and, hence, noise) only when the flexural wavelengths
in the fuselage skin are small relative to the planform dimensions of the honeycomb
panel, the method is effective anly at relatively high frequencies. This is illustrated
in figure 58, which containg data from an experimental installation on a pressurized
cylindrical fuselage under cruise conditions (ref. 149). At low frequencies, where the
dimensions of the honeycomb panel are small relative to the flexural wavelengths,
the honeycombr material acts mainly as additional mass and has little or no noise
control capability.

In figure 58 the honeycomb pancls provide essentially no vibration reduction at
frequencies below about 400 Hz, Vibration and noise reductions at lower frequencies
were obtained in ground tests of a general aviation airplane (refs. 36 and 151),
but in that case the fuselage panels were flat rather than curved and the fuselage
was unpressurized during the tests, The panel fundamental frequency was 69 Hz
compared with a corresponding frequency of about 400 Hz for the untreated skin
panels associated with the data in figure 58, Noise reductions of up to 10 dB were
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mensured in the frequency range from 100 to 600 Hz during ground tests (refs. 36
and 151), even though it is possible that the data were contaminated by noise
transmission through flanking paths (no flight tests were performed),

Dynamic Absorbers

Dynamic vibration absorbers can alter the vibration characteristics of a system,
particularly at frequencies in the neighberhood of the resonance frequency of the
absorber, However, devices of this type are useful only when the vibration to be
controlled is dominated by a single constant frequency. The absorber is tuned to this
frequency by adjusting the absorber mass and stiffneas until the resonance frequency
of the absorber equals the frequency to be attenuated. The vibration of the system
at the attachment polnt of the absorber can then be reduced significantly, since the
absorber provides a force that ncts against the vibration of the system,

Dynamic absorbers have been used to attenuate structure-borne and airborne
sound associated with engines operating at constant speed during cruise conditions.
For & jet alrplane with rear-mounted engines (ref. 28), dynamic absorbers were
attached to the fuselage structure close to the turbofan engine mounts to reduce
structure-borne sound transmission. Two sets of absorbers were tuned to the
ratational frequencies of the low- and high-pressure compressors of the turbofan
engine, 120 and 180 Hz, respectively. Noise was reduced by 5 to 10 dB in Aight tests,

Propelier noise has been controlled In turboprop aireraft by installing dynamic
absorbers on the ring frames of the fuselage {refs, 136 and 142) and by attaching
absorbers to cabin trim panels (ref. 136), Absorbers were tuned to the fundamental,
first harmonie, or second harmnonic of the propeller blade-passage frequency. For
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a twin-engine aircraft (ref. 136}, absorbers tuned to the blade-passage frequency of
88 Hz were attached to the ring frames to reduce hoise by about 10 dB for & weight
penalty of 30 kg, Also, three sets of absorbers tuned to frequencies of 88, 176, and
264 Hz and attached to the interior trim panels reduced the A-weighted sound level
by about 2 dB for a weight penalty of 25 kg,

Vibration Isolators

Vibration isolators are widely used in engine mounting systems to attenuate
structure-borne sound associated with engine out-of-balance forees. This is par-
ticularly true for reciprocating engines where significant levels of vibration can
be transmitted into the fuselage structure, but it is also true for turboprop and
turbofan installations, Vibration isolators are construeted from elastomeric material
or metal, the choice being influenced to some extent by the thermal conditions to
which the mounts will be exposed, Isolators usually have nonlinear characteristics
and the system stiffness hias to be chosen so that the required vibration reduction
is achieved under the normal static load conditions, The static londs are imposed
by engine thrust and weight and by aircraft maneuvers; snubbers are provided for
extreme load conditions, The operating stiffness range is chosen so that there is
adequate attenuation at the frequencies of coneert.

Design of vibration isolators involves a large number of [actors in addition to
the vibration and acoustic transipission characteristies (ref. 152). An engine has
several mounts, each having to provide vibration isolation in more than one direction.
Furthermore, the overall isolation performance of the mounting system is no better
than the performance of the lenst effective iselator, The vibration isolation of
engine mounts has been investiguted for a single-engine propeller-driven airplane
with reciprocating engine {ref. 153), It was found that isolator stiffness is a strong
parameter in controlling noise transmission while isolator damping is a much weaker
parameter. Interior noise level was reduced by up to 10 dB by using experimental
isolators in laboratory tests,

Acoustic Absorption

Noise control methods are successful only if an adequate amount of acoustic
absorption exists within the alrplane cabin, The absorption can be provided on the
interior surfaces of the eabin—sidewnll, bulklieads, and floor—or within the volume
by, for example, the geats, If there is little or no absorption, the space-averaged sound
pressure levels nre high and there are strong spatial variations (ref. 50). However,
the bencfits of increased absorption seon reach a stage of diminishing returns, For
example, increasing absorption coefficient from 0.80 to 0.95 reduces noise, on the
average, by less than 1 dB, whereas the same change of 0.15 in coefficient, [rom 0.20
to 0.35 would reduce noise by about 2.5 dB. Thus, it is useful in some cases to add
sound-absorbing material only in local areas such as close to the heads of passengers,

The design of a gidewall trim panel is usually dictated by factors other than
high acoustic absorption. The trim panels are selected for resistance to mechanical
damage and case of cleaning as well as appearance and acoustic performance. This
often results in asurface that has a low acoustic absorption cocfficient, except perhaps
it low frequencies where there may be some absorption due to membrane action of
the panel. However, there are severn] surface areas that can be designed with acoustic

346



Inlerior Noise

absorption in mind. These include ceiling panels, bulkheads, closet doors, and areas
of the overhend baggage containers, A typical sound-absorbing panel (refs. 61, 133,
and 135) consists of a perforated surface that is exposed to the interior of the eabin,
a flow-resistive sereen or cloth, a honeycomb core, and an impervious backing sheet
{fig, 59). The honeycomh core can be in different thicknesses depending on the space
available or the [requency range of interest, The thicker the core, the greater the
absorption at low frequencies, but there may be an associated reduction in absorption
at higher frequencies,. The absorption at high frequencies can be increased by placing
low-density fiberglass in the honeycomb core,

e Perforated surface (inbonrd)

'-':.::!?;:'\'r-——- Screen facing
L1

Core partly filled with fiberglass

Dacking (outhonzd)

Figure 59. Components of sound-absorbing panel for airplone inlevior, (From
ref. 195.)

In most designs the contributions of transmission loss and absorption have to be
considered together and optimized to achieve the maximum noise reduction within
the restrictions of space and weight, Sometimes an impervious trim with relatively
low absorption may be more desirable than a perforated surface with high absorption
but relatively low transmission loss {ref. 132),

Exploratory Concepts

Various methods or designs for interior noise control have beett studied on an
exploratory basis but not applied to production sireraft. The main objective of the
studies has been to further reduce noise transmission through the sidewall without
additiona! welght penalties, particular emphasis being given to the low-frequency
regime asseciated with propeller noise. In general, the proposed methods have been
restricted to laboratory measurements or analytical studies, but some have been
used in fiight tests. The methods include the basic design of the fuselage structure,
nonstructural additions to the fuselage skin panels, and new concepts for the sidewall
treatment,

Proposed modifications to the fuselage structure inciude the design of integrally
stifiened panels with stiffeners forming a triangular array similar to the isotropic

347



Mizson and Wilhy

panels curvently used in space vehicle struetures (ref, 184}, Other approaches involve
fuselage structures constructed from honeyecomb panpels, the use of closely spaced
stiffeners, or the use of stiffeners made from composite materials (ref. 155). Also,
it has been proposed that fuselage structures can be designed in such a manner
that certain [requencies are filtered out during ncoustic transmission (ref, 84), This
approach is based on analytical studics which show that pericdie structures have
frequency bands where there is no transmission of flexural waves,

Novel ndditions to the fusclage skin pancls are the honding of rubber wedges to the
panel boundaries (ref. 148) or the use of waveguide absorbers to provide broadband
damping (ref, 156). In the first case the wedges were installed in a large jet airplane
in a region of the fuselage where the dominant excitation is the external turbulent
boundary layer. Multiple blocking masses have been investigated as an alternative
to a single mass in the contrel of structure-borne seune in helicopters {ref. 157).
This approach was not a realistic concept for panel-stringer configurations but may
have application in parts of the structure, sueh as the main frames, where the modal
density is lower, Sidewall treatments containing resonators located between the
fuselage skin and the trim panel have been tested in boratory conditions (ref, 91)
and found to have promise for improved noise transmission with minimum increase
in weight,

Active noise control is an electronic means of reducing noise by the cancellation,
or partinl cancellation, of the noise of interest. The method has been demonstrated
stccessflly in duet acousties and in certpin other environments with n relatively
compact source. In patential ajreraft applications, two general approaches are being
pursued. One method provides local contro! for each oecupant of the cabin by
providing headsets for the flight crew of a helicopter (ref. 158) or by providing
loundspeakers in the headrest of the seat of each oceupant (ref. 159). The second
methed is directed toward reduction of the general noise levels in the eabin by the
judicious placement of noise-cancelling sources {refs. 160 and 161).
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Introduction

Community noise in the vicinity of major airports around the world is an obstacle
to the natural growth of airline traffie. During the almest 30 years since the advent of
commerelal jet transports in the late 1950'8, fiyover noise levels of individunl aireraft
have been dramatically reduced, This reduction in noise was brought sbout by a
combination of market forces—ifor example, competition, Federal and internationnl
regulations, engine efficiency and eycle improvements, and noise reduction technology
development. In the same time period, however, there has been only a slight increase
in the number of airports, despite the tremendous growth in airpert operations—
especially since deregulation of U.S, airlines went into cffect, These luctors have
combined to muke alrport noise a potential deterrent to the otherwise orderly growth
of the world’s air transportation system,

Detailg are presented in this chapter for the measurement and prediction of air-
craft flyover noise to be used for certification, research and development, community
noise surveys, airport monitora, and pass-fail criteria. Test details presented are ap-
plicable to all types of aircraft, both large and small, and the use of Federal Aviation
Regulations (FAR) Part 36 {ref. 1) Is emphasized, The test procedures deseribed in
FAR Part 36 are considered the beat for all types of alreraft-noise testing, Accu-
racy of noisc measurements is important, Thus, a pass-fail criterion should be used
for all noise measurements. Finally, factors which influence the sound propagation
and noise prediction procedures, such as atmospheric and ground effects, are also
presented,
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Measurement of Noise Produced by
Airplanes Powered by Turbofan Engines

Purpose and Objectives for Conducting
Tosts

A long-term goal of the aireraft manulacturing industry is to achieve community
compatibility by phasing out the older, noisier airplanes and replacing them with
newer, quieter designs. Improved flight operational procedures, Jand acquisition, and
land usage are other methods being used to help reduce airplane-noise exposure. The
imposition of local airport noise regulations and operating restrictions is becoming
more prevalent as & means of improving airport compatibility with the community.
In addition, some older jet transports have been modified to quicter versions
by refitting them with higher-bypass-ratio turbofan engines or by adding sound-
absorhing material to the nacelles. These events have resulted in the increased need
for in-flight measurements together with the need to follow strict guidelines when
acquiring fyover-noise measurements.

Cerlification “

Fliglt-testing for aireraft-noise certification must be tightly controlled and rig-
orously specified in order to assure validity and credibility. In the United States,
Federal standards intended to control aircralt noise began with the adoption of Fed-
ernl Avintion Regulations (FAR) Part 36 in 1069, This regulation initially applied
only to new designs of turbojet and transpart eategory airplanes and required that
they be markedly quieter than the earlier airplanes of these types. Since the adop-
tion of FAR Part 36, the Federnl Avintion Administration (FAA) has amended this
regulation 15 times to cover all categories of aircraft, including helicopters, (See
Amendment 15, ref, 1.)

A parallel set of aircraft-noise requirements was adopted by the International
Civil Avintion Organization (ICAQ) in 1971 as Annex 16 to the Convention on
International Civil Aviation. As with FAR Part 16, Annex 16 has been continually
reviewed and revised, with the latest change being Amendment 5, applicable on
Novetnber 26, 1981 {ref, 2),

Research and Development

The mnjor airframe and engine companies involved in the production of large
commercial jet airplanes made extensive use of airplane Ayover-noise measurements
for research and development during the 1960's and 1970’s. The prime purposes of
those tests were Lu define the noise characteristics and to dovelop modified engines
and/or nacelles that would reduce flyover-noise levels, Data from such fight tests
have led to the development of analytical tools that enable noise measurements
obtained during static engine operation to be projected to flight conditions for
those airplanes, The result of these developments is that a large portion of
turbofan engine noise research and development programs now rely heavily on static
engine measurements, with some supplemental flight test data acquired usually in
conjunetion with n noise certification flight test.

358




T T R T e e

ESIR R S8

LRIV M ST SN ) R R Y YT AT ) AT bt

Flyover-Noise Measurement and Prediction

Community Noise Surveys

An nireraft and airport eommunity noise survey may be conducted for a variety
of reasona:

1, Asscssment of land use suitability

2. Comparison with local noise ordinances

(7]

. Identification and quantifieation of major noise sources

4, Determination of sound exposure at particular locations

5. Determination of trend in sound exposure levels

6. Determination of need for new or additienal noise coutrol measures

Outdoor community noise measurements are generally made during a noise survey.
The purpose of cach survey plays o major role in deciding the extent, typre, and
quantity of equipment required to measure aireraft flyover noise.

Airport Noise Monitors

Alrcraft-noise monitoring systems are usually sct up at fixed locations in the
vicinity of airports and are activated when the A-weighted sound level of an
aircraft flyover exceeds a given threshold level, The monitor normally provides a
printout that includes time of day, maximum A-weighted sound level in decibels,
and A-weighted sound exposure level (SEL) in decibels,

Many airports throughout the world have round-the-clock monitoring of aireraft
traffie, Some airports, such as Los Angeles and San Jose, California, have a public
display located in the terminal where on-line rendouts of ench monitor microphone
are visible to the general public.

Test Requirements

The objective of any flight test is to acquire noise levels that are representative
of the flight conditions desired and that are from a sufficient munber of Rights of a
particular aireraft to derive a subjective noise measure (e.g., effective perceived noise
level (EPNL) as discussed in appendix B of ref, 1) for takeofl, sideline, and approach
conditions.

Test Site Terrain

Tests to show compliance with aircraft-noisc-level standards consist of a series of
actual or simulated takeoffs and approaches during which measurements are taken at
noise measuring stations located at reference points such as those shown in figure 1.
For each actual ot sitmulated takeofl, simultancous measurements are made at the
sideline noise measuring stations on each side of the runway and nlso at the takeoff
neise measuring station, Each nolse measuring station should be surrounded by
relatively fat terrain having no excessive sound absorption characteristics, such as
thase which might be caused by thick, matted, or tall grass, shrubs, or wooded treas.
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Figurc 1. Noise certification measurement locations for new designs,

During the period when the flyover-noise time record is of interest, no obstruction
should exist that would significantly influence the sound field from the aireraft,

Aidreraft Testing Procedures

The aireraft height and lateral position relative to the extended centerline of
the runway should be determined by a method which is independent of nermal fight
instruments, such as radar tracking, theodolite triangulation, or laser trajectography.
Photographie scaling technigues have also been used.

Airernft position along the flight path should be synchronized to the noise
recorded st the noise measuring stations with time code signals. Also, the position
of the aireraft should be recorded during the entire time period in which the acoustic
signal i3 recorded for analysis.

Micraphone Array

To acquire data consistent with the requirements of FAR Part 36 or ICAO
Annex 16 (refs. 1 and 2), each microphone should he mounted with the center of
the sensing element 1,2 m (4.0 ft) above the local ground surface. Each microphone
ghould be ariented to pravide o known angle of svund incidence at all times of interest
throughout the significant duration of cach flyover-noise measurcment. To avaid
ambiguity, most flyover-noise measurcments are made with a windscreen araund
each microphone at all thnes, Correction for any insertion loss produced by the
windscreen should be applied to the measured data,

The microphone array should consist of at least three microphones, one directly
nnder the flight path and two to measyre maximum sideline noise. Each sideline
microphone should be placed symmetrically with respect to the one on the oppasite
sideline so that the maximum noise on either side of the airplane is measured.
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Flyover-Noise Measurement and Prediction

Flight Path Intereepts

Simulated takeoffs and approaches consisting of flight path intercepts are often
used in lieu o actual takeoffs and landings at an airport, Far takeoff aud sideline noise
mensurenients, the procedure consists of intercepting and following the desired climb
profile, To perform the approach intercepts, a normal approack path is maintsined
aver the microphone array, the test condition being ended prior to landing with power
being reapplied and a go-around initiated. Aircraft weights and configurntions should
he selected carefully in order to maintain near-constant indicated airspeed during
each test condition.

The benefits of using flight path intercepts are that they permit much greater
test site selection fAexibility and they permit target altitude over the centerline
microphone to be chosen to optimize the signal-to-noise ratio. Shorter test times
and lower test costs are further benefits,

Measurement of Ajrcraft Noise

All noise measurements should be made with instruments meeting the speeifica-
tions of FAR. Part 36 (ref, 1).

Weather Restrictions

There should be no rain or other precipitation during the testing. Also, the
ambient air temperature should be between 2.2°C and 35°C (36°F and 95°F),
inclusive, over that portion of the sound propagation path between the aireraft and
a point 10.0 m (32.8 ft) above the ground at the noise measuring station. The
lower temperature will avoid freezing and the upper temperature will avoid takec
power settings that result in lower than the flat temperature-rated takeoff power
settings as well as highly absorptive atmoespleric conditions. Relative humidity and
ambient temperature over that portion of the sound propagation path between the
aircraft and a point 10.0 m above the ground at the noise measuring station shonld
be such that the sound attenuation in the 1/3-0ctave band centered at 8000 Hz is
not greater than 12 dB/100 m (3.66 dB/100 It) and the relative lumidity should be
between 20 and 95 percent, inclusive. A graphical represontation of the foregoing
weather restrictions is provided in figure 2,

Wind Limits

Tests may be conducted when (1) the wind speed over the noise measurement
period does not exceed an average of 12 knots or a maximum value of 15 knots and
(2) the crosswind component over the noise measurement period does not exceed an
average of 7 knots or a maximum value of 10 knots, An averaging period less than
or equal to J0 sec may be used to define wind speed, Wind measurements should
be made 10.0 m (32.8 ft} above the ground in the vicinity of the microphones. No
anomalous wind conditions (including turbulence) which will significantly affect the
noise level of the aireraft when the noise is recorded at each neise measuring station
should exist during any test.
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Reference Conditions

Aircraft position, performance data, and noeise measurements should be adjusted
to the following noise reference atmospheric conditions;

. Sea Jevel pressure of 101.3 kPa (1 atm)

—

., Ambient temperature of 25°C (77°F)

o

. Relative humidity of 70 percent

[&]

., Zero wind

.

The above reference conditions provide near-ininimum atmospherie absorption, that
I8, maximum aircraft flyover-noise levels,

302




Az b eT L ETE A

4y T e

AP LTl

NPT S ——

sy -

AN AT T

S e

Pty

Flyover-Noise Measurement and Prediction
Determination of a Subjective Measure

Noise Floor Corrections

Aircraft sound pressure levels within the 10-dB down times should exceed the
mean background sound pressure levels by at least 3 dB ineach 1/3-0ctave band te be
included in the calenlation of a subjective measure for a given aireraft flyover, In the
case where the aircraft acoustic signal is greater than the background acoustic level,
the true aircraft signal may be determined by subtracting the background mean-
square sound pressure levels from the indicated mean-square aircraft-noise sonnd
pressure levels,

When a 1/3-octave band sound pressure level from an aircrafi-noise recording
is not more than 3 dB greater than the corresponding 1/3-octave band sound
pressure level of the background noise, the aireraft's signal in that 1/3-octave band
is defined as being masked, When masking occurs, levels for the masked bands
may be estimated by applying one or more of the correction procedures described in
reference 3. :

Pseudotane Identification

Aireraft-noise measurements obtained from microphones loeated 1.2 m (4.0 ft)
ahove the ground are susceptible to spectral irregulnrities caused by ground plane
reflections or introduced by data processing techniques that account for background
noise contamination. Tone corrections to perceived noise levels are only intended
to account for the subjective response due to the presence of pronounced spectral
irregularities from aircraft-noise sources,

Any spectral irregularities not relnted to aircraft-noise sources are termed pseu-
dolones, or fictitious tones, and may be excluded from the caleulation of effective
perceived noise levels, Methods to detect aned identify pseudotones are discussed in
reference 3.

Test Condition Acceptance and On-Line
Systems

Test Condition Acceptance Crilerin

Each acceptable aircraft-noise flyover measurcment should comply with all the
following criteria, The weather window between the aircraft and 10.0 m (32.8 [t)
above the noise measuring station should consider temperature, relative humidity,
and atmoapheric absorption nt 8000 Hz. The wind limits should consider average
wind, maximum wind, and crosswind., Aircraft performance should consider lateral
offset from the target flight path, overhead height, airspeed, and engine power setting.

On-Line Data Acquisition and Reduction

Most major airframne manufacturers have developed systems which enable an as-
sessment of the quality of the test data and an initial determinntion of final noise
levels to be made “on-line™ and "on-gite.” The systems use digital computation to
determine the test aireraft position in real time, integrate that information with air-
plane performance data, and telemeter the data to a ground-based test coordination
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and control station. One such system is deseribed in detail in reference 4. In this
particular example a ground station performs an acceptance check on the teleme:
tered data by comparison with predetermined positioning and performance limits,
Data from a partienlar run are nceepted and recorded if aircraft, engine, acoustical,
and meteorological parameters are all within established tolerance limits.

The entire pracess takes place while the test aircraft {lies a continual traffic pattern
eircuit, If the test site is free of other nircralt traffic, the typieal thne of 6 minutes
between tests is interrupted only by the vertical soundings of the meteorologienl

airplane,

Validity of Results

The sample size should be large enough to establish statistically a 00-percent
confidence limit not to exceed £1.5 dB. No test result should be oemitted from the
final values of elfective perceived noise level in ealeulating this value. From cach
sample compute the arithmetic average of the ellective perceived noise level for all
valid test ruus at the takeoll, approach, and sideline measuring stations, If more than
one noise measurement system is used at any single measuring station, the resulting
data for each test run {after correction) should be averaged as a single measurement.
If more than one test site or noise teasuring station location is nsed, each valid test
run should be incuded in the computation of the average values and their confidence
fimits,

The minimum sample size for each of the three measurements (takeoff, approach,
and sideline) should be six. For tests designed to determine the variation of effective
perceived noise level as a function of engine power setting (for constant height and
atrspeed), there should be at least six valid data points over the power setting range
of interest. The number of snmples should be large enough to establish statistically
for each of the three nverage noise levels a 90-percent confidence litnit which does
not exceed £1.5 dB. No test result should be omitted from the averaging process.

Measurement of Helicopter Noise

Measurement of helicopter noise in flight has many requirements in eomnmon with
that of airplane noise. However, there are several significant differences that make
the planning and ronducting of a noeise test for helicopters somewhat unique, A
major renson for the differences is that with helicopters, the primary noise sources
are the rotor systemns while the engines are usually secondary sources,

Because of the importance of the aerodynamic environment, helicopter noise tends
to be more sensitive to flight conditions than to power or weight. For example, rotor
noise in partial power descent tends to be higher than that during full power takeoff
heeause rotor blades are closer to tip vortices shed from preceding Mades in descent
than in climb. Furthermore, noise during landing may be very sensitive to aperating
canditions such as combinations of airspeed and rate of deseent.
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Test Design

In general, there are three types of testing conducted to measure the external
noise of helicopters. They are as follows:

1. Certification testing

2. Bvaluntion of flight procedures and measurement of noncertification test
procedures

3. Rotor neise research

Most noise testing procedures are bused on ICAO Annex 16 (refl. 2). That doe-
ument containg information regarding all aspeets of helicopter noise measurement,
instruments, and analysis. Specifics of Hight conditions, microphone locations, data
analysis, and corrections, however, are rather narrowly defined and are applicable
primarily to noise certification.

In many cases, it is desirable to include in the test program conditions that are
mare representative of the way helicopters are actually operated than those that
ate reflected by noise certification testing., For example, the appronch condition
for certification is a constant 6° approach angle nt a constant indicated airspeed,
In practice, however, many approaches are made by continuously varying both the
airspoeed and the rate of descent such that neither is held constant.

Test programs that are rescarch oriented may often be designed to investigate
a particular phenomenon, such as impulsive noise at high rotor tip speeds or blade
vortex interaction in descent. In these cases, appropriate prediction analyses should
be employed to define the range of operating parameters of juterest.

When designing a helicopter noise test, keep in mind that the sound field around
o helicopter is usually not symmetrical with respect to the aircraft centerline. This
is because the main rotor ndvances on one side of the aircraft and retreats on the
other side and becaunse the tail rotor is usually located to one side of the aireraft.
For these reasons it 1s important to make aconstical mensurements on both sides of
the flight path. Measurements obtained by placing a microphone on one side anly
and fAying reciprocal headings to gather data should be restricted to extremely low
wind conditions,

Configuration and Operation

The most important parts of the helicopter, with respect to external noise gener-
ation, are the rotor blades. The blades shonld be “tracked" to within manufacturer'’s
specifieations (i, the out-of-tolerance amount permitted by the mannfucturer when
the blades are hand turned) prior to testing.

It is recommended that testing be limited to gross weights not less than 90 percent
of maximum and that the helicopter be refucled when this condition is reached. This
range of weights represents the typical operating condition of a helieopter.

The following operating conditions should be considered and selection made as
applicable to n specific test: ground idle with rotors not turning, flight idle with
rotors turning, hover in ground effect, hover with wheels sbout 1.5 mm (5 ft) lrom
ground, takeoff at maximum continuous power, flyovera at various airspeeds up to the
mauximum, and approaches at various airspeeds and rates of descent. Most helicopters

have a permissible range of rotor speed selection, Testing should always be condueted”
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at 100 percent of design rotor speed and at other rotor speeds applicable to the test
ohjectives,

Some helicopters have special control features that are designed to perform eertain
functions, such as maintaining the fuselage at a level attitude. Some of these controls
(for example, longitudinal differential cyclic trim on tandemn rotor helicopters) can
have a major influence on neise, The test should include operation of these devices
over their permissible range,

Most helicopiers do not include engine-noise suppression devices as standard
equipment. In some cnses, such as critical rotor noise research, it may be desirable
to equip the test helicopter with engine-noise suppression devices to further enhance
ameasurement of rotor noise,

Test Site

When selecting a site for hover noise tests, keep in mind that rotor downwash can
cause local velotities in exeess of 26.8 m/sec (G0.0 mph). Loecse articles that could
be blown about and cnuse potentinl damage or injury should be secured or removed.
Whenever possible, the area should be eleared of debris such as loose vegetation and
gravel. In all other aspects the lest site requirements should he the same as those
for large airplancs,

Hover noise mensurements should be made at a horizontal distince of at least
two rotor distneters to avoid the acoustic “near field.," Many researchers use 61.0
and 152.4 m {200 and 500 ft) as preferred distances since they are in the “far fie]d”
of the low-frequency rotor noise ad yet are close enough to give a satisfactory signal-
to-noise ratio.

Hover noise measurements should be made at several locations around the
azimuth beeause of the directional nature of the acoustic field. Increments of 30°
are adequate for general purposes, although smaller increments might be required
for special purposes, [Tover noise should be recorded for at least 30 sec to allow
sufficient time to average what are often rather unsteady sound signals,

Flyover noise should be measured on both sides of the helicopter, The sideline
distance on appronch and departure depends on the specific helicopter; however,
in general, valid data can be acquired from the time when the helicopter is about
1524 m (5000 ft) in horizantal ground distance on the approach gide {(approximately
1524 m (500 ft) leight) of the microphones to a distance of approximately 914.4 m
(3000 ft) on the departure side,

Instruments

A typical acoustical spectrum of a helicopter is presented in figure 3. Examination
of this spectrum reveals two important elements., First of all, the dominant
spectral components are harmonic, and second, the highest amplitudes tend to
oceur at the main rotor passage lrequency, which is of the order of 10 to 15 Hz.
In order to properly measure such acoustic signals, the instrumentation system,
from microphone through recorder, must be seclected with these low-frequency
requirements ip mind, Many helicopter researchers use 1-in, microphones and FM
recording to preserve the rotor noise signal. If the purpose of the test is more general,
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such as measurement of the peak level (e,g,, maximum A-weighted sound pressure
levels and maximum perceived noise level), simpler systems may suffice.

Although microphones located above the ground level may be used for many
measurcmnenta and are required for certification, ground-level microphones may bhe
preferred for research in order to minimize distortion of the measured sonnd spectrum
due to the reflected ground wave, Figure 4 illustrates the difference in sound pressure
levels as sensed by a ground-level microphone and by an clevated microphone located
near a rotor. In figure 4 the slope above 100 Hz is correct for the ground-level
microphone,

In some fight conditions, the sound of a helicopter ern become quite impulsive.
A pressure-time history of such an event is illustrated in figure 5. In such situations,
the high ratio of peak to root-mean-square sound pressure effectively eliminates noise
measurement systems that include expounentinl time weighting (i.e., slow, fast, or
impulse). Recording levels showld be carefully selected to avoid overloading input
amplifiers,

For many applications, such as nolse certification and research (e.g., comparison
with prediction), it is necessary to know the helicopter location with respeet to the
mierophones and to have this information coordinated with the acoustical records.
Severnl methods, including radar tracking, Inser tracking, and photo-optical tracking,
may be amployed, When conducting precise research, it may alse be important to
instrument the helicopter for measurement of parameters such as fuselage attitude,
rotor blade motions, and hub motions and to have these measurements coordinated
with the ncoustical data by use of time codes or telemetering.

Factors Influencing Sound Propagation
(Full-Scale Static and Flight Testing)

Atmospheric Effects

Beyond the immedinte vieinity (near field) of o sound souree, the acoustic energy
spreads out spherieally, resulting in a level reduction described by the jnverse-square
law. The acoustic energy is also subject to absorption (by melecular resonance and
thermal conduction), change of dircction, focusing, impedance changes, scattering
{by turbulent eddies), and Doppler shifts, Some of these cffects are more significant
than others, and in some cases the current technology is not adequate to correct for
them,

The most important effect is certainly atmospheric absorption. It is & strong
function of temperature and humidity (see fig. 6, from ref. 5) and can change sound
levels substantially, Indeed, it is not uncommon for absorption at high frequencies to
reduce sound lfevels below the test site background sound level, making it impossible
to conduct a flight test until the weather conditions improve. Currently there
are two standard methods for predicting absorption, the Society of Automotive
Engincers (SAE, ref. 5) and the Ameriean National Standards Institute (ANS],
ref. G} standards. Both methods calculate absorption as a continuous function of
frequency. Absorption is such a strong function of frequency that it is difficult to
generate accurate values for use in a 1/3-octave band, As an approximation, for
aircraft noise spectra the SAE method specifies the use of absorption at 1/3-octave
band center frequencies for bands of 4000 Hz and below and at 1/3-octave band lower
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Figure 6. Atmospheric absorption coefficients for 1/3-actave bands
of roise as function of temperature and humidity. (From ref. 5,
Reprinted with permission, copyright 1975, SAE, Inc.)

edge frequencies for bands sbove 4000 Hz. The cuerent ANSI procedure does not
specify a methed to use with 1/3-octave spectra, For flight testing, it is important
to acquire an accurate profile of the temperature and relative humidity between the
ground and the aircraft, since the absorption can vary widely along the path,

For the presence of wind, accurate ahsorptien calculations should be done in &
frame of reference moving with the wind, The path length is then distorted and
the frequencies are Doppler shifted from what they would be in a calm atmnsphere,
These effects combine to inerease the levels for sound propagating downwind and
decrease them for sound propagating upwind, In addition, wind and temperature
gradients cause sound rays to curve and, especially at shallow angles to the ground,
there can be focusing effects. As there are no standards for predicting these effects,
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ic i best simply to avoid testing in the presence of strong winds or temperature
gradients,

Atmospheric pressure alfects source neise, Sound pressure is directly proportional
to atmospheric pressure for most noise sources importanl Lo acronconsties, so aireraft
altitude may be an important consideration, In addition, ns sound travels along
& ray tube through moderate gradients of acoustic impedance it conserves power
(except for absorption), but the sound pressure may vary. This variation results in
a correction to the acoustic pressure, which is propaortional te the square root of
acoustic impedance and which typically partially cancels the ambient pressure effect
on source level. Impedance gradients strong enough to cause significant reflections
are unlikely in the atmosphere,

Doppler frequency shift in the case of a uniforin stationary atmosphere is o well-
known effect usually accounted for by the equation

_ Ja
Jo= 1—-Mcos

where f, is observed frequency, fi is souree frequency, M is Mach namber, and # is
the angle between the Aight path and the ray direction, The frequency shift does
change in the case of a windy atmosphere; it can be caleulated (ref. 7) and bastcally
depends on the aircralt speed relative to the air and the sound ray angle, The
finite integration titne of the measurement systern niay cause Doppler-shifted Lones
to appear to be spread out in frequency.

The presence of turbulence in the atmosphere causes scattering, but there are no
good quantitative predictions of this cffect available yel. For noise sources having
narrow beams of sound, the peak is reduced and the beam is broadened, but aireraft-
noise sources tend to be more nearly onmmidireetional and are not likely to exhibit this
cffect, Turbulence may have n more significant effect on ground-reflection patterns
near the ground.

It is cornmon practice to restrict flight testing to those weather conditions within
which atmospheric and propagation effects are either insignificant or caleulable.

Ground Effects

Sound propagation near the ground is somewhat different frem propagation
through the atmosphere. Reflections from the ground affect, the sound received by a
inicrophone; turbulence may also play a role, Wind and temperature gradients may
become steep enough near the ground to create “shadow zones” for shallow angle
propagation,

Ground-reflection problemns aceur when a ray reflected off the ground cowbines
with a direct ray ut the micrephone. The two rays may reinforee or cancel each ather
(depending on their relative phase), resulling in & spectrum modified by “ground
dips” of as much as 18 dB. This effect ean be ignored if the mieraphone installation
and Aight path of the normalized conditions are close enough to those of the measured
conditions, but it is important if static data or predictions are to be extrapolated
to flight, Propeller airplanes or other types with dominant low-frequency tones can
produce noise which is extremely sensitive to the exact loeation in frequencey of the
groud dips, and even slight differences in flight path may need to be corrected.
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Flyover-Noise Measurenent and Prediction

Though there are no universally accepted standard methods for ealculating ground-
reflection effects, the work of Chossell (ref. 8) and others, especially as summarized
in reference 9, i8 widely used. The situation is most diflicult when shallow angles are
involved, such a3 in static engine testing, When more repeatable results are needed,
the microphone must be placed very near the ground on a hard surface. This method
gives a microphone signal 6 dB above free field, at least up to 10 kHz; it is frequently
used for statie testing and occasionally for flight testing, Elevated microphones over
natural terrain are subject to significant variations becsuse of ground jmpedance
variations, turbulent scattering of phase relations, and changes in ray arrival angle
due to ray curvattire; all these sources of variation are extremely difficult to predict.
Oceasionally, microphones are placed vary high (10.0 m (32,8 ft) is common); they
then have ground dips so closely spaced that the 1/3-octave band spectrum appears
smooth, at lepst if there are no dominant low-frequency tones. For Bight testing,
note that ground dips can be spread out over frequency hy the measurement system
integration time in the same manner as Doppler-shifted tones.

When the wind or temperature gradients are such that the ray from the source
to the microphone curves up, it is possible that the microphone will be in a shadow
zone into which no direct ray penctrates. This is most likely in statie testing when
the ground surface is hot from solar heating and the ray is propagating upwind. This
shadow zone problem js difficult to treat theoretically, and it is usually handled by
using empirically derived wind and temperature limits or by using extra microphones
to detect shadowing effects (because they show up most strongly at high frequencies).

Turbulence effects are more likely to be visible when sound is propagating near the
ground. When ground reflections are involved, different turbulence in the two paths
causes a randomization of phase and reduces the peaks and dips, This shows up
first at high frequencies, where wavelengths are short, and is quite visible in narrow-
band data. Turbulence also smooths out a shadow zone boundary, and scattering
of eddies is responsible for what little sound does penetrate deep into shadow zones.
Quantitative predictions of these cffects are not yet available.

It hag been commeon to lump the foregoing ground effects togother as “lateral at-
tenuation” or “extra ground attenuation (EGA}," using an empirically derived extra
attenuation for shallow angle propagation. Although it is widely agreed that EGA is
mostly ground-reflection effect, with some effeets due to innccurate atmospheric ab-
sorption used when the curves and source nonaxisymmetry are derived, the standard
used for aircraft-noise prediction is that provided in reference 10,

Prediction of Noise for Airplanes Powered
by Turbofan Engines

Noise Prediction Capability

In order to receive approval for production and operation in a particular country,
essentially all aircraft must now satisfy that government's noise standards. In the
United States, these standards are contained in FAR Part 36 (ref. 1), while most
other countries have adopted the standards of ICAO Annex 16 (rel. 2). For turbojet
and transport airplanes, noise limits are defined for approach, sideline, and takeoff
locations, and are dependent on maximum certificuted takeoff gross weight (mass).
For the takeofl location, the noise limits are also dependent on the number of engines
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mounted on the airplane. The unit of measurement is the effective perceived noise
level (EPNL) in decibels. This unit takes into account the duration of the noisc
event and penalizes any discrete frequencies or tones which have been found to be
more annoying than broadband noise of the same intensity.

The elements of a successful aircraft-noise prediction include a reliable definition
of the aireraft performance, a confident prediction of the noise characteristics of the
power plant {as a function of power setting, altitude, and flight speed}, and, in some
flight conditions, the noise of the airframe. When there are substantial measured
noise data to support a new airplane-engine configuration, they can be projected to
the new flight conditions through fairly clearly defined procedures. For example, il
the new airplane incarporates power plants which are not very different from versions
already in service, Qight-test data can be transposed to the new conditions. Or, where
the measured information is obtained from static engine tests during the development
program prior to airplane flight, there are methods for transposing these data to
the flight conditions (ref, 11}, The least predictable mode of operation embraces
the totally new airplsne-engine configuration nnd, under such circumstances, it is
necessary to rely on accumulated past experience in the forin of component-based
prediction procedures. These procedures have to einbrace not only noise but also
aircraft performance,

Figure 7 outlines the minimum elements necessary to provide n credible estimate
of the noise of a given airframe-power-plant combination, The main features are
expanded in the following sections.

Power-Plant Design Details and
Performance Characteristics

At the very minimum, there shoitld be either a design scheme for the power plant
in question and a knowledge of how the individual noise-producing component areas
perform or a credible extrapolation/interpolation of both noise and performance data
from a similar power plant, If the Iatter exists then the detailed compenent noise
prediction procedures described helow may become unnecessary.

Component Nolse Prediction

Procedures

Compaonent noise prediction procedures are required which allow all the significant
noise sources to be related to lending engine performance parameters and to be
integrated to reflect the noise of the total system, ineluding sny noise reductions
resulting from specific noise control actions. The depth of detail and breadth of
coverage of the component procedures necessary are related directly to the type of
power-plant-propulsion system and the aims of the prediction exercise. For example,
prediction of certification noise levels demands n knowledge of all the sources that
lie within 10 dB of the peak level throughout the total noise-time history (see fig. 8),
wherens o prediction of levels at large distances is controlled by low-Irequency sources
and thus it may be possible to limit the breadth ol the coverage.

Narmally, it is the propulsion system noise that controls the overall aircraft noise,
and there are three fundamental types of “jet" propulsion system. {See fig, 9.) These
types are the single shaft, single-flow-duct *pure” jet, or turbojet engine; the two-
shaft, double-flow-duct low-bhypass-ratio engine; and the two- or three-shaft, double-
flow-duet turbofan engine, The total ueise is illustrated in fgure 8.
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Figure 9. Three types of jet propulsion system.
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Sources of Noise

Noise sources vary according to the engine cycle and are located both internally

and externally. They may be summarized as follows:

1L

4
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In all cases, the exhaust-jet mixing process with the atmosphere produces
broadband noise. Additionally, where the exhaust fAow is supersanie (in zero-
or low-bypass-ratio engines), there are other noise sources associated with the
expansion-shoek structure.

In all cnses, compressor-generated tonal and broadband noise radiates through
the engine air intake and, in all but the pure jet, may propagate down the bypass
duct to radiate with the compressor exhaust stream,

In all cnses, tonal noise from the turbine and broadband noise from this compo-
nent and the “core” combustar propagate from the final nozele in the hot core
flow.

In & turbofan, tonal and broadband fan noeise radintes both forward and rearward
from the engine.

Other minor noise sources, peculiar to the engine design, may be present (e.g.,
bleed valves, flow mixers, and support struts).

Availlable Component Prediction
Models

The following published component noise prediction procedures are available:

For single-stream exhaust flow conditions, SAE ARP B7GC (ref. 12) provides the
most widely used method of jet noise prediction. Based on vormally available
jet flow parameters, it provides both mixing and shock-nssociated spectral levels
over a wide range of pressures, velocities, temperatures, and radiation angles,
For dual-strenm flows there is no widely accepted method, but SAE AIR 1905
(ref, 13) deseribes three methods that eonld be used, one heing n simple extension
of the single-stream method of SAE ARP 876C.,

For multistage compressor noise, the sensitivity of comnercial organizntions to
compressor degign details and noise data has meant that there is no method of
the same acceptance level as that in procedure ! for jet noise, Howoever, the
methods of House and Smith {ref, 14) and of Heidmann {ref. 15) are well-known
and demnand only the use of compressor performance parameters that are usually
availnble,

For fan noise, it almost goes without saying that comimercial sensitivity has the
greatest effect on the availability of published data or prediction methodology.
The method of Heidmann is the only freely available procedure,

For turbine noise, the same problem of comnmercinl scusitivity exists, but the
method of Matta, Sandusky, and Doyle (ref, 16) is available.

Far combustor noise, the method of SAE ARP 876C (ref. 12) is the most widely
accepted procedure,

Since most engines now incorporate noise-nbsorbent linings in the major alr and
flow ducts, a method is needed for computing duct attenuation ag it affects fan,
core compressor, turbine, and combustor noise. The method of Kershaw and
House {ref. 17) is available,
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Alrframe Noise Characteristics

The above procedures allow predictions to be made of the component spectral
levels it the far field at any given angle to the power plant. Unless it is a requirement
to maintain spectral Information in fine detail throughont the noise-time history of
an ajreraft flyover, it is normal to sum the noise energy to produce a single nunierical
expression of the nolse of a single fight event at n given power setting, ecither
in terms of peak level (e.g., peak PNL or peak A-weighted sound level) or time-
integrated energy (EPNL or SEL). However, before this process can be conducted,
it is important to consider the inclusion of one further source, which is most relevant
at approach conditions,

The airframe noise varies with flight speed, mass of the airplane, and configu-
ration, The most important feature is deployment of the wing flaps and landing
gear. A procedure which provides the speetral jnforination necessary to allow this
source to boe integrated into the total flyover level (in the same way as the engine
eomponents) is provided by Fink (refl, 18).

Total Airplane Noise

Having compiled a set of component noise predictions for the power plant and
the airframe, we can construct a “carpet” of noise as a function of engine power
and distance for the relevant fAight spends. For example, takeofl flight speeds are
unsually at Mach numbers of 0,25 to 030 and appronch light speeds are at Mach
mimbers of 0,20 to 0.25. Hence, for all the component sources, it is necessary to
make appropriate corrections for changes in flight speed hetween the takeofl and
approach conditions,

Even with these corrections, at this stage any noise-power-distance carpet that is
constructed will apply only to the isolated power plant in the “overflight” condition,
and it is necessary to make further adjustiments for several other factors. For example,
the effects of having more than one engine on the pireraft need to be accounted for,
Equally, it may be that there are some special amplifying installation effects which
ean be computed from previous observations, or there may be some shielding of the
naoise becanse of the installation. Examples of these are the amplifying interaction
between the jet and the wing flaps on the one hand and the shielding cifect of a
center engine jnstallation of a trijet on the other hand. For a trijet, noise from the
inlet is not heard by an observer henenth the airplane, but it becomes progressively
audible as the observer moves to the side of the fAight track,

There are no rendily available metheds for computing these effects, but generally
noise from engines mounted under the wing is amplified whereas that [rom engines
muounted at the rear of the fuselage is shielded, both beneath and to the side of the
aircraft fight track, All these effects are normally no greater than 3 dB, except when
the aircraft subtends a very small angle of clevation to the receiver.

Similarly, the effects of the ground plane (in the form of over-ground and airborne
“lateral” attenuation) together with the effects of the measurement position {groune
reftection) also have to be taken into sccount before the noise fromn the airplane can
be presented (either instantaneously or integrated into a single-nunber index) from
the observer's standpoint, These effects may be accounted for either in the manner
presented by ESDU (ref. 9) or, more simply, in the manner of SAE AIR. 1751 (ref, 10).
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Predictlon Methods Generally Available

The methods already referenced represent the Intest available, In some cuses there
are no generally aceepted procedures. There is only one compreliensive aircraft noise
prediction method freely available, the Aireraft Noise Prediction Program (ANOPP}
(ref. 19). This methed utilizes many of the pracedures referenced herein.

Accuracy

The component noise prediction procedures have varinble accuracies, those associ-
ated with turbomachinery being the least roliable. Those procedures nssociated with
zero- and low-bypass-ratio powered aireralt were studied in the 1970's and found to
be sufficiently aceurate to be utilized in a major study of supersenic transport noise
by ICAO (ref, 20)., No other comprehensive studies hiave been undertaken other than
those conducted for NASA in validating ANOPP,

Prediction of Noise for Airplanes Powered
by Propellers or Propfans

Componentg of Interest

Propeller and propfan nolse is dominated by low-frequency tones, These tones
consist of a fundamental, the frequency of which is given by the propeller or
propfan rotation rate in revolutions per second times the number of blades, and
integer multiples of the fundamental frequency {i.e, harmonies). For propellers,
the fundamental frequency is typically 60 to 150 Hz. Propfans have fundnmental
frequencies from 125 to 300 Hz. Although it is possible to identify jndividual
harmonies by use of narrow-band frequency analyses, the 1/3-octave band analyses
performed for noise certification purposes allow the identification of the fundamental
through the third harmonie, Higher harmonics are more closely spaced in frequency
than the bandwidth of the 1/3-actave bands so that severn] harmonics fall within a
band. The higher frequencies may thus appear as broadband noise, but really they
are not.

Another component of propeller and propfan noise is broadband noise. This
component is currently considered insignificant for nonnal operation in flight. During
static and very-low-speed operating conditions, turbulence ingestion noise oceurs.
This noise hns some characteristics of tones and broadband noise. However, it
becomes insignificant during normal flight conditions. Fipally, a propeller or propfan
powered airplane may have contributions from other sources of noise such as that
from the engines and the airframe, In this seetion only the dominant propeller and
propfan tones are described, as the other components are insignificant during normal
flight or are covered in another scction.

Component Nolse Prediction Models

Types of Noise Prediction Models

Propeller and propfan noise prediction models come in basically two types:
empirical and theoretical, Empirical models are based on regression analyses of
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test dntn. Theoretical models are based on mathematical modeling of the physical
processes of propeller nnd propfan noise generation.

Empirical models for predicting propeller noise have been reasanably successful
and work well for firly conventional designs that operate over a reasonable range
ol tip speeds and power loading {power divided by propeller disk area), Empirical
models have generally not been successful for propfan noise prediction.

The most commonly used empirical propeller noise prediction method is that
of reference 21. This method allows calculation of propeller noise based on only
five parametors: tp speed, dinmeter, nunber of blades, flight speed, and distance,
Becnuse it is based on a collection of measured data, mostly from torboprops, the
method intrinsically containg most other sources of noise, such as installution effects,
engine noise, and airframe noise,

Many theoretienl models exist, These relate the radinted noise to the forces
imparted to the air by the physical volume of the blades and the pressure distribution
on the blade surfaces. Theoretical propeller noise prediction models consist of two
parts: an acoustic radiation model, which “converts” the forces on the blades to
naise, and an aerodynamic model, which allows the calenlntion of the forces on the
bades. Both are needed, along with detailed definition of the propeller geometry, to
perform naise predictions.

Relationship of Slalic lo Flight Effects

As previously mentioned, under static conditions a significant smount of noise
due to inflow turbulence ingestion occurs. This I8 a source of noise which disappears
in fight, Figure 10, from reference 22, illustrates the influence of forward flight on
propeller noise, Under static conditions, the noise spectrinn is dominated by intense
higher harmanies, In Right, the levels of these upper harmonies are greatly reduced.
Figure 11 shows the effect as measured on the airplane and on the ground during
stntic operation and during a flyover. The middle 1/3-octave bands show high levels
during static operation while the flight data show much lower levels. The measured
differences are greater than 10 dB.

It is thus apparent that static propeller noise data projected to flight generally
result in significant overpredictions. Static propeller noise data are thus of little
value, Even fremds in noise under static conditions are suspect.

Installation Effecis

Ingtallation effects result in additional noise sources which generally raise pro-
peller and propfan noise levels, These offects are due to distortions in the inflow
which are cansed by augle of attack, engine nacelle blockage, wing upwash, pylon
wakes, ete,, and which are unavoidable in the fnstallation of  propeller or propfan on
an airplane. The additional noise is cansed by unsteady-loading noise, which results
from the periodic londing variation en the blades as they pass through the fow dis-
tortion. Unsteady-loading noise is a source usually included in the theoreticnl noise
prediction methods. For such caleulations a means for ealenlating the flow field is re-
quired, Empirical noise prediction methods include some form of installation effecty
by default, ns they are included in the data,
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Figure 10, Comparison of static and flight propeller noise norrow-band spectra.
{From ref, 22.)

Accuracy of Prediction

It is difficult to make a precise assessment of propeller and propfan noise
prediction accuracy because of the types of methods available and the degree of detail
which can be applied. In general, the aceuracy of empirieal noise prediction methods
ja about +3 dB, providing that the noise of the configuration being estimated does
not fall too far outside the data base inherent in the prediction method. It is not
surpriging to find errors of 10 dB for unusual configurations,

The accuracy of theoretical noise prediction methods ineludes the nceuracy of the
actual noise radiation model, how well the blade geometry can be defined (propfan
blacles can have very complicated shapes), and hiow well the blade loading in both
the chordwise and the spanwise direction can be defined. It is expected that a
carefully calculated noise prediction in terms of effective perceived noise level or
A-weighted overall noise would have an accuracy of about 1.5 dB, Qther variables,
such as ground reflection effects, ntmospheric absorption, and tilt of the propeller
uxis relative to the fight path, can introduce additional errors,

Future Developmenis

It is generally agreed that existing propeller and propfan noise radiation modeis
are complete and detajled encugh to provide good predictjons. The prediction
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limitations appear to be in the aeredynamic codes requited to define the inflow to
the propeller and to define the steady and, especinlly, the unsteady blade loading. It
is expected that improvements in propeller and propfan noise predictions will come
from improved acrodynamic codes,

Other Prediction Methods

It is fensible to scale model propeller and propfan tone noise data to full scale.
The scale limitation i3 not an acoustic one but rather one impaosed by acrodynamics
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{i.e., Reynolds number cffects) and the ability to mamfacture an accurate model
preserving sirfoil contours, From an acoustic standpoint a model propeller has
the smmne harmouie spectrum a8 a full-seale propeller at the same blade nngle,
tip rotational Mach number, and flight Maeh number. The tone frequencies are
inversely proportional to the diameter ratio. Model brordband noise does nol scale
geometrically,

Experience has indicated that models in the 0.61-mm (2-ft) diameter range (ap-
proximately 1/5 scale) or larger scale very well. It should be apparent from the
foregoing discussion that the accuracy of sealing model data depends on how well
the model simulates the actual installation. For nceurate results, one should consider
including a simulation of the low field of the propeller. It is sirongly cautioned that
there is no means for acquiring propeller noise under stalic conditions that ean be
used for flight simulation,
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Scope

In contrast to the preceding chapters, which have dealt largely with the physics
of the generation and suppression of specific noise sources, this chapter deals with
the application of aircraft noise technology to the design and operation of aireraft,
Arcas of discussion include the setting of target airplane noise levels, major design
considerations in achieving these levels, aperational considerations and their effect
on noise, and the sequencing and timing of the design and development process,
Primary emphagis is placed on commercial transport aireraft of the type operated
by major airlines, The final scctions of the chapter include brief comments regarding
the noise control engincering of other types of aircraft.

Airplane Noise Level Design Requirements
and Objectives

The adoption of the target levels for the community, interior, and ramp noise of
an airplane ineludes consideration of regulatory requirements, customer guarantecs,
risk asscssment, and design margins,

Reguiatory Requirements for

Community Noise

Regulatory requirements for commerein] aircraft include national regulations,
international standards, and local airport requirements,

FAA Requlations

In the United States, the Federal Aviation Administration (FAA) requires trans-
port aircraft to comply with the noise requirements of Federal Aviation Regulations
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(FAR) Part 36 (ref. 1) as oue condition for the issuance of o type certificate (for o
maodel) or an airwvorthiness certificate (for an Individual airplane), Maximum noise
lavels for individual fights are specifisd under standardized test conditions at three
locations: (1) during takeotl, diveetly nnder the flight path at a distance of G500 me-
tors {npproximately 4.0 statute miles) from brake velease; (2) ab the point of mmaxi-
tun noise during takeoff along o sideline 450 meters (approximately 0.28 mile) from
and paraliel to the (extended) runway conterline; and (3) during approach, directly
under the flight path at & distance of 2000 meters {(approximately 1,25 miles) from
the runway thresholid, These locations are illustrated in figure 1.
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Figure 1. FAR Part 36 noise certification condilions.

The allowable noise levels ave specified in ternw of effective perceived noise level
(EPNL) in deeibels and depend on the maxinuim certificated takeoll gross weight of
the airplane, These limits are illustrated in fignre 2. The more stringent limits are
known as the stage 3 requirements and apply to airplanes for which applications
for type certifications were minde on or after November 5, 1975 (which roughly
corrosponds to conunercinl transports certified after 1978), Between December 1,
1069, and November 5§, 1975, the applicalle requiremenis were the stage 2 limits,
whiclh were not as siringent as the current stage 3 rules.  Alrplanes for which
application for type certificates were miule prior to December 1, 1969, are defined as
stage 1 nirplanes amd were not required to meet noise regulations. In issuing alreraft
noise standards and regulations, the FAA must consider whether sueh requirements
are “cconomically reasonable, technelogically practicable, and apprapriate lor the
particular type of nireraft" (ref. 1), Thus as noise reduction technology has
developed, requirements have hecome mare stringent,
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Figure 2, FAR Part 86 certificalion noise rulos,

Unlike the approrch and sideline requirements, the stage 3 takeofT limits depenc
on the mymber of engines, for the following reasons. Safety considerations require that
an airplane have enough thrust to meet its critical takeofl performance requirement
with one engine inoperative. Consequently, during normal takcofl with all engines
operating, & two-engine airplane is 100 percent overpowered, a three-engine airplane
50 percent overpowered, and a four-engine airplane 33.3 percent overpowered.
Therefore, with sll engines operating, an airplane with fewer engines can take off
from a shorter fleld length at a steeper climb angle and thus achieve a higher altitude
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over the takeofl measurement point under the flight path. The uoise regulatinns,
which invoke a policy of equal stringency (i.e., demanding the samne noise control
technology irrespective of the number of engines on the aircraft), require the airplane
with fewer engines to meel’s lower noise requirement. In this manner, the rogolations
recoghize the noise hinplications of the eagine-out safety requirement and the need
Lo he technologically practicable and appropriate for tho particular type of aireraft,

An additional importaut feature of the FAR Part 36 noise requircment is the
trucle-off provision: an aireraft may exceed the nominal EPNL limit by a maxtem
of 2 dB at a single point and by a maximum of 3 dB collectively at two points
provided that there are compensating marging at the other point(s). That is, the
sum of the exceedances over the respective nominal reguirements at the three points
does not execed zero, This *3-2 trade” provision is illustrnted graphically in figure 3,
in which the region inside the geometric figure corresponds to compliance with FAR

Part 36,
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Figuyre 3. Three-dimensional illustration of possible combinations that ensure
eomnpliance with FAR Part 36 requirements.
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In addition to requirements for new type designs, there are also noise limitntions
on both continuing production (FAR. Part 36) and operation of previously certified
alreralt (FAR Part 91, ref, 2). These rules are designed to phase out the operation
of older, noisier airplanes in Lhe United States. Figure 4 shows the cflective dates of
each of the three types of requirements,

ICAO Regquirements

Similtr to the FAA requirements, the International Civil Aviation Organization
(ICAQ), consisting of representatives of most governments thronghout the world,
makes recomnendations to ity member countries for noise requirements for aireraft to
operate in these countries. The requirements are recommended for both domestically
registered nireraft and for those alveraft from other countries, Most countries,
including the European countries, Japan, and Australia, require complinnce with
the ICAO guidelines, known as Annex 16 (ref, 3), which have evolved to the point
of being essentially equivalent to Lhe FAA requircinents. There has typically been n
time lag between the adoption of thie FAA stage 2 and stage 3 requiremonts and the
corresponding ICAQ Chapter 2 and Chapter 3 guidelines, as illustrated in figure 4.

170 [HL1) 1990
o | S 1 | S —
FAA dlesbigns Stage 1 Stag [ Stage d
Production Senge 1 ' Sty 2
FAIR Part 3G
Sundards 1 Operation Stupe | \ Stage 2
Now \ |
. Noreq't l Clhapter 2 l Chinptes 3§
1CAG tesigus
Annex 16 Praduction No rg't T Clinpter 2
Stanelurds Operation No gt ]CImpu'r "

Figure 4. Noise rule progression,

Local Airpart Regulations

In addition te the FAR Part.36 and ICAQ Annex 16 requirements, cominercinl
aircralt are often required to meet local nolse restrictions at specific nnise-sensitive
nirports, These rostrictions may take the form of curfews, noise-dependent nsage foes,
noise level requirements based on various noise meotries, integrated fleet noise level
restrictions on individual operators, ete. They include a multitude of noise units, The
most prominent and restrictive of these local regulations are at Washington National
Airport, Johm Wayne Airport (Orange County) and other Culifornia airports, and
Eurepean airports, The widespread nature of these local regulatjons in the United
States is illustrated in figure 5, from an FAA document (ref. 4). Each black
dot represents an airport which has local noise regulations. These requirements
significantly influence airplane sales competitions for individual customers and
incrense the complexity of design-gorl developinent.
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Figure 5. Extent of local actions to contral airport noise. (From ref. 4.)

Complinnee Demonyiralion

Initial complianee of an airplane model with an FAA (or ICAQ) certifiention
requirement i demonstrated by fight test and i deseribed in detail in a previous
chapter of this book. The history of a given airplane maodel, however, is typified
by numerous design changes, some of which may affeclt community noise, Commen
examples of major changes are (1) changes in maximmuon takeoll or Innding weight
nssocinted with nirplane growth or {2) allernative engine offerings on the snme
airplane, in which the voise may differ from that with the parent engine, In this
latter certifiention, what has become known as the “family plan™ is often invoked,
Inn o Tnmily plan certification, the offeet of the engine change is based on comnparative
ground tests of the original and the new engine designs. First the noise ineronient §
between {light and ground tests of the parent aireralt (aireraft 1) is dotermined:

d= EPNLHig]IL.l - EPNLground.l

This noise inerement is then superimposed on the ground test results for the new
engine to determine the light noise of this follow-on alecraft (nireralt 2):

EPNLfighy 2 = BPNLgeouna,z + 6
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Use of the fmmily plan method can greatly reduce the cost and time of the
certification programn and has been shown to provide ndequate teehmical accuraey.
Smaller design changes, for example, modification of n small aren of nconstic
treatment of an engine duct, can sowretimes be certifiented by analysis alone, without
additional testing,

Local airport compliance is sypically monitored in service by the airport anuthor-
ities themselves,

Alirline Customer Guarantees

As part of the business arrangement in which an airline purchases a commereial
aitliner, the airfrane manufacturer is typically requived to guarantee that the
airplane will meet certain maxinnun allowable community, interlor, and ramp noise
levels.

Community Noise

As & minimum, the manufacturer will be required to eomply with Lthe approprinte
noise certification standards for the sirplane in the countries in which the airline will
operate it, For a domestic airline, this requirement wonld be the nppropriate stage
of FAR Part 36; for an international airline, the appropriate chiapter of the [CAQ
guidelines is typical.

In addition to the certification requirements, an uirline may request or demand
complianee with the requirements at one or more specific local airports at which the
airline expects to operate the ajrplane. Such guarantees are often very important
the competition among alrplane (nnd engine) manufacturers for an airline order,

Interior Noise

Although there nre currently no certifiention requirements on interior (passenger
cabin or flight deck) nolse, airlines still require that the manufacturer guarantee
noise levels in the passenger eabin. As a minimum, the guarantes is specified at
the passenger seats. Often, flight deck, galley, and/or lavatory nolse levels are also
specified. Typical guarantees are written for the cruise condition in terms of both
averall sound pressure level (OASPL) and speech interference level (SIL), OASPL
includes the entire audible spectrum mnl is typically dominuted by low-frequency
fuselage-boundary-layer noise; SIL includes the three oetave hands centered on 500,
1008, and 2000 Hz and typically includes eontributiond fram both the houndary Inyer
and the cabin air-conditioniing system.

Rump Naise

In addition to airport coimmunity and interior noise grarantees, the mannfactnrer
Lypicatly also guarantees that ramp noise—that is, the noise exposure to the aitline
maintenanee crew when servicing the nirplane or to pussengers when boarding or
deplaniug vin outdoor stairways—will not exceed certain limits, The most important
gources of ramp noise are usually the auxilinry power mit (APU) and the air cycle
machines (ACM's}).

Continclual Arrangements

Standard noise guarantees that are offered to all customers ave typically cited
in the airptane specification document, which deseribes the nirplane and the various
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aspects of its performance, Exceptions to Lhese standard guarantees may be included
in joimly signed side letters, The ailrplane contract eites the specifieation and/or the
appropriate side letters,

Guaranlee levely and (olerances: Noise guarantees are often expressed as a nomi-
nal valie, together with an allowable dentonsiration toterance Lo cover measurenient
uncertainties during complinuce demaonstration. In some cases, however, the guar-
antee is written simply as a not-to-exceed value, which excecds the nominal value by
tite demonstration tolerance, These coneepts e illustrated in figure 6,

Noist
level

A

Nat-to-pxerel
/_ gisrtes el

Newinn! 3 Deanngistrat ion
EUNTHIt e s A tolernpee
lewel
y

- Prohullity
adintrilinton

Figure 0. Airline customer guarantee nomenclature,

Compliance demonsiration: As part of the contractual arrangement beltween
the airplane manufacturer and airline eustomer, complinnee with noise guarantees
is normally demonstrated by tests performetdt by the manofacturer,  When the
guarantee is ilentical to a certification requirement, the certification test itself
suffices, Complinnce with local airport rules Is demonstrated by different moesns—
somelimes by testing at the alrport itself, sometimes by analysis based on the
vertification test data.  Interior nolse gunrantes complinnee tests are typically
performed on the customer’s nirplane—sometimes for the first atrplane of a group of
airplanes of o given design, sometimes on each airplane delivercd.

Nominal Nelse Estimates, Uncertainty
Analysis, and Risk Assessment

During the design of an airplane, expected noise levels are estimated for commu-
nity, interior, and ramp noise. These estimates are made for various confignration
optious during the preliminary design of the airplane; they are then refined as test
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data are abiained, design details frozen, and estimating methods improved ns o result
of ongoing noise research, Closely related to these estimates is the uneertainty in the
estimates themselves and the resulting confidence level of complinnee with various
requirements,

Nominal Noise Level Estimales

The nominal noise level estimates are the noise engineer's niost accirnte estimates
of the airplane noise, for example, a FAR Part 36 appronch EPNL of 97.3 «13 or an
OASPL in the last aisle seat in the first-cluss cabin of 85 dB. The engineer does not.
inject any deliberate conservatism or optimisin into these estimates, These estimates
are, therefore, those levels which the airplane has a 50-percent chanee of achieving.
For community noise, they are typically based on o 1/3-octave band synthesis of the
expected contributions from each {suppressed) noise source at each directivity angle,
as explained previously in this hook,

Uncertainty Analysis

The process of noise level assessment also includes an uncertainly annlysis—
that is, a determination of tho degree of uncertainty in the nominal estimates, or
determination of the probability that the actual levels will deviate from the estimates
by a particular amount when the complinnee demonsteations are performed, The
possible range ol noise levels is typically assumed to Le normally distributed about
the nominal estimate, with the distribntion characterized by its standard deviniion,
as ilusteated by figure 7{a), The standued deviation itsell Is an engineer's best
estimate, aided by n comparison of estimuted and realized noise levels Tor similar
circumstances in the past. The standand deviation representing the nneertainly
in 1 noise estimate is comprised of two parts: the prediction uneertainty nud the
mensurement unceriainty,  Several definitions are helplid in wwderstanding this
concept:

True noise level: The troe noise level is defined as that level that would be
measured by a (hypothetical) perfect experiment or the average level that would be
obtained fromn a large number of repented measurements of the airplane noise level.

Measurement uncertainty: The incasurainent uncertninty is the uncertainty in the
ability of au individual test (e,g., the complinnce demonstration test) Lo represent the
true value of the noise level, as illustrated b figure 7(b). Factors that contribute to
the measurement uncertainty include test site variations, varintions in atmospheric
conditlons (together with imperfect correction methods), nstrimentation inacen-
racics and impreeision, truncation (or round-off) errors, pilot or instripentation
operntor variability, and varintions (mnong airplanes of the smme design) assoclated
with manufacturing variability.

Prediction uncertainty: The prediction uncertninty is the uncertainty in the
ability of the nominal estimnte to represent the true noise levo), as shown in
figure T(c). It includes any Imperfections in annlytical or empiricnl methods (based
on other similar airplanes or engines) used to prediel souree noise levels, together
with the measurement uncertainties in any “anchor point” measurements on which
the predicted nominal estimate is based.

Overall uncertainty: The relevant uncerlainty in the noise-cstimnting process is
the uncertainty in the future measnrement relative to the predieted value, Simplified
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statistical theory shows that this overall uncertainty, depicted in figure 7(n), is
the root sum square of the measurement and prediction uncertainties. This total
uncertainty in EPNL typically corresponds te a standard deviation of 1 to 4 dB
at a specifie flight condition, depending on the basis for Lhe predictions and
measurements,  As an pircraft program proceeds from the preliminary design,
through developmental testing, to the certification Hight-test phase, this uncertainty
is reduced, For a small design change that can be demonstrated using careflully
controlled incremental testing anchored Lo an existing flight-test data base, the
uncettainty may be quite low. However, for a completely new engine and new
airplane design, decisions on airplane go-ahead and customer guarantee offerings
typicaily must be made when uncertainties are reasonably high.

Risk Assessment

The confidence of complying with a certification requirement or customer guaran-
tee level—or, alternately, the risk of not complying—is calculated from the nominal
noise level estimate, the overall uncertainty, and the compliance requirement, as
shown In figure 8. For a single point guarantee, if the nominal estimate is cqual to
the compliance requirement, the compliance risk is 30 percent, characteristically an
unacceptable situation, If the nominal estimate is one standard deviation (sigma)
below the requirement, the risk of noncompliance is approximately 16 percent—or,
alternately, the compliance confidence is about 84 percent.

For assessments involving more than one compliance point, the risk nssessment
caleulation is more complieated. For example, in a FAR Part 36 certification, there
are compliance requirements at three different flight conditions—approach, takeoff,
and sideline—and limited exceedances are permitted at one or two points provided
that there are compensating margins at the other conditions(s), (This situation is
pictured graphically in figure 3, in which the three axes represent the noise at the
three flight conditions, and the region inside the beveled geometric figure represents
situations of compliance, and that outside the fgure noncompliance.) The risk
assesament caleulation involves calculating the probability that the result will comply
with the requirement (i.e,, it will lic within the beveled geometric figure). The result
depends on the relationship between the three nominal noise level estimates and
their respective certification requirements, together with the overall uncertaintics at
the three conditions and the assumed degree of dependence of these uncertainties on

one another.

Design Requirements, Objectives,

Margins, and Risk

As can be deduced from the previous discussion, the imperfections in noise
prediction and measurement processes make it imperative that the design targoets
for an airplane's noise levels be below the levels that the airplane is expected to
meet. During the initial stages of a preliminary design, the design requirements and
objectives are eatablished, resulting in tolerances appropriate to the situation,

Design Reguirements and Objectives

A design requirement is just that—a criterion that an airplane design must satisfy
prior to go-ahead. Examples of design requirements are that the airplane be designed
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Figure 8, Risk assessmend,

to meet FAR Parl 36 with 90-percent confidence, that the airplane be designed to be
nominally quicter than a compaetitnr’s airplane at a certain airport for a certain crit-
jcal missiots, or that the speech interference level in the first-class cabin not exceed
i eertain value with 80-pereent confidence, I the airplane does not meet a require-
ment, it i3 ynacceptablo and must be redesigned, and the redesigned airplane must be
re-evaluated.

A design objective is a less stringent goal than a design requirernent. An objective
is expected to be met, but does not constitute an absolute requirement for the design
to proceed to production go-ahead. Design objeetives, nevertheless, are intended to
utake the airplane more marketable and more profitable for the airline customer.
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Design Margins

As can be seen framn the above diseussion, lor an airplane to meel & requirment
with greater than 50-percent confidence (or equivalently o risk below 50 percent),
it must be designed to have nominal noise level estitnbes below the nominal
requirernent.  These required marging, as depicted in figure 9, are derived from
the uneertainty annlysis described above, The larger the unceriainty and/for the
lower the acceptable design risk, the larger the margins must be, The prediction
and measuremont uneertainties give rise to design and demonstration tolerances,
respectively,
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Figure 9. Design margin and risk,

Design Risk

From the concepts of uncertainty analysis, it is not difficult to seo that » finite risk
is associated with any finite design margin, A key clement of airplane {and engine)
design, therefore, is determination of the approprinte risk for a given situation, A
number of factors affect this choice: the marketability of the airplane; the fensibility
and cost of & redesign, retrofit, and other consequenees in the event of noncomplinnes;
the performance and cost penalties associated with designing for lower noisy the
profit potential of the program; the development cost of the program; and others.
For exumple, if the development costs of an airplane (or engine) are very high
and the possibility of subsequent successful redesign and retrofit very remote, the
progeamn manager would require a very low risk of noncomplinnce (high confidence
of compliance) with a certifieation requirement and therefore a relatively high design
margin. If, on the other band, the development costs are low, snbsequont redesign
and retrofit quite feasible, and the goal applieable to very fow customers for very
limited situations, a reasonably high risk would be appropriate. Certification risk
typically ranges from § percent to an absolute maximmm of 20 perecent.,

395




Huodye

Major Design Considerations

Having discussed the adoption of airphwe design requirements, we now diseuss the
mitjor aspects of an airplane design which affect the ability to et these objoectives,
the penalties associated with o low-noiset design, and the engineering of derivative
airplances,

Engine Acquisition

The major souree of community noise, amed often a significant contributor to the
interior noise of an airplane, s the propulsion system, exemplificd by figure 10, The
propulsion system includes both the basic gas generator-—swhich inclndes the fan (or
propeller), the compressor, combustor, and turbine—and the nacelle—-whicl ineludes
the indet, exlinust nozzles, and thrust reverser. The basic gas generator and (in recent
years) often the nacelle are supplied by wi engine company, The engineering of the
instndled propulsion system is a cooperative effort among the engine company, the
airplane manufacturer, ated (in some cases) a nacelle wanufactneer. This engineering
effort, is very critical to the airplane noise and wirrants special discussion,
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treatinent neimstic treat ent
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Figure 10, High-bypuss-ralio engine and nacelle,

Engine Specification and Guaranieed Noise Levels

An engine specifieation is a description of the engine and other parts of the
propulsion system Lthat the engine company supplies. It normally includes noise
guarantees, that is, noise levels that the engine is required to meet, Asin the ajrplane
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specification, these may be expressed in terms of nomiual levels and tolernees,
not-to-exceed levels (that have the toleranee already ncorporated), or merely the
guarantee to comply with certain regulatory levels. Typically, the engine compasy
must guarantee the flight noise levels.

The engine company is frequently required to meet certain noise levels during
ground static operation, The engine company also may conumit to provide ground
static test data during the development program and to carry oot a recovery program
il certain noise levels are exeeeded, The purpose of these gronnd Lest requirements
is to obtain an early assessment and resolution of any potential neise protlems and
therefore avoid an unsatisfactory airplane and/or an expensive retrofit,

Compliance Demonsiration

An engine noise complinnes demonstration can be of different forms, Usunlly it
is tied to the method by which the airplane is certified; if possible, the engine com-
pliance demonstration and the airplane complianee demonstration are aceomplished
with the same test and the same hisie data. This philosoply avoids the necessity to
compound demonstration tolerances for two different tests and motivates the engine
nne airplane manufacturers io work together toward n common gonl: n quiet airplane
thiat meets its noise requirements and objeetives, In effoct, the airplane certifiention
risk is shared by the engine company and the airplane manufacturer,

If the engine is the fisst to be introduced on # nadel, the engine and airplane
compliance test is usually the FAR Part 36 certifiention flight test. In addition to
the primary Lest, the airplane is flown at very low power to denonstrate Lhe airfrnmne
noise levels and at varlous power settings and altitudes in Jevel flight 1o provide a
comprehensive data base for lature Interpolation and famnily plan analyses.

If the engine is not the first to be introduced on nomode) and the funily plan
concept is used to certify the sirplane, then the engine noise complinnce test is often
a ground statie test of o single representiative engine on a dest stand with a turbulence
inflow control structure, shown in figure 11, The turbulenee inflow control structure
reduces the inflow torbulence to the fan, which is typically much bhigher statieally
than in flight, so that the resulting fan noise generation is representative of the fight
situntion, As explained previously, the resulls of this test, together with results of
a previous engine ground test and airplance {light test with the original engine, are
used Lo caleuwlate the certificd nolse levels of the airplane,

Major Design Parameters for
Community Noise

During the praliminary design of an airplane, a number of key decisions nre muule
which significantly aifect the comnaumity noise of an airplane, In addition to their
noise implications, these decisions wifect safety, performance, mamfneiuring cost,
and muintainability of the airplane and/or engine.

Numdber of Engines

The munber of engines on an airplane can significantly afleet the airplane noise,
purticularly at takeoll. As explained previously, for a given total (engine-out) thrust
requiretnent, an airplane with fewer engines tends to have (with all engines operatiug)
lighor total takeoff thrust, and hence bigher maximim sideline noise Jevels, On the
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Figure 11, Fan flight noise simlation full-scale testing.

other hatul, the same airplane has superior elimbout perforinance and lower nojse at
the tnkeofl eertifieation point nmd other paints Leneath e Bight track. The effcet of
higher altitude §s usually stronger than the effect of higher thrust. Thos, on balance,
for 1he same takeoll gross weight, an airplane with fuwer engines tends 1o have Jower
noise o takeall,

Enyine Design

The power plant type and performunce eyele have a uwjor inflnence on the
conununity noise of an airplane, The evelution of the turhojet and turbofan engine
has signifieantly affected noise, There has heen a continuing trend toward higher
enging hypass ratios, starting with the turbojet (with no bypass flow), to the low-
by pass-ratio engine, to the high-bypass-ratio engine. Engine eycle analysis studies
show that turbine materials and cooling improvements, coupled with hnproved fun
acrodynatnics, make possitle significant fuel consumption advantages witls higher
bypnss ratios, A higher Lypass ratio results in a larger mass flow of air being
accelerated to n lower exhaust veloeity (to develop n given amotne of thrast) and/or
greater power extraction from the tnrbine reidueing the primary jet velocity, A major
comtminity noise implication of this trend is reduced jet noise associated with the
redluced turbulence intensity of the jeu efflux, This historvical trend is illustrated in
figura 12,

This trend toward higher bypass ratios, larger dimmeter engines, and redoced
Jet noise has resulted in greater relative jmportance of fan noise and other internal
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Figure 12, Noise reduction with engine evolution, Total airplane sea level
static thrust is 100000 Ib. (From ref. 5.)

sources, which stimulated the development of sound-absorbing duct lining and low-
noise fan blade design techniques. The noise from airplanes powered by high-bypnss-
ratio engines is typically quite well balanced between fan and jet noise.

Power Plant Location

The engines on a subsonic commercial airliner are typically either mounted on
atruts attached near the leading edpe of the wing or closely coupled to the fuselage
at the rear of the airplane. Three-engine nirplanes have the center engine integrated
into the tail cone and/or empennage. The community noise is affected by this
configuration choice. Exhaust flows from wing-mounted engines often interact with
the wing flaps to cause jet-flap interaction noise, Improvements in engine installation
aerodynamics have made possible more closely coupled engines, resulting in a greater
need to consider not only this jet-flap interaction noise, but also jet-wing interaction
noise. Rear-mounted engines ean benefit from shielding of fan noise by the fuselage,
wings, flaps, and wing wake,

Thrust-to-Weight Ratio

Another parameter that affects community noise is the thrust-to-weight ratio of
the sirplane, A higher thrust-to-weight ratio results not only from sclection of fewer
engines but also from selection of a larger engine to obtain greater cruise thrust,
greater climb thrust, or shorter takeofl field length, Again the sideline noise tends
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to he controlled by the thrust tevel, while the tekeoff noise is strongly affected by
the climbout performance,

Flap Systems

The design of the flap system of an airplane has several noise inplications. A more
sophisticated flap system ean mean a more efficient airplane on takeoll, resnlting in
higher altitides and lower noise on the gronnd under the flight path, The design
of the approach flap system can significantly affect not only the thrust required on
approach but also the airframe noise and jet-flap interaction noise,

Fngine Nacelle

The design of the engine nacelle, particularly the quality and extent of the
acoustic treatment in the inlet and fun exhaust, can significantly affect fan noise
(and other internal neise sources),

Penaltics for Nolse Reduction

The previous chapters of this book have dealt in considerable depth with the
physics of neise generation and suppression; and the initial impression of the reader
might be that noise reduction technology is readily available to achieve low noise
levels without serions penalties to the airplane. This is not the ease. To the contrary,
each noise reduction feature of an airplane must be assessed earefully to detennine
the hnpact on airplane thrust, installed thrust-specific fuel consnmption, weight and
balance, drag, manufacluring eost, maintenance cost, snlety, and dispateh reliability.

Cosl-Benefit Law of Diminishing Returns

Noise reduction, like many other environmental benefits, ean often be represented
by n cost-benefit eurve of a typical gualitative shape, s represented in figore 13, The
cost axis may represent n parameter such as block fuel or direct operating cost for
a given paylosd and range. The henefit axis may be noise reduction at one of the
FAR Part 36 cortification loeations, nverage design margin at the three Hight points,
eertifieation confidence level, reduction in footprint contour nrea, reduction in speech
interference level or QASPL in the passenger eabin, or any other noise benefit,

Each point on the curve represents o point design, in particular, that design
which results in the minimmmn penalty for that partienlar noise level.  All other
designs corresponding to that noise level lic above the cost-benefit eurve. In other
words, optinnnn designs for a given noise level or for a given mnount of penalty lie
on the curve, and all otlier desigus lie 1o the left and above the curve,

It i important to observe the shape of the cost-benefit curve, Initial Increents
of noise reduction have & relatively low cost compared with further increments of
benefit., Eventunlly, the curve has a vertical slope, which represents the maxinnnmn
possible noise reduction, in most cases at o prohibitive penaley, If the nojse reduction
is expressed in terms of A FAR Part 36 noise level, the term “technologically
practicable” refers to the limit imposed by the verticeal asymptote of the line, and
the term “economically reasonable” is related to the slope of the line at the required
level of noise reduction.
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Figure 13. Cost-benefit law of diminishing returns,

Community Noise Example

An example of a cost-benefit curve is represented by figure 14, from reference 5.
The curve was ‘actually developed to nssess the penalties nssociated with various
hypothetical requirements during the Boeing evaluation of the FAR Part 36 stage 3
noise levels when they were first proposed. Each point on the line corresponds to a
different degree of acoustic treatment, The penalty is the additional fuel consumption
of the alrplane corresponding to the additional weight and drag of the heavier and
larger nacelles, The benefit is the reduction In the nolse level (relntive to the stage 2
requirement that was applicable at the time of the evaluation), It can be seen that,
for this particular airplane and mission, the requirement to satisfy the FAR Part 36
stage 3 EPNL (which is 3.5 dB below the stage 2 EPNL) resulted in a penalty of
approximately 3 percent in fuel consumption when design marging are included in
the asscssment. .

Interior Noise Ezample

A second example of a cost-benefit curve iy illustrated by figure 15. In this
particular case, a number of sidewall treatment options were evaluated, and the
weight penalty associated with each option wag estimated hy the designers, This
digplay enabled the designers to eliminate some designs as being heavier than others
for the same noise reduction, or less effective, from a noise reduction standpoint than
others at the snme weight.
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{From ref. 5.)

Effect of Technology fmprovement

The effect of technology improvements mn the cost-benefit curve is worthy of some
discussion. The cost-benefit curve represents a given level of technology or state of
the art in designing airplanes. Technology improvements resulting from research
programs in noise (and in other technologies) can shift the cost-benelit eurve down
and to the right, ns indieated in figure 16, In other words, additional noise reduction
can be obtained at the ssine penalty, and for the same noise reduction can be obtained
at a less severe penalty.

Returning to the example of figure 14, an hnprovement in the acoustic teelinology
involved in treatment design would result in additional noise reduction within a given
nacelle and hence shift the line to the right. On the other hand, an improvement in
materinly technology thit would make possible a lighter nacelle of the smue shape
auel size would shift the curve downward,

It iy seen from the above example that improvements in noise technalogy and in
technuologies that affect the penalties associated with the noise reduetion together
make lower noise levels more economically reasonable and more Leclinologically
practicable,

Derivative Airplanes

The previous section discussed the typical steps in developing the first. design of a
particnlar madel, for example, a Boeing T47-100. A devivative pirplane, for exanple,
a Boeing 747-200, is based on o design derived from the lirst of the inodel or parent
nirplane, The noise engineering relies as nmeh ns possible on knowlodge of the noise
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nspects of the parent airplane, Analyses aro performed incremontally relative to the
established noise levels of the parent airplane,

Growih Airplanes

Many derivative airplanes simply represent growtl; versions of the parent airplane.
There are two lypical types of growth: (1) growth in payload, usually accompanied
by a lengthening of the fusclage, and (2) growth in range, usually accampanied by
higher takeoff thrust and gross weight, together with an increase in fuel capacity, and
perhaps a recduction in fuselage length and prssenger eapacity, Growth airplanes are
the natural evolution that results from (1) improvements in technology, {2) engincer-
ing development and refinement based on eperating experience with the airplane, and
(3} the requirements of the air transportation system for airplanes with o variety of
payload and range characteristics—without Incurring the incremental maintenance,
training, and enpgineering costs associated with introducing a completely new model
into the operating fleet. The potential for growth must be preserved during the de-
sign of the parent airplane, including the provision for adequate noise design margins
to accommodate the typieal increnses in neise with growth,

Allernative Fngines

In some cases, derjvative alrplanes result from alternative engines becoming
available and being installed. For example, the alrplane manufacturer may wish
to generate a more competitive supplier situation by means of introducing a second
engine supplier with a very similar engine. Another situation comes from installing
a significantly improved enging from a fuel and/or roise standpoint, for example, the
introduction of the high-bypass-ratic SNECMA/GE CFM56 on the Boeing 737-300
airplane and the refanned Pratt & Whitney JT8D engine on the McDonnell-Douglas

MD-80,

Major Operational Considerations

The previous sections of this chapter have dealt with design considerations of an
airplane. This section deals with the effects or noise levels of the manner in which
an airplane is operated. These eperational considerations are closely related to the
design itself and are considered during the design process.

The major determinant of the noise level of an ajrplane is the design of the
airplane itself. There is some ability, however, to vary operational procedures to
affect the certification noise levels of the airplane, its ability to meet loeal airport
requirements, or its environmental impact in certain communities,

Talkeoff Operational Procedures

For a given airplane design, the noise under the Right path (and to the sideline)
during takeofl is determined by the thrust, flap, rotation, and landing gear schedules.
These factors, in turn, control the altitude and fAight speed, whicl, together with
the power setting itself, determine the noise for n given (flap and landing gear)
configuration. An example of the wide variety of noise signatures associated with
different schedules is shown in figure 17 (from ref. 6) which describes different
operational procedures and the resulting noise under the Aight path, Comparison of
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the noise aspects of different takeofl flight proeedures usually results in lower noise
levels for anc procedure at some points in the community, recompanied by higher
noise levels at other points,

When noise in proximity to an airport is nol important, the normal procedure is
to maintain full takeolf thrust rating until reaching a given altitude, after which the
thrust is reduced to climb thrust.

Notse-Abalemnent Cutbuck

A takeoff procedure that is sometimes used over noise-sensitive communities
involves reducing the power to & lower, but safe, level to reduce the noise exposure
to the community near the ajrport, This results in a shallower climbout and tends
to increase the noise over parts of the community farther from the airport, as seen
from figure 17. A particular special case of a noise-nbatement thrust cutback is that
permitted by FAR Part 36 (ref, 1) and ICAO Annex 16 (rel, 3} for noise certification
under the takeoff flight path.

The safety of thrust cutback during in-service operations js, of course, paramount
and can be enhanced by sutomated features in the flight guidance and control system
which provide for automatic rapid thrust increases in the remaining engines in the
event of an engine failure.

Reduced-Power Takeoff

When the takeofl field length is not critical, an airplane is sometimes operatod
at takeolf thrust below the maximum rating; this aption tends to extend engine life
and lower maintenance costs, In this case, the sideline noise is lower than with fuli
takeoff power; however the liftoff point is delayed, initial climb rate is reduced, and
thus the noise benefits under the flight path are reduced or eliminated,

Ratation Point and Overspecd

Another flight procedure that can he invoked when takeoff ficld length js not
critical is to delay rotation, resulting in overspeeding the airplane compared with its
typical rotation veloelty, This tends to reduee sideline neise, inerease noise under the
fiight path at liltoff, but permit lower takeoff flap settings, mote favorable lift-to-drag
ratin, and higher elimb rates—resulting in lower noise farther from liftoff.

Flight Track Selection and Variation

In additlon to variations in thrust, flaps, landing gear, and rotation schedules,
the takeoff nojse In the community can be affected by the choice of flight tracks.
Routing airplanes over large bodies of water, industrial arcas, or sparsely populated
areas instend of over denscly populated residential areas ean significantly reduce
comnplaints. An example of such a strategy is that developed in the 1970°s for
the Seattle-Tacoma International Airport; eastbound flights taking off to the north
were routed over the industrial area and Puget Sound before turning east over the
residential arens of Seattle and jts eastern suburbs. As a result, the airplanes were
at much higher altitude over these residential arcas, and community exposure was

reduced.
Consistency Versus Special Procedures

The many possibilities of flight procedurcs might bo misconstrued te imply that
a given airline should fly the same airplane in a different mamner at each different
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airport or that each airplane at a given airport can fly an optimnun procedure
independent of the procedure being used by other airplanes taking off and landing
in the same community. Either of these hypotlieticn) situations can canse confusion
and/or incrense workload on the part of the pilot, which ern have safety implicaiions.
Therefore special procedures are not used as extensively as if noise abatement were
the predominant ohjective, Salety remains the first priority in selecling takeoll
procedures and (light tracks,

Landing Operational Procedures

As with takeoff, Innding operational procedures ean be varied somewlint to affect
the certificability of the airplane, its ability te meet local alrport requirements, or
its environmental impact on certain comumnities.

Similar te the takeofl situation, for n given airpline design, the noise under the
approach flight path (and to the sideline} is determined by the throst, flap, and
landing gear schedules.  For the typical landing situntion, the gross weight and
approach speed determine the required lift coefficient, The fap setting and required
litt coefficient determine the angle of nttack, The flap setting, landing gear position,
and angle of attack determine the drag cocflicient, which, together with the glide
slope, determines the thrust reguired. The altitude is determined by the glide slope
and the distance from threshold. Thus, the noise-determining parameters {thrust,
altitude, and flight Mach number} are fixed by approach speed, Hap setting, and
glide slope,

The normal landing approach follows o 3° glide slope and the flap setting
corresponds to the minimum sale landing speed. This results in a reasopably Ligh
landing thrust requirement and typically corresponds to higher than miniming noise
an approach,

Decelerating Approneh

In o decelernting approach, as the airplane proceeds down the glide slopo, the
flight speed is progressively reduced to the final lnnding speed, with a corresponding
increasing angle of atiack and increasing thrust until the final approach throst js
reached, The decreased thrist reduees the noise levels during the initial phases of
final approach.

fteduced Flap Setlings

Approach noise may nlso he decreased by reducing the flap setting, retaining the
lift Ly increasing the lading speed, and hence reducing the deag and the required
thrust, The result is reduced noise at the expense of longer-landing field tengtly and
additional tire and brake wenr,

Multisegment Appropeh

In a multiscgment approach procedure, the initinl segments are carried out at a
steeper glide slope. These segments require lower approach thrust, which, together
with the higher altitude, reduces approach neise. The overall effect is usually small,
sinee pppronch noise in the community remote from the airport s not typically as
important on landing as on trkeoff,
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Consistency Versus Special Procedures

The snume comments made previonsly regarding takeofl progedures also apply to
I 5 4 !
landing procedures. Safoty is again the paramonnt consideration.

The Design and Development Process

The noise engineering aspects of an airplane are 8 part of & very complex dosign
process that hng many engineering aned economie factors and ean require as much as
5 years to complete. This section outlines typieal phases and milestones for & uew

airplane model,

The Preliminary Design Phase

The preliminary design phase of an airplane includes the determinntion of
customer airline needs, together with enough depth in the airplane and major
subsystem design to assure that the airplane can neet these needs.

itial Preliminery Design and Aivline Discussions

The initinl preliminary design of au airplane involves developing an understanding
of the airline customers’ needs in terins of payload, range, economics, conmunity and
interior noise, airplane price, and ather purameters. These needs are translated into
an airplane design, ineluding layout drawings that incorporate the major aspects of
the configuration.

Initial discussions with engine suppliers result in selection of candidute engines,
together with installation concepts and acoustie treatment. designs.  For these
airplanes and installed propulsion systeins, the spectrn and divectivity of cach
(trented) prapulsion aud airframe nojse source are estimated, snmmod, and projected
to points in the community at which flight noise timme histories are constructed, These
time histories are then used to estimate flight noise levels, which are compared
with design requirements and objectives at specifie locations and alse to estimate
certification confidence. 1If the engine model is already in oporation on another
nirplane type, available flight data are nsed in the analysis. If the engine is in the
initinl development phase, ground test data may be available for these analyses,

During this same phase of the development process, the corresponding work for
interior noise, including preliminary treatment designs, is carried out. The airplane
design effort and the airline discussions are iterative and interactive, During this
period, the design requirements and objectives are adopted, inchiding those lor noise,

Initial Application for Type Certificate

As the airplane beging to take shape, preliminary application is made to one or
more certifying authorities, for exnmple, the FAA, for o type certifieate. Associuled
witl this application are disensstons regarding the plan for nolse certification of the
airplane. For example, i the airplane is the first of a model, a certification flight test
is required. If it is o derivative airplane with a new engine, family plan certification
may be proposed, The result of this phase is a specilic plan for noise certification,

Prelimvinury Design Review

At the culmination of Lhe preliminary design effors, a preliminary design review
Is conducted to scrutinize the design that has evalved, A tenm of experts reviews the
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design to develop an independent. opinion of its quality sl approprintencss, This
review is often accompaniod by andits of different aspects of the design, ineluding
noise, Noise levels and risk assessinents are reviewasd in detail. Major design changes
beyond this time period ean seriously aifect program cost and sehedule,

Confignration Freeze

Following the preliminary design review, the configuration is usoally “lrozen.,” In
effect the freeze applies to the major aspects of the design. Detailed design has not
yel been accomplished, but there is high eonfidence that the major aspects will he
amenable Lo successitl detailed design.

Airplane and Engine Specifications

The process of preliminary design of the airplane and engine includes the
formulation of airplane and engine specilications, both of which include noise
level estimates and guarantees, These spreifications are the basis for contractual
commitments by the airplane manufacturer and engine supplier, respectively.

The Firm Commitment Phase

After the preliminary design phase, the airple development moves into the
firm commitinent phase—firm commitinents on the part of the airline customers,
the engine suppliers, and the airplane manufwcturer,

Firm Propesals tn Airline Cuslomers

Wien the prelininary design and airplane and engine specifications have been
completed, the next step in airplane development process s that of making firm
praposals ta the airline enstomers. These proposals nelude guarnniees for comm-
nily, interfor, and ramp noise. The guarantees may vary for different customers,
depending on speeific necds in terms of loenl airport regulations, route structires,
and interior noise configurations and desires,

Enginecering Ga-Ahead

At engineering go-nhead, detailed design of the airplane hegins, with the gonl of
supporting & given production schedule with an airplane that ineets the specification,
In order to protecl the delivery date of the first nirplane, engineering go-ahead may be
authorized before the steps necessary for a production go-ahead have been completed,

Initial Ovders and Production Go-Ahead

An airplane mannfacturer requires » certnin munber of airplane purchase com-
mitments by the airline customers prior to a production go-nhend, Once the required
number of orders is obtained, a Ill production go-nhead is made, and the engine
contracts are signed. This go-ahead includes a comitment to incur the immense

costs of hard tooling for manufacturing.

The Final Design and Fabrication Phase

After firm commitmeuts have been made, the next phase of the airplane develop-
ment process is the detailed design and initiation of manufaeturing, which euliminates
in rollout of the prototype airplane,
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Detailed Design

The detailed design of the airplane includes the design of the hardware that
inflrences connnunity, intevior, and ramp noise, The oise engineer works very closely
with hardware designers, manufacturing people, and engine company engineers to
develop the optimum design,  Details of acoustie treatment, structural damping,
and interior Lrim panels are among the decisions that are made during this phase,
Often, developimental testing of selected hardware clements is condueted to assure
the desired aconstic perforimance,

Manufacturing und Rollout

The design phase dovetails into the manufacturing phase. The fabrication of the
fivsl parts mul major subassemblies, delivery of the fivst engines, and final assembly
of the first airplane are, of course, major steps in the developient process.

A key event for the first airplane is the rollout, in which the first airplane of
the model leaves the fing] assembly building, useally aceompanied by considerable
pubticity.

‘The Flight-Test and Certification Phase

After rollont, the airplane enters the Qight-test and eertification phase, which
culminates in the first delivery to & customer.

After soveral weeks or months of taxi tests, the fivst flight of the airplane is
performed by the flight-test organization, Initinl flight noise measurements are often
wade at this time to identify any unforeseen noise level charnctertstics as enrly as
possible,

The certification Hight-Lest prograin for n new type of airplane typically includes a
nolse eertification flight test, witnessed by the certificating atuthority, to demonstrate
complianee with FAR Part 36 (ref. 1} and the ICAO Annex 16 (rel. 3) requiremonts,
Detailed documentation of the test is sulnnitted as evidence of complianes.

In addition to the certificacion flight test, additional testing is typically per-
formed to demonstrate complinnce with guarantees to airline customers, Additional
commuuity noise testing may he required; as 8 minimun, interior and ramp noise
complianee must be demonstrated.

The culminntion of the engineering proeess is the initial delivery of Lthe airplane
to the customer,

Product Improvement and Derivative
Phase

The noise engineering does pot end with delivery of the first airplane. Produnct
improvements {to the engine nnd for airframe) and/or major derivatives reqnirve effurt
until the delivery of the Inst airplane of & model.

Praduct Iprovemendts

After the design and delivery of the prototype airplane, an airplane model is
continually improved throughout s production life. The design is modified to
improve performance, enhance passenger and aivline appeal, and reduce cost. Ench
design nodificution is checked for noise implications, For any change that has noise
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implications, the manofscturer mmst snbmit evidence to the FAA {and/or other
cortifiention agencies) that the resulting certification levels still comply with the
applicable regulatory requirements, This step is often done hy analysis; sometimes
enpging ground testing or flight testing may be necessary.
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Derivative Airplancs

The previous diseussion focused on the typical steps in developing the first design
of a particular model. The snme basic steps are performed for a derivative airplane
as for the first of o model; however the central iden is to nse as much of the design of
the original airplane as possible, in order to signifieantly reduce cast and flow time
from that required for the parent design, Correspondingly, the noise enginecring
relies ns much as possible on knowledge of the neise aspeets of the parent airplane
(and engine)., Analyses are performed incrementally relative to the established noise
levels of the parent; designs of various noise aspects are identical or similar within
the Hmitation thet they still meot the desigu regniremoents and objectives of the
derivative,

The certification of & derivative airplane is also based on that of the parent
airplane te the greatest degree possible, In some cases, the noise changes can be
shown by analysis to be negligible, for example, if the smne engine is wsed and the
grosa welght increase is very small.  In other cases, a sapplemental flight test s
needed to extend the datn into a higher gross weight range. For a new engine, the
fanily plan certifiention scheme deseribed previously is often usel, iy which ground
test inerements are superimposed on the flight-test data base of the parent,

L

Noise Enginecring of Other Flight Vehicles

Tlie previous discussion has eentered upon the engineering of subsonie comnercinl
airliners powered by conventional turbojet or turbofan engines, which represent the
largest share of the noise engineering and certification to this point in Lime. The
basie ideas and philosophies of applying noise engineering principles to other [light
vehicles are similar, with differences in emphasis vesulting from differences in the
function of the vehicle and the applicable regulatory climale,

Propeller Airplanes

The propeller nirplanes that preceded the turbojets as the mainstay of the
conunercial eet were eertificatod prior to the age of noise regulations, Smaller (less
than 12500 1b takeofl gross weight} propeller-driven airplanes are suhject to FAR
Part 36 (ref. 1, appendix F) requirements, which are specifiedd in terms of waxinum
A-weighted souwnd level for level fiyovers at 1000 f,

Recans aerodynnmic developments have resulted in renewed interest in advanced
high-speed prapellers as & propulsion system with the potential for significant fuel
savings compared with the turbofan, These ultrahigh-bypass-ratio engines will have
no inlet or fan duct available for acoustie treatment and will have low-lrequrency
propeller tones that must be recognized and eontrolled in hoth the comnnnity snd
the interior noise angineering process, Also, in the absenco of inlets to control and
direct the flow upstream of the propeller, forward speed shnulation, as is available
with wind tunnel testing, will be required for valid simulation of Dight noise during
isolated Lests of engines or propellers,
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Military Airplanecs

In military nirplane design, noise is vot as important as in the design of commaer-
cia] airplanes, partly beenuse their wtility is not typieally in proximity to populated
communities and partly beeanse of the paramonnt performaiee requirements of o
military airplane. FAA mud ICACQ noise reguiremends apply specifically only to civil
aireraft, and military requireinents are typically less stringent, However, some mil-
itary procurement conlracts require complianee with FAR Part 36 unless serions
losses in performance wounld result,

The near-field noise of high-performance elosely coupled power plants has sonic
fatigue implications that are important in service life dosign.

Supersonic Transports

Noise is a mnjor consideration in supersonie transport design. Supersonic criise
perlormance cousiderations tend to promote low-diameter, high-pressure-ratio, low-
bypass-ratio engine designs, which in torn result i mueh higher jot noise than a high-
bypass-ratio engine, Noise considerations may drive the propulsion systein design to
n variable-cyele engine, having higher bypass ratios and lower noise on takeoff, and
lower bypass ratios at eruise for superior supersonic cruise performance,

An additional important consideration is the en route noise associated with sonic
boems cansed by shoek waves fixed with the airframe extending to the ground., FAR
Part 81 (ref. 2) probibits supersonic Hight over U.8. land, and s prevents sonic
baoms (reaching the ground) from civil aireraft, This requirement plays a signifleant
role in the design of a supersonie transport.,

Boundary-layer noise al supersonic eruise Mach numbers is ericieal to the pas-
sengor acceplance of a siupersonic transport sirple,

Buslness Jets

Business jets are subject to the sume FAR Part 36 noise regulations as commercinl
airliners,  Beesuse of their small size, most business jet airplanes meel FAR
Pirt 36 standards, particularly those being produced with higl-hypass-ratio engines,
However, business jets make frequent use of small ajrperts, at which stringent local
airport regulations eften apply. Consequently there are pressures toward low-noise
designs.

Rotoreraft

Helivopters are subject to FAR Part 36 (refl, 1, apperdix HY and ICAQ Annex 16
(ref, 3, chapter 8) certifieation requirements for noise,  Helicopters fhee severe
constraints becanse they operate close to popnlated areas, both at heliports and
on route.  Rotor noise, partlenlarly from the main rotor(s), Is the wost provalent
source. Interior noise and vibration due to both the rotor(s) and the gearbox are
also very important design considerations.
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Glossary of Terms

Absorption caeflicient—The ratio of sound energy absorbed by a surface to the
sound energy incident upon the surfaco,

Acoustic power level (PWL)—Ten times the logarithm to the base 10 of the
ratio of the ncoustic power of a sound source to a reference pawer:

PWL = 10 Ing -HL;-’—‘.(IB
e

where, in this text, Wiy = 10712 W and W is the radinted acoustic power
corresponding to a particular frequency bandwidth,

Acoustic shadow region—A region in which sound pressure levels decrease rapidly
as distance increases, It exists at distances larger than those for which the limiting
rays refracted upward just miss the ground.

Active noise control—The use (by clectronic menns) of auxiliary sound sources
to eancel or partially cancel the original sound ficld.

Ajrborne nolse—Noise generated by neroscoustic sources such as propellers and
Jet exhausts. It impinges dircctly on the external airernft surfaces and is then
transmitted into the cabin.

Atmospheric refraction—Varying conditions of wind and temperature with
height in the atmosphere result in a varying speed of sound which causes sound
waves to propagete along curved paths. For upwind propagation, the sound speed
generally decreases with height and ray paths curve upward. In a temporattre
inversion or for propagation downwind, the ray paths curve downward,

A-weighted sound pressure level (SLA)—Sound pressure level that has been
weipghted to approximate the response of the human car. It is measured with a
standard sound level meter cquipped with an “A" weighting network.

Buik absorber aceustic duct Hner—Congists of a single-layer construction with
a solid backplate and n porous fece sheet of negligible resistance. The cavity
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Glossary of Terms

between the backplate and fuce sheet is filled with a fibrous mat having very
smal] air passages.

Cabin insertion loss—Loss determined by subtracting cabin sound pressure lavels
mensured after the acoustic treatment is in place from levels measured before
treatment installation, Trentment may sometimes increase the sound pressure
level; therefore, insertion loss can be negative,

Cutoff, cut-on modes—Acoustic duct modes which are attenuated with distance
and carry no acoustic power are referred to as being “cutofl,* while modes which
prapagate in the usual sense are said to be “cut on,”

Decelerating approach-—A noise abatement procedure that may be used to
achieve lower noise exposures under the approach path during the initial phases
of final approach. The airplanc flight speed is progressively recduced to the final
landing speed, with a corresponding increased angle of attack and increased thrust
until final approach thrust is reached.

Derivative airplanes——Growth wversions of the parent airplane which arise as
a result of operational experience, improvements in technology, or customer
demands. Growth in paylond and/or range is usually nccompanied by higher
takeoff thrust and gross weight and associnted higher nolse levels.

Diffraction—The amplitude and phnsa distortion of a sound HAeld due to the
presence of a barrier or other solid body,

Dispersive waves—Those waves whoso propagation speed is proportional to the
square root of frequency. TFor instance, bending waves in a plate are dispersive,

Duct insertion loss——Loss determined by subtracting the sound pressure levels
measured for a hard-wall, untreated duct from those levels mensured after
treatment panels have been inserted,

D-weighted sound level (SLD)—Sound pressure level that has been weighted
to reduce the effects of Jow-frequency noise and to increase the effects of high-
frequency noise, It is mensuted with a standard sound level meter equipped with
a “D" weighting network,

Eddy convectlon speed—The speed at which an eddy embedded in the flow is
transported by the flow. Convection speeds are typically 0.5 to 0.7 times the
free-stream value.

Effective perceived noise lovel (EPNL)—Derived from perceived noise level
(PNL), but includes correction terms for the duration of an nireraft flyover and
the presence of audible purc-ione components,

Equivalent continuous sound level (LEQ)—Calculated [rom A-level noise
measurcments to provide an equivalent steady-state value,
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Glossary of Terms

E-weighted sound level (SLE)—Sound pressure level weighted te approximate
the pereeived level of a sound, It is measured with a standard sound level meter
equipped with an “E" weighting network.

Excess attenuation—That aticnuation which is over and above that due to normal
geometrical spreading and atmospheric absorption,

Geometrical spreading—The spreading out of acoustical energy as it propagates
away from a source. For the special ense of a point source, the corresponding
decrense in sound pressure level is 6 dB per doubling of distance for all frequencies,

Hydrodynamic coincidence—Occurs when the convection speed of the boundary-
layer fluctuating pressure field (about 70 percent of flight speed) equals the
flexura] wave speed of the skin structure.

Loudness—The perceived intensity of a sound.

Molecular (classical) absorption-—The absorption of sound in the atmosphere
due to the direct transfer of acoustic energy into heat energy through processes
involving viscosity and heat conduction and due to molecular relaxation which
is redistributed into rotational and vibrational modes of the molecules through
binary collisions.

Multisegment approach—A noise abatement procedure that may be used to
achieve lower noise exposures under the approach path during the initial phases
of finnl approach, The initial segments are carried ont at a higher altitude, at a
steeper glide slope, and at a lower approach thrust.

Noise—Sound that produces adverse cflects,

Nolse abatement cutback—A noise abatement takeoff procedure thai is some-
times used and involves reducing the engine power for a short time to a lower,
but sefo, lovel to reduce noise exposures over a certain ares. This results in a
ghallower climbout angle and tends to increase the noise exposures over other
parts of the community farther from the nirport after normal climbont power is
reapplied.

Nolse certification of aircraft—-Usually a requircment for operation of eertain
aircraft, particularly for commercinl purposes. Certification rules are set by Fed-
eral and/or internationn) nuthorities and specify maximum noise levels allowable
during landing approach operations, during takeoff-climbout operations, and in
some cases during en route operations,

Noise exposure forecast (NEF)—Used to determine the relative noise impact
of aircraft noise near an airport. It is expressed as the total summation (on an
energy basis} over a 24-hour period, weighted for the time of day, of the effective
percelved noise level (EPNL) minus the constant 88 dB.
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Glossary of Terns

Noisiness—That characteristic or attribute of & sound which makes it nnwanted,
unacceptable, disturbing, objectionable, or annaying and which may be distin-
guishable from loudness, which is nlso a subjective quantity.

Nondispersive waves—Those waves whose propagation speed Is independent of
frequency. For instance, longitudinal and transverse waves are nondispersive,

Normal full-power takeoff——At airports for whicl neise in proximity to the
airport is not a concern, the normal procedure is to maintain full takeofl rating
until reaching a given sltitude, after which the thrust is reduced to climb thrust,

Normal landing approach—Appronch which follows a 3° glide slope and the
flap sctting corresponding to the minimum safe Innding speed, This results in o
relatively high landing thrnst requirament and in higher noise levols on appronch.

Overall sound pressure lavel (OASPL)—A physical measure which gives equal
weight to nll frequencies. This is not standardized but is generally considered to
cxtend from 20 to 20000 He, a range which corresponds to human hearing,

Overspeed takeoff—A noise abatement procedure that may be used to achieve
lower noise exposures along the sideline and far from the airport. Provided field
length is not critieal, rotation can be delayed to higher speeds, thus permitting
lower flap settings, more favorable lift-drag ratios, and higher climb rates,

Perceived nolse level (PNL)—Calculated from broadband noise mensurements
to provide a rating of noisiness for sounds which have simiilar time durations and
which do not contain strong discrete frequency components.

Reduced flap settings—A noise abatement procedure Lhat mny be used to achiove
generally lower noise exposures under the approach path. The lift is maintained
by increased landing speed; hence, the drag and the required thrust are reduced,
but with the requiremnent of greater field length.

Reduced-power takeoff—A noise abatement procedure that may be used where
takeolf field length is not eritical. This results in lower sideline noise levels than
with {ull takeeff power; however, the liltoll point is delayed and initial climb rate
is reduced, thus eliminating noise benefits under the fight path.

Single-degree-of-freedom acoustic duct liner— Consists of # single-lnyer sand-
wich construction with a solid backplate, A porous face sheet and internal parti-
tions are used, as would bo provided by honeycomnb separator material.

Sound exposure level (SEL)— A duration-corrected noise metric used to predict
the annoyance of a single noise event such ns an aircraft Ayover, It is time-
integrated A-level noise and s expressed by the level of an equivalent 1-sec-
duration refercnee signal.
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Sound pressure level (SPL)}— Equal Lo 20 times the logarithm to the base 10 of
the ratio of the sound pressure to a reference pressure:

SPL = 20 log;; ——,dB
i

'
T

where, in this text, per = 2 x 1075 Pa and p is the sound pressure corresponding
to n particular frequency bandwidth,

Speech interference level (SIL)— Devcloped to evaluste the effects of aircraft
noise on pasyenger communications, It ig ealeulated from the arithmetie average
of the sound pressure levels of four octave bands having center frequencies of 500,
1000, 2000, and 4000 Hz,

Structure-horne nolse— Noise generated by mechanical means, such as engine
unbalance, transmitted along the airframe structure, and then radiated into the

cabin,

Turbulent scattering—Occurs due to local variations in wind velocity and tem-
perature which induce Auctuations in phases and amplitudes of the sound waves
aa thoy propagate through an inhomogeneons medium, There is a tendency for
high [requencics to boe affected more than low frequencies,

Two-degrec-of-freedom acoustic duct Hner—Conyists of a double-layer sand-
wich construction with a porous septum sheet or midshect and a porous face
sheet. Internal partitions from material such as honeycomb provide spacings for
the two layers.
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absorption,
atmospherie, 56, 58, 228, 266,
367-370
molecular, 54, 56-58
absorption coefficient, 172, 289, 200,
346-347, 415
absorption of sound, 90, 367-370
cabin, 283, 206, 346-347
classien), 56, 417
acoustic continuity equation, 104-105
acoustic damping, 288-289, 304, 337,
340, 343-344
materials, 343-345
acoustic enclosure, 234, 330-331
ncaustic energy, 46, 138-141, 228, 234
acoustic energy density, 138, 139, 141
acoustic energy equation, 104
acoustic energy flux, 138, 139, 141
acoustic equation of state, 104-105
acoustic field equation, 103-105
acoustic fluctuations, 79, 115
acoustic guide, 302, 303, 331, 332
acoustic lining,
bulk absorber, 166-167, 172,
176-176, 177, 178, 181-182,
205, 415
ducta, 111-118, 122, 133, 135,
136-138, 143, 147, 148, 165-205
single-degree-of-freedom, 166-167,
170, 171, 174, 176, 177, 182,
186, 198, 418
two-degree-of-freedom, 166-167, 171,
174-175, 176, 177, 181, 198, 410
aconstic-mean-flow interaction, 208,
211, 212-214, 220
acoustic modes, 289, 201

acoustic momentum equation,
104-108, 106
acoustic power, 141
neoustie power flow analysis, 248, 300
reoustic power level, 415
acoustic radiation,
ducts, 101-158
efficiency, 301
interior naise, 317, 318, 321-422,
331, 333-344, 344
line souree, 55
point source, 55
resistance, 2909
aconstic renctance, 171, 172, 181, 182,
183, 186, 187, 188, 195, 198
acoustic resistance, 171, 172, 176,
178-181, 182, 183, 186, 187,
188, 195, 197, 209
acoustic shadow region, 72, 76, 77, 82,
86, 90
acoustic transmission, See noise
transmission; sidewall
transmission.
acoustie treatment. See also acoustic
lining; experimental methods,
acoustie treatment; sidewall
treatmont; test fnciliticy,
acoustic treatment; trim.
acoustic treatment,
design, 165-205
distributed reacting, 176
duets, 138-141, 165-205
ejectors, 240, 241, 246
performance, 165-205
point reacting, 171, 176
segmented, 200
acoustic velocity, 171
airborne noise, 271, 282-315, 415
nircraft. See also quiet aircraft,
aireraft,
advanced supersonic transport, 253,
256, 257
business jets, 412
commercinl transports, 383-411
high-speed civil transports, 207,
266-267
military, 412
STOL, 281
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aircraft (continued):
supersonic transports, 207, 412
airernft derivatives, 402-404, 410, 411
aireraft design, 383-404, 408-411
airline customer needs, 408
manufncturer noise guarnntees,
389-390
margins, 300
measurement uncertainty, 391, 392
objectives, 394
prediction uncertainty, 391, 392
requirements, 393-394
risk, 303-305
true noise level, 391, 392
uncertainty analysis, 301393
aireraft development, 408-111
aircraft noise, 383-412
annoyance, 17-43
community annoyance, 21-30
complinnce, 388-390, 304
human response, 1-48
aircraft noise certification, 13, 43-45,
165, 205, 357, 358, 360,
383-390, 408-411, 417
family plan, 388-389, 397
ajreraft noise mensurement. See
flyover-noise measurement.
nircraft operations. See also appronch
noise; ramp noise; takeoll noise,
aircraft operations, 404-408
landing procedures, 407108
takeofl procedures, 404-407
ajrport noise annoyance, 33-43
airport noise monitors, 359
airport noise regulations, 387, 388
ambient noise. See backgronnd noise.
amplitude factor, 62, 63
amplitude fluctuations, 80-81
annoyance. See aircraft noise,
annayance; airport noise
umuynnce; cokununily hoise
annoyance; noise annoyance,
approach noise, 384, 385, 386G, 407-108
decelerating approach, 407, 416
nultisegment, 407, 417
reduced flaps, 407
atmospheric propagation, 53-96
aitenuation, 118

422

altenuntion {continned):
atmospheric, 228, 245, 266
constant, 134
oxcess, 417
maximom, 134
optitm, 133
aural reflex, 2
A-weighted sound level, 8-8, 15-16, 21,
22, 48, 46, 47, 272, 310, 309, 415
hackground noise, 28, 30, 39
Bailey's iteration mothod, 124
hase drag, 233, 236, 240, 245
blade-pnssage frequency, 167, 170, 1906,
77, 280, 285, 345-346
boundary lnyer, See also
thin-boundary-layer
approximation; turbulent
boundary layer,
boundary layer, 133-135, 136
boundary layer noise, 274-277, 283,
306, 322, 336-337, 344, 412
BPF, Sre blade-passage frequencey.,
bulk absotber, Sce acoustic fining,
Lulk absorber.
cabin noise. See interior noise.
eatalogs, modal density, 301
certification, See nircrall nolse
certification,
closed-form solutions, 289
CNEL. See community noise
equivalent level,
cohorence, partial, 82, 84
coherence decay paramoter, 281
colherence length, 82
coherent theory, B4
coincidence conditions, 275
community noise, 367, 359, 383-393,
397-401, 404-408
comnumity noise annoyanee, 21-30
community noise criteria, 45-47
community noise cquivalent level, 16
community noise surveys, 33-43, 47,
272-273, 357, 359
attitude fnetors, 41
demographic varinbies, 41
duration correlntion, 13-15
fear factors, 41
interpretution, 36-47
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community noise surveys {conlinued):
methodology, 34-37
relinbility, 36-37

computer programs, ANOPP, 313, 377

convection, 208, 211, 212, 213, 219,
224, 225, 270, 276, 277, 281

convective amplification, 220, 221, 222,
223, 224, 225, 226, 227

correlation, point-to-point, 275, 276

correlation equations, 136-138, 139,
140

cost benefits, 400-402, 403

coupling loss factors, Sce slatisticnl
energy analysis, coupling loss
factors,

creeping wave, 77

Cremer’s analysis, 173, 174

critical frequency, 276, 343, 344

cross speetral density, 275, 276-277,
281, 306

cutoff, See duct modes, cutoff; ducts,
cutoff ratio,

cut on. See duct modes, cut-on.

data bases, 170, 195-1%6

day-night average sound level, 16, 28,
39, 40, 46, 47

derivative airplanes, 402, 416

diffraction, 416

dispersive waves, 416

dive tests, See llight tests, dive tests.

DNL. See day-night average sound
level.

doors, 341

Doppier shift, 23, 224, 225, 370, 371

double-wall resonance, 297-298, 339

downwnrd refraction, 72-76, 84

downwind propagation, 72, 73-74, 78,
&4

duct acoustics, 101~1568, 165-205
nonlinenr, 156-158
duct modes,
cutoff, 108~109, 416
cut-on, 108--109, 416
duets,
acoustic lining, 111-118, 122, 133,
135, 136-138, 143, 147, 148,
165-205

Index

ducts (eanlinued):
cirenlar, 105-111, 106, 111-118, 121},
122, 123, 124, 126, 127, 1’4
cutoll ratio, 108-109, 137-138, 166,
195-196
design, 165-205
design charts, 195-196
design criteria, 166, 171-174
hard-wall, 105-111
noise suppression, 165, 197, 198-202,
203
nominiform, 142-158, 205
rectangular, 111-118, 120-121, 122,
123, 124, 127, 129, 146
stepped, 142, 147-148
uniform, 105-118
duct wall, See also impedance, duct
wall.
duct wall,
heundary condition, 112-113
specific acoustic admittance, 113
D-woighted sound fevel, 11-13, 21, 22,
416
cars,
anptomy of, 2-4
integration time, 4, 7, 27
eddics, 208, 211, 212, 213, 214, 218,
224, 227, 228, 248, 258
eddy convection speed, 416
effective perceived noise level, 13, 16,
25, 26, 38, 43, 472, 384, 385,
386, 388, 391, 401, 416
cigenvalue problems, 113-117, 118-141
ejectors, 228, 229, 240-241, 242, 243,
244, 245, 246
engine nacelle, 400
engines,
alternative, 404
hypass, 372, 374, 306, 411, 412
design, 398-309
installation effects, 376, 378, 350
jot, 372
neise compliance, 397
noise level, 396-397
propeller-driven, 272, 284, 302-303,
318, 319, 377481, 411
propfan, 377-381
rear-mounted, 316, 345
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engines (eontinued):
reciproeating, 285, 316, 346
specification, 396-397
thrust-to-weight ratio, 399
turbofan, 101-158, 165-205, 230,
272, 316, 317, 345, 358-364,
371-377, 306
turbojet, 230, 316, 343, 372, 374
turboprop, 314, 318, 319, 343, 345
variable cycle, 229, 230
wing-mounted, 316-317
engine tests, full-senle, 202-205
engine vibration, 281, 316-321, 322
unbalanced forces, 281, 320, 322,
336, 341, 346
entrainment, 235, 236, 240
EPNL. See effective perceived noise
level.
equivalent continuous sound level,
15-16G, 28, 39, 40, 416
excitation, See alse structural
vibration.
excitation, 276, 318, 320-327
exhaust noise,
jet, 281, 322
rocket, 281, 305-306
experimental methods,
acoustic treatment, 165-170,
173-174, 180-1905, 200-205
human response, 17-33
interior noise, 272, 275, 285,
204-293, 297, 302, 303, 314,
322-336, 338, 341
jet noise, 214228, 229-2G6
T-weighted sound level, 13, 14, 22, 417
TAR. See regnlations, FAA FAR.
far-field noise, 142, 208, 214, 218, 221,
228
fast Fourier translorm, 323, 324, 326
TIDM. See finite-difference method.
FEM, See fAnite-clement method.
TIT. Sce inst Fourier transform.
fiberglass, 286-287, 289, 291, 257, 303,
304, 314, 330, 340, 347
filters, analog and digital, 56
finite-difference methad, 122, 126, 127,
129-130, 142, 147, 149, 153,
289, 295

424

finite-clement method, 122, 130-131,
142, 146-147, 149, 150,
151-152, 153~15G, 289

flap systoms. See appronch noise,
reduced flaps; takeoll noise, flap
system,

flight paths, 361, 384, 404, 105

flight tests, 240, 267, 388, 410

dive tests, 328, 329

flyover-noise, 358, 350-371, 372, 378

interior noise, 274, 275, 277-280,
283-085, 286, 303, 304, 315,
317, 327-328, 314

simulated, 259, 267

floors, 288, 206, 313-314

flow. See grazing low; mean flow; no
mean flow.

flow resistance, 65-G7, 68, 178-181,
189-150

fluid shielding, 213, 220, 221, 222, 224,
295, 236, 227

flyover noise. See also fight tests,
fyover-noise.

flyover noise, 357-381

prediction, 357, 371-380
flyover-noise measurement,

atmospheric effects, 361-362,

367-370

ground effects, 369-360, 170-371

online data systems, 363-364

static tests, 372, 378

test acceptance, 363-364

test procedures, 361-362

foatned materinl, 330, 343

Fourier transform, 212

frequency. See critical frequency; ring
frequency.

frequency weighting, 96

Fresnel number, 86, 87

fuselugos, 268

cylindrieal, 289, 307-315
finite-cylinder, 312-315
infinite-cylinder, 307-312
rectangular, 302-306

fuselage structure, 294-205

Galerkin method, 128-129, 130, 142,
143-140, 147, 149, 150, 154
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geometrical sprending, #4, 56-66, 03,
417
grazing flow, 178, 181, 182, 186,
194105
ground aurface effects. See also
flyover-noise measurement,
ground effects.
ground surfaco effects, 54, 58-71, 72-89
composition, &4
grain shape factor, 67
layered surface, 68
pore shape factor ratio, 67
porosity, 58, 60, 63, 67, 69
refllection, b
shape, 54
ground surfaces, BE-90
ground tests, 279-280, 283-285,
316-317, 328-332, 344-345, 388
ground waves, 60-63
Haaos effect, 7-8
harmonics, 167, 196, 198, 377
higher, 93
propeller, 279, 280, 285
second, 93
head shock, Szz shock waves, hoad
shock,
hearing, theory of, 2-4
helicopter nolse, 343, 364-367, 368,
369, 412
blade slap, 26
blocking mnss, 348
fAyover, 366
gearbox, 282, 344
hover, 366
impulse, 25-26
interior, 282, 317, 318
measurement, 364-367
rotor, 282
Helmholtz equation, 106-107, 122, 144,
147
Hermitian elements, 131
high-frequency panel. See models,
high-frequency pancl,
holography, 325, 326
honeycomb, 285, 344345, 347, 348
human response, See aircraft noise,
human response; cxperimental
methods, human response;

Inder

human response (continued);
vibration, human response.
humidity, 56, 57
hydradynamic eoincidence, 275-276,
4117
hydrodynamic disturbance, 115
impedance. See also models,
impedance; models, point
impedance,
impedance, 58, 60, 63-69, 171, 182,
250, 320-321
acoustic treatinent, 133, 143, 147,
166, 170, 171-174, 176-189,
198-200, 240
characloristic, 59
complex, 62
discontimity of, 69-71
duet wall, 112
ground, 62, 69-71, 82, 88
optimum, 136-138, 172
specific normal, 59
surface, 67
wall, 288
impedance measurement, 182, 183,
189-195
flow resistance, 189-180
impedance tube method, 190~-193
in situ, 194-195
normal incidence, 182, 190193
inertial range. See Kolmogorov range.
insertion loss, 170, 28G-287, 296-208,
416
interior noise. See alse cxperimental
methods, interior noise; flight
tests, interior noise; prediction
methods, interior noise; test
facilities, noise annoyance.
interior noise, 30-33, 271348, 389,
300, 401
jet aerodynamics, 208-211, 212-214
jet decay, 228, 244, 248, 250
jet flow, turbulent, 208, 209, 210, 211,
212-214
jet mixing. See also turbulent mixing.
jet mixing, 208, 209, 210, 211-212,
228, 240, 2568, 266
jet noise, See experimental methods,
jet noise; models, jot noise;
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jet noise (continued):
prediction metheds, jet noise;
unified theory, jet noise.
jet noise generation, 207-214
Jjet noise suppression, 207-267
acrothermodynamic concepts,
249-257
geometric coneepts, 228-249
mechanisms, 214-228
shock noise control, 257-266
theoretical eoncepts, 221-227
jets,
acradynamic performance, 231-230,
240-241
annular, 227
high-velacity, 207, 216, 232, 249, 246
suberitical pressure, 264
supercritical pressure, 257
jet velocities, mass-averaged, 231
jet velocity, 208, 212, 214, 218, 227,
228, 231, 232, 235, 236, 240,
245, 249-250, 254, 256, 260, 262
joint acceptance function, 305, 306, 313
Kolmogerov range, 79, 80
landing approach pracedures,
deceterating, 407, 416
multisegtent, 407, 417
normel, 407, 418
reduced fap settings, 407, 419
land-use planning, 47-48
large-amplitude pulses, 93-95
large-amplitude waves, 90-85
LEGQ. See cquivalent continuous sound
level.
levels document, 46-47
Lighthill-Ribner theory, 208
Lilley’s equation, 208, 213
limiting ray, 72, 76
lined ducts. See ducts, acoustie lining,
LLS, See loudness level, Stevens,
LLZ, Sece loudness level, Zwicker.
locnlization, 7-8
loudness, 4, 5, 6, 27, 417
loudness level, 8-0
Stevens, 9, 10, 21, 22, 23
Zwicker, 9, 22, 23
Mark VI procedure, 9, 10
Mark VII procedure, 12, 13, 14
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mass Jaw, 295
mean flow. See also ncoustic-mean-flow
interaction; no mean flow,
mean flow, 182-189
sheared, 126-132
uniform, 101-116, 122-126, 133
method of weighted residuals, 122,
128-129, 143-146, 149, 150-151
microphones,
flyover measurement, 360, 366-367,
370-371
interior noise measurement, 323-325,
334-335
mixing. See jet mixing; turbulent
mixing,. .
modn] analysis, 287~293, 208-299, 302,
303-304
modal density, See alse entalogs,
modal density.
modal density, 209-301
models,
acoustic-menn-flow interaction,
212-214, 220
analytical, 208-302, 306, 312-315
boundary-layer noise, 276-277
high-frequency panel, 204, 295
impedance, 185-189, 205
jet noise, 208
mathemntical, 276-277, 200-293,
204-298, 305-306
noise intensity spectrum, 214
noise prediction, 377-378
nonuniform ducts, 142-158
orthotropie, 204-295, 305, 309-310,
312
point impedance, 288
propeller, 380-381
ray acoustics, 156
structural, 263-208, 309-310
theoretical, 168, 171, 101-158,
207-227, 287-203, 302, 307-308
turbofan engines, 101-158
maonitors, airport noise, 330
Morse chart, 120-122, 123, 124
multichute noise suppressors, See noise
suppressors, multichute,
multiple noisc exposure, 28-30, 39-40
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multitube noise suppressors. See noise
suppressors, multitube.
MWR. See method of weighted
residunls,
NEF. Sec noise nnunoynnce, noise
exposnre forecast,
Newton-Raphson iteration, 122-125,
127
NNI. See noise and number index.
noise, 417
noise and number index, 17
noise annoyance. See also afrcraft
nolse, annoynnce; airport noise
anjoyrnee; community noise
annoyance; prediction metheds,
noise annoyance; test facilities,
nolse annoyance.
noise annoyance, 17-43, 47, 272, 418
activity disturbanee, 34-36
complaints, 41-43
duration, effect of, 23, 24
duration correlation, 13-15
measurement, 34-37, 3G3
noise expasure forecast, 16-17, 47
number of events, 28, 38-39
prediction, 8~17, 27
naise certification. See aircrnft nojse
certification.
noise contral. See also noise

suppression; shock noise control.

noiso control,
absorption, 283, 256, 346-347
active, 348, 415
cabin, 311, 336-348
damping, 288-289, 304, 337, 340,
343-345

honeycomb panel, 285, 344-345, 347,

348
mass effects, 285-286, 343
multielement wall, 337-342
septum, 303, 304, 338, 340
stiffness effects, 285-286, 343, 344
synchirophasers, 279, 328, 33(
vibration isolators, 320-327,
331-332, 341, 342, 346
noise exposure forecast. See noise
fnnoyance, noise exposure
forecast,

Inilex

noise intensity spectrum, See alsp
models, noise intensity
Spectrim.
neise intensity spectrum, 208, 211-212,
213, 214
noise metrics, 8-17, 22
noise reduction. See also ncoustic
trentment; sidewall trentment,
noise recdluction, 273, 274
cabin, 283-287, 206-208, 303-304,
J07-308, 310-312, 314, 315,
322, 342, 343, 347-348
engines, 300
penalties, 400, 403
noise souree,
eabin, 273-282, 316-318, 319, 322
engine exhaust, 281, 305-306, 322
engine vibration, 281, 316-321, 323,
336, 341, 346
flyaver, 375
path identification, 272, 322-336
propeller, 272, 277-280, 283, 284,
d02-303, 310-312, 313-314, 315,
322-323, 336, 345
propeller wake, 277-270, 281,
317-320, 421
noise suppression, See also ducts, noise
suppression,
exhaust ducts, 199-202, 203
Inlets, 198-200, 202
noise supressor design, 136-138,
165-205
noise suppressor performance, 165-205
nNois¢ Suppressors,
multichute, 209, 214, 217, 221-228,
229, 230, 231, 236-239, 240,
241, 243, 244, 245, 253, 254,
2h5, 266G, 257
multiclement, 221-228, 220-239, 266
multispoke, 228, 230, 231, 236-230
multitube, 209, 229, 231-236
noise transmission, See also nirborne
noise; inscrtion loss; sidewall
transmission; structure-borne
noise; transmission loss,
cabin, 312-314, 325-136, 343-345
fusclnges, 281, 204-205, 302-315
path identification, 322-336
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noisiness, 6, 7, 418
perecived, 9-14
no mean flow, 116-117, 118-122
nondispersive waves, 418
nozzles,
annular, 228, 247, 255, 254, 248,
236, 257, 258, 260-264
bypass, 214-221
coannular, 214, 216, 240, 251-253,
258, 260-264, 265-267
conical, 214, 215, 221-227, 228, 231,
240
convergent, 2658-259
convergent-divergent, 258-264, 266
dual-fow, 214, 216, 230, 258,
260-264
inverted-flow, 214-221, 228,
249-250, 251-253
plug, 228, 240-241, 242-247, 250,
253, 255, 256, 257, 258,
260-264, 267
total thrust coefliciont, 237
two-dimensianal, 228, 242, 247-249
Newaves, 94, 95
OASPL. Ser overall sound pressure
level,
orthotropic panels, See afso models,
arthotrople,
orthotrepic panels, 307, 309-310
oversl] sound pressure level, 214, 215,
220, 245, 272, 277, 278, 400
panel theory, infinite, 297, 302, 307,
310

path identification, See noise source,
path identification.

perceived noise level, See alsp effective
perceived noiseo level,

perceived noise level, 9-14, 16-17, 21,
22, 23, 24, 25, 217, 222, 224,
230, 231, 232, 235, 237, 240,
241, 242, 246, 250, 251-252,
254, 418

perceived noisiness, See noisiness,
perceived,

perfornted materials, 168, 174,
179-181, 183, 184-185, 186-187,
188-189
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perturbation methods, 143, 149-150,
157, 289
phase fluctuations, 80-81
pitch, 5-G
plane waves, 59-60
plane-wave solution, 142, 149, 172-173
planc-wave transmission, cylinder,
307-308
PNL. See perceived noise level.,
point-to-point correlation. See
correlation, point-to-point,
porogity. See ground surface cifects,
porosity.
porous materinls, 174-175, 179, 186,
187
precedence coffect. See Hans effect,
predietion methods, See also Ayover
noise, prediction; models, noise
prediction,
prediction methods,
airframe noisoe, 376
component noise, 372, 375, 377-380
flyover noise, 357, 371-381
ground surface effects, 66-69
interior noise, 275, 281, 289, 294,
206-298, 208-302, 303, 305-306,
309, 310-312, 314, 336
Jet noise, 208, 214-208
noise annayance, 27
propagation. See alyo downwing
propagation; sound
propagation; upwind
propagation.
propeller noise, 377-380
cabin, 273, 277-280, 283, 284,
302--303, 310-312, 312-314, 315,
322-123, 336, 345
direction charncteristics, 277
propeliers,
acoustic interference, 279
beating interference, 279
down-sweeping, 280
nouuniform flow, 277
phase charncteristics, 279, 280, 281
up-sweeping, 280
propeller wake interactions, 277-279,
281, 317-320, 321
psychoacoustic tests, 19-21, 25
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psyrhoaconstic tests {continued);
constant stimulus differences, 19-20,
21, 22, 23, 25, 27, 28
levels of subjectiva oquality, 20
magnitude estimation, 20, 21
mothad of ndjustment, 19-21, 26
numerical eategory sealing, 20-21,
23, 26, 28
quadrupoles, 213, 224
quadrupole sources, uncorreluted, 212
quiet aircraft, 383~412
ramp noise, 389, 300
ray acoustics, See also models, ry
acoustica,
ray accustics, 194
reactance. See acoustic renctance,
reciprocity, 334-336 .
reflection, 59, 61-62, 250, 253
reflection coefficient, 58, 59, 60, 61, G4,
73, 76, 77
refraction. See also downward
refraction; upward refraction,
refraction, 71-78, 213, 250, 415
regulations. See rlso standards;
airport noise regulations,
regulations,
FAA FAR 36, 43-45, 357, 468, 361,
471, 383-386, 380, 391, 394,
397, 400, 401, 405, 411, 412
FAA FAR 91, 387, 412
FAA FAR 150, 47-48
ICAQ Annex 18, 45, 358, 365, arl,
387, 405, 412
Reichardt’s theory, 208-211
relaxation. See rotational relaxation;
vibrational relaxation,
resistance. See nconstic resistance; flow
resistinco.
resonator panecls. See acoustic lining,
-single-degree-of-freedom;
acoustic lining,
two-degrec-ol-freedom,
reverberation time, 288
Reynolds stress, 210, 211
ride quality, See also test facilities,
neise annoyance.
ride quality, 32-33, 34, 272-273, 277
ring [requency, 308, 300, 312

Index

rotational relaxalion, 56
Runge-Kuttn integration, 125, 127-120
SDOF. See ncoustic lining,
single-degree-of-freedom.
SEA, See statisticn! energy analysis.
SEL. See sound exposure level.
8ENEL. See single-event noise
exposure level,
septum, 166, 167, 168, 174-175, 176,
177, 178, 181, 403, 304, 338, 340
sheared flow, 113-114, 115
shear layer, 210, 226, 244
shock-cell noise, 208, 221, 222-224,
225-226, 245-248, 250, 257-266
shock neise contrel, 228, 231, 257-266
shock screech noise, 266
shock structure, 244
shack waves, 00, 91-95, 157
hend shock, 93-95
oblique, 260
tail shock, 93-95, 05
sideline noise, 384, 385, 386
sidewal] transmission, 281-287,
206--298, 209-302, 303-305, 308,
310, 324, 325, 343-345, 347-348
sidewnll treatment, See also acoustic
trentment; trim,
sidewall treatment, 277, 283-287,
206~208, 310-312, 314, 336,
337342, 347
cabin, 303-304, 310-312, 313
design, 303-304, 310~312, 338,
J46-347
doulle-wall trentment, 207-208, 312,
439, 341, 342
multielement sidewall, 337-342
parameter studies, 304
weight, 302, 303-304, 310-311, 322,
337-341
SIL. Sec speech interforence lovel,
single degree of frecdom, Ser acoustic
lining, single-degrec-of-freedom,
single-event noise expesure level, 55
SLA. See A-weighted sound level,
SLD. See D-weighted sound fevel,
SLE. See E-weighted sound level,
sone, 9
sonic boom, 95-06, 26-28, 20, 412
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sonic fatigue, 266

sound barrier, 86-88

sound diffraction, 85-89

sound expasure level, 14, 38, 418

sound masking, 3

sound measurement, See also
fyover-nolse measurement,

sound measurement, 63-06, 96,
200-204

sound perception. See also perecived

noise level; nolsiness, percoived,

sound perception, 2-8
sound pressure, 171
deterministic, 273, 277
random, 273
sound pressure lovel, See also overall
sound pressure levpl,
sound pressure lovel, 118, 168,
182-184, 201, 214, 215, 216,
217, 220, 221, 223, 273, 419
sound propagation,
atmospheric, 53-96, 367-370
ducts, 53-110
flyove,,
atmospheric effects, 367-370
ground effects, 370-371
modes, 107
sound recorders,
flyover measurement, 366-367
sound speed profile, 72
Space Shuttle, 28]
paylaad bay, 280, 208, 305-106, 306
spectral content, 21~23, 90
speech intererence, 15, 31-32
speech interference lovel, 15, 272, 419
spinning nades. See traveling waves,
angular,
SPL. See sound pressure leval,
standards, See also regulations.
standards,
ANSI 81.11-1976 (19886), 96
ANSI §1.13-1971 (1986), 95
ANSI 81.26-1078, 58, 96, 367
ANSI 81.4-1983, 96
ANSI S1,6-1984, 06
ANSI 51.8-1969 (R1974), 96
ANSI §3.14-1977, 15
ANSI 83.5-1064 (R1971), 15

430

standards (continued):
IEC 561 (1976), 96
IEC 651 (1979), 96
IS0 1683-1983, 96
IS0 2249-1973, 96
SAE AIR-923, 96
SAE AIR-1G72B, 96
SAE AIR-1751, 376
FAE AIR-1905, 377
SAE ARP-866A, 307
SAE ARP-B76C, 375
statie tests, See fiyover-noise
measureinent, static tests,
statistical energy analysis, 208-302
conpling loss factors, 299, 301
Stevens, See loudness level, Stevens,
stiffeners, 294-205, 303, 309-310, 312,
314, 336, 347-348
structural response, 200-293
structural vibration, See afso
excitation,
structural vibration, 316-317
structure-borne noise, 271, 316-322,
328320, 330, 331-332, 336,
340, 343, 346, 419
suppression. Sve noise suppression.
snppressor. See noise suppressor,
surfnce covering, 330-331
surface waves, 60-63
numerical distance, 61, 62
surveys. See community noise surveys,
tnil shock, See shock waves, tail shock,
takeofl noise, 384, 385, 386, 397-308,
404-407, 418
engines, 385-186, 397-308, 418
llap system, 400, 418
takeoll procedures,
noise abatement cutbuck, 405, 417
narmal full-power, 406, 418
overspeed, 405, 418
reduced-power, 405, 418
temperature gradient, 55, 84
vertical, 71-78
teinperature inversion, 71
temperature lapse, 71
terrain effects. See ground surfnce
effects,
test facilities,



test fnellitics (continued):
acoustic treatment, 201, 202, 203
exhnugt ducts, 201, 203
full-senle engine, 139, 140
inlets, 138
noise annoyance,
NASA Langley Interior Effeets
Reom, 18
NASA Langley Passonger Rido
Quality Apparatus, 10
sealo model, 202
thermal acoustic shiclding, 228,
260-257
thin-boundary-layer nppreximation,
141-132
time constants, 96
tones, 24-25
combination, 5-6
correction procedure, 24
engine, 283
propeller, 283
transmission loss, 191, 283, 294-205,
296, 207, 304, 307-310,
324-325, 334, 339
traveling waves,
angular, 107
axial, 107-108
harmenie, 115
trim. See also sidewall treatment.
trim, 28, 283, 286, 207, 304, 339-341,
342, 345, 346-347
turbulenco, atmospheric, 78-82
turbulent houndary layer, See also
boundary layer,
turbulent boundary layer, 276-277
turbident mixing, 208, 221, 224, 225,
225-227
turbulent seattering, 54, 71-78, 419
two degrees of freedom. See acoustic
lining, two-degree-of-freedom,
Tyler-Softin theory, 157, 168
unified theory, jet noise, 208
upward relraction, 76-78
upwind propagation, 72, 77, 78
VCE, See engincs, variable eycle,
velocimeters, laser doppler, 250
ventilation, 233, 234, 236
vibration, human respanse, 32-33

Indez

vibration absorbers, dynamic, 345-346
vibrational relaxation, 56
vibration enesgy trangmission,
316-318, 320-321
vibration isolators,
engine mounts, 320-321, 331-332,
- 346
trim, 341, 342
vinyl treatinent, 303, 304, 314, 330, 331
wave envelope method, 146, 150
wave equation, convected, 105106
wavelorm, zero crossings, 80, 91, 02
waveform distartion, 90-93
excess velocity, 91
wave number,
axinl, 108, 111-118, 119, 130-131,
137
modal, 119
wives, See creeping wave; dispersive
waves; ground waves;
large-nmplitude waves;
nendispersive waves; N-waves;
plane waves; shock waves;
surface waves; traveling waves,
Webster horn equation, 142
weighted residuals, See method of
weighted residuals,
Weyl-Van der Pol solution, 60
wind gradient, vertieal, T1-78
windows, 302, 322, 330-331, 332, 341
wind tunnel tests, 275, 279, 281
wire mesh, 168, 174, 179, 181, 183
zero crossing, See waveform, zero
crossings.
Zwicker, See loudness level, Zwicker,
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