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1.0 INTRODUCTION

The outdoor noise enviranment for man today is the summation of noise
energy generated by all of the machines used to tronsport people and goods, machines
used to make and build things or save human labor, machines used by the consumer for
leisure activity, machines to moke the other machines run, and people in their various
activities. Development of this machinery has been fostered by growth in technology
itself, as well as by pressures induced by changes in our life style and by population
growth. This report presents a detailed evaluation of noise of transportation vehicles
including those used commerciclly, as well as many of the private and non-industrial
devices powered by internal combustion engines,

The report has been prepared by Wyle Laboratories for the Environmental
Protection Agency in response to the directives contained in the Clean Air Amend-
ments Act of 1970, specifically, Section 401 " Noise Pollution and Abatement Act
of 1970." It forms part of the major study accomplished by the Office of Noise Abate-
ment and Control, of the Environmental Protection Agency, which is summarized in its
report to Congress. "

The noise sources considered in this report are encountered throughout
man's residential, recreational and working community, Sound is important to most
of the animal kingdom, including man. Some sounds provide warnings of danger,
which are essential for survival, These sounds may evoke basic reactions of startle,
fear or anger, which in turn ossist in cousing an appropriate response, Acoustic
warning devices such as sirens and horns utilize this principle, and the noise of an
approaching autornobile is often the first clue of danger to the pedestrian or the child
playing ball in the street,

Other sounds evoke pleasure or are generated by an animal to reinforce or

communicote pleasure. The purring of o kitten and the ecstatic shouts of a child at play

—

* Throughout this report, references are identified by superscripts.
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are familiar examples to all. Somne pleasant sounds are relaxing, lulling an animal to
sleep, and others are stimulating. Music, developed by man, covers this broad spec-
teum, appealing to a wide variety of desires and needs af baoth the basic and intel-
lectual levels,

For mdn, sound has even more importance. His obility to communicate by
speech is the keystone of civilization and its spiritual, social, political, economic
and technical progress, Without speech communication, man would never have emerged
from a primitive state and developed the hody of knowledge which could be possed from
generation to generation. Nor would he be able to interact with his fellow man in any-
thing beyond the most rudimentary levels such as are displayed by the higher primates,

The undesirability or desirability of noise in the environment must be judged
with reference to its effects on man's basic and intellectual perceptions and acticns.
Noise is undesirable when it causes impaiment of hearing acuity, interferes with speech
communication, causes unnecessary distraction, or warns of danger when none is present,
However, noise is desirable when it provides a relatively steady bockground which masks
unwonted distractive sounds, or provides speech privacy so that others do not overhear a
private conversation. Consequently, the goals for noise control must be designed such
that the desirable qualities are retained and the undesirable qualities are minimized. This
is o most difficult task, particularly with transportation neise which provides the alf-
pervasive almost steady outdoor residual noise level essential for speech privacy, and
also is responsible for many of the most intrusive and undesirable noisas.

To provide a clear understonding of the significance of noise from these

sources on our environment, several aspects are considered in this report:

o Nature and economic significance of the industry associated

with the source.

Basic noise characteristics of each type of source.

¢  Environmental noise atiributes of each type of source,
» Post and present efforts toward reducing noise.
e Estimated potential noise reduction for the future with

today's technology.



Chapter 2 presents these findings for all types of vehicles in our trans-
portation system, including those used for recreation. Chapter 3 considers these same
aspects for many of the devices powered by internal combustion engines. This over-
view of the existing and potential noise characteristics of these sources provides the
basis for an assessment of the impact of their contribution to our fotal noise environ-
ment which is presented in Chapter 4, The impact is discussed from several viewpoints
for each basic source type in our transportation system, as well as for internal com-
bustion engine devices, and a projection is made of possible future impact to the
year 2000, Findlly, the implications of the overall results of this study are sum-~
marized in Chapter 5 and recommendations made for further action to reduce the over-
all noise impact of the noise sources considered,

Appendix A summarizes several of the more significant national stendards
for noise measurement or control which are applicable to this report. It includes a copy
of pertinent sections of Federal Aviation Regulation (FAR) Part 36 — Noise Standards:
Aircraft Type Certification, This regulation represents the most complete and compre-
hensive noise measurement and noise regulation stondard ever developed by the Federal
Government and is playing o major role in fostering development of quieter non-militory
jet aireraft,

Appendix B presents in more detail the basis for the various impact evalu-
ation models utilized in Chapter 4. Appendix C gives a detailed discussion of the
principal sources which dominate the noise generation by all of the systems or devices
considered in this report. These are the propulsion systems of aircraft and motor véhicles,
including turbojets, turbofans, propellers, rotors, reciprocating engines and tires,

Throughout this report, single~number noise levels are commonly specified
in terms of A-weighted noise levels in decibels, abbreviated dB(A), defined in
Appendix B, The A-waighted sound (or noise) level is the most commonly~used single~
number scale for quantifying approximately the subjective noisiness of sounds, par-
ticularly those from vehicles other than aireraft. It is also readily measured with the

use of a standard sound level meter employing the A-weighting network., Other



single-number scales for evaluating aircraft noise are introduced as necessary, Where

appropriate, frequency content of the noise generated by the various sources are

specified in terms of octave or one~third octave band sound pressure levels in decibels

relative to 20 newtons per square meter (equivalent to 0.0002 dynes/cmz).
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2.0 TRANSPORTATION SYSTEMS

One of the most significant forces acting on the life style in the United
States is the ever-increasing demand for improved modes of transportation. This force
is, in itself, a natural product of the pressure of increasing population and economic
growth. As the size of urban areas has increased, so has the demand for methods of
transporting people to and from their residences and places of employment. As the
interdependency between and within urban areas has increased, so has the demand for
transporting goods and services between and within our urban centers. These demands
have been met by an ever-increasing development of more efficient, larger and faster
modes of transportation. First, the steam {ocomotive, then the automobile, next the
propeller airplane, and most recently, the jet tronsport —all have acted to transform
the structure and style of our lives by providing a wide range of transportation methods,

The transportation industry represents, in totcl, approximately 14.5 per-
cent of the gross national product in 1970 and employed approximately 13.3 percent
of the total labor force. This major section of the nation's economy is defined, for ;

this report, as the sum total of the:

o Commercial aircraft and airline industry
.o Genemal aviation industry

o Highway vehicle industry

s Recreational vehicle industry

e Railroad and urban mass transit industry

e Commercial shipping industry

The economic structure of this industry and the general division and magni=
tude of the transportation services provided are illustrated in Figure 2=1 RECHE rapid

growth of several segments of the transportation system since 1950 is summarized in
Table 2=1 .]-6, While there are many important sources of noise which intrude on our

averyday lives, noise from all types of transportation vehicles tends to dominate most
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Growth in the Transportation System, 1950-1970

Table 2-1

Source 1950 1960 1970
Population {in millions) 151 181 204
Passenger Cars {in millions) 40,4 61.7 87,0
Trucks and Buses (in millions) 8.8 12.2 19.3
Motoreycles (in millions) 0.45 0.5] 1.2
(Highway)

Motorcycles {in millions) - - 1.8
{Off-road)

Snowmabiles (in millions) 0 0.002 1.6

2-3 Engine Turbofan Aircraft 0 0 1174
4-Engine Turbofan Aircraft 0 202 815
General Aviation Alrcraft 45,000 76,200 136,000
Helicopters 85 &34 2800

residential areas. In fact, the cumulative effect of the increase in noise intrusion by
transportation vehicles is, to a large extent, responsible for the current concern with
noise pollution. This section briefly describes the general nature of transportation
system noise sources and considers their overall impact in the United States today.

Aircraft, one of the more dominunt sources of noise in the transportation industry,

will be considered first.
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2.1 Commercial Afrcraft

2.1.1 Introduction
There has been a significant increase in air travel during the last decade

which is closely related to the introduction and growth of the commercial jet aircraft
fleet. Since 1958, when the first commercial jet aircraft started operaling, passenger
air travel has grown at an average annual rate of 13.2 percent, to a total of 132
billion passenger miles in 1970, In 1970, 170 million passengers were flown by the
airlines, producing an operating revenue of $7.6 billion. In addition, 5 billion ton-
miles of air freight were transported for a revenue of $715 million. . The scheduled air-
lines employed 300,000 people. The aerospace and related manufacturing industries
employed 765,000 people and had a total of $8.6 bitlion in commercial aircraft
sr:IIa-s.]’2

The advantages of jet-powered passenger airplanes — greater speed and
reduced operating cost per passenger-mile — have led to & gradual phasing out of the
older propeller-driven commercial aircraft. Only a small percentage of piston=
powered aircraft now remains in the fleet, and the turboprop aircraft in use are
primarily short range twin=engine types used on light traffic routes.

The original commercial jet aircraft were powered by turbojet engiries.
These engines have been largely reploced by quieter and more powerful turbofan
enginas. There are two basic iypes of jet aircraft in the current sommercial fleet,
The first type is the 4-engine turbofan aircraft such as the Boeing 707 and 720 and
the McDonnell=Douglas DC=8. These aireraft are used primarily on medium und long
range flights and are almost exclusively powered by first-generation turbofan engines.
The second basic aircraft type is exemplified by the Boeing 727 and 737 and the
McDonneli=Douglas DC-9. These aircraft are powered by iwo or three more advanced
and quieter turbofan engines and ore used on short and medium range flights.

Two new types of commercial jet aircraft have recently been introduced
in the fleat. These are powered by advanced technology turbofan engines that are

much more powerful and quieter than engines used in the previously mentioned aircraft

3
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types., The 4-engine 747 widebody jet, introduced in 1969, is intended for long

range transcontinental and intercontinental flights. The 3wengine widebody aircraft,

DC~10 and L=1011, will be used on high density, medium length flight routes,
Figure 2, 1-1 summarizes the category of commercial aircraft in terms of

2-13

type, application, passenger capacity and noise.

2.1.2 Source Noise Characteristics

The noise associated with jet aircraft is primarily generated by the jet
engines. Noise is an operational by~product of these powerplants. The primary pur~
pose of a jet engine is to produce the thrust necessary to push the aircraft through the
air. A jet engine produces thrust by taking in air through the inlet, raising the air
temperature and pressure inside the engine, and then expelling it to the rear with a
high velocity from the jet nozzle. MNoise is produced by several of the processes that
take place both within and outside the engine. By far the dominant source of noise
from the early turbojet engines was the broadband jet noise generated in the exhaust
wake. Jet noise is caused by the turbulent mixing that occurs along the boundary
between the high velocity exhaust jet ond the ambient air. The sound power generated
increases very rapidly with increasing jet velocity, hence the high noise levels are
associated with the high velocity exhausts of turbojet engines.

The tutbofan engines that have replaced the turbojets offer substantial jet
exhaust noise benefits because they take in larger quentities of air and expel this air
at lower jet velocities, This change has been accomplished by the use of @ fan section
in the engine that takes in air, raises its pressure, and expels it through a separate
nozzle, thus bypassing the burner and turbine sactions of the engine with part of the
total airflow. However, with reduced fevels of jet noise and with a noise radiation
path rearward ouf the fan duct and forward out the inlet, fan whine was elevated from
a secondary noise source to one of dominant importance, particularly at approach powers.

Figure 2.1-2 shows typical noise levels and spectra measured during takeoff
and approach operations for 4=engined oircraft with low bypass engines.d The engine

thrust, and thus the jet exhaust velocity, is higher during takeoff than during approach
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and consequently the low frequency jet noise is significantly higher at takeoff than at
approach. However, the high frequency fan noise is relatively insensitive to engine
power sefting and thus becomes clearly dominant at approach engine conditions.

Typical noise |levels and spectra for the 2- to 3-engine turbofan aircraft,
powered by later model turbofon engines, are shown in Figure 2, 132 The noise pro-
duced by these aircraft is lower than that shown in Figure 2.1-2. The jet noise is
lower because of slightly reduced jet velocities, and the high frequency fan noise is
considerably reduced due to fundamental improvements in fan design.

The 4-engine turbofan widebody aircraft, which are powered by new
technology engines, incorporate several advancements both with respect to propulsion
efficiency and reduced noise generation. These engines pass a high percentage of the
total airflow through the fan section, und are therefore considered high bypass ratio
turbofan engines in comparison with the earlier low bypass ratio engines. The low jet
exhaust velocity made possible with these new engines has resulted in a significont
reduction in jet noise. This reduction is clearly shown by comparing the noise levels
35-8

and spectra presented in Figure 2.1-4 with those of Figure 2. 1= The fon noise

dominates both during takeoff and approach operations. Despite the considerable
technological advances that were incarporated in the fan design, the discrete frequency
fan whine forms the major obstacle to achieving significant noise reduction.

The new 3«engine turbofan widebody aircraft uses similar engines, but
with additional improvements in fan noise reduction. These improvements will be dis=~
cussed in Section 2.1.4 and further information on the mechanisms of jet engine noise
generation may be found in Appendix C .

The noise generated by commercial propeller aircraft is dominated by pro-
peller nolse. Typical noise spectra and levels for various types of commercial propeller
aircraft are compared with the noise of the original turbojet aircraft in Figures 2,15
and 2,1-6.14 The increase in aircraft noise which occurred with the introduction of
the jets is evident, Because prope_ller aircraft constitute such a small percentage of

commercial aviation aircraft, especially so with respect to their relative noise impact,
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the detailed discussion of propeller noise will be deferred to the General Aviation
Category for which it forms the dominant characteristic noise.

The noise level in the interior of jet aircraft is dominated by a different
noise source. Because these alreraft travel at high speeds, the pressure fluctuations
generated by the turbulent mixing that occurs in the boundary layer between the air~
craft fuselage and the surrounding air become significant. These fluctuations cause
the fuselage walls to vibrate and madiate noise into the aircraft interior, The "boundary
layer” noise dominates at most interior locations except at the aft end of the gircraft,
at which low frequency jet noise impinging on the fuselage and transmitted through to

the interior may becomes the dominant noise source.0=13

Sonic Boom
Supersonic aircraft introduce a new element into the aircraft noise problem,

Whereas the noise from subsonic aircraft is primarily a phenomenon associated with the
airport environment, the sonic boom generated by aircraft flying ot supersonic speeds
creates a ground impact underneath its entire flight path. Although supersonic flights
by military aircraft over populated and areas within the United States have been pro-
hibited, supersonic military aircraft continue to produce an estimated 6000 sonic booms

annually over sparsely populated areas.!3

When an airplane flies at supersonic speed, it comprasses the surrounding
.air, pushing a shock wave, much like a boat creates a spreading bow wave. This bow
wave, or cone of increased air pressure, spreads out behind the airplane. Correspond=
ing waves are genercted at locations of airflow discontinuities along the length of the
airplane. At greot distances, the separate waves or shocks interact with each other
and coalesce into two waves, a bow shock and a tail shock, In this form the pressure
signature is called an N wave. Figure 2.1-7 shows that as the distance from the
airplane is increased, the distance between the bow and tail wave is also increased. )6
The intensity of the sonic boom depends on such factors as speed, altitude, weighted

shape of the airplane, atmospheric conditions, and type of terrain over which the air-

craft s passing.
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Community impact studies conducted in anticipation of the United States
supersonic transport aircraft have suggested that the sonic booms generated by a fleet
of this aircraft would produce a clearly unacceptable noise impact on populated areas.
For example, sonic booms generated by the military B-58 aircraft, ot a strength of 1.7
pounds per square foot nominal peak overpressure, were judged by residents of a sub-
urban community to be equal in acceptability to the noise from a subsonic jet at about
107 dB(A), which is clearly an unacceptable value. /7 This rasult, together with the
vigorous complaints, political and legal actions encountered in other sonic boom over-
flights, has led to an administrative decision at the Federal level to prohibit supersonic
military and commercial flights over popuiated areas. This prohibition in the United
States, and similar prohibitions in other countries, are expected to continue until new
technology deveiopments result in supersonic aircraft concepts that produce acceptably

low sonic boom levels,

2.1,3 Environmental Noise Characteristics

The noise generated by commercial aircraft results in two types of noise
environments that differ in terms of the noise levels and duration of exposure, as well
as in the aircraft operations that generate the noise impact. The participant, or pas~
sanger, is exposed to rﬁoderately high noise levels throughout the entire history of air-
craft oparations from the time of boarding the aircraft, takeoff, cruise to the flight
destination, and lcndiné. Figure 2.1-8 gives time histories of typical cabin noise
lavels for the flight duration.'4 1f the aircraft makes intermediate stops, the passenger
may be subject to this set of operations several times during a single flight.

Commercial jet aircraft are designed to maintain interior noise levels during
cruise operations which enable passengers to converse at normal voice with good speech
intelligibility. As is shown in Figure 2.1-9, the cruise interior noise levels mange
typically from 7% to 88 dB(A), depending on the interior location, with a characteristic
valus of 82 dB(A).“-"'ql3 During takeoff and landing operations, the noise levels in
aircraft wifh wing mounted engines are up to 12 dB higher, but only for periods of up
to 1 minute during each operation. The statistical characteristics of the passenger

environment, . summarized in Table 2,1=1, refer to 1970 Figures.]f‘?
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Table 2.1=1

Passenger Environment

Number of Passengers/Day — 465,000
Characteristic Cruise Noise Level — 82 dB{A)
Average Duration of Exposure — 1.4 hours
Characteristic Takeoff and Landing Noise Level — <95 dB(A)
Approximate Duration of Exposure per Operation ~<1 minute

With respect to the nonparticipant environment, the noise impact from
commercial air operations is experienced in the vicinity of the airports, and to a
lesser extent further from the airport under the elimbout and approach paths. For-
tunately, during cruise operations, current commercial aircraft fly at too high an
altitude to generate a significant noise impact on the ground. However, takeoff and
landing operations generate very high noise levels on the ground that extend over
large areas, and where the airport is close to a city, large numbers of people may
live within the noise impacted areas,

The growth of the noise impact due to commercial aircraft operations is
very closely related to the introduction of the commercial jet aircraft in 1958 and the
manner of growth of air travel during the following decade. First, as illustrated in
Figures 2,1-5 and 2, 1«6, the jet aircraft were approximately 12 to 20 dB noisier on
approach and takeoff than piston-engined aircraft which they replaced.M Secondly,
although the number of major airports has increased only slightly since the late 1950',
the number of commercial aircraft in the fleet has grown many times over, Finally,
vast new residentiol communities have been established in the vicinity of nearly all
busy airports. This combination of expanding air travel and residential growth has
rasulted in a serious airport=community noise problem.

In order to assess the impact of aircraft noise on the community, the
Noise Exposure Forecast (NEF) method has been widely used. This method gives a

singla number rating of the cumulative noise produced in the vicinity of an airport by
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aircraft operations, taking into account the total mix of aircraft utilizing the airport,
subjective noise levels generated by each aircraft class, flight paths, number of opera-
tions in day and night periods, et cetera, Figures 2,1-10and 2, 1-11 show an example
of NEF values versus slant range, for takeoff and landing operations, respactively, for .
the various types and numbers of commercial airerafi that are expected to utilize a -
typical large airport.1:2 It is readily apparent in this example that the 4-engine turbo~
fan aireraft powered by the first-generation low bypass ratio turbofan engines (B707,
B720, DC-8) give the maximum NEF values, primarily because they have the highest
noise levels together with having about 30 percent of the total operations. On the -
other hand, the low NEF values of the Boeing 747, shown in this example, primarily
reflect its relatively small percentage of total cperations. The NEF 30 contours resul =
ing from this example are shown in Figure 2. 1-127:8 For simplicity, the aireraft are
assumed to operate in the sume direction on a single runway, and the contour combines
the effects of both takeoffs and landings. Operations by the 4~engine low bypass ratio
turbofan aireraft (Boeing 707 and 720, McDonnell-Douglas DC-8) contribute 69 percent
of the total impact area, despite comprising only 30 percent of the total number of
operations,

Current Federal guidelines for planning recommend that new residential

construction should not be undertaken in areas around airports exposed to values of the

'NEF rating of 30 and higher.!8 In addition, they state that individuals in existing

e

private residences may complain about noise, perhaps vigorously, when the NEF is
between 30 and 40. When the NEF exceeds 40, residential use is considerad incom-
patible with the noise, The community reaction scale 18 essentially agrees with this
expected complaint fevel when the cutdeor residual noise level in the community may
be classified as urban residential, a condition which is generally met in the vicinity

of our major airports. However, if the outdoor residual noise |evel in the community
has a lower value, such as would be expected for quiet or normal suburban residential,
it is suggested that the NEF values for equivalent reaction must be lowered aceordingly.

However, for simplicity in this report, a constant value of NEF 30 will be used for the
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purpose of discussing the noise impact from aircraft operations. The use of this value
o define the boundary of the noise impact zone is conservative, but it should not
impair any qualitative conclusions, since the majority of the currently impacted area
is in the residential urbon ambient noise level category.

Within the United States, the total area within which NEF 30 is exceeded
has grown from approximately 100 square miles in 1958 to approximately 1450
square miles in 1970.19/20 These areas are estimated to contain respective populations
of approximately 500 thousand ond 7.5 million people.] A considerably larger number
of people are undoubtedly annoyed by aircraft noise, because of the conservatism
indicated above, and because over 30 percent of the population expased to NEF 30
are expected to be very much annoyed with the noise, and approximately 20 percent

are very much annoyed when exposed to NEF 20,

2,1.4 Industry Efforts In Noise Reduction

The commercial jet airplane ond jet engine manufacturers have generally

been involved with the military as well as the civilian aircraft market. In fact, the
jet engines that were responsible for ushering in the new era in commercial air trons=
portation were originaliy developed for military purpases, and the first commereial jet
aircraft were based on technology fall~out from the development of large military jet
aircraft,

Noise impact has never been a major design constraint in the majority of
military applications of jet-powered aircraft. It is not surprising, then, that military
jet engines hove been, and still are, axtremely noisy. The civilian derivatives of
these engines have thus had their basic characteristics designed without any noise
criteria. Both the airframe and engine manufacturers have been aware of the potential
community noise problems due to the excessive noisiness of jet aircraft, and have
carried on research and development work on jet engine noise reduction since well
before the introduction of the first commercial jet airplanes, | Unfortunately, the rapid
development of the commercial jet fleet market demanded technological advances in

jet engine performance and noise acceptability faster than the embryonic jet engine
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noise technology was able to accommodate. The first turbojet engines were made
moderately quieter by means of jet noise suppressors mounted on the engine taiipipes,
but still generated unacceptably high noise levels. The introduction of the low bypass
ratio turbofan engines was anticipated to reduce the jet noise problem.  However, the
appedrance of fan noise as o dominant noise source negated some of the expected
benefits,

The high bypass ratio turbofan engine represented the first commercial jet
engine for which engine noise technology was sufficiently well developed to measurably
influence the basic design. Although these engines did not rely on noise considerations
as the primary basic design input, they did include the most advanced practical con-
cepts of low noise generation, As will be discussed below, later models of these
turbofan engines have incorpomted still more noise~reduction features.

Figure 2.1=13 shows the present and a projected composition of the United
States commercial jet aircraft fleet.2] The low bypass ratio turbofan aircraft form the
great majority of the fleet and will continue to be dominant until 1985. Hence, the
introduction of the quieter high bypass ratio turbofan aircroft will not automatically
result in a reduction of the community noise problem except on a long=-term basis. This
becomes even more opparent on examining the projected growth in commercial aircraft
airport operations, presented in Figure 2,1-14. This figure has been prepared on the
assumption of a 5 percent annual increase in the number of passenger emplanements
and a corresponding annual increase of 3 percent in the number of aircruft operations.
The increased number of operations is sufficient to offset the potential benefits of the
quieter alrcraft unless steps are taken to reduce the noise generation by the older
turbofun aircraft.

The commercial jet airzraft industry has been strongly committed to the
reduction of jet engine noise, especially so during the last 7 years, and has corried
out extensive research and development programs both at industry expense and with
the assistance of Federal funding, These efforts have been aimed both at the develop-

ment of advanced noise technology for use in the design of future jet engines, and the
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development of practical concepts and hardware to permit retrofitting of present jet
engines. Although these programs have yet not been singularly successful in reducing
the noise impact, encouraging progress is being made. The adoption of Federal regu-
lations governing the pemmissible noise impact by new airplanes and their anticipated
extension to cover all commercial aircraft will hopefully spur the implementation of
the technology developments in the aircraft fleet. These regulations will be discussed
in a separate section below.

The anticipated development of large (125 to 150 passenger) STOL com-~
mercial aircraft during the next decade will create new demands on the industry's
noise abatement technology. These aircraft will operate out of short field length gen=
aral aviation and new urban airports as well as the large commercial airports, and
must be able to meet stringen! noise level standards in order not to impose pollution=-
level noise impacts at their operation centers. The concept and technology develop-

ments planned for these future air transports will be discussed in o later section.

Federal Government Regulations of Aircraft Noise

After receiving authority from Congress, the FAA initiated a lengthy and
far-reaching rule-making process which eulminated in Federal Aviation Regulation,
Part 36 - Noise Standards: Aircraft Type Certification, published in the Federal
Register of 21 November 1969.% The noise limits of this regulation apply only to

subsonic jet aircraft in the following categories:

® Airplanes that have turbofan engines with bypass ratios of 2 or more
(i.e., new technology high bypass engines used by the new wide~
bodied transport aircraft) and for which application for certification

was or is made on or after January 1, 1967,

A ——————— "

*The technical requiraments of FAR-36 are reproduced in Appendix A,
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For new airplanes that have turbofan engines with bypass ratios of 2

or more, which do not meet FAR-36 noise levels and where applica-
tion for certification was made prior to January 1, 1967, the FAA

will ploce a time period in the type certificate. At the expiration

of this time period, the type certification will be subject to suspension
unless the type design of aireraft produced under that type certificate
after the end of this time peried is modified to comply with the noise
limits.

Airplanes that do not have turbofan engines with bypass ratios of 2 or
more (i.e., pure jets or low bypass turbofans as found on mast current

aircraft) and for which application for certification was made after

December 1, 1969.

FAR=34 defines noise limits such aircraft must meet at certain locations

with respect to the airport runway, shown in Figure 2. 1=15,

Three measurement locations are required in certification. They are:

Landing — | nautical mile from threshold, directly under the aircraft

path,
Tekeoff — 3.5 nautical miles from brake release, directly under the

aircraft path, and

Sideline — at the location of maximum noise along a line paralle| to
and at a distance of 0.35 nautical miles from the runway centerline,
for aircraft which have four or more engines; and 0.25 nautical miles

from the runway centeriine, for aircraft which have three or fewer

engines.

Additional restrictions are imposed to insure that aircraft become pro-

gressively quieter at flight positions further from the airport.
The noise [imits at the three measurament positions are given in terms of

the aircraft's maximum certificated gross weight. The permissible variation with gross

e U e e
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weight gives implicit recognition to the fact that for a given technology in engine
design, the absolute noise from an airplane must increase with required thrust — which
in turn must increase with gross weight. For many airline flights, the aircraft operate

at less than maximum gross weight, and hence, less noise.

The Effect of FAR-36 on the Noise of Future Aircraft

Most of the turbofon aircraft which constitute the bulk of the present jet
aircraft fleet exceed the FAR-36 noise limits. Figures 2,1-16 to 2,1-18 make these
comparisons for the landing, takeoff and sideline noise measurement points, respactively,
It is cbvious that the noise levels of most current aircraft are significantly higher than
the noise limits of FAR-36, particularly for takeoff and landing.

The comparisons show the amount of noise reduction thot will be accom=
plished by designing and producing future aircraft which meet the certification
requirements. Effective perceived noise levels of future aircraft will be reduced by

as much as 14 EPNdB for takeoff and landing, and 5 EPNJB along the sideline,

Noise Reduction Progress

In the previous section, it was noted that the research efforts by the
industry have been directed towards both tha development of advanced technology
quiet engines and the development of retrofit concepts for current engines. At this
time, both efforts have yiélded results that are in evidence in new aircraft in the
current aircraffflégt. Figure 2.1~12 shows the noise levels generated by the oider
turbojet and low iaypass ratio turbofan engines comparéed with the new advanced tech-
nology high bypass ratic turbofans. +5:8 1t is noted that the second generation turbofan
engines of the older type are up to 8 EPNdB quieter than the first types on the basis of
equal thrust. The JTSD high bypass ratio engine is also quieter, daSpi;a produeing
250 percent more thrust. The newest engine shown, the CF6, genemtes. noise levels
up to 16 EPNdB less per unit thrust than the first turbofan engines. This engine

represents a significant advancement in the application of noise reduction technology,

and will be discussed in more defail.4

34



Se

Effective Perceived Noise Level (EPN dB)

125
The “@" symbols indicate
levels produced by
existing aircraft
9
120 = B . -
9
® L
o8
®
115 I~ ® -
® o
L 9 L 1 ]
e ] o
~ Co X ) -
- 8 @ o ] ®
LY
1065 = o
Fal 38 \'.‘m“.
100 [~ o
95I 1 1 i \ -
75,000 160,000 ' 300,000 - 600,000

Takeoff Gross Weight in Pounds

Figure 2,1-16, Effective Perceived Noise Level for Landing for Today's Aircraft

Compared to FAR=36 Limits

- e e e A % b o st e e, i,
haman S SRIUTRE NN



Effective Perceived Noisle Level - EPNdB

115

110

105

100

95

90

1 ' I 1
The *'¢y"* symbols indicate
levels produced by
existing aircraft

150,000 ° " 300,000 600,000

Takeoff Gross Weighit i in Pounds

Figure 2,1-17, Effective Percelved Noise Level for Takeoff for Today s Alrcrafr

Compared to FAR=36 Limits

e VNS S IT I s .
S AU Pl WS sl ey e s, g

T SO R it

i ol Ll B ot d ot e VN

Th ke b T AT AT e




A

Effective Perceived Noise Level (EPN dB)

120 1 = I : ]
The “@" symbols indicate - :
levels produced by
existing aircraft
s o -
® o
L _ © -
" ' O © 00 € :
oe ®
106 [= . 000  ® _axnY" -
S : . 1o
. ®
100 = -
95 |m= -
90 : )| | ) | |
Y 75,000 150,000 300,000 600,000

Takeoff Gross Weight in Pounds

Figure 2,1-18, Effective Perceived Noise Level at Sideline for Today's Aircraft
~ Compared to FAR-36 Limits

e

e S SR



e A e

EPNL — 10 logyq Thrust — EPNdB

70 I I L ] |
o Tutbojet Low Bypuss High Bypass
o Turbofan Turbofan
\
JT3C.
(13, 500 1b) JT3D ~N.
(18,000 Ib) \
or \\ © \ 'S N
o] \\ ® \
JT8D \
- 9 -
(13,500 ib) (45,000 Ib
N . e
50 - -
' \ CFé
\ \(40,000 Ib)
~ o Takeoff Condition \ o
o Approach Condition °
1000 ft from Aircraft
i -40 1 § 1 ] t
1940 : 1965 1970

Year

Figure 2.1-19, Trends in Jet Engine Noise Generation

38



gl e e

Three basic features of the CFé engine are dominantly responsible for ifs
low noise characteristics. The first is the selection of high bypass ratio in order to
reduce the jet exhaust velocity and hence greatly reduce the jet exhaust noise. The
second is the advanced technology design of the fun section to minimize the genera-
tion of discrete frequency turbomachinery noise. The third, and perhaps the most
significant noise reduction feature, is the use of long inlet and fon discharge ducts
that are lined with sound-absorptive treatment in order to reduce the transmission of
turbomachinery noise out from the interior of the engine. This combination of features
has resulted in noise levels that moke the DC-10-10 aircraft, powered by the CFé

engine, much quieter than current aircraft us shown in Table 2. 1=2 below:

Table 2.1-2

Maximum Perceived Ncise Levels of the DC-10-10 Relative to
Those of Current 4~Engine Jet Transport4

s Current Jet Transports Powered by Four JT3D~3B Engines

! . o Relative Lavels in PNdB
' 1000 Faet 3500 Feet
i Takeoff Cutdoors Indoors

Full Thrust -11.5 -15

75 Percent Thrust ‘ -13.5 : -13
! ' 400 Feet 1500 Feet
: Approach Outdoors Indoors
| Typical Thrust T -1
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Figure 2, 1=20 shows the noise spectrum of the DC-10-10 compared with
that of a current 4=engine turbofan aircraft. It is apparent that both the jet exhaust
noise and the high frequency turbomachinery noise have been significantly reduced.

NASA has funded several research and development programs aimed ot
developing technology for the retrofit of current turbofan engines. The NASA
Acoustically Treated Nacelle Program attempted to reduce the fan noise radiation
from the inlet and discharge ducts of 4-engine low bypass ratio turbofan aircraft by
treating the nacelle with sound absorbing lining 22 Independent studies were carried
out by both Boeing ond McDonnell=Douglas on B707-320B and DC-8-55 aircraft.
These programs achieved a significant reduction in approach noise, but only a slight
reduction in takeoff and sideline noise. However, the weight and cost penalties

involved are too severe to be readily accepted by the aircraft operators. The main

. results of the programsare summarized below in Table 2,1-3,

Table 2,1+3
NASA Acoustically Treated Nacelle Program?!

Veriable _ Boeing McDonnell-Douglas
Reduction of Approach Path - 15.5 EPNdB 10.5 EPNdB
Noise (3° approach at 1 n.mi.)
Range Effect . 200 n.mi, loss 150 n.mi. gain
Weight Penalty | 3140 pounds 332 pounds
Cost of Retrofit per Aircraft $1, 000, 000 $455, 000
- (300 to 400 aircraft)
Increase in Direct Operating 9.6 parcent ' 4.2 percent
Costs '
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Another NASA-funded program is aimed at demonstrating the capability
of advanced fan design technolegy and nacelle acoustic treatment to guide the design
of @ new high bypass ratio turbofan engine with takeoff and approach noise levels

significantly lower than have been achieved to date. Carried out by General Electric

" and Boeing, this Quiet Engine Program is due to be completed during 1973.23 Integra-

tion studies conducted by McDonnell-Douglas show that substitution of an engine with
the design parometers of the Quiet Engine for the old turbofan engines on DC-8 and
B707 aircraft would result in improved performance as well as dramatically reduced
noise levels.24 However, the high cost of engine replacement, and the fact that only
experimental component hardware will come out of the program, throws doubt or-'; the
prospects of its immediate implementation. Rather, the Quiet Engine Program should
be viewed as a development of new technology which can be applied in design of new
engines for future aircraft, The expected results of the Quiet Engine Progrom are

summarized below in Table 2.1-4, with the CFé engine included for comparison:

Table 2.1-4
NASA Quiet Engine Program

Noaise Level Goals Compared with B707/DC-822

Noise Reduction — EPNJB at
A FAA Measurement Positions
Flight Condition Bare Acoustically Treated CF 6 Engine
Qluiet Engine Quiet Engine {DC-10)
Takeoff 13 23 18
Approach 17.5 25,5 11.5
42



An colternative approach to noise reduction for the current fleet of aircraft
is that of altering flight procedures. At some airports, the concept of reduced thryst
takeoff has been adopted. This procedure consists of o full thrust takeoff and initial
climb, after which the aircraft climbs over heavily populated areas at u reduced
thrust for some distance before resuming a normal climb, By this method, maximum
noise reductions at the FAA takeoff measurement position of 6 to 10 EPNAB may be
-expected for 2~ to 3-engine low bypass ratio turbofun aircraft and 3 to 6 EPNdB for
4-engine low bypass ratio turbofan aircraft??  For new aircroft incorporating the CFé
engine technology, thrust reduction does not appreciably change the noise levels 4
Additional fan noise suppression will be necessary to realize the potential of this
operational procedure for these advanced technology engines.

In order to reduce the noiss impact during approach, a “two-segment”
landing procedure has been proposed. This consists of an initial approach glide slope
of & degreas down to a yet unspecified distance from the end of the runway, at which
the standard 3 degiee approach is resumed, In analytical studies carried out by
NASA, reduction of 10 PNdB or more was achieved at 1,5 nautical miles from the
runway threshold for profiles with an intercept altitude of 400 feet 26,27 Figure 2, 1-21
illustrates this procedure for a current 4-engine turbofan aircraft and shows the effect of
retrofit with the NASA Acoustically Treated Nacelle cc::n-::tai:vl'.“?8 Howaver, it must be
realized that feasibility of the steep approach in terms of airplane operational safety '
has not been verified. Thils facter must be thoroughly evaluated and assessed hefore a

decision on the adoption of this landing procedure can be made.

Plans for Future Suppression of Noise

The commercial jet I'ransporf industry, together with several Federal

agencies, is expected to continue and in some areas intensify its rasearch and develop-
ment programs aimed at achieving quiatar air transportation systems. These programs
include the development of practical and economical retrofit hardware, research into
quiet engine technology beyond the scope of the Quiet Engine Program, and the

davelopment of STOL transportation concepts.
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On the basis of the technology developments resulting from the NASA
Acoustically Lined Nacelle Program, FAA is funding a development program to design
and manufacture noise reduction pockages suitable for refrofitting the current low
bypass ratio turbofan engines.?9 The possible future implementation of these retrofit
packages in the aircraft fleet will insure compliance with the FAA noise regulations.

NASA is funding several preliminary studies to determine the feasibility of
a future advanced technology transport aircraft. Three separate noise objectives are
being considared: the current FAA noise regulations (FAR=36), FAR-36 minus 10 PNdB,
and FAR-36 minus 20 PNdB. NASA anticipates a 6 to 10 year development program
for this aircraft, starting in the middle 1970'5.30 The future development of short=
range V/STOL transportation systems is discussed fully in the V/STOL section of this
report. However, the potential large jet-powered STOL aircraft falls logically within
the scope of commercial jet transportation. NASA is currently funding preliminary
development of STOL jet propulsion systems, and has proposed the development of a
150 passenger STOL airplane, with the concurrent development of a quiet STOL jet
engine. These developments include a primary emphasis on noise reduction, with the
planned requirement of a maximum noise level of 95 PNAB ot a distance of 500 feet
from the aircraft, The 3-year prototype STOL program is currently scheduled for
completion at the end of 1975,30,31

Table 2.1=5 summarizes some of the major Federally~funded technology
development programs that are exclusively oriented toward jet engine noise reduction

or include noise reductions as a primary requirement {onti cipated future programs

included).

2.1.5 Noise Reduction Potential

The potential noise reduction achievable by means of current and poten-

tially available technology, starting with the technology demonstrated in the CF6
engines and those of the Federally~funded research programs, is summarized in Table

2.1-6.4:23 The noise levels are specified in terms of the FAR=346 takeoff measure=

ment position.
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Table 2.1-5
Federal Noise Abatement Programs22,27,30,32

Approximate Program Cost Scheduled
Program Millions of Dollars Completion Date

NASA Acoustically Lined 15 1968
Nacelle Program
MNASA Quiet Engine Program 22 1973
DOT Retrofit Program 7=15 1973
S5TOL Noise Reduction 8 1972
Demonstrator Program
Augmentor Wing STOL 1.5 1972
Program
STOL Prototype Program 100 1975
STOL Quiet Engine Program 58 1975
Advanced Technology 250 1983
Program

Table 2. 1=4

Estimated Aircraft Noise Reduction Potential for Takeoff
EPNdB at FAA Measurement Position
Fan and Core
Jet Noise Noise Reduction Total

EPNdB dB re DC-10-10 EPNdJB
DC=10=10 Technology 95 0 100
Gluiet Engine 94 =10 95
Quiet Engine with 88 ~10 21
Optimum Jet Noise
Technology
Further Fan and Core 88 =16 89
MNoise Reduction:
Optimum Quiet Engine
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This analysis suggests that a noise reduction of 11 EPNdB below the

noise levels generated by the DC~10-10 aircraft is possible. It must be realized,
however, that a high level of investment by Federal Agencies ond the aircraft
industry in research and development will be necessary to achieve this goal, partic-
ularly in the area of core noise reduction.

The requirement of 95 PNdB at 500 feet for the 150-passenger STOL
transport must be examined in order to assess whether this noise level is attainable
with current potential jet engine tec.hnology. Application of the optimum Quiet
Engine concept discussed above results in a noise level 5 to 10 PNdB higher than the
objective. It must be realized, however, that the STOL aircraft will have a some-
what lower critical requirement for cruise efficiency than do conventional jet airciaft,
Hence, the STOL power plant may incorporate a sonic inlet to further reduce forward
radiated fan noise and a geored fan concept that permits still higher bypass ratios with
resulting lower jet velocity. The combined effect of these features may be sufficient
to gain the extra noise reduction, but there may be unavoidable performance
penalties associated with the requirement.

The potential noise reduction discussed above will be examined in [ight
of the future requiremants. In attempting to establish specific noise reduction objec~
tives for the commercial jet aircraft fleet, it is instructive to consider the growth of
the noise impact during the last decade due to commercial aircraft operations, and
attempt to pradict future trends on the basis of current and potential jet engine noise

_reduction technology. Obviously, the projected rate of growth of commercial air
traffic will influence these estimates. Bxtropolating from the traffic growth during
the 1960's and predicting the impact of the anticipated sociel and economic changes
during the next decades, FAA and others have arrived at projected annual rates of
growth of up to 12 percent 33,34 Recent estimates by the commercial aircraft industry
on the F'ufure commercial aircraft market, however, are coﬁsisfenr with an annual
growth rate of 5 percenf.2] The latter figure, although realistic from tha point of
view of the growth in population and gross national product, is sufficiently low that

it moy be considered o conservative estimate, or a lower bound.
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Figure 2.1-22 shows the growth in noise~impacted areas since the intro-

duction of commercial jet aircraft, and projects the future trend in noise impact on

the assumption of a 3 percent annual growth in the total number of aircraft operations,

corresponding to the 5 percent annual growth in the number of passenger emplanemants

discussed c:bove.w The use of this constant ratio assumes that the current trend toward

increased aircraft capacity will continue, and may well cause an underestimate of the

growth of operations beyond 1985 if the trend does not continue.

The following factors were considered in the calculation of the noise-

impacted areas:

Airport land, surrounding industrial land, and other compatible land
are included in the total noise-impacted areas. The airport land
above is estimated to cover 250 square miles in 1970, and this figure
may increase in the future,

The growth of air freight is not sufficient to become a conrrollmg
factor. _

A 5 dB reduction in the NEF value wos assumed to give a 55 percent
raduction in area,

The constant mix of daytime~nighttime operation remains unaltered,
No change in aircraft aerodynamic performance or flight procedures,
The trends in the growth or decrease of the impacted areas are con-
sidered to be reasonably accurata. The expected aceuracy of the
actual values, however, are probably only with 250 percent.

NEF 30 was used to define the impact boundury This is @ relahvely
high noise exposure criterion, parhcu!anly for suburban communmes.

Therefore the areas represent minimum estimates of impact.

Figure 2,1-22 shows a great range in the projected impact area depending

on the application of noise reduction technology to the future commercial aircraft fleet,

As an extreme example, maintaining the current aircraft noise levels would result in

an increase in impacted areas to 185 percent of the 1970 figure by the year 2000,
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The application of retrofit to the existing aircraft fleet to ensure that all commereiai
aircraft comply with FAR=36 criteria would recult in @ significant initial decrease
in impact area in the 1976-1987 time period. This significant decrease demonstrates
the effectiveness of aircraft certification for noise accomplished by the FAA, coupled
with the significant 10+ d8 reduction in noise between 1958 and 1968 accomplished by
government and industry research and development. However, by year 2000 the land
area will again have increased measurably due to the projected increased number of
aircraft operations. The two additional curves show the effects of further reduction in
aircraft noise levels. The attainment of aircraft noise levels corresponding to FAR-36
minus 10 EPNdB would result in a 83 percent reduction in impact area below the 1970
value by year 2000, | .

In order to further illustrate the implications of these noise reduction values,

Figure 2. 1-23 shows the dependence of the respective noise impact areas on the choice

of the annual rate of growth in aircraft operahons, assuming a constant rate of growth

in the period from 1970 to 2000. The noise reduchon effect of changes in operahonul

procedutes has also been included. The lower bound in impact area for which this
effect may be considered reflects the assumption that these procedures may be applied

only above certain critical aircraft altitudes during the takeoff and approach operations,

" corresponding to a ground distance of 8000 feet from threshold on approach, and

12,000 feet from aircraft rotation on takeoff 2328 |
The philosophy may be adopted ‘that the tremendous growth in noise tmpacl'
since 1980 has been due to the fact that commercial jet aircraft hove been excessively

noisy, and hence, the noise reduction objectives should be aimed at reducing the noise

impact areas to the pre~1960 values, This criterion may seem somewhat arbitrary in

vi.ew‘of the considerable expansicn in airport areas since 1960, However, it includes
consideration of the fuct that whereas the NEF 30 eontour lies outside the most vigorous
complaint area forurban residents, it still has a considerable annoyance associated with
its noise levals (mare than 30 percent of the populace registers annoyance), and it is

in the vigorous complaint area for quiet suburban areas.
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Referring to Figure 2.1-23, the NEF 30 impact area may be reduced to
within its 1960 value of 200 square miles by year 2000, i.e., the airport and sur~
rounding industrial area, for annual aircraft operation growth rates of up to 8 percent
if new aircraft after 1985 comply with a noise criterion of FAR=36 minus 15 EPNJB.
Using the DC~10-10 aircraft as a baseline, this noise reduction objective corresponds
to 89 EPNdB on takeoff and 93 EPNdB on opproach at the FAR-36 measurement
posirions.4 This takeoff requirement is equivalent to the potential noise reduction

for an optimum quiet engine, previously discussed together with Table 2.1-6.
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2.2 V/STOL Aviation

2.2.1 Introduction ‘ .
Although current Vertical/Short Takeoff and Landing (V/STOL) aircraft

are inherently part of both the commercial and general aviation fleet, their unique
capability of operating from very small airfields or from urban centers tends to distin~
guish them in terms of noise impact from the remainder of the aviation transportation
industry.

The present V/STOL fleet is predominantly comprised of helicopters (VTOL).
The STOL fleet is not yet a significant reality, but is currently undergoing considerable
Federal and industry study. The principal objective of STOL aircraft is to move much
of the inter-city air transportation (short-haul) away from the congested major-hub
airports and toward the urban community where the public will be better served.
Tentative noise goals have been proposed for aircraft operating from the projected
peripheral STOL ports, but as yet @ community-compatible noise goal has not been
defined for the intra-city heliports now in operation, or for those which will serve as
city-feeder terminals for the STOL ports.]-4

Figure 2,2-1 shows the typical subcategories of the present V/STOL fleet
and their major applications. Of the current total of 3260 vehicles, approximately
1900 are based in counties with population densities in excess of 1000 people per
square mile. The most significant increase of usage in recent years has been by civil
government agencies, with 120 operator agencies in 1971 compared with 80 in 1969.
In particular, the number of city police helicopters is rapidly increasing, with a total

of about 150 vehicles in present use.”™”

Commercial helicopter service grew until 1967, when a total of 29.7 million
revenue-passenger miles were flown. Since 1967 this service has declined to 11.3 mil-
lion passenger miles for a revenue of $7.6 million in 1970. Cargo traffic has followed
the same trends with 34 thousand ton-miles transported in 1970 for a revenue of
$350 thousand. Manufacturers shipped approximately 500 completed rotor aircraft
in 1970.7/8
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V/STOL Aviation
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Commercial usag‘es are predominantly charter air-service operations, with
only about 15 vehicles on scheduled intra~city air carrier routes. The average route
stage length of the latter services is 20 miles, in 10 minutes flight time, compared
with a possible 40 minutes (or more) by city road transport. This market potential can
be expected to be more fully exploifed with the infroduciion of uiban STOL ports.
Figure 2.2~2 shows one projection (DOT/MNASA, 1971) of the expected 1985 V/STOL

fleet.?

2.2.2 Source Noise Characteristics

VTOL Aircraft
The helicopter is unique in that its noise signature is characteristically
different from all other common noise generators. This difference is attributable to
the main (lifting) rotars which rotate at relatively low revolutions per second, but
generate very high amplitude pulsating sound pressures at their blade tip regions.
The resulting noise, observed both at ground level and within the aircraft cabin, isa
distinctive low frequency throbbing sound which often suddenly increases in level
and exhibits more of a slapping nature during descent, maneuver, and high-speed
cruise operations. Due to the predominance of the low frequency content of the
noise, it is extremely difficult to control its intrusion into the passenger cabin or
into ground buildings by sound-insulation methads, which are notably inefficient in
the low frequency range. This problem is further complicated by the fact that low
frequency sound propagates through the atmosphere more efficiently than higher
frequencies. Thus, helicopter noise can be distinguished at greater distances than
can most other sources of equal noise level. Ty}éical noise spéctnﬁ for two classes of
current commercial helicopters, shown in Figures 2,2-3 ond 2.2-4, demonstrate these
frequency characteristics, |0~ 14
The noisiness value of rofor noise is often under~predicted by current

subjectively weighted noise scales such as dB(A} and EPNdB, These scales do not

account for the attention-gathering potential of a helicopter, which results from
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throbbing or slapping noise of the rotor, analogous to o flashing light compared with
a steady one. Most other sources of noise, including propellers, are more analogous
to a steady light due to absence of low frequency modulation, and consequently are
better assessed by the current scales. Other noise sources on the helicopter, notably
the tatl (stabilizing) rotor and piston or gas turbine engine, can be pdrfiéulurfy
annoying in certain conditions. Additional information relating to the noise generating
mechanisms of helicopter rotors is presented in Appendix C.

In areas close to the takeoff/landing terminal, prolonged periods of
engine-idle operation during the (dis)embarking of passengers are accampanied by
the piercing whine of the gas turbine or the equally disturbing bark of a piston engine
exhaust. As the tail rotor is usually direct-geared to the powerplant, it is also rotating
at a sufficient speed, during these idle operations, to generate an additional noise
nuisance. In some cases, the tail rotor and engine noises exceed the main roror in
subjective (nuisance) impact during ﬂyover. This problem is more common on light
utility helicopters which have lower main rotor loading ond piston engine powerplant,
as shown in Figure 2.2-3.

Other subsources, such as the transmission system between engine and
rotors, can be distinguished in the passenger cabin and at very close external regions.
Their significance is generally low compared to the rotors and powerplant, but in the

few cases where they are notably present, the noise is of an annoying nature if prolonged.

STOL Alrcraft

Current design concepts of commercial STOL aircraft are based on a
projected requirement for operation from 2000~foot length STOL port runways.l’
The economic viability of the proposed STOL fleet relies on both its payload capa=-
bility and its ability to operate from terminals close to the potential customer — the
urban community. Each of these requirements has a distinct bearing on the propulsion
systems to be incorporated in the fleet aircraft, and on the noise characteristics to be
expected and allowed of STOL aircroft. A tentative limit of 25 PNdB (approximately

80 dB(A)) has been proposed by the FAA to be applied at a 500-foot distance from
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each aircraFr.ls The airframe and propulsion system industries are vigorously pursuing
this noise goal. Consequently, the final flight-ware systems may radically differ from
the basic breadboard systems now under test and development. Of these systems, those

now in development for application to the 40-80 seat category aircraft cn'e:T 0-13

¢ Compound (single and twin rotor) helicopters, V/STOL
o  Quiet-Propeller, STOL

e Tilt-Rotor, V/STOL

e Prop-Fan, STOL

e  Lift-Fan, V/STOL

o Jet-Flap, STOL

Full-scale or model acoustic testing of these concepts has indicated that
the 95 PNdB limit can be met by the 40-80 seat passenger V/STOL systems.lé The
typical frequency spectra noise characteristics of the propeller, rotor and prop~fan
systems are shown in Figure 2.2-5.]0.']4 Note that these spectra do not include the
engine-noise contribution. The main difference in the spectra are attributable to the
rotational speeds {revolutions per second) and number of blades typical of each system.
The prop=rotor is a 3-blade low speed system. The propeller is also a 3-blade system,
but operates at about three times typical rotor speeds. The ducted prop~fan has about
12 blades operating at speeds slightly higher than the propeller. |

Present estimates of the larger (80~150 passenéer) STOL system projections
indicate that the proposed 95 PNdB 1imit at 500 feet will not be met by designs based
on current technology. The sideline distance corresponding to the 95 PNdB leve! is
projected to be between 3000 and 4000 feet for current design's, and will expectedly

converge toward the 500-foot goal as technology is improved.

2.2.3 Environmental Noise Characteristics

The significance of helicopter noise in the community environment is not

immediately apparent from the statistics of total number of helicopters in operation.

As discussed earlier in the report, the present aircraft ncise problem primarily involves
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a large number of people living near airports affected by landing and takeoff operations.
For conventional aircraft, the cruise condition flight is usually at high altitude and
therefore does not contribute much to the ground noise exposure. However, helicopters
are most commonly operated at low altitudes due to short stage distances, ground
observation requirements of the service, or simply fo provide the added attraction of
a panoramic view to the intra-city passenger. This extended low altitude operation,
most often directly over urban and suburban regions, significantly increases the noise
impact potential of the helicopter. The increasing incidence of police patrol operations
over populoted areas further aggravates this situation due to the prolonged noise intrusion
of a hovering or surveying helicopter, operating at low altitude.

Because the helicopter flight route patterns are essentially random at
present, it is practically impossible to define their current impact on the environment
in terms of exposure duration, land area or population. A sustained public reaction
has not materialized, despite the intrusive nature of the sound, probably because of
the irregularity of this usage pattern. However, widespread complaints have arisen
due to air taxi services in New York, poiice operations in Los Angeles, and others,
This is not surprising since the noise levels at 500 feet from a commercial helicopter

are in the 80 - 90 dB(A) range, us are the levels from a police helicopter at 250-~foot

<:|Iﬁtucie.f..m-]2

The introduction of the STOL fleet as @ convenient commuter mode of
transportation will bring many benefits to the urban resident. However, it will also
bring a new source of noise into his environment, and the total community nccgpran.ce
will be dependent on the effectiveness of STOL port plunning, aircraft routing, and

noise abatement procedures currently befng designed. .

Figure 2.2-6 shows a comparison of various V/STOL noise levels with
those of the community ambient noise levels (1.90).3 A difference of 25 - 30 dB(A)
or greater between a single-event intruding noise and the ambient (L90) will annoy -
many people in the community. If the single event at such o level is repeated suffi-

ciently often, an appropriate community reaction may be anticipated. For example,
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10 overflights per hour during day and evening of a helicopter meeting the 80 dB{A)
noise goal would cause a community noise equivalent level of 40 dB{A). No commu- |
nity reaction would be expected in a noisy urban residential community, whereas
"widespread complaints" to "threats of legal action" would be expected in o quiet -
suburban community. To reduce the expected reaction of the quiet suburban commu-
nity to "no reaction”, the minimum altitude over the community should be approximately
4000 feet for this assumed frequency of operation and vehicle nolse characteristic.

Figure 2.2-6 also illustrates the problems faced by the city heliport and
urban STOL port planner. The desire for central-city operations must be iernperéd by
the constraints imposed by the local outdoor noise levels. Solutions being considered
are the use of industrial areas suitable for .porr locations, and the optimal use of high-
rise, non=residential buildings to shield the noise from residential areas.

From the viewpoint of the potential V/STOL passengers, who are predicted
to comprise more than half the total revenue passenger complement in 19857, the
internal noise of rotor and propeller powered vehicles will require significant reduction
from their present levels if the service is to be considered atiractive. The noise level
inside many current helicopters ranges between 20 and 100 dB(A)lO-M, representing
a definite risk of hearing damage to the constant traveler, particularly if his ekposure
exceeds 1/2 hour per day. Also, the occasional passenger may accept poor speech
communication during short flights, but the regular-commuter passenger Iwi” consider
such features a distinct inconvenience. In such cases, it may be expected that manu~- -

facturers will attempt to alleviate the problem from a solely commercial standpoint.

2.2.4 ~ Industry Efforts in Noise Reduction

VTOL 'A?rcruﬂ o
The helicopter manufacturing industry .is primarily engaged" in

military helicopter requirements, which account for approximately 80 percent of the
more than 20 thousand production vehicles produced prior to January 1970 .]7 The

vulnerability of military helicopters during reconnaisance or evacuative missions



has been closely correlated to their excessive noise signature which allows early
detection and consequent retaliatory enemy action. The industry has therefore been
keenly engaged in research and development programs specifically aimed at the
problem of noise reduction. However, much of the work has been directed toward
the development of modification concepts applicable to long-established production
models or economically viable to production lines. As almost all of the civil heli-
copter fleet are direct derivations of military models, later production models have
benefited from the noise suppression developments. Retrofit modifications are generally
not economically feasible for many private operators, although made available by
the indusfry.ls’ 19
Another approach taken by the industry toward noise alleviation has
been in educating the private operator in particular metheds of operation which
avoid prolonged community noise exposure and which circumvent the condition of
blade=slap noise during descent mnneuvers.w These and other facets of the industry's
awareness of the noise problem relate to past and immediate production helicopter
tyﬁes which will tend to dominate the civil market for the next decade.
The responsibility for developing noise suppression techniques for heli=
copters has been firmly implanted in the manufacturing industry because of the
encompassment of aerodynamic structural design and performance considerations
in the acoustic technology matrix. The emphasis of past and current programs has
been in the specific area of rotor and propeller noise reduction because of its
predominance in the acoustic signature of most V/STOL aircraft, although significant
attention has also been given to engine and transmission system quieting. The latter
1s important when it is realized that almost 50 percent of the light utility helicopters - ;
in operation in 1970 were piston-engined and that most of these have unsatisfactory |
exhaust mufflers as original factory~installed equipmenr.ls’ 19
An illustration of programs related to helicopter design is presented in

Flgure 2.2.7.10,13,18,20

these approaches dre shown in Figures 2.2-8 and 2.2-9, and are indicative of what

Examples of the noise reduction benefits attainable by
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can be expected in future helicopter models designed specifically toward noise goal

objectives. Major areas of noise reduction study pursued by the industry are discussed

in the following paragraphs.

10-13,19

Propeller/Rotor Noise Reduction — The most direct and efficient

methods of propeller and rotor noise reduction are to reduce the
blade tip speed and reduce either the total load on each blade or
the load per unit blade area. There are obvious.limits to the
application of these principles in addition to those of aerodynamic
stall (which gives a sudden noise increase) and the weight/
performance requirements for economic operation. Thus, most
research effort has been aimed at deriving more subtle approaches
to design, whereby the above methods can be implemented and
improved upon with negligible performance penalty. Some of the

more successful of these methods are:

Larger blade area

Increased number of blades

~ Variable geometry blades (changeable camber in flight)
Modified blade tip shapes

All of these have either resulted from, or have been made practical
by, combined efforts in acoustic, aerodynamic and materials research.
In particular, the noise reduction potential from increasing the number
of blades and blade area has been known for quite some time, but this
approach has only recently become practical due to the development
of lightweight construction materials and fabrication techniques.
Blade tip shape modifications have undergone extensive investigation
for both aerodynamic and acoustic benefits, including reduction of

blade slap. Helicopter rotor tests indicate that 5 to 8 dBl can be

achieved by this approach.
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® Engine Noise Reduction — At ground-idle and in-flight conditions

with noise abatement procedures in operation, the loudest component
sound of a V/STOL aircraft may be its engine noise. For piston~

- powered helicopters, the exhaust noise is extremely noticeable in the
signature. Gas turbine engines are distinguishable by high frequency
whine of their compressor stages and by their exhaust when the jet is
used as a propulsive force. Each of these can be treated by different
types of suppression, from the relatively simple piston-engine muffler
to the more complex jet-exhaust suppressor. However, all methods
cause some degradation of the performance-cost ratio of the vehicle,
and consequently the buyer/operator is often reluctant to include
them in his optional equipment list. The manufacturer/selier is also
‘reluctant to include them as standard equipment because of the sales
competition. within the industry and his desire to provide the most
economically operable item. Nevertheless, the equipment for noise
suppression has been developed, demonstrated, and made available
by the industry dnd other independent companies in the form of retro-
fit kits composed of factory-installed options. Although much remains
to be done to improve the noise and performance influence of suppres-

sion devices, an immediate improvement can be obtained if their

... - usage is required:

" The noise reduction currently attainable by available mufflers for
h'alicapter' pfston~engiﬁe exhausts is shown in Figure 2. 2-1_0.]-0’ 19,

Stack=mounted units are very lightweight and are designed to fit
diractly onto the exhaust port of the engine. The acoustic performance

~ of these units ranges from relatively poor to moderate, but they are
_designed to impose little penalty on operating costs. Structure-
mounted types are heavier and more efficient in noise rec.lucﬁon,l but
are more expensive and in particular have the greatest detrimental

effect on operating costs.
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Gas turbine (jet) powered helicopters are generally quieter than
their piston-engine counterparts, as shown in Figure 2.2-”',](‘;>
however their market popularity is restricted by a requirement for
specialized fuel, Again, the main noise problems are associated
with their terminal operation rather than their cruise mode. In
this case, both the inlet and exhaust require noise suppression
treatment, and absorptive vanes or lining Tnstalled within the
appropriate ducting has been demonstrated to provide a total

reduction of up to 10 dB with a resultant power loss of about 1 to

2 percent,

The past 5 years have seen a most significant advancement in V/STOL
noise control. Methods of noise suppression have been developed which can, if
applied to new production models and the noisier of the older types, allow the full
deveiopment of the V/STOL as @ community service item. Until recently, little
attention has been given to the design of the actual landing site to alleviate the
noise radiated to nearby residential areas. In fact, the tendency of some operators
is to deliberately aim for line;-oﬂ-sighf pads in order to advertise their service. This
practice is highly undesirable from a noise nuisance viewpoint, Recommended
practices, or even mandatory regulutions, should be developed for city heliport
design and construction. 7 ' .

In summary, the industry is acutely aware of the noise problem and its
relationship to the development of an expanding market for their products. It has
been involved in considerable research and development study {at both Federal and
industry expense) to find practical methods of reducing the noise levels of current
and future production line models. The present situation is that these efforts have
been significantly successful, but only In terms of present helicopter usage patterns.
The expected increase in intra~city transport and law-enforcement usage will change
this pattern over the next decade. This change must be accompanied by further noise

reduction built into the helicopter and by more detailed study of urben helicopter
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structures, location and operating procedures, to ensure that the helicopter fleet

will not impose an unacceptable noise burden on the community it serves.

STOL Aircraft

The STOL industry has a tentatively-defined noise goal to meet to
ensure its command of the commercial aviation market by 1985.]5 This goal is
being approached by intensive research and development of suitable propulsion and
lift concepts, some of which have been described in Section 2.2.2. The main
difference between the VTOL and STOL industries is that the latter must include
noise as @ major parameter in their conceptual design studies, whereas the pre-
dominant objective of the VTOL (helicopter) industry is to reduce the noise of their

established design models.

2,2.5 Noise Reduction Potential

VTOL Aircraft
The most immediate problem for the VTOL industry is to further develop its

noise suppression technology to make it economically acceptable to the commercial
and private operator. With the incredasing usoge of helicopters within the urban
sarvice system, it can be expected that community reaction to the noise intrusion

will also increase and force legislation of operational characteristics to be developed
and imposed. It has been demonstrated that significant noise suppression can be
installed on current design concepts and therefore it is practical to consider that the
helicopter can become compatible with community usage. However, the result can
only be achieved by incorporating noise reduction methodology into vehicles produced
for the urban-user market os a standard procedure. The potential for future, helicopter

{VTOL) noise reduction is summarizaed in Table 2.2-1.

STOL Alrcraft
The long term future of the interurban STOL aviation economy depends on

the development of the larger (80 to 150 passenger) STOL bus. Current projections
indicate that with present technology the 95 PNdB goal will not be met at the 500 foot
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Table 2.2-1

Estimoted Moise Reduction Potential for Helicopters

MNoise Reduction,. dB(])
Light and
Heavy Medium Light Piston=
Transport Turbine~Powerad Powered
Time Period Helicopters Helicopters Helicopters
Short Term.Pdtentiul 0 5 10
Utilizing Available
Production Methods
Long Term Potential 10 15 10
Utilizing Cutrent
Industry Trends
Long Term Potential 10 17 20 _
Utilizing Demonstrated |
or Advanced Technology
(])Noise reduction relative to typical current noise levels in dB{A)
at 1000 feet.

distance.2 This would mean that a large section of residential area around STOL ports
would be subjected to unsatisfactory noise intrusion levels. Further, many quiet sub=
urban ¢communities under the STOL flight path would be exposed to excessive noise
unless the afrcraft eruise altitude were increased enough to achleve compatible ground
noise levels. The economic tradeoffs between source noise reduction and higher than

optimum airspace altitudes must recaive careful study,
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2,3 General Aviation Aircraft

2,3.1 Introduction
The term "general aviation" refers to all civilian aviation activity other

than that of the commercial air carriers, Within this broad definition, general aviation

includes a wide variety of aircraft uses. The following use categories may be con~

sidered:] ’

Business Aviation — This is the largest single category of general

aviation in terms of total aireraft hours flown, It includes all aiveraft
used by corporations and individuals for business transportation,
About one~third of the total hours flown by general aviation aircraft
fall into this category and these hours are flown by about one-fourth
of the registered general aviation aircraft.

Personal Flying — This covers over half of general aviation aircraft
registered in the United States, This category is generally made up
of smaller and less expensive aircroft than those in the business
aviation group,

Air Taxi, Charter and Contract Usage — These aircroft are generally

considered part of the general aviation fleet, Also included in this
category are small charter aircraft contracted with a flight crew.

Instructional Usage — This category accounts for about one-fourth of

the total general aviation aireraft hours flown. However, in numbers
of aircraft, instructional aireraft comprise only about 11 percent of
the total fleet. Most of these are smaller single~engine types.

Aerial Application, Industrial and Special Use — This includes air-

craft used for agricultural spraying purposes, patrolling, advertising

photography, aerial surveying and equipment testing, This category

is relatively smoll both in terms of numbers of aircraft and hours flown.
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The use of general aviation aircroft has grown in the past 10 years from
12 million flight hours to a total of 25.5 million aircraft hours flown in 1970, Equally
significant, the composition of the general aviation fleet has changed from a pre-
dominance of small, single-engine propeller types to a much more complex fleet mix.
Figure 2,3-1 summarizes this fleet mix and provides information on the number of air-
craft operations and typical noise levels produced.

A conservative picture of the economic impact of general aviation is
obtained from the fact that manufacturers of airframes, power plants and avionics
employ 23 thousand people and had gross sales in 1970 of about $375 million. In addi-

tion, $240 million of gosoline was utilized by the general aviation fleet.

2,3.2 Sourcé Noise Characteristics

The noise associated with general aviation propeller aircraft with both

piston and turbine engines is produced principally by the propeliers. This noise con-
tains a hamonic series of discrete frequency tones, with the dominant fundomental
tone typically in the range from 50 to 250 Hz.4 Depending on the propeller blode
shape and the propelier operating environment, the second and third harmonic tones
may also have significant levels, Figure 2,3-2 shows typical noise levels and spectra
measured during prqpeller alrcraft operc:fions.4 The broadband and discrete frequency
noise above cpproximately 250 Hz consists of higher propeller noise harmonics, dis~
crete frequency noise from the engine and exhoust, and exhoust broadband noise, The
latter noise sources may contribute measurably to the total noise generation by some
types of general aviation aircraft, but are generally masked by the propeller noise. .
Additional information on the noise generation mechanisms of propellers is contained
in Appendix C,

The noise characteristics of jet-powsred general aviation dircrnfr, or
executive jets, are shown in Figure 2.3-3, Their characteristics are similar to those
of commercial jet aircraft. Most business jets are powered by pure turbojet or low by~
pass ratio turbofan engines; thus, the jet exhaust is the dominant source of noise,

Since these engines are much smaller than those used to power commercial jet aireraft,
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the characteristic frequencies in the jet noise are higher, and also the noise levels are

lower than for the big turbofan engines,

2,3.3 Environmental Noise Characteristics

The operator or passenger in a general aviation aircraft is subjected to
noise levels of about 90 dB{A), which is 5 to 15 ¢B higher than in o commercial jet
gireroft, Figure 2,3-4 shows a typical interior cabin noise level for a general avia-~

. . -7 e . . .
tion propeller curcrcrff‘.5 This high noise environment is caused by several fectors:

e The engine is mounted ciose to the cabin, hence the cabin walls are
exposed to the highest sound pressures generated by the propeller
without any benefit of attenuation from distance. This situation is
aggravated in conventional twin-engine aircraft,

o The dominantly low frequency content of the propeller noise makes
conventional fuselage noise insulation techniques rather ineffective,

o The small volume within the c¢abin {imits the effect of interior wall

sound absorption,

The airport noise impact due to general aviation aircraft noise is quite
smoll when compared to the impact of commercial dircroft operations, Figures 2,3-5
and 2,3-6 show NEF values versus slent range, respectively for takeoff and landing
operations, for the average national mix and the number of circraft that are expected
to utilize a typical general aviation dirport. The lack of significant impact is evident
on noting that the NEF values stay below 30 even ot very close ranges and below 20
for relatively short ranges. Consequently, the vast majority of general aviotion air-
poits do not have a serious community noise problem,

The low level of impact associated with executive jet oircraft in this i
example is due to their relatively small number of operations, despite their high noise
levels., However, at several general aviafion airports that have o significantly higher
tate of operation for executive jets than the national average mix, these aircroft tend

to dominate the airport noise picture. This effect is illustrated by the additional
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business jet curves in Figures 2,3-5 and 2,3-6. In the future, the proportion of execu-
tive jets in the general aviation aircraft fleet is expected to increase considerably.
Hence, these aircraft may become major noise sources around typical general aviation
airperts unless their noise levels are reduced. |

An odditional source of aircroft noise ol some general aviation airports
consists of the operations of fighter and trainer aircraft of World War II vintoge, These
airplanes are generally very noisy and tend to create noise problems wherever they are

baosed. The eventual retirement of these aircraft appears to offer the most satisfactory

means of alleviating this problem.

2,.3.4 Industry Efforts in Noise Reduction
The great majority of all general aviation aircroft are owned by private

individuals., More than one~half of these circraft are used for personel ond recreational
flying, Therefore, the general aviation aircraft industry deals predominantly with a
consumer market similar to that for automobiles or motorcycles. Competitive confor-
mance requires maximum copacity and performance within the porticular price class,
coupled with economy of operation. The exploitation of technologies such as noise
reduction that bear only indirectly on product desirability are consequently relegated
to secondary levels of importance, Thus, the consideration of noise in general aviation
aircraft is gaared fo competitive objectives within the industry, rather than to any
desired stondards, ‘

 The industry noise objectives have been aimed ot quieting the aircraft
interior in order to provide more comfort to the operator or passenger. The approach
has been rather cautious and straightforward, Existing quiet engine and quiet propeller
technelogy have been utilized within the constraints of performance, but the main
efforts have been directed at cabin noise insulation, Again, the progress has not been
spectacular due to the welght penalties assoclated with nolse=insulating materials and
the goveming performance constraints, ‘

General aviation aircraft are not ot the present time a major source of

noise pollution. At the hub airports, at which approximately one-half of the aircraft
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operate, their noise characteristics are masked by the much noisier commercial aircraft.
The remainder of the aircraft are distributed over more than 11 thousand airporfsl within
the United Sfates.2 With some exceptions, the noise levels at the.general aviation
airports have not reached o magnitude at which the environment is severely affected,
Thus, the general aviation industry has not, until very recently, considered aircraft

noise in ferms of the non-participant environment.

The general aviation fleet has grown rapidly during the last 15 years and

“will continue to grow an an accelerated rate until at least 1985, As is indicated in

Figure 2.3-7, what is more important than the total growth in the fleet from noise
considerations is the growing number of multi-engine piston, turboprop and turbojet
aircraft in the projected f!eet.a Hence, the typical general aviation aireraft will
become noisier, This factor, in addition to the increase in the number of aircraft

operations, will lead to an increasing noise poliution potential,

Noise Reduction Programs
As discussed above, the main effort in noise reduction by the general

aviation industry has been directed toward lowering the interior cabin noise levels.
This objective has been achieved by combining reduced noise generation ot the source
and improved trﬁnsmiss_ion loss through the cobin walls, Propelle.r and engine noise
reduction have not been actively pursued, However, os discussed in the V/STOL
Section, the propeller and engine manufacturers have been engaged in the develop-
ment of quiet concepts for military and V/STOL commercial applications, and some of
the results have fed back to the general aviation industry. As an example, current
aircraft models generally have three-bladed propellers rather than the old two-bladed
propelflers, with a resulting noise reduction of 3 to 5 dB.9 This result has been made

possible through materials technology development by the propeller manufacturers

whereby the new propellers weigh less thon the older types, despite the increased

number of blades,
Reduction of the interior noise levels by means of cabin wall insulation

has been the subject of more active participation by the industry., The typical interior
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ﬁoise levels of general aviation aircraft lie in the range of 90 to 105 dB(A) .5-7 Some
of the ﬁew models on the market have corresponding noise levels down to 85 cIB(A),9
a reduction of 5 to 20 dB of which 5 to 12 dB is due to improved cabin wall insulation.,

_ The executive jet alrcraft are typically much noisier than propeller-driven
airplanes, but they consfirufe such a small percentage of the total general aviation
fleet that their noise impact has generally been kept within bounds except af some air-
ports which have a much higher than average proportion of jet operations. However,
with the projected future grawth in the number of executive jets, they may be expected
to cause nolse problems at an increasing number of airports unless their noise levels are
reduced, The jet engines in use by the executive jet aircraft fleet have been developed
for military purposes, or as smaller versions of early jet engines for the commercial fleet,
Hence, they tend to be objectionably noisy. Only very recently has the general
aviation industry actively sought more advanced and quieter jet engines for the business
jets. An example of the noise reduction achieved by substituting an advanced tech=
nology engine (AiResearch TFE-731 turbofan) for an older type et engine is presented
in Figure 2.3-—8.]0 This change will reduce the noise level generated by the Lear Jet
at the FAA certification position on tokeoff from 96 EPNAB to less than 86 EPNdB.
Another example is provided by the Cessna Citation business jet, powered by Pratt &
Whitney JT15D turbofan engines, FAA certification figures for this aircraft show noise
levels of 76 EPNAB on takeoff and 88 EPNdB on approach at the FAR-34 measurement
positions,}1 These figures lie 17 and 14 EPNdB respectively, below the noise levels
stipulated by FAR-36. An equivalent noise reduction throughout the business jet fleet
would strongly reduce the potential noise impact of these aircraft,

With respect to the suppression of the sources of noise in general aviation
aircraft, the industry will, at least in the near future, continue to rely on the power-
plant and propeller manufacturers for further developments. These programs are dis—
cussed elsewhere in this report; propellers and the associated powerplants are evaluated

in the V/STOL Section, and the jet engine programs are discussed under Commercial

Aircraft.
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The general aviation industry's plans for further reduction in the interior
noise levels are formulated in terms of what the expected achievements are, rather
than as desirable objectives. Disregarding any possible significant reduction in the
powerplant noise levels, on interior noise level of 75 dB(A) is considered possible
within the next 10 yecr5.9 This will be achieved by means of improved cabin wall
lining materials and a more sophisticated evaluation of the critical noise transmission
paths. This level would represent a considerable improvement over the typical noise

levels in the current general aviatien fleet, as shown in Table 2,3-1,

Table 2.3-1

Interior Noise Level Objecfives9

Interior Noise Levels - dB{A) Yeor

Typical Older Aircraft
in Current Fleet 90 - 105

Current Production
Ajrcraft 83 - 85 1971

QObjective for Future

Aircraft Design 75 1981

2,3.5 Noise Reduction Potential
In order to assess the potential noise reduction in the general aviation

fleet, it is appropriate to establish specific noise reduction objectives. Figure 2,3-7
shows that by 1985 there may be 316 thousand general aviation aircroft operating
within the United Srares.8 However, 58 percent of these are expected to be con-
centrated within the population hubs, where in many cases their noise characieristics
will be masked by commercial aircraft operations. The remainder will be distributed
throughout the suburban and rural areas served by approximately 11 thousand general

aviation airports. In the low population density rural and outer suburban areas, the
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general aviation airports are generally located sufficiently far away from population
centers thot no significant noise impact is expected, even with the noise levels generated
by the current type aircraft. The potential noise problem is thus predominantly associated
with the growth of aircroft operations at major suburban general aviation airports. Assum-
ing a normal suburbﬁn residential orea, median daytime outdoor noise level (L50) of
49 dB(A) and o typical minimum slant range of 500 feef, a single event moximum noise
level of 74 to 79 dB(A) may generally be considered acceptable, Figure 2,3~ compares
this range of levels, extropolated to 1000 feet distance, with the noise levels generated
by o variety of current general aviation propeller aircrufr.4 Some light, single-engine
alrplanes fall within the desired range, but generally o suppression of 5 to 15 dB will be
required to meet the suggested criterion. For the business jet aircraft, o suppression of
at least 15 dB will be required over that achieved with the current state-of-the~art, as
.demonstrated by the Lear Jet with advanced technology turbofan engines (discussed in
Section 2,3.4). _

In order to establish whether these noise reduction objectives are realistic,
propeller aircraft will first be considered, As discussed in the V/STOL Section, o
reduction in engine/exhaust noise of 13 dB is achievable with current fechnology.
Similarly, a realistic objective for propeller noise reduction is approximately 10 dB
over the next 5 years, Extrapolating these values to the 1980's, it appears that o maxi-
mum noise level objective of 68 to 73 dB(A) at 1000 feet for general aviotion propeller
aircraft is achievable, ‘ _

| * For business jet aircraft, the potential quiet airplane is evaluated by con-

sideration of the expected possible noise reduction in commercial jet aireraft, Extrapo-
lation of the potential noise levels of the commercial quiet jet engine to the size and
thrust required for the business jet aircraft powerplant ylelds a level of approximately
75 dB{A) at 1000 feet during takeoff operations, which is within 2 dB of the desired
result.

It must be emphosized that these noise reduction volues refer to new air-

craft only. The future potential noise reductions are summarized in Table 2,3-2.
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Table 2,3-2

Potential General Aviation Aircraft Noise Reduction

Future Noise Levels

Noise Reduction at 1000 Feet
in dB dB(A)
Propeller Aircraft 5-15 68 - 73
Executive Jet Aircraft
Near Term 13 85
Long Term 23 75
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2.4 Highway Vehicles

2,41 Introduction

Highway vehicles include autemobiles, trucks, buses, and maintenance
and utility vehicles, Motorcycles are treated in the section on Recreation Vehicles.
Traffic studies of highway vehicle usage in typical urban areas show that about 1600 to
2300 trips are made by automobile drivers and passengers every day for every 1000
people, while 200 to 400 truck trips are mode for every 1000 people. Approximately
40 percent to 45 percent of the latter terminate in residential areas, This urban travel
represents about 52 percent of the estimated 3 billion highway vehicle miles traveled in
1970, The general characteristics, numbers, growth patterns, and typical noise levels
for highway vehicles are summarized in Figure 2.4~1, Significant factors relative to

each type of highway vehicle are summarized in the following parcgraphs.] -5

e Automobiles — Automobiles are the primary mode of transportation in
the United States and constitute the largest number of highway vehicles,
From 1950 to 1970, the number of automobiles in use has increased
from 36 million to 87 million; passenger cars traveled 1000 billion
miles in 1970, Automobile sales, including vehicles, equipment and
service, reached $92 billion in 1970, Approximately 5 million people
were employed by this industry.

. Trucks — The total number of trucks in use has increased from 8,2
million in 1950 to almost 19 million in 1970, Total truck miles in-
creased to 206.7 billion in 1969 from 90.5 billion in 1950, The
average annual mileage for all trucks is over 11,000 miles. A majority
of the total truck operating hours (194 billion) was 1n population
centers, 86 percent of the time in pickup and delivery service, and
the remainder in long haul service. Thirty=nine (39) percent of all
truck miles were on urban streets.

- o Buses~ Highway and city buses accounted for about 27 billion passen~

ger miles in 1970, Mileage has been on a slight decline for a number
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of years, and bus paossengers now constitute 4.2 percent of the com-
mercial fotal. Around 74 percent of the total of 400 thousand buses
are school buses and account for about one-half of the total mileage.
The combination of local and intercity bus lines have carvied 5.8
billion passengers in 1970, for a passenger revenue of $2 billion, and

have employed 150 thousand people,
Utility and Maintenance Vehicles — The three major types of vehicles

in this category selected for study are garbage compactors, street
sweepers, and brush and tree chippers. It is estimated that there are
approximately 75 thousand garbage compuctors, street sweepers, and
tree and brush chippers in use in the major cities of the United States,
Garbage compactors and street sweepers generally operate 40 hours per

week, They usually begin operation by 6:00 a.m. end often extend to

Saturdays to meet pickup requiremeﬁfs .

2,4,2 Source Noise Characteristics
The noise levels produced by highway vehicles can be altributed 1o the

following three major noise generating systems:

o rolling stock; tires and gearing

e propulsion sysfem: engine and related accessories

& aerodynamic and body

The noise levels produced by highway vehicles are generally dependent

upon vehicle speed, as illustrated for a number of different vehicle types in Figure

2.4-25"8

Figure 2.4-3 illustrates the relative cantribution of tire ond engine noise
to the overall noise levels of automobiles and trucks at highway speeds,”” 10 The
small difference between the 65 mph coost and cruise conditions for the cutomobile
indicates that its noise is generated primarily by the tires. In fact, tire noise for auto-

mobiles becomes a significant contribution to overall levels at around 35 mph.” The
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tire noise for trucks begins to become important in the high frequency portion of the
spectrum at speeds of 45 to 50 mph, although even at 55 mph, engine noise controls
the low frequency spectrum.

Tire noise levels vary by 7 to 10 dB, depending upon road surface compo~
sition and roughness. Another 5 to 7 dB variation may be expected for truck tires as a
function of axle load. In addition, significont variations in noise are found fo be a
function of tread design and state of wear. At constant speed, these variations may
result in o 20 dB range in noise Ievels.w - 14

" Figure 2,4-3 also identifies the segment of the noise spectra contributed
by the propulsion system, This contribution is further defined in Figure 2.4-4, which
compares the typical noise spectra produced by a heavy diesel truck ond by an auto-
" mobile, both under maximum acceleration at 35 mph.ls The noise characteristics of
‘ propulsion systems may be classified as either acoustic noise radiating directly out of
the engine openings, or as noise produced by i.nrerncl engine processes which then
radiate from the engine structure. Figure 2,4-5 illustrates the relariye effect of
silencing on overall engine-generated noise attributable to these two classiﬁcaﬁons.]
The unsilenced exhaust noise is seen to overshadow the total of the other noises by 10
to 15 dB in each octave over the entire audible range. With the exhaust silenced, in-
duction noise is observed to prevail at frequencies below 1000 Hz, whereas roises
radiated from the engine structure control the spectrum above 1000 Hz. -

The third principal source of noise in highway vehicles includes aero~ -
dynamic turbulence and body rattles, It is generally felt that streamlined designs do
much to reduce the noise contributions of automobiles and buses ot highway speeds;
however, application of aerodynamic styling to trucks is not considered practical due
to servicing requirements.” Body rattles generally reflect the care and maintenance
the vehicle has received., These are mainly an annoying factor at low speeds in resi-
dential areas and cun be conirolled only by routine servicing of the vehicle and
careful loading of the truck and cargo space.

The following paragraphs provide a discussion of the characteristies of the

noise generated in trucks, outomobiles, buses and maintenance vehicles. An analysis
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of the major noise sources for trucks will be provided first, as the characteristics of
these sources ore relevant to all types of highway vehicles. Additional detail on the

most significant of these noise sources is presented in Appendix C,

Trucks

Gasoline engines power 7.5 percent of the trucks in operation, and the
remaining 2,5 percent are powered by diesel engines. Diesel frucks are generally 8
to 10 dB noisier than gasoline powered trucks and 12 to 18 dB noisier than cutomobiles].7' 8
The noise output of trucks increases with age, ond about 60 percent of ;perating trucks
are more than 5 years old. This increase of noise with age is aggravated by the tendency
to overhaul trucks with replacement muffiers or recapped tires which generate higher
noise levels than the original equipment.

The major contributing subsources of truck noise include the exhaust,
cooling fan, engine mechanical noise, intake noise and fire/roudw'uy noise, Figure
2.4-6 and Table 2,4~1 depict the relative contribution of these subsources to overall
noise levels, and Figure 2.4-6 presents a range of octave band spectra for typical

operating modes.w -2 Following is a discussion of each of these mojor

subsou.-ces.lz“mr 16, 18, 22-32

e  Exhaust — The noise levels generated by truck exhaust systems are
dependent on factors such as engine type, timing and valve duration,
induction system, muffler type, muffler size and location in the
exhaust system, pipe diometer, dual or single system, and engine
back=-pressure, The actual noise-generating mechonism is created by

- vibrating columns of gas ot high pressure amplitudes which are pro-
duced by the epening of the exhaust valve. This noise is communi~
cated directly to the atmosphere. Additional exhaust noise is created
by the direct impingement of these released gases on thelpipes and
muffler shell. The fundamental and harmonics of engine firing fre-

quency are the principal components of exhaust nofse, At high engine
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Table 2. 4-]

DIESEL TRUCK NOISE COMPONENT CONTRIBUTIONS TO MAXIMUM
NOISE LEVELS AT 50 FEET FROM VEHICLE

Contributing Subsource

Total Vehicle
~ Engine Cooling Noise Level
Truck Examples Mechanical Exhaust Intake Fan dB(A)
#] 81 84 75 82 88
#2 85.5 81 74 ) 87.5
#3 83 86 80 81 89
#4 85 82 80 83 89.
#5 83 83 72 78.5 87
#6 81 77 70 82 B85.5
#7 82.5 86 79 82 89.5
#3 85 82 80 83 89
#o 83 83 72 78.5 87
#10 81 77 70 82 85.5
#11 83.5 82,5 74 78 87

i =
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speeds, these individual frequency components are masked by a more
continuous spectrum created by the turbulence noise produced by the
flow of high velocity gases through the exhaust valve,

e Cooling Fan - In nearly all applications invelving water-cooled
engines, an axial flow type fan is used to draw cooling air through a
forward-mounted radiator. In many designs, fan noise opproaches the
level of exhaust system noise and is generally considered on important
factor in reducing overall vehicle levels,

Generally, fan noise is directly related to fan speed. It has been
shown that fan noise increases at o rate of 2 dB per 100 rpm at speeds
between 1000 and 1500 rpm and af a rate of 1 dB per 100 rpm between
1500 and 2000 rpm. The noise output is also dependent upon tip speed
and eonfiguration, blade design and spacing, and proximity of acces-
sories and other objects which affect air flow,

s Intake — Induction system noise is created by the opening and closing
of the inlet valve, starting and stopping the air flow into the cylinders.
It is also markedly offected by the flow properties of the exhaust valve
and the exhaust system due to the fact that during the duration of in-
toke and exhaust valve overlap, some exhoust noise is transmitted
through the intoke. Intoke noise of supercharged,blower-scavenged
and turbocharged engines is created by the air-compressing [;rocess.

It may be modified by resonant induction systems which can, under
certain conditions of engine speed and system length, amplify intake
noise levels. The intake noise increases with increasing load. For
diese! engines between no~load and full-load, this increase may range
from 10 to 15 dB, while gasoline engine intake noise may increase
from 20 to 25 dB.

® Engine Noise — Engine-associated noise in internal combustion engines

is produced by the compression and subsequent combustion process
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which gives rise to severe gas forces on the pistons and to forces of
mechanical origin, such as those produced by piston-crank operation,
the valve-gear mechanism, and various auxiliaries and their drives,
Both types of fluctuating forces produce mechanical vibrations of the
engine structure which in turn cause all components attached to the
engine to resonate and radiate noise,

As previously nofed, diesel engines are typically about 10 dB noisier
than gasoline engines, This difference resvlts mainly from their different
mechanisms of ignition. Gasoline engines initiate combustion with a
spark from which the flame front gradually spreads throughout the com-
bustion chamber until the entire fuel/air charge is burnt. This yields o
smooth blending with the compression, The diesel engine, however,
relies on a much higher compression ratio to produce spontaneous com-
bustion which burns o large volume of fuel/air mixture ropidly. This
yialds a much more severe and more rapid pressure rise in the cylinder,
causing more engine vibration for the diese! engine in comparison with
the gasoline engine,

Many efforts at quieting diesel engines are aimed at smoothing out this
abrupt pressure rise, either through prechamber combustion chamber
designs or turbocharging (which tends to reduce these abrupt pressure
rises). However, efforts at reducing diesel engine noise by smoothing
out cylinder pressure rises are only effective when combustion-excited
noise is greater than mechanical noise.

At constant speed, diesel engines show only slight reduction in noise,
with reduction in load due to the high compression pressure even under
no-load. Gasoline engines, however, show a substantial decrease in
noise output with decreasing load, due to throttling of the inlet which
yields a large reduction of compression pressuré. Therefore, the

change in noise level between no=load and full-load conditions is
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rarely more than 3 dB for a diesel engine, but can be as high as 10 dB
for gasoline engines. In addition, compression ignition in diesel
engines produces their characteristic "knock" which is associated with
a broad peak of noise in the frequency range from 800 to 2000 Hz.
Engine speed also affects engine noise output. At low speeds under

full load, the gasoline engine is quieter than the diesel; however, the
noise from gasoline engines increases much mare rapidly with increasing
engine speed than from diesels (45 dB per tenfold increase in engine
speed versus 30 dB for diesels). Hence at high speed, the noise levels

of both diesel and gasoline engines are of the same order of magnitude

for the same horsepower,

Tires — Truck tire noise presents the major obstacle in limiting overall

vehicle noise at speeds above 50 mph, since at this speed tire noise

often becomes the dominant noise-producing source on heavy duty trucks,

Typical noise levels from truck tires ot 50 mph range from 75 dB(A} for

"low noise" tread designs to over 90 dB(A) for "high noise level" tires,

Figure 2.4-7 illustrates the noise output of various tiuck tire tread con~-

figurations over the normal speed range of interest, The major offender

is the standard cross-bar design used by the vast majority of trucks on

their drive wheels, These tires may produce levels in the 80 to

85 dB(A) range when new, but their noise increases with wear as much
as 10 dB in the half-worn condition, This increase is attributable to o ‘
change in the tread curvature resulting from wear, Cross~bar retreads
pose an even greater problem as thelr noise level can be as much as

95 dB(A) at 50 feet when operated at 55 mph in the half=worn condition.
Despite their noise, cross=bar retreads are very popular for economical
reasons and each fire is recapped an average of two to three times.

They wear roughly twice as long as the continual rib automobile type

design tires and exhibit superior dry and wet traction performonce,
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Tire manufacturers state that recapped tires are generally much noisier
than are new tires because of tread design. Current new tread designs
are optimized on the basis of both traction end noise output. However,
most recap tire molds are 5 years old or more and do not reflect the
newer thinking in quiet tread designs such as randomized tread element
size and spacing variations, These older molds become a critical noise
factor when one considers that well over half the truck tires on the road
today are retreads,

Axle loading is also a major factor in the amount of noise generated by
tires, Retread tires exhibit the most predominant dependence upon load.
One example indicates a decrease of 15 dB resulting when load per tire
was reduced from 4500 to 1240 lbs. The explanation is that with the
tire unloaded, the sides of the retreud do not contact the read surfoce,
hence the cups in the treod cannot seal against the road surface and
compress small pockets of air,

New and half-worn cross=bar tires also produce more noise with in=
creasing load, The explanation follows that with increasing load, the
tread pattern is compressed, hence more of the load is carried on the
outer sections of the tread,

The rib type tire designs are generally independent of loading due to
their uniform tread design accross the tire cross-section.

Variations in road surface also significantly affect tire noise generation,
Here again, retread tires exhibit the most dependence on this variable,
with the most noise generated on smooth road surfaces. Differences
have been cbserved experimentally to be of the order of 8 dB ot speeds

of 40 to 50 mph.

Automobiles
While not as noisy as trucks, buses and motercycles, the total contribution

of automobiles to the noise envirenment is significant due to the very large number in
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operation. Approximately 70 percent of automobiles on the rood in 1970 were over 3

years old, the average age being about 5-1/2 years.] Vehicles over 2 yeors old tend

to produce higher noise levels (2 to 3 dB) under most operating conditions, due to

deterioration of exhaust silencer performance and the response of the vehicle to pave-

8
ment roughness.

Like trucks, the noise produced by individual automobiles is a

function of several subsource contributions — exhaust, cooling fan, intake, tires,

engine and fransmission noise and aerodynamic noise.

Figure 2,4-8 illustrates the relative contributions of these major subsources

of noise to the overall noise levels and shows typical octove band spectra for various

6,24,33

aufomobile operating modes. Following is o discussion of each of these
subsources,12~14,21,24,34-36

Exhaust — For most automobiles, exhaust noise constitutes the pre~
dominant noise source for normal operation at speeds betow about
35 to 45 mph, depending upon the condition and design of the
exhaust system, Above this speed range, in many cases tire noise
becomes equally significant, While exhaust noise does not create o
significant interior noise problem, certain objectionable periodic
tones may be audible inside the cor.

Intake — Intake noise in automobiles constitutes a minor problem in
achieving current and projected automebile noise requirements, and
the noise control principles are well understood by automotive
engineers, Underhood space is sufficient to allow air cleaners large
enough to achieve adequate silencing with minimal air restriction,
Fan Noise ~ In some cases, the intensity of fan noise is almost equat
with exhaust noise .  The ‘pan:merers which govern fan noise
generation are essentially the same as those related to trucks, More
work has been done in the passenger cor area to reduce noise in the
passenger compartment, hence quiet fans have been desirable for some

time,
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Buses

Tire Noise — Tire noise in passenger cors presents much less of
problem than in trucks. The principal reason for this is that standard
automobile tires do not employ the cross-bar fread design. For com-
parative purposes, Figure 2,4~7 includes the noise characteristics of

a typical rib-type peassenger car fire. As can be observed, its noise
level at 50 to 60 mph can be as much as 25 dB less than the worst truck
tires. Snow tires on automobiles are similar in design to truck tires
and produce high noise levels on the order of 85 dB(A) at highway
speeds, At highway speeds and ot rated load, current automobile
tires produce levels on the order of 65 to 75 dB(A). In most new auto-

mobiles, these are the controlling noise sources at the higher speeds,

Engine Noise - Nearly all passenger cars utilize four-cycle gasoline

powered engines which for the most part (imported and compact vehicles
excepted) normally operate at a fraction of their rated horsepower out-
put. Consequently, engine mechanical noise is a minor problem to the
chserver, In addition, automobile engines are well shielded on all
sides; therefore little noise is radiated directly out to the observer,
Most attention to engine/transmission noise is focused on reduction of
interior noise levels. Extensive noise aftenuation treatment work is
conducted on the majority of U.S, cars to reduce engine noise trans~

missfon into the passenger compartment,

Although trucks ond buses share many basic design characteristics and some

common components, buses are generally quieter due to their increased packaging space,

which allows larger mufflers, and their enclosed engine compartment. Typical noise

spectra for buses at highway speeds are shown in Figure 2,4-9." At highway speeds,

passenger buses exhibit noise levels primarily in the range of 80 to 87 dB(A) at

50 feet,b principally due to tire noise. One of the most annoying noises produced by

city buses is heard by the person standing at the curb while a bus pulls away, As the
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bus passes the person, its noise level increases until it reaches a maximum of well above
90 dB(A) as the engine intake grille;csses. This noise has o startling effect because of
its sudden onset and very high level.

Utility and Maintenance Vehicles
Utility and maintenance vehicles share mony common elements with trucks.

The chassis elements are essentially identical to heavy and medium trucks, hence the
noise output at most speeds is quite similar. The major distinction lies in the type of
auxiliary functions these vehicles perform. A typical octave band spectra is presented

in Figure 2,4-10 for a garbage compactor during the compacting operation.38

2.4.3 Environmental Noise Characteristics

Noise from vehicular traffic generally establishes the residual noise levels
{defined in Section 2,1) in most urban and suburban communities, This residual noise
level varies throughout the day, based on the average density of noise sources in a given
community.S9 In the immediate vicinity of o major arterial or freeway, the noise level
is much higher. Its actual value is dependent upon traffic flow rate, average vehicle
speed, distonce to the traffic [ane and the ratio of trucks to automobiles on the highway,
For a typical 4=lane freéway, average daytime traffic flow rates can be of the order of
6 to 10 thousand vehicles per hour. For this condition, the median noise leve! beyond
100 feet from the flowing traffic is equivalent to a continuous line of noise sources,

Under this condition, the average noise level varies in the manner shown
in Figure 2,411, This level increases 3 dB for every doubling of troffic flow rate,
6 dB for every doubling of vehicle velocity, and decreases approximately 3 dB for
every doubling of distance from the freeway centerline.m At distances of the order
of 500 to 1000 feet from the freeway, the decrease in noise leve! with distance
generally ceases, as the freeway traffic noise becomes equal to ambient level in the
neighborhood,

Superimposed on this median traffic noise level are the intrusive or single~

event noises from individual noisy trucks, cars and motorcycles. These are normally
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15 to 25 dB above the residual noise levels on neighborhood streets. However, ot the
high traffic flow rates typical for freeways, these individual single events are barely
distinguishable from the overall roar of the total traffic flow. During nighttime hours
on major interstate freeways, the percentage of trucks is often much higher than on
typical freeway systems, and truck noise dominates the traffic noise levels,

In a rural or "quiet" suburban community located well away from major
highways, the normal ambient is 10 to 15 dB lower than in urban areos, and the passby
of a noisy car will momentarily increase the noise level by as much as 40 dB above
the eambient (L90) .39 A noise intrusion of similor mognitude can also be created by

garbage compactors and street sweepers that begin their rounds at 6:00 a.m.

Interior Noise Levels
Because most noise reduction in current avtomobiles has been created for

passenger comfort, o special discussion is warranted on the subject of interior noise
levels, Figure 2,4=12 shows a representative range of automobile interior noise
spectra at highway speeds.40' 41 At the upper end of the range is a populer import,
while the lower ond represents a medium=size standard domestic possenger car, The
noise levels in the smaller import tend to be higher because of less sound treatment in
the body, less resilient tires, and stiffer suspension systems.
Generally, the interior noise levels increase with speed, with the noise
of domestic passenger cars increasing at about 2,5 dB per 10 mph, while the noise in
sports cars and-small imports increases at a higher rate = up to 5 dB per 10 mph. At
35 mph on on asphalt road, the typical interior noise levels range from é4 to 73 dB(A),
Typical noise levels at 60 mph inside automobiles ot highway speeds range from 63 to
82 dB{(A) on cencrete with windows closed, Air conditioners add at leost 5 dB to the
overall interior noise level, depending on operating mode and vehicle 5peed.40' 42, 43
Open windows generally increase noise levels 5 to 15 dB, depending on
the "closed window" noise level, aerodynamic design and the combination of windowss
which are openad. A porticularly annoying Helmholtz resonant condition can be

created in some vehicles by opening just one side window. Noise levels at this
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resonance may be well in excess of 100 dB(A). This resonance usually occurs at a
specific speed and often may be stopped by opening an opposite window a very small

" amount.
Buses, by virtue of their rear engine design and adequate allowance for

interior sound package treatment, provide generally acceptable interior noise levels
in the range of 72 to 80 dB{A). However, the interior noise in trucks ranges up to
100 dB(A) for the largest and noisiest trucks, These higher levels may be excessive

in terms of a potential hazzard of hearing loss.

2.4.4 Industry Efforts Toward Noise Reduction
The highway vehicle industry is strongly \-.\:ommmed to the development of

vehicles intended for specific segments of the consumer public, Each vehicle model

is manufactured with a particular performance goal or overall image in mind, This
image ranges from a luxury vehicle, wherein o quiet car is desired by the consumer, to
a performance vehicle which generally exhibits as high a noise level as is legally
allowed to provide the consumer with a sense of power, Considerable technieal effort
has been expended for many years to obtain the "proper sound" for each automobiie
design.,

At its infancy in the early 1900's, the automotive industry found it neces-
sary to equip its engines with mufflers when the noise of the "horseless carriage"
frightened horses on the road. Cities and towns began to require mufflers on cars in
the 1920's and the automobile muffier has improved significantly since that time,

Trucks, utility and maintenance vehicles, and buses are generally manu-
factured to individual customer specifications which place major emphasis on perfor-
mance, operating economy and initial cost, The customers in this industry often
associate noise with better economy and more power; hence there has been little cus-
tomer pressure to reduce truck noise, although individual cities and towns have begun
to demand quieter maintenance vehicles and buses. In the late 1950's, recognition .
that exterior truck noise was causing problems led the Society of Automotive Engineers

(SAE) to develop a truck noise measurement standard and to recommend a maximum
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exterior loudness level of 125 sones at 50 feet. This sfandard, including the recom-
mended maximum level, was voluntarily adopted by the major producers of trucks and
resulted in a reduction in the noise of the larger trucks. Maore recently, this standard
has formed the hasis for the measurement of truck noise by new stote legislation and
regulations. The manufacturers are committed to meet the exterior noise goals of this
new state noise legislation, However, the accomplishment of this commitment is
greatly complicated by the fact that the new vehicle manufacturer faces a number of
differing noise laws and measurement standards throughout the country, and different
time deadlines for achieving various amounts of noise reduction. In general, manu-
facturers have been faced with very short time constraints and have been essentially
forced to exploit the "band-aid" type of problem solution, without having adequate
time to incorporate the new requirements into a basic redesign. This opproach is
generally wasteful of effort ond costly to the.consumer, It is preferable for the manu-
facturer to have a single set of regulations which are technically and economically
achievable and which ¢ontain a time schedule compatible with the basic design, proto-
type, test and production tooling timeframe. This approach generally will achieve the
best overall design in respect to both vehicle performance and uvitimate cost to the
consumer.

An additional factor which influences the industry commitment is pending
legislation in other areas of concern to manufacturers which include safety, emissions
and, of late in the trucking industry, horsepower/ton considerations which may greatly
affect powerplant and chassis designs,

The industry employs qualified noise control engineers who have extensive
experience in salving all types of vehicle noise problems to satisfy market requirements.
They are geared to solve problems in new models within very tight schedule constraints
prior to start of production. Many companies incorporate large noise control staffs
which have at their disposal sophisticated laboratory facilities ond computer assisted
analysis equipment. The analyses are highly refined ond are geared toward problem

area definition and comparison of relative improvements in problem areas.
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Though most of the principles of noise generation in highway vehicles are
well understood, incorporation of advanced acoustic technology proceeds slowly for a
number of reasons, the foremost being that the engineers are almost always dealing
with o basic design which is in production. Any new refinement to o specific model
may require modification to the ariginal basic design ond must be compatible with all
design and production constraints,

A further consideration in the application of acoustic technology is that o
majority of the components in a motor vehicle are supplied by outside specialty product
vendors who do not have direct responsibility for the performance of the total end
product. The net result of this aspect is that many manufacturers are now compelled
to supervise the design of these auxiliary components or to produce many of them to
insure that the total system will be compatible in terms of function and desired acousti-
cal performance. A good example of this is the cooling system on heavy trucks, where~
in the entire cooling system must now be engineered by the vehicle manufacturer to
achieve adequate engine cooling, together with reduced transmission of engine
mechani cal noise and reduced cooling fan noise.24’25’ 44 The increased require~
quirements for system design which tend to exceed the technical scope and copability
of the specialist vendors may lead to major changes in the historical purchasing
pattern of the entire industry,

One final aspect which impedes application of advanced acoustic tech-
nology is the high use factor associated with highway vehicles and the very severe
economi ¢/durability constraints on the manufacturer, Extensive and time-consuming
highway durability test programs always precede introduction of any modifications to
today's vehicles, asillustrated by the typical engineering/development/production

timing schedule shown in Figure 2.4-13,

2,45 Noise Reduction Potential
Figure 2,4~14 illustrates the present ranges of noise levels for highway

vehicles under both maximum noise conditions (SAE test method) and highway cruise

conditions, It summorizes noise reduction potentials deemed achievable in the near
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Engineering Activity

A Typical New Diesel Engine Design

and Development Program*

Detail
Design Further Lab
~ Single Development
I Cylinder Testing '
Lab Tests .
| ooling -
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Devalopment Durability
and Test Fleet Usage
] 1 ! { ]
12 24 3 48 60
Months

/

*
Based essentially on minor modifications (such as displacement increase)
of an existing engine series.

Figure 2,4-13. Typical Industry Production/Timing Schedule
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future for existing vehicle concepts with current technology, and long term potentials
which should result from furiher research and development efforts, These noise reduction
potentials are based on an extensive analysis of the subsources of vehicle noise, and
assume continuing advancement in the applicable noise reduction technology. For most
vehicles at highway speeds, the long term pofential is limited by tire noise which is
inadequately understood ot present. Further noise reduction, particularly at high speeds,
requires successful research and development efforts in tires. At low speeds, further

reduction may require considerable effort in advancement in engine design and muffler

_technology, and for large vehicles possibly o change from the conventional reciprocating

engine to new devices such as the gas turbine for propulsive power. The following para-

graphs discuss current and projected noise reduction activities of the various segments of

the highway vehicle industry.

Trucks

Historically, many new trucks were sold without mufflers in their exhaust
system and with little or no attempt to minimize cooling fan ond engine noise levels.
Such noise reduction simply was not in keeping with the customer's request for maximum
performance and economy of operation. However, heavy diesel trucks are now recog-
nized as the loudest single category of highway vehicles. A recent statistical study on
traffic noise shows the average noise level at highway speeds of tractor trailers to fall
in the 85 to 20 dB{A) range .6 Considerable effort has been expended on the part of
industry in aHtempting to quiet these machines, One particular progrom currently under-
way involves a joint effort between the California Division of Highways and the Inter-
national Harvester Corparation .44 Their goal is to silence a standard heavy=-duty diesel~
powered vehicle as much as is feasible through application of current acoustic technology .
Their stated goal is 83 dB(A) at 50 feet, but they are attempting to ochieve lower
levels. While program costs are not available, the project has been in progress for the
past 6 months end is expected to continue for another 3 to 6 months.

The average heavy diesel truck will probably run over 500,000 miles in its-

lifetime. Over this time period, many of the components will be replaced due to wear
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or be modified to meet individual operator needs. The net resuit of this long=term

usage is that after a year or two, the noise charocteristics of many heavy trucks is

altered significantly. The widespread usage of retread tires and modified exhaust

systems contribute to even higher overall truck levels.

13,35

Figure 2.4~15 illustrates the potential noise reduction of the major sub-~

sources of truck noise. The potential for reduction of noise generated by these sub~-

sources is discussed below.

a4 i s e T

12-14, 16, 18, 22-24, 27, 29-31, 33, 44-47

Exhaust System — In achieving reductions in the noise produced by

heavy trucks, o foremost consideration must be the exhaust system,
The effect of adequate exhaust silencing treatment alone, under maxi-
mum noise output conditions, can provide a gross overall noise reduc-
tion of at least 10 to 15 dB, bringing the over 100 dB(A) unmuffled
offenders down to the 90 dB{A) range. It is considered that o

feasible goal for the near-term in exhaust noise for all trucks appears
to be in the range of 80 dB(A) measured ot 50 feet. (In some instances
a power loss may result,)

The current state-of-the-art in muffler technology, which relies on
large muffler volumes to obtain adequate silencing with low back-
pressures, will allow approximately 18 to 20 dB attenuation through a
muffler slone, When greater reduction values are sought, noise
radiation from the pipe and muffler casing becomes a significont
factor, In one program, where greater exhaust noise reduction wos
required, the exhaust pipe diometer was reduced from 4 inches to
3-1/2 inches, yielding a noise reduction of the order of 25 dB with

a typical diesel engine and muffler, This reduction in diameter, how-
ever, could lead to an increase in back-pressure of opproximately

40 percent, Some turbo;-charged diesel engines (exhaust turbine-
driven supercharger) may meet current legal noise restrictions without

the use of mufflers, These devices, like mufflers, extract energy
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from the stream of exhaust gases. Further research into exhaust
system designs, or allowance for more muffler space in new truck
designs, could produce additional exhaust noise reduction for future
vehicles without drastically increasing engine back-pressure, although
in the interim some increased back-pressure and the associated power
loss may have to be accepted to achieve significantly reduced levels,
It would appear that exhaust levels in the 70 to 75 dB{A) range should
be feasible in the longer term,
¢ Cooling Fan — The standard method of reducing fan noise is to utilize
a larger fan running at a slower speed to produce essentially the same
air flow. In many cases, this solution necessitates a larger radiator at
a definite cost and weight penalty, The extent to which this technique
may be applied is, of course, limited by the overall radiator size which
is of concern for driver visibility. Thermostotically-controlled fan
release clutches are alse successful in greatly reducing fan noise, but
are only effective cr'highwcy cruising speeds where ¢ sufficient cooling
air flow is provided by the vehicle speed.
A major consideration in the design of engine cooling fan systems is to
minimize the horsepower requirements of the fan itself, which consumes
from 5 to 11 percent of total engine horsepower. Larger fans, or i
increased cooling capacity requirements resulting from application of’
engine shielding and enclosure will have a marked effect on fan horse=-
power losses and hence performance and economy.
Substential development is required in the area of total engine system
cooling and related heat transfer in order to provide a more refined
solution to this problem. Acoustic technology for reduction of fan
nolse developed for the noise control of aircraft can be implemented;
however, additional applied research and experimentation will be

required before estimates of expected performance are possible,
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Certain manufacturers are now instituting internal research activities
aimed at development of new concepts in engine cooling, Based on
analysis of existing programs, fan noise levels in the low 70 dB(A)

range are a reasonable future expectafion for low speed truck oparation,

Intoke — Silencers are readily available which achieve reduced levels by

utilization of a design which incorporates an expansion or plenum
chamber to reflect noise back toward the engine. The amount of
silencing achieved by these devices is a function of air cleaner size
and location in the induction system, the optimum being the center of
the air intake system. The frequency range of attenuation generally
depends on location and air cleaner length; larger air cleaners atten=
vate lower frequencies. The most effective air cleaner/éifencer
designs currently available utilize an absorbent packed construction
for high frequency absorption and incerporate a Helmholtz resonator
into their designs for attenuation of frequencies below 600 Hz. Feasible
near-term potential for intake noise levels fall in the 70 to 75 dB(A)
range.

The major considerations in implementing these designs are packaging
the silencer and minimizing the cmount of performance loss due to
increased restriction in air flow. One manufacturer suggests that
approximately 2,5, 3 ond 8 percent power losses result from each
additional inch of mercury restriction for two-cycle blower scavenged
diesel, four-cycle naturally aspirated diesel and gasoline engines,
respectively, It is believed that further overall engine development

in this area will aid in reducing intake contribution to the 68 to

70 dB(A) range in the long term.

Engine Noise — Reducing the total mechanical and engine-generated

noise cutput is a critical problem facing truck monufacturers, Most

current efforts by U,S. industry in reducing engine noise have involved
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acoustic shielding and encapsulation of the engine and transmission.
These methods have met with little success, primarily due to engine
cooling problems and increased servicing costs, Reduction in the
diesel engine mechanical noise output oppears limited to the general
"range of 8] to 84 dB(A) measured at 50 feet (see Table 2.4-1).
Further, the current trend in engine design is to make power plants
lighter and to extract more power; this exaggerates the noise
problem.
Substantial research has been conducted by Priede in England on the
subject of engine design., His work has established that by certain
radical changes in design of the engine structure, engine noise levels
can be reduced by 10 dB. The effect of these changes has been
demonstrated in a research engine with resultant 7 to 8 dB noise
reduction. The techniques involved adding more crankshaft main
bearings to reduce crank vibration omplitudes and stiffen the engine
structure, reducing moximum combustion pressure, closer tolerance
to reduce piston slap and remounting accessories on the cylinder
head (because of its stiffness, the eylinder head exhibits low vibration
amplitudes and hence transmits little vibratory energy to accessories).
In addition, all valve covers and engine cover plates were heavily
domped and an isolated crankshaft pulley was used which incorporated
damping rubber between the hub ond rim to reduce noise radiation,
The American manufacturers generally support Priede’s work, but feel
at the present time these techniques are only minimally effective and
are presently impractical from cost and servicing standpoints, The
basic problem in implementing these concepts is one of proving
durability.
The researcl efforts of Priede and others could be the basis for o long~

term goal in engine noise levels to be in the 72 to 76 dB(A) range

127

e ks
G LA

o

T e W i, e e 4 R b e i L L s B eereeee o e e el ta e e .



{based on reduction levels achieved with experimental engines).

The combined result of these noise reduction efforts for all component
sources is a potential reduction of total truck noise, measured under
current SAE maximum noise tests at 50 feet, to the 74 to 80 dB(A)
range in the longer tem,

A consideratian in assessing long-term goals for truck noise reduction
lies in the realm of incorporating power plants other than conventional
reciprocating internal combustion engines. Much effort has been
expended on the part of industry in attempting to utilize the gas turbine
engine effectively in heavy duty truck applications, The technalogy
exists for quieting turbine engines to a high degree of efficiency,
although widespread application of turbines in the next 10 years is

not a‘nticipared unless significant breakthroughs in certain key design
areas occur, However, the gas turbine may eventually provide a
major breakthrough in truck engine noise reduction,

@ Tires — At speeds greater than 45 to 50 mph, total truck noise levels
are affected by tire noise, Obviously (from Figure 2,2,4-7), one
way to reduce these levals is to outlaw the present design cross~bar
design tires and not aliow retreads of this design. This action would
probably reduce truck tire noise levels at highway speeds by as much
as 12 to 15 dB, However, as the cross-bar tires exhibit superior
wear and traction characteristics over the alternctive automobile-
type rib tire designs, this change might have a significant impact on
operating cost and safety. Therefore, it is reasonable to assume that
current levels reflect the maximum reduction that can be achieved
within economical and sofety constraints with current technology.
Further research into tire nolse generation and the parameters of tire
‘design is needed to achieve lavels of 74 to 76 dB(A) ot highwaoy speed,

In addition, as has been pointed out in Section 2, tire/rocdway noise
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is greatly influenced by pavement surface characteristics; consequently,
the burden of reducing tire noise levels should be studied jointly by

the tire manufacturers and those responsible for highway design.

Automobiles
Substantial nolse reduction is currently incorporated into the majority of

automobiles. Much of this noise reduction is directed at reducing interior noise levels,
and successful industry efforts have been rewarded by increcsed sales of those vehicles
which emphasize quiet ride and passenger comfort, One automobile manufacturer has
advertised that —

"In the last § years, the noise level in American cities has risen over

20 percent, In the last 5 years, sales of the very quiet (manufacturer's

brand name} have risen over 160 percent."

This passenger car mode!, and other American passenger cars in the $3000 and up
category, typically exhibit interior noise levels ot highway speeds on the order of 63
to 70 dB(A) with the windows up and the air~conditioner off, With the airconditioner
on, the levels are usually increased by ot least 5 dB, The automotive engineers who
develop air conditioning systems feel the customer associctes air conditioning fan noise
with cooling — quiet air conditioning fans are not popular,

Studies of the exterior noise levels of passenger cars, measured under
various normal operating conditions along freeways, city streets and rural roads, show
the noise of the newest vehicles is slightly less than that of older vehicles. For
example, a recent statistical study, conducted by the California Highway Patrol,
obtoined extensive noise data listed by manufacturer for madels " 1964 and earlier,"
and "1945 and later.” In nearly all operational modes, the newer and of der vehicles
exhibited the same statistical average noise level for @ given operational mode. Also,
the vehicles of the various manufacturers exhibited identical average exterior levels.,
An exception were Volkswagens of " 1985 and later" which were 1 dB noisier than the
resl'.7 (Volkswagen represents 55 percent of all imports on the road,) Subsequent

studies have been conducted which distinguish between "1968 and older" vehicles,
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and "1969 and newer.," The newer cars in these studies average around 2 te 3 dB
quieter than earlier models under most operational modes.

Further silencing efforts in passenger cars, as in trucks, must be accom-
plished in the exhaust system. In general, incorporation of a dual muffler exhoust
system will yield more noise reduction than the more economical single exhaust system,
This is largely due to the principle relating exhaust silencing to muffler volume, Many
current 1971 model passenger cars now produce levels approaching 80 dB(A) at 50 feet
in the maximum noise tests when the test vehicle is fitted with o dual muffler system,
For one manufacturer, this system raises the price of the car by an estimated $30.00
over that of a cor with a single exhaust system,

However, most major automobife manufacturers have stated that they will
be incorporating catalytic conversion muffler systems to meet the 1975 emissions
standards, It is anticipated that these systems will increase gas temperatures in the
exhaust system by a significant amount in many applications and hence necessitate
larger muffler volumes to achieve current noise levels, The use of the dual exhaust
systems mentioned above will now become considerably more expensive due to the
requirement of dual converters. Also, packaging of muffler units is o critical con~
sideration in outomobile design, and in most cases the addition of extra mufflers would
.necessitate redesign of the vehicle underbody. This change will undoubtedly also
require the use of larger Eadiafors, fan shrouding and larger fans. The net result will
probably be a requirement for a greot amount of effort to maintain current fan and

exhaust nolse Ievels.24’ 33,34,

7 As haos been stated earlier, under normal operating modes the automobile
probably sets the majority of the ambient noise levels in communities. Hence, any
major reduction in automobile noise will have a significant effect on the ambient noise
environment. It would appear that [evels around 48 to 70 dB(A) under cruise con~
ditions at all legal speeds are potentially possible for outomobiles, However, at 60
to 70 mph, the levels are highly influenced by tire noise, and hence cannot be achieved

without further research and development. Thus, less potential noise reduction is
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anticipated of highway speeds in comparison with that expected_;f'or 35 mph maximum
accelerotion, as shown in Figure 2.4-14,

It is questionable whether or not the current SAE new car noise certification
test for vehicle noise  is a totally reliable measure of automobile noise output, since
a very small percéntuge of actual driving time is spent ot full throttle acceleration. It
is felt that to further reduce new vehicle noise |evels, more attention must be paid

their normal operating modes and future noise legislation must be geared in this direction.

Buses
Mast noise reduction in buses has resulted frem the desire to provide more

passenger comfort, Buses utilize essentially the sume propulsion systems as heavy trucks,
but by virtue of their designs, which allow for larger mufflers, quieter tires and
enclosed engines, are much less a noise problem.

As an example of silencing existing highway vehicles, o major manu-
facturer has developed a "retrofit" exhaust and noise emission reduction package for
diesel-powered buses. The package includes modified fuel injectors and a large and
rerouted exhaust muffler which now incorporates a reactor to provide further odor and
emission control, In addition, the package includes a more effective air-cleaner/
silencer unit and a modified engine mounting system which reduces noise by isclating
the engine from the bus chassis. This system will provide up to 10 dB reduction in noise
levels as well as providing significant reduction in exhoust emissions, smoke and odor.
The cost of this conversion is $373.00 when installed on new coaches; however, to
convert a used bus runs up to $1300.00 for materials, with on average of 160 manhours

33,30, 51 Clearly from this example, further effort into the

requi red for installation,
drec of developing economical "retrofit" noise reduction packages for long~life vehicles
would appear to be feasible and warranted and net solely limited to bus applications
but heavy trucks as well. '

It is believed that further efforts toward aerodynomic styling will aid in
reducing aerodynomic noise at highway speeds, Further reduction at highway speeds

will ba dependent upon newly~designed "quiet" tires. It is estimoted thot the noise at
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50 feet from both city and highway buses can be reduced to levels of 74 to 76 dB(A)

under both acceleration and highway speed conditions in the long term,

Utility and Maintenance Vehicles

Utility and maintenance vehicles are a breed apart from the rest of high-
way vehicle types. The only common elements are their chassis and propulsion systems,
These vehicles are most oFten.operafed at Tow road speeds in lower gear ranges, As
many of these vehicles are diesel powered, they tend os a group to produce high noise
levels even at low speed, These vehicles are normall).r muffled, but little attention
has been paid to noise associated with the ouxiliary functions they perform.

Certain monufacturers have developed quiet utility vehicles and market
them on o limited basis. One excellent example is the "quiet refuse truck” developed
by General Motors for the State of New York. In addition to larger mufflers and o
silenced air cleaner, numerous additional engine seals were utilized along with a
"guiet* cooling fan and "quiet" tread tires. The refuse packer itself was quieted by
isolating the hydraulic valves and lines, cushioning certain components and damping
the body panels. Typical noise levels ot 50 feet were reduced from approximately
87 dB(A) during the pucking cycle to 80 dB{A). It is estimated that these modifications

2
added about $3000 to the price of the complete unif.a:_a' 50, 51,5

Thus, auxiliary functions performed by these vehicles are amenable to
noise reduction treatments, It is estimated that the refuse packing funetion can be
reduced in noise level to the 76 to 78 dB(A) range in the medium to long term. The
noise levels of street sweepers and other similar function vehicles should also be able

to be reduced to o level of 70 to 75 dB(A) in the long term.
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2,5 . Rail Systems

2,51 Introduction

Rail systems are used for a variety of opplications, including long distance
freight and passenger trains, commuter trains and rapid transit trains. These applications
have required development of specialized vehicle systems which differ significantly in
their noise characteristics. In discussing the problem of noise in rail systems, it is con-

venient to consider the two following groups:

e Railroads — including locomotive-propelled freight, long distance
passenger and commuter trains, as well as high-speed intercity trains,
This industry reported $12 billion in operating revenues in 1970, and
employed 566 thousand troined personnel. Railrood possenger rrﬁffic
has steadily declined during the past 20 years to a figure of 283 million
passengers carried 11 billion revenue passenger miles in 1970, approxi-
mately one=third of those traveled in 1950. However, freight ton=-
miles have increased during this period from 590 billion to 776 billion,
Manufacturers of railroad equipment made $2 billion worth of shipinents
and employed 50 thousand people in 1970.

e  Rail Ropid Transit Systems — including subway and elevated systems,

surface stretching railways and trolley lines. Intracity rail tronsit has
declined since 1950 from 907 million to 480 million revenue passenger
miles, This segment of the rail industry reported $1.7 billion in
operating revenue for 1970 and employed 138 thousand trained per=
sonnel. This system transported approximately 2,1 billion passengers
in 1970,

The characteristics of rail systems are summarized in Figure 2,5-1,
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2,5.2

Rei lroads

bosic sources, the locomotives and the troin vehicles which the locomotives haul.

Source Noise Characteristics

Noise in railroad systems can be separated into the confributions of two

1, 4-10

Locomotives — The total number of locomotives in service in the

United States was slightly over 27 thousand at the beginning of 1971,
Of these, 97 percent were diesel-electric locomotives, and the
majority of the remainder were electric, Approximately one-half of
the locomotives are used for main line houlage and are generally
powered by engines of 1800 horsepower and greater. Lower powered
locomotives are used for short=haul trains and as switchers In the
railroad yards,
The major source of noise in this group is the diesel-electric loco~
motive. Typical noise levels under various load conditions and speeds
are shown in Figure 2,5-2, The propulsion system includes o diesel
engine, usually 8- to 16-cylinder, that drives an electrical generator,
This generctor in turn provides power to traction motors on each oxle
of the locomotive, The diesel engine is water-cooled ond thus requires,
a radiator and associated cooling fans, situated in the roof of the loco-
motive, Dynamic braking is used to slow the locomotive and train at
higher speeds, and is accomplished by disconnecting the traction motors
from the main generator, using them as generators, The high electrical
currents that result are passed through heavy duty resistors which are
cooled with the use of separate fans in the roof of the locometive.
The sources of noise in a moving diesel-eleciric [ocomotive are, in
approximate order of contribution to the overall noise level:
~ diesel exhaust muffier
- diesel engine and surrounding casing, including the air intoke and
turbocharger {(if any)

- cooling Fans
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- wheel/rail interaction

- electrical generator

An additional source of noise is the siren or horn, which produces noise

levels 10 to 20 dB greater then that from the other sources. This is not

a source that is operated continuously, however (30 times per hour on a

typical run), and is a necessary operational sofety feature causing it to

be excluded from the above list,

The electric locomotive draws electrical power from a catenary. This

electrical power is converfed for application te the traction motors by

means of transformer rectifiers and smoothing reactors, The broking is

similar to that described for the diesel-electric locomotive, with the

exception that blowers are used in place of fans, The major noise

sources from the electric locomotive are as follows:

~ cooling blowers

- wheel/rail interaction

- electric traction motors

The electric locomotive produces most noise when braking from high

speeds, the increase in noise over that of normal operation being due to

the operation of the dynemic brake resistor coaling blowers, Braking

from high speeds is nomally an operation that is confined to rural

areas, so the noise impact is not severe. If this operation is ignored,

the electric locomotive is considerably quieter than its diesel~electric
 counterpart, as shown in Figure 2,5-2,

o Train Vehicles — The other main noise source associated with railroad
trains is that of the vehicles being hauled. Typical wayside noise
levels for freight and passenger cars are shown in Figure 2.5-2, Freight
and passenger cars have no propulsion system of their own, so that the
exterior noise produced is due mainly to the interaction between the

wheels and the roils, The magnitude of the noise depends heavily on
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the condition of the wheels and track, whether or not the trock is
welded, and on the type of vehicle suspension. Modern possenger
vehicles with auxiliary hydraulic suspension systems in addition to the
nomal springs can be 5 to 10 dB quieter than the older type with
springs alone. However, most freight cars have the simple spring
suspension. “Additional noise can be produced by empty boxcars with
loose chains and vibrating sections.

The noise inside passenger vehicles is also partly due to the wheel/roil
interaction. Typical interior noise levels are shown in Figure 2,5-3.
This noise is produced in two ways. First, there is broadband noise due
to the inherent roughness both in the wheels and the rails. At high
speeds, variations on the order of a few thousandths of an inch are suf-
ficient to produce high noise levels. Secondly, there is the impact of
the wheels as they poss over the rail joints, producing the fomiliar
elickety-clack." There are two paths by which this track noise
reaches the passenger. First, there is the direct mechanical path from
the wheels through the suspension and hence to the car body., The

resulting vibration of the body radiates sound to the interior of the car,

"Secondly, there is the airborne path from the track through the car

body and windows. This latter poth becomes more important when the
train is passing through cuttings and tunnels. The introduction of the
welded track eliminates impact noise, leaving the broadband track
noise. At present, only about 10 percent of the nation's railrood tracks
are of the welded type, but the amount of welded track is being
increased at fhé rate of 3000 miles per year as the older sectional type
requires replacement. In addition to the track noise, interior passenger
car noise I3 created by the air conditioning system. This is the typical
broadband "rushing" noise emanating from the oxit and return grilles;

usually in the roof of the car,
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in suburban areas, mony of the commuter trains consist of multiple~
unit electric car systems in which the motors on all cars in the train
may be operated from the lead car. Many of these systems consist of
modern, high-speed equipment in which noise level criteria were con-
sidered during the design and construction. If the wheels and track are

in good condition, the interior noise levels of these vehicles is often

dependent on the air conditioning system. Figure 2,5-3 shows the con-

tribution of track and air conditioning noise to the total noise level of
a modern high-speed suburban rail car,

One other major source of noise from railroad operations is produced

in retarder yards where freight trains are assembled. The individual
fraight cars are aliowed to roll along the selected track and are braked
automatically or manually before they strike the remainder of the train.
The braking mechanism consists of a steel rail that is pressed against
the wheel flenge, producing o high-pitched sound at a level that can

exceed 120 dB(A) ot 50 feet.

Rapid Transit Systems
At the beginning of 1971, there were 15 rail rapid transit systems in the

United States, Of these, 7 were subway and elevated, 4 were solely surface and 4
provided inter-urban surface transportation, All of these rapid transit systems use
electric multiple-unit rail cars, designed for fast loading and unloading of passengers.
A minimum amount of seating is provided since the average trip length is between 3 and
5 miles. Consequently, in rush hours the number of passengers standing can easily
exceed those seated by a factor of three or greoter, Ease of entrance and exit requires
many doors which are wide enough for these operations to be conducted simultanecusly,
In addition, to cbtain good general visibility, large~sized windows are utilized,
Efficient operation of a transit train also requires that the cars be [ightweight so as to
reduce the overall load to be hauled, the time required for acceleration, and the

motor size and power, All these foctors result in vehicles that are inferior to railread
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passenger cars as far as acoustic insulation is concerned, Suspension systems universally
contain steel springs, additional cushioning being provided by either rubber pads or air
cushiening systems.

There presently exists a wide mix of vehicles in operation in terms of age
and condition, The older type of vehicles that still operate on all existing systems in
general have a poorer suspensionﬁystem than those more recently introduced. There is
also a definite requirement to use air-conditioned vehicles that ollow all windows to be
permanently sealed, These improvements have enabled the modern vehicle to be a
significant improvement over the older type as far as noise and comfort are concerned,

The electrical power for rapid transit trains is collected by means of a shoe
from a third rail and is applied to traction motors, one for each axle of the vehicle,
The mofors. drivé the axles through a gearing system, Most systems use compressed air
braking systems, the exception being the Chicago Transit Autharity which uses all
electric braking,

In addition to the electrical power required for propulsion, power is also
required for door operation, lights, fans, heaters and a host of other utilities, Since
the power required for those utilities differs from the type picked up externally,
it is usual to include batteries together with a motor alternator to provide ac power
~and a motor generator set to charge the batteries. The motor alternator is used con-
tinuously, whereas the motor generator and air compressor work only when required,
Air conditioning is provided by means of fans and cooling systems. The lack of space
under the vehicle dictates that this system be small, This means a high pressure system
is required to obtain the necessary air flow, which in turn results in high interior noise
levels as the air passes through the vents. All the electrical motor systems ore situated
underneath the vehicle and require a passage of forced air over them both for cooling
ond dirt removal. Air fans or blowers are therefore required to provide the necessary
air flow, and these are often operated continuousiy.

The major noise sources associated with rapid transit systems are, in order

of their contribution to the overall level, as follows:
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o wheel/rail interaction
e propulsion system
s auxiliary equipment
Typical ranges of wayside noise levels from rapid tronsit vehicles, together with the
contribution from the various individual ndise sources, are shown in Figure 2.5-4.8’ H-14
The main source of noise is the interaction between the wheels and rails.
This source is more serious in rapid transit systems than in rail systems becouse the tracks
are subject to a much higher amount of wear. Unevenness in the track is produced by flat
spotfs in the vehicle wheels and by heavy braking as the train enters the station. Once this
unevenness is initiated, the track continues to deteriorate with further passage of trains,
Another wheel/rail interaction occurs at small radius curves in the track,
where the difference in speeds between wheels on the same axle and the rubbing action
of the wheel flange on the rail can produce a severe squeal. This source may increase
the normal track noise level by 10 dB or greater, the increase occurring mainly at dis-

. 15=17
crete frequencies.

The noise fror a rapid transit system is complicated, however, because of
the effect of elements not totally connected with the vehicles. First, there is the pro-
nounced effect of tunnels in subway systems, The surfaces of tunnels are hard and
acoustically very reflective, Hence, the noise from the sources outlined above is now
effectively being radiated into o reverberant enclosure. It is thus possible to obtain
much higher noise levels (as much as 10 dB greater) than those cut of tunnels. This
effect is also found in below-ground subway stations which tend to be fairly reverberant,
Noise levels inside rapid transif rail vehicles above ond below ground are shown in
Figure 2,5-5,18723

Secondly, there is the effect of aerial structures where the track is supported
by concrete and/or steel frameworks above the surrounding city. The track on these
structures is less rigid than it would be at grade [evel on a soliid foundation. Therefore,
noise levels 2 to 5 dB higher can be expected due to increased vibration not enly of

the track but sometimes of the structure itself. In some cerial structures, there isa

142



Octave Band Sound Pressure Leve! in dB re 20 pN/m2

100
20
/’% VAN
80 AP A A A AL
00
et
70 s
Typical Wayside Noise Spectra \QA>
at 50 Feet from Rapid Transit < >>~
Rall Vehicles ot Grode Level <//
69 ‘éi
50
40 2 00 000 T s 10 000
Frequency in Hertz
110 1 Transit Car on Tie
- 100 = o and Baliast Trackbed
2o 90 .
amn 80
3L nf w73t 2] L8 62
s 60 e :.:8 @ E 53
50 A/C  Motor Air

At Aerial Street Propul Air

Grade Struc- Cars  sion
ture

System

Subway Cars

Blower System Genw Com~
eraior pressor

Figure 2,5-4. Wayside Noisa Levels and Spectra
for Ropid Transit Vehicles

143




Octave Band Sound Pressure Level in dB re 20 ;.1N/r:'|2

100~

20

80

70

60

50

40

Subway' Ground

!

Figure 2,5-5. Subway Noise Levels and Spectra

144

el eea
AR ¥
4 b4
Dot ]
G < K
/ 0% <
d v’<<'< &\\\_\
G785 NN\
<4 jj %\\\
2
A
Z Z 2 Subway Station Levels %%g%i:\
[\
S S S SSubway Car Interior Levels ‘ 5}&!
[ * A
% §><
/|
4
K
2 100 s 1600 ¢ 10 000
frequency in Hertz
100 93 94
7 M 77/ 67
or / ‘7 /
E Z / / 7
. 80 ¢ Z
5z w| 4 K “
28 70 79 7% 77
3
v
- 40
Car . Car Subway  Street,
Interior! Interior: Station  Trolley:
in . Above I Qutside.  Car '
Car . Interior




direct airborne path from the underside of the train to the ground below, Il; these cases,
extremely high noise levels can be experienced. | !Z

Finally, there is the effect of different types of track systems, Although
reports vary on this subject, it appears that both the type of rail fastener used and the
type of trackbed are significant as far as wayside and interior noise are concerned.
For example, the highly reflective concrete trackbed produces higher exterior and
interior vehicle noise levels than does the tie and ballast which is less reflective,
Similarly, variations of up fo § dB can be obtained by the use of different rail
Fqsi‘eners.lz’ 2

Street and trolley cars still operate in Boston, San Francisco and

Philadelphia and other cities, in some cases in a dual operation with subway systems.
External noise levels vary in the case of streetcars between the old ond the new type
of PCC cars, the range being approximately 68 to 80 dB(A) 25 at 50 feet under varying
operating conditions, as shown in Figure 2.5~4, Trolley cars are significantly quieter
in the absence of the wheel/rail noise, producing external levels in the order of
68 dB(A)., Internal noise levels ore similar in trolley cars and in the newer PCC type
of street cars, 77 to 80 dB(A), whereas in the few remaining old street cars the levels

are approximately 5 dB greater,

2.5.3 Environmental Noise Charactaristies

The noise levels experienced by people who live in communities adjacent
to these systems depend upon the distance from the tracks as depicted in Figure 2,5-6
for various types of trains, In this figure, the majority of train types are included in o
single band of estimated noise levels varying with distonce from the train. Rapid transit
trains tend to be in tha lower half of this band, whereas locomotive-hauled trains
(diesel~electric) are in the upper half, The length of trains varies from as little as
150 feet in transit systems to over 3000 feet for freight trains. Consequently, the
duration of the noise for a single passby varies considerably from a few seconds up to

one minute and perhaps Jonger.
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The noise levels experienced by people on-board the train or by plersr:ns
waiting at the station for the train to arrive are in the range 60 to 75 dB{A) on long
distance and intercity passenger trains, and 72 to 23 dB(A)} on rapid trcnsir{sysiems.
Noise |levels in subway stations are higher on some systems, lying within the range 76
to 96 dB(A). The 'range of levels in transit systems encomposses trains both above and |
below ground under many varied conditions of operation,

Over 80 percent of the passengers using rail transit systems are carried on
the subway and elevated lines, The number of passengers in 1970 averaged 4,3 million
per day, the average trip length being 3 to 4 miles and the trip duration 0.2 hours.
On railroad systems — including commuters — 780 thousand passengers were carried per
day over an average trip length of 38 miles, The trip duration varies widely from

0.5 hours for commuter trains to several hours for intercity trains,

2,5.4 Industry Efforts in Noise Reduction

Railroads
The incorporation of noise-limiting requirements in the specifications for

new rail vehicles has only recently caused industry to initiate noise abatement programs,
Therefore, the majority of vehicles in operation today are not affected by these
programs. The only requirements that manufacturers must meet in the specifications

for locomotives concern the noise levels existing in the driver's cab, As far as wayside
noise from railroad equipment is concerned, a small number of programs have been
started and are at present in progress. These mainly concem the noise from diesel~
electric locomotives, but detailed information as to the possible outcome of the pro-
gram is not available at this time,

Diesel-electric locomotives have had little noise contro! applications other
than to the interior of the cab, The exhaust system has no muffler, and the spark
arrestor provides little attenuation, Since the exhaust is probably the major source of
noise, it is possible that mufflers could be designedl that would reduce the overal!

sound level. In addition, more substantial or modified casing around the diesel engine,
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together with acoustical absorbent material . may well be effective in reducing the
noise from this source.

More attention has been paid to the noise produced by the passenger
vehicles, both exterior and interior. The luxury-type railroad cars as well as the
more modern commuter cars hauled by locomotives are equipped with rubber isolation
pads and shock absorbers, in addition fo the spring suspension systems common in the
older stock. The reduction in wayside noise level is on the order of 10 dB or greater.
As far os freight cars are concerned, improvements in functional performance over the
years has had the effect of reducing the noise level as a by-product, There are, how-
ever, no programs in existence for the control of noise from freight cars.

The modern high~speed, intercity trains such os the Metroliner and the
TurboTrain that travel at speeds around 100 mph have been designed to achieve interior
levels in the region of 70 to 74 dB(A)7 with air-conditioning equipment running. These
trains have extensive coarpeting, improved deor seals, smaller windows (Metroliner) and
acoustic insulation in the ceiling and wall structures. Wayside noise from the Turbo=
Train propulsion unit at operational power with the train stationary is 82 dB{A) at
50 feet.26 In addition, the modern suspension system incorporated in the TurboTrain

should result in lower interior noise levels than in the conventional passenger train,

Rcei d Transit

The development of specifications for rapid tronsit vehicles is complicated
by the division of responsibilities between the cognizant transit authority and the
manufacturer. For example, o typical present-day specification concerns noise levels
prcduceﬂ by propulsion units and auxiliary equipment with the vehicle stationary, It
does not include the noise produced by the wheel /rail interaction which in most cases
is the maojor contribution to the overall noise level. Nor does it take into account the
effect of tunnels upon the interior noise levels in the vehicles, These factors are the
responsibility of the Rapid Transit Authorities. Consequently, vehicles built to the
specifications but cperated on tracks that are not maintained in a good condition may

therefore generate interior and exterior noise levels well in excess of those stated in
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the specifications. As a result, both the manufacturer and the customer (in this case
the Rapid Transit Authority) are required to pursue separate progroms to reduce the noise
levels.

Much of the work that has been conducted by fransit authorities has been
on systems outside the United States. The result is that the transit systems in this
country tend to be amongst the noisiest in the world, as shown in Figure 2,5-7,

The quietest systems in the world are in Berlin, Homburg and Toronto. It
is true, of course, that European countries in particular have placed and still do place
more reliance on rail transportation, 1t is therefore natural that research and develop-
ment would be of greoter importance in these countries than in the United States,
where rail passenger travel is on the decline.

However, investigations have not been neglected in this country. The
Chicago Transit Authority (CTA) has conducted many experiments in an attempt to
achieve some reduction in noise levels. More recently, New York, San Francisco
and Washington, D.C. also have been particularly concerned with this problem, and
do plan improved systems for the future,

A number of noise abatement programs have been conducted in the past,
both by the equipment manufacturers and by the transit authorities. It was shown in
Section 2,5,2 that there is a wide range of noise levels associated with transit systems,
and that this exists because of the equipment used, the type of surroundings, and the
degree of track and vehicle maintenance. The programs conducted by the transit
authorities have been directed naturally encugh toward the noise sources most impertant
for their individual systems. The conclusions that will be drawn will theraforas reflect
what could be done now, using current technology, to reduce noise levels in rapid
transit systems. It Is difficult, however, to state overall quantitative conclusions as
to the results of these programs because cf the differences existing between systems,
The following review of noise abatement programs wil! treat each major source of

noise separately, as far os this is possible.a' 12-16, 20,27-29
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Whee!/Rail Interaction — The noise produced by the impact of the

wheels on the joints of sectional rail is the dominant noise problem

for almost all rail systems. The most successful approach to reducing
this noise has been the use of continuous welded rail. Reductions

on the order of 5 dB or greater can be obtained by this method. More
systems are now incorporating this type of rail during roil replacement,
The unevenness in the track in the form of corrugations that are the
major source of noise in ropid transit systems con be removed by
grinding. However, the track of some systems appears to be more
susceptible to corrugations than others due to the differences in rail
used and the variability in vehicle wheels and suspension,

In order to reduce the vibration of the wheels and car body when the
vehicle is operating on rough track, the possibility of resilient wheels
has been studied. The results have not been conclusive due partly to
the varying condition of the track in the different systems on which
resilient wheels have been tried. Of the three systems in the world —
Berlin, Homburg and Toronto — that are considered to be the quietest,
one {Hamburg) incorporates resilient wheels, the others use the con=
ventional solid wheels. It has been confirmed, however, that the use
of resilient wheels does result in a reduction of low frequency ground
vibration. Other wheel treatments include the use of vibration domping
material, sometimes constrained, applied to the truck wheels, Measure-
ments of track noise from vehicles negotiating curves of various radii
have shown noise level reductions of the wheel squeal ranging from 5
fo greater than 15 dB, The higher values of noise reduction are
usually determined by the noise levels in a narrow frequency band
covering the main frequency of squeal, On a stroight track, the
reduction in wayside levels at 50 feet are on the order of 2 dB, In

this case, wheel squeal is not evident and the small reduction in noise
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levels is obtained over a wide frequency range. At curves of small
radivs, attempts have been mads fo reduce the severe wheel squeal

by lubricating the track with water, oil or graphite, Such systems
have been fairly successful and have been installed at New York,
Cleveland, Chicago end elsewhere,

An interesting program conducted by the Chicago Transit Authority
involved the use of an experimental rubber rail head., This was quite
a successful progrem in reducing track noise, but was accompanied by
many practical complications and so was obandoned.

One method of reducing track noise that has been tried in a few cities
(Paris, Montreal and Mexico City) is to use rubber tired vehicles on a
concrete road bed, Reports on the effectiveness of these systems vary,
but the general opinion is that the reduction in noise levels s not

significant when compared with the noise of the more common steel

- wheels on steel rails if these are in good condition, It may be con-

cluded, therefore, that in the absence of regular maintenance, rubber

tires may result in lower noise levels, although it is reported that they

_ require a great deal of maintenance effort. With welded track and

regular mointenance, there is little evidence to indicate the advantage
of rubber tire.s. Economically, rubber tire systems tend to be expensive,
since a separate guidance system is required as well us @ backup system
of conventional steel wheels and track which is reverted to in the event
of a tire failure, There is, however, one exception to the above
generalization, The Arecenﬂy opened system in Mexico City is reparted
to be one of the quietest in the world, and is considered to be better
than thot of the other two rubber tire systems. One reason put forward
for the lower noise levels is the use of a ballasted track bed as opposed
to the concreta used in Paris ond Montreal, but a final opinion will have

to wait until a noise measurement program has been conducted.



There appears to be substantive noise data to support the use of
ballast between the rails. The alternative that is often employed is
a concrete slab which forms o good reflector of scund emanating from
the underfloor equipment of the vehicle and the wheel/rail inter-
action. Ballast provides more absorption and has been shown to
reduce interior noise levels by 3 to 4 dB, if structure-borne noise is
adequately controlled. A similar reduction in exterior noise level
may be expected if it is dominated by noise from the propulsion system
or auxiliaries.

¢  Tunnels — The high reflectivity of tunnel surfaces coupled with the
enclosed space results in higher noise levels for a given source sound
power than It does in open space. The sound energy is confined to o
small volume instead of being able to propagate away in all directions.
A method of reducing the noise levels in tunnels is to apply acoustical
material on the surfaces of the tunnel so as to reduce the reflectivity.
This has been tried in Toronto with the result that the intarior vehicle
noise levels were reduced by opproximately 10 dB. Although this is
a solution for reducing noise, it is not necessarily feasible from an
economic point of view. For example, there are over 100 million
square feet of tunnel surface area in the New York subway system
which is estimated would cost over $150 million to coat with an
acoustic absorbent material. However, the cost is much less for under-
ground subway stations, which are extremely reverberant, and the use
of absorbent material con result in noise |level reductions in the order
of 10 dB or more.

¢ Vehicle Body — Noise reaches the vehicle interior by the transmission
of external airborne noise through the body work and by the trans~
mission of structure-borne vibration to the body work and its subsequent

radiation. An integrated approach is thus required if interior noise
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levels are to be reduced, Above ground, with no nearby reflecting
objects, most of the interior noise is radiated from the floor structure,
which provides a noise reduction in the range 20 to 30 dB in existing
vehicles, Eliminating and sealing holes and cracks in the floor and
installing a layer of damping material has been shown on New York
transit cars to reduce the interior levels in prototype cars by approxi-
mately 10 dB. The amount of reduction obviously is dependent on the
original condition of the floor,

A recent trend that substantially reduces interior noise levels is the
introduction of air conditioning systems in modern transit vehicles,
The older systems in general rely on open windows for ventilation,
resulting in interior noise levels as high as 95 dB(A) in some subway
trains. Closing the windows can result in o reduction of 10 to 15 dB
in interior noise levels, depending upon the situation,

Propulsion and Auxiliary Systems ~ The propuision system in a rapid

transit car ranks second in the list of sources contributing to the over-

all noise level. This ranking, however, assumes that the wheels and
track are in fair to rough condition, If ground-welded track and
wheels are used, it is possible for the propulsion system noise to be of
greatest significance. Under these conditions, it is possible to achieve
lower wayside noise levels by using an acoustically treated electric
propulsion system with skewed armature slots and a force ventilated
cooling system. The reduction in nolse level compared to existing
propulsion units having little noise control treatment is shown in
Figure ?-.5--8.]3 This figure applies to vehicles traveling close to
their maximum design speed, At lower speeds, the noise levels may
be lower than those indicated. Again, it must be emphasized that

the track should be welded and maintained in good condition for these

noise reductions to apply,
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Electric propulsion units drive the wheels through gears, the gear

ratio varying from system to system, depending upon the power require-
ment. For a given vehicle speed, the resulting variotion in motor rpm
among the various systems gives rise to wayside levels that vary as
much as 10 dB. High gear rotios are thus important es far as noise

from the propulsion system is concerned. The application of improved
or additional mofor covers plus sound absorbing material, together

with acoustic freatment of the motor cooling fan ducts, can result in

o é dB reduction in noise level from motor units, The noise from the
cooling fans contains pure fones associated with the blade passage
frequency, Variable spacing of the fan blades makes these pure tones
less distinet and produces a subjectively less ennoying sound, even
though the reduction in noise level is only 1 dB or so.

There are two main types of motor cooling systems — one that sucks air
{self-ventilating), and one that biows air through the motor, The latter
is preferable from a noise point of view, since noise control techniques
can be applied In the blower ducts. [t does have the disadvantage,
hewever, that it remains in continual operation, whereas the self-
ventilating type runs off the motor and hence is not operative in
stations. Because of the lack of space under the vehicles, it is not
usually pessible to increase the size of the fans and have a lower flow
valocity with an accompanying reduction in noise level. The same
comments apply to the cooling systems for the cuxiliary equipment on
the vehicle. 7

Barriers — Since the major noise sources in a rapid transit vehicle are
situated underneath the vehicle body, one methad of reducing the
wayside noise level that hos been tried has been the installation of a
side barrier, The requirement for the design of the barrier is that it

should prevent a line~of-sight to the underside of the vehicle from
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locations where the noise reduction is required, A simple barrier of
this type, placed alongside the track and overlapping the vehicle
floor by about 6 inches, can provide a 10 to 12 dB reduction in noise
level at 50 feet,

An olternative to the installation of a barrier alongside the track,
which could be extremely expensive, is to place skirts on the sides of
the vehicles. However, there must be a clearance of a few inches at
the bottom so as to clear the track; so the noise reduction is only about
6 dB in this case. A combination of both types of barrier could result
in noise reductions in excess of the 10 to 12 dB for the wayside barrier
alone.

Even greater noise reductions (in the order of 15 dB at ground level)
can be obtained by placing the track in a cutting. The emount of the
reduction depends upon the depth of the cutting and the angle of

elevation of the sides,

2,55 Neoise Reduction Potential
A summary of the effect that the opplication of current technology could

have on the noise levels produced by the various sources is given in Table 2,5-~1, The
railroad and rapid tronsit authorities, fogether with the manufacturers of rail equ.l'prnenf,
are becoming increasingly aware of the noise problems associated with rail systems and
are planning a number of future programs for noise reduction. In most cases, however,
the programs are not defined in terms of final goals, but more to determine what

recductions can be achieved using current technology., The following programs are

among those that are planned:

Railroads

e A study of the noise characteristics of diesel-electric locomotives
with o view toward eventual noise reduction,
e The development of a new type of auxiliary generator of electrical

power or suburban, locomotive-propselled, commuter trains.
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Table 2.5-1

SUMMARY OF THE NOISE REDUCTION POTENTIAL BY APPLYING
CURRENT TECHNOLOGY TO EXISTING TRANSIT VEHICLES

Existing Condition

Modified Condition

Estimated MNoise
Reduction dB

Standard track, not
regularly maintained

Welded track, ground

Concrete trackbed

Ballast trackbed

Bare concrete tunnel
surfaces

Strips of absorbent
material at wheel height

Bare concrete station
surfaces

Limited absorbent
material on wall sur-
faces and under plot-
form overhang

Old type vehicles
using open windows
or vents for
ventilation

New type cars with air-
conditioning

Standard doors and
body

Improved door seals,
body gasket holes
plugged, et cetem

Standard steel
whaels

Steel wheels with con-
strained damping layer

Standard type
vehicles

Instaliation of a 4 ft.
bgrrier alongside track

Installation of a skirt on
side of vehicles

Standard, noisy pro-
pulsion unit

Modified unit with
skewed armature slots,
random blower fan
blade spacing, acousti=
cally treated fan ducts

Car Cor
Interior Exterior
5-15 5-15
0-5 0
5=10 -
- 5~10
10-15 -
0-5 -
5-15 5-15
- 10-15
- 6
0-5 5

Note: The values of ndise reduction are estimated for the particular source along,
assuming no contributions from other sources. The values therefore cannot

be added to obtoin an overall noise reduction.
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Transit Systems

improved suspension system for the TurboTrain which, it is estimated,
may reduce interior noise levels from 74 dB(A) to 60 to 65 dB(A).30
Due to the noise from the air-conditioning system, the noise reduction

obtained may be less than this, The final levels may be in the range

'of 65 to 70 dB(A), depending on the position in the car, unless the

air-conditioning equipment noise is reduced,
The replacement of old track by welded track, About 3 thousand

miles of track per yeor are renewed in this manner.

The application of spray~on acoustic absorbent material on the
ceilings and under the platform edges, together with noise barriers
between tracks at a New York subway station. This is intended as a
demonstration progrom that is estimated to provide 6 to 7 dB noise
reduction. The total cost of this experiment will be about $75 thousand.
The replacement of old transit cars with more modern types incor-
porating air-conditioning, door and window seals, rubber suspension
mounts and vibration damping materials on the body. It Is estimated
that a 10 dB reduction in interior noise levels will result, This is o
definite program in New York, Chicago and San Francisco, andis o
trend that is being followed by most transit authorities.

The replacement of old track with walded track in many transit
systems,

The New York City Transit Authority is replacing old track with a new
type incorporating a rubber rail pad. Previous tests have shéwn that
this providesg a more comfortable ride and reduces interior noise levels,
A study to determine whether improved sound insulation of transit

cars can be achieved without increosing the mass of the car body.

Along with this is o study te improve door seals,
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Design of an integrated heat trensfer system for air-conditioning
equipment that uses cooling coils or fons that are operated while

the train is out of the station area.
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2.6 Ships

2.6.1 Introduction
The United States merchant fleet consists of approximately 2000 active

vessels of 1000 gross tons or greuter.] OF these vessels, about 180 are combination
passenger/cargo type, their average age being over 20 years. The number of ships
copable of transporting passengers has been decreasing since 1950, and in this time
only about seven new passenger/cargo ships have been completed by American ship-
yards. In 1971 the total number of passengers transported by sea from the United
States to foreign countries was 1.7 millien. Not all these people, however, traveled
on U.S. ships 2

In recent years, the trend toward larger merchant ships constructed of
lighter materials has resulted in an increasing number of excessive shipboard noise
and vibration problems. Specifications for the construction of ships tend to be rather
loosely written, without specific performance requirements for the levels of noise
and vibration. This practice allows the delivery of ships without adequate noise
control, and often makes it difficult to determine the responsibiiity for any such

problems that arise.

2.6.2 Source Noise Characteristics

Of all the sources of noise in transportation systems, ships are probably

the least important in terms of an environmental impact on the community in general,
although noise problems may occur on boardship. There are three principal reasons
why ship noise does not impact the community:
o The major sources of noise on a ship are the engine, gears, and
propeller. This equipment is all below the water level and/or is
enclosed by the structuie of the ship, and most of the sound energy

generated is radiated into the water.
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The principal scurces of shipboard noise are:

As far as airborne noise radiation is concerned, the sources of noise
are the vibrating structure of the ship, the ventilation blowers, and
the engine exhaust (funnel) where applicable. However, the hull
vibrations are primarily at very low frequencies, and the noise from
air moving devices is generally controlled sufficiently to make the

noise levels on the deck acceptable for speech communication.

The only time that a ship produces an appreciable wayside noise
level is when it is under full power which occurs only when the
vessel is out at sea. In ports, ships rarely exceed 5 knots, so wayside
noise is negligible except for horn blasts which are generally well

received by people living in port towns and cities.
3,4,5

Propulsion System and Auxiliary Machinery — This includes gearboxes,

turbogenerators, stabilizers, et cetera. The propulsion motors operate

at a very low rotational speed compared to that of other transportation
systems and consequently, the noise produced by tho majority of the
equipment is predominantly at the low frequencies. Gearboxes and
turbines produce noise at the higher frequencies due to gear~tooth
impact, and are audible in many of the cabins, particularly those

located inboard in the vicinity of the engine rooms.

Ventilation S;/sfems - This equipment produces broadband noise

typical of air conditioning and ventilating units, and is usually

more obtrusive in tourist sections than in first.class.

Movement of People — This is mainly impuct noise produced by

people's footsteps on the deck above the observer. It is possible

for such impacts to propagate considerable distances as structure-

borne vibration.
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e  Plumbing Noise — This is due to the passage of water through pipes
and faucets.
e Buikheod MNoise — The creaking of bulkheads with the movement of

the ship, perhaps caused by wave impact. The noise is due to relative

motian of the bulkhead panels and their supports.

In addition to these sources of noise, there are a number of sources of
structural vibration that can be radiated as airborne noise from walls and f!oors,5’6
including:
e  Propeller — This is primarily a source of very low frequency vibration
that can produce rattles in loose objects in the aft part of the ship.

e  Propulsion System =~ As discussed above.

"e Wdve Impact — This is more o random than periodic occurrence and

can be transmitted throughout the ship's structure.

The noise levels existing in a passenger ship (20 thousand to 25 thousand
gross tonnage) at normal cruise speed are given in Figure 2.4-] .3’ These vessels
are capable of carrying approximately 1000 passengers. There is a fairly wide spread
of levels corresponding to first and tourist class accommodations in various areas of
the ship. In general, the levels are higher on the lower decks than on the upper decks.
Little has been done toward changing the noise levels in cabins, except
for installing ventilation systems which have high speed airflow. There is, in fact,
a scarcity of data on the individual noise sources and the levels that they produce
throughout a typical commercial ship. Some of the problems, such as impact, plumbing
and bulkhead nolse, could be reduced in magnitude by using similar techniques to
those used in buildings. Although it is possible to reduce the noise from air conditioning
systems using present technology, in many cases this steady state noise masks the inter-
mittent rattling and crecking of the structure which might be otherwise disturbing. In
addition, further reduction of the noise level might lead to a new requirement for

better transmission loss between cabins to recover adequate privacy.
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2.6.3 Environmental Noise Characteristics

As previously stated, the only environment which is significant in an
analysis of shipboard noise is the area within the ship itself. These levels, as shown
in Figure 2.6<1, are generally lower than 65 dB(A), and appear to have found general

passenger acceptance over the years,

165



2.7 Recreation Vehicles

2.7.1 Introduction

Recreation vehicles, as defined herein, include pleasure boats, snow-
mobiles, all-terrain vehicles and motorcycles. There has been a remarkable growth
in the number of these vehicles in.the last 20 years. This growth is a reflection of
the greater amount of leisure time and availability of these vehicles at attractive
prices. Figure 2.7-1 summarizes the general characteristics of this category in terms
of growth patterns and typical noise levels. The following paragraphs discuss pertinent

aspects of the major vehicles in this category.]-4

e  Pleasure Boats ~ The pleasure boating industry has enjoyed a
relatively steady increase in sales over the past 20 years, from
2.8 million outboard motors in use in 1950, to around 7.2 million
inuse in 1970. There are currently over 8.8 million recreational
boats in use in the United States, OF this number, 627 thousand
are i.nboard motorboats and 5.2 are outboard motorboats. The
boating industry estimates that over 44 million persons participated
in recreational boating in 1970, and that $3.4 billion were spent

on retail sales and services.

@ Motoreycles — Motorcycles have experienced a remarkable increase
in popularity over the last 10 years. Over 20 percent of the
2.6 million motorcycles in the United States today are used
primﬁrily for pleasure and are operated in many residential
and recreational areas. The number in use is expected to increase
to 9 million by 1985. Estimates for retail sales of new motorecyeles
in 1970 reached $440 miilion and used motorcycle sales reached
$142 million. Parts and accessory sales amounted to $155 million
for an aggregate of $737 million in sales. More than 8 thousand

' people were employed by motoreycle and parts manufacturers in 1970.
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Recreation Vehicles
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e Snowmobiles — This is one of the faster growing industries in the
leisure field. Over 600 thousand snowmobiles were sold in the
1970-71 season in the United States and Canada, as compared with
fewer than 10 thousand in the 1962-63 season. There are currently

_ about 1.6 million snowmabiles in operation, the majority of which
are recreation vehicles. Persons who live on farms own 28.5 per-
cent of the snowmobiles. Many farmers and ranchers in the west
and midwest rely on snowmobiles for feeding and rescuing storm=
stranded cattle. In addition, foresters and utility servicemen often
use these vehicles to make their rounds. Almost 80 percent of the
people who own snowmobiles live in rural communities of 25 thousand
population or less. The average enthusiastic snowmobile owner rides
about 13 hours per week &uring the show season. Approximate dollar

volume for the 1970~71 sales season has been estimated at $600 million.

2.7.2 Source Noise Characteristics

The noise output of leisure vehicles, although dependent upon speed, is

primarily a function of the way they are operated. Though many off-road motorcycles
and some snowmobiles are capable of speeds of 80 to 100 mph, they are most often
operated in the lower gears at medium to high engine output. Hence, except when
cruising at constant speeds or coasting downhill, these vehicles are operated at high
throttle setfings and near their maximum nolise output.

The major contributing source of noise from these vehicles is the exhaust.
A high percentage of these vehicles operate solely off-the~road and hence are not
licensed for highway use; therefore, many of the vehicles' exhaust systems are not
silenced. As a result, these vehicles may create noise levels as high as 100 to
110 dB(A) at 50 feef.s’é Pending state legislation to regulate the noise produced
by off-road machines has caused manufacturers to reduce the noise of vehicles in
current production to 92 dB(A) at 50 Feet? The noise radiated from intakes and engine
walls is also significant in these vehicles. Intakes are not generally silenced, and

engines are either partially or totally unshielded.
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The following discussions relate to the various types of vehicles that have

been categorized as recreation vehicles.

Pleasure Boats

In a recent survey, the maximum noise levels measured for a large number
of inboard and outboard powered pleasure boats ranged from 65 o 95 dB(A) .8 The
lower limits of this range are created by small outboard powered craft {usually 6 to
10 horsepowar).9 In a different series of tests, levels exceeding 110 dB(A) at 50 feet
were produced by inboard powered ski boats with unmuffled (dry stack) exhausfs.lo' i
The typical range for noise levels produced by pleasure beats (by engine size and type)
is illustrated in Figure 2.7-2,

Exhausts are generally the principal source of noise for pleasure boats.
On the larger-engined ski boats, whose design incorporates a completely exposed
engine, intake noise and engine mechanical noise also provide a cignificant contri-
bution. As engine size is reduced, noise levels are typically lowered; however, in
most cases, even though exhaust is exited under water, it is still the major noise source.

In the medium and smaller outboard engine sizes, engine mechanical noise and intake

(though acoustically shielded) provide noise output almost equal to the exhaust.

Motorczc!es

The noise produced by motorcycles operating under cruise conditions is
highly dependent on speed. Figure 2.7-3 depicts typical noise 1evels for varicus
operating modes. Figure 2.7-4 illustrates a typical range of octave band frequency
spectra for motorcycles under a variety of operating conditions. The relative contri=
butions of the various subsources to the overall levels are also shawn for a typical

‘ 14,15
example.]2 The contribution of these subsources to the total noise levels ure:w' !

e  Exhaust — The exhaust controls the noise levels of motorcycles. In
discussing exhaust system noise, a distinction must be made between
2~cycle (primarily imported) and 4=-cycle machines. The noise

spectra are of somewhat different character, with the 2-cycle
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machines exhibiting more high frequency spectra energy content

and the 4~cycle machines more low frequency content.

A major consideration in engine performance for 4-cycle motorcycle
engines, over a specific rpm range, is exhaust pipe length. These
machines must, by virtue of their design constraints, emphasize
lightweight, compact construction. These requirements are not
directly compatible with the basic principle of 4-cycle muffler
tuning which equates the degree of silencing to gross muffler volume.
Performunce and economy are directly affected by silencing, as these

machines rely on low backpressure to achieve competitive horsepower/

weight ratios,

Two-stroke machines present less of an exhaust silencing problem.
They are designed to incorporate an expansion chamber system (which
is considered mandatory for 2-cycle performance), in which much of
the acoustic energy is reflected back into the engine. This principle
is used to advantage in achieving a supercharging effect on the com-
bustion mixture as well as exhaust scavenging of the burned gases.

A well-designed 2-cycle exhaust muffler system will actually increase
power while at the same time reducing noise levels. This effect

is found in the mdjority of 2-cycle engine applications with the

exception of maximum output racing models.

Intake ~ Noise radiated through the intake system is almost equal fo

the noise radiated through the exhaust system. Here again, performance
and packaging considerations have minimized any silencing efforts in
this area since both 2-cycle and 4-cycle designs rely on low intake

restriction to achieve their power output requirements.



e Engine Mechanical Noise ~ Engine mechanical noise is the source

of greatest concern in future reduction of overall levels. On current
machines, engine noise is approximately the sume order of magnitude
as intake noise. The concept of acoustic engine enclosures and
shielding has been considered almost totally impractical for light-

weight air cooled motorcycles.

¢ Drive Chain and Tire Noise ~ Noise levels from these sources appear

to be low enough to be considered of secondary impertance. However,
refinements to drive chain design may be warranted when contributions

from other sources are reduced by at least 10 dB.

Snowmobiles

The noise produced by snowmobiles is highly dependent upon their age.
Current production models produce noise levels in the range of 77 to 86 dB{A) under
maximum noise conditions measured at 50 feet and 105 to 111 dB(A) ot the operator
posifion.g’ 16 The noise levels from poorly muffled mochines generally range from
20 to 95 dB(A) at 50 feet with racing machines causing levels as high as 105 to
110 dB(a) > 17

in the range of 108 dB(A) under normal cruise conditions. Figure 2.7-5 shows typical

The operator, on a number of machines surveyed, experienced levels

octave band spectra for snowmobiles for a variety of operating modes, and presents a
5,14,18

bar chart summary of those components which coniribute to the overall nolse levels.

The major contributors crre:w

e  Exhaust — A dominant source of snowmobile noise is the engine
exhaust. Design constraints which minimize space and emphasize
lightweight construction, and customer demands for maximum power

have restricted the usage of adequate silencing devices.

e Engine Mechanical Noise — Another major factor in overall noise

output of snowmabiles is engine mechanical noise. The lightweight,

2-cycle, high power design of the snowmobile power plants restricts
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the application of quieting techniques to the internal engine structure,
and cowling enclosures provide the only suitable and practical means

for reducing engine noise.

e Intake — Most current snowmobile manufacturers do not silence the
engine intake. Unfortunately, the intake is usually directed ahead
of the operator and contributes significantly to his noise exposure.,
Some sacrifice in engine performance may be required to silence the
intake system. However, little work has been done in this area,
although some manufacturers are now producing dccessory air-cleaner

units which aid in reducing this problem.

Dune Buggies, ATV's (All Terrain Vehicles) and Other Off-Road Vehicles

The principal noise output of the remainder of those vehicles considered

vnder the "recreation" classification is predominantly from the exhaust. Because of
the unregulated nature of these vehicles and thelr use, the owners tend to attempt tc
achieve maximum power output through the use of tuned and straight-threugh exhaust
(unmuffled) systems 8 An example of typical spectra for a VW-powered dune buggy
with a tuned "megaphone” exhaust system is presented in Figure 2.7-6."" Engine and
intake noise are also quite apparent in these vehicles, but are on the order of 15 to

20 dB less significant than the exhaust,

2.7.3 Envirenmental Noise Characteristics

Except when several recreational vehicles are operating semi~continuously
around motor recreation parks and high usage lakes, they provide only a minor contri~
bution to the steady=state residual noise levels in the areas in which they operate.

However, since the majority of these vehicles are operated in remote areas which have

" low residual noise levels, they can be heard as intrusive noises at much greater distances

than would be expected in an urban area.
Power boats are operated (by law) at least 100 feet from shore and usually

well away from other boats, hence minimizing the levels at the shore and local community.
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Mini-bikes, a particularly annoying noise source in residential communi-
ties, are normally produced with a muffler which reduces their noise levels at 50 feet
to the 75 to 80 dB{A) runge.lé’ 22

machines (primarily by youngsters not old enough to obtain driver's licenses) stem

The problems that arise from the usage of these

mainly from their operation in the proximity of residential dwellings. The problem is
further aggravated when the stock muffler is removed and replaced by an "expansion
chamber" exhaust system which the owners feel contributes to the powar.é The modi-
fied machines are then capable of levels of 85 to 90 dB(A} at 50 feer.22

The operator of most types of recreation vehicles is usuvally exposed to
high noise levels for the duration of his ride. Typical levels for snowmobiles range to
as high as 115 dB(A) under full throttle acceleration. Under cruise condition, the
operator’s noise. level is often in the vicinity of 108 dB(A).S’g' 18 It is estimated that
the average enthusiastic snowmobile owner uses his vehicle about 13 hours per week
during the snow season .3 The average duration per ride will probably range from 3 to
4 hours. It is assumed that this usage pattern is fairly typical for other types of recre-
ation vehicles, including watercraft and motorcyeles (0 percent of which are estimated
to be pleasure vehicles).

The noise levels in outboard motorboats are also generally high. Typical
levels range from 84 dB{A) for 6 horsepower units to 78 to 105 dB(A) for 125 horsepower
units measured at the driver position under accelerating conditions .9 At cruising speeds,
operator levels on all boat types {(inboard and outboard) range from 73 to 96 dB(A)-23
Operator levels on motorcycles also follow this trend of typically high levels with
115 dB (A) occurring en some unmuffled off-road cycles.

A factor which should be considered in discussing operator noise exposure
is the use of safety helmets. When properly fitted and used, they provide a significant
reduction in noise levels at the operator's ear, as well as providing accident protection.
There is no question that snowmabiles, many motorcycles, and some boats present a

risk of permanent hearing damage to both operator and any passenger. Ear protective

devices should be worn in these cases.
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2.7.4 MNoise Reduction— Industry Efforts and Potential

Figure 2.7-7 illustrates the present ranges of noise levels for recreation

vehicles at both the observer at 50 feet and the operator positions. Also summarized
in this figure are the near~term noise reduction potentials deemed achievable with
current technology and the long-term noise reduction potentials which must result
from further research and development efforts.

The recreation vehicle industries have incorporated some rather refined
concepts into their products to achieve current noise levels. The greatest noise reduc~
tion has been accomplished through exhaust system treatment. Because nearly ali
snowmobiles, outboard engines, and a good percentage of motorcycles are powered by
2-stroke engines, a good deal of development and research has been done in quicting
the exhaust systems on these devices. The expansion chamber exhaust system, which is
considered essential for 2-stroke performance, has been muffled to a high degree with
little foss of I'lc)rse‘»pc'wer.llt'24 Engine shielding and isolation have been daveloped to
d great extent on outboard motors and this technology is gradually being applied to
snowmobiles. Excluding motoreycles, the industry as @ whole has nearly reached the
stage where exhaust treatment has been fully exploited, leaving further reduc- .
tion efforts to be aimed towards intake silencing and engine noise itself. However,
the motorcycle has yet to overcome its design constraints in packaging exhaust systems
of sufficient size to provide greatly improved silencing; therefore, further research is
required to achieve adquate silencing without imposing severe weight and size restrictions,

In the following paragraphs, current industry efforts in noise reduction and

noise reduction potential will be discussed separately for pleasure boats, motorcycles,

and snowmobiles.

Pleasure Boats

The outboard motorboat has the longest history of any of the products in
the leisure vehicle field. The annoyance caused by noise from outboard motors was
recognized by industry long before any legislative bodies began to act to contrel its

offect. In the'late 1920's and early 1930's, manufacturers motivated by public pressure
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began experimenting with underwater exhaust systems to reduce the noise output of
these devices. Their success in the late 1940's was one of the factors which led to q
dramatic growth market for motorboats. By the mid-1950's, more sophisticated quieting
techniques were being incorporated, such as extensive vibration isolation within the
engine and acoustically treated cowling on the engine.25’ 26 The outboard engine

has been continually refined up to its present state. The current outboard probably
represents the quietest application of a 2-stroke engine for its power output on the
market today.

The largest manufacturer of outboard engines produces a top-of-the~line
125~horsepower engine that produces maximum nofse levels at 50 feet of 81.5 dB{A).
The quietest model is rated at & horsepower and produces maximum noise levels of
64,5 dB(A) at 50 feef.9 This same manufacturer feels that because of the company's
efforts in producing quiet outboards, its percentage of the market has increased
substantially until it is now the leader in outboard sales, %7 The major areas of
complaint concerning pleasure boat noise dre created by the large inboard-drive ski
boats which incorporate dry stack exhausts (unmuffled and not exited under water).

In addition, many inboaerd ski beats also incorporate the automobile "hot rod" tech~
niques in achieving maximum horsepower from their engines. The engine is fully
exposed, and in addition to unsilenced exhousts, usually has unsilenced carburetor
Intake as well, These machines produce noise levels at 50 feet of up to 112 dB({A).
Noise output from the same configuration, with underwater exhausts, has been reduced
to around 97 dB(A).]0 Many states are now moving te prohibit operation of these dry
stack boats,

More refined inboard designs incorporate a silenced intake system and an
acoustically treated full engine enclosure along with the underwater exhaust mentioned
above. This type of ski boat will exhibit noise levels in the 85 to 90 dB(A) range at
50 feef.w Smaller engined inboard beats will fall in the 75 to 80 dB{A} noise lavel

cufegory.s'
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For pleasure boats, significant future noise reduction efforts should be
primarily aimed at further reducing operator noise exposure levels. Crash helmets
are seldom used by participants, except during race events, hence the noise levels
in these pleasure croft must receive more attention.

Significant noise reduction can be accomplished in inboard designs due
to the rather advanced state of acoustic enclosure design for items of this size. It
is felt that for the majority of inboard designs, a long~term goal of 76 to 82 dB(A)
is reasonable. Outboard engines (whose reduction potential is indicated in Figure 2.7-7
for models over 25 horsepower) pose a more difficult problem due to their design con-
straints which emphasize high power~to-weight ratios. It is expected that lower
operator levels for outboard powered croft will only come through further efforts in
intake silencing and either through revised internal engine design or bulkier engine
enclosures. For outboard powered boats, an examination of current abatement tech~
nology indicates that operator noise levels in the range of 78 to 86 dB(A) constitute
a reasonable long-term potential. Further, as a result of efforts to reduce operator

noise exposure, non-participant levels at 50 feet should eventually be reduced to the

range of 70 to 76 dB(A).

Motorcycles

The motorcycle also has a long history in the leisure field. Motoreyeles,
due to their design constraints of lightweight construction and maximum power output
for a given displacement engine, have long been criticized for their excessive noise.
The average motorcycle rider tends to associate noise with power and performance,
and generally feels it fits the motarcycle "image". The major manufacturers have
only recently taken steps to change thesa beliefs. MNow all current production motor-
cycles intended for highway use must comply with state noise legislation. In addition,
most major manufacturers, under the guidance of the Motorcycle Industry Council,

have agreed to place mufflers on all their off~road motorcycles to limit their noise

" output to 92 dB(A) at 50 faer./ The industry is currently in the process of trying to

convince the consumer that noise does not necessarily meun power. It feels that
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this is an essential step in preparing the consumer to uccept the quieter, new generation
machines that will, necessarily, weigh somewhat more and deliver less horsepower per
cubic inch displacement.

The noise levels of current production motercycles cover a fairly wide
range among different manufacturers and among vehicles of varying engine displace-
menf.28"29 The majority of motorcycles are now meeting the 88 dB(A) maximum noise
specification of various states; however, a number of the large displacement machines
are unable to meert this criteria in their present designs .29 Although the technology
exists to produce quieter motorcycles, achieving further noise reductions will necessitate
some design compromises on a majority of the models.

The exhaust system is the major confributor to overall noise levels. Although -
exhaust systems.can be designed to reduce this component's contribution to the 75 dB(A)
range, significant packaging and weight limitations must be overcome. Also, current
motorcycles do very little to silence their intake systems, although almost all provide
air cleaner devices. Silencing on the order of 10 dB is feasible if moderate restriction
of intake air flow can be tolerated,

The most critical area yet to be tackled in motorcycle silencing is the
engine and mechanical noise. Acoustic enclosures have not been found to be practical
solutions on air-cooled engines. A number of attempts have been made at silencing
individual engine noise sources, such as adding damping compound to timing gears,
stiffening primary chain covers, positive oil feed lubrication of cam shaft bearings,
and adding cross ties to the engine cooling fins. This attempt by one manufacturer

yielded only an average reduction of 1.2 ap.12

Achieving the more restrictive noise level requirements for motorcycles
that are forecast for the next 5§ years will require major redesign of numerous compo-
nents. Specific examples of solutions that may yield beneficial results include
incorporation of journal rather than roller or ball bearings, timing chains rather
than gears, more lubrication, stiffer structures and nonresonating materials for non-

functional components. With these changes will undoubtedly come an unwelcome
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power loss. For example, one manufacturer reduced engine noise levels in laboratory
experiments to 75 dB(A), but with a 15 percent power |c>ss.]2 Cost and weight penalty
figures are not available for this example.

Figure 2.7-8 gives the spectra of two 750 cc 4-cycle motorcycles of
different manufacture, but tested under identical conditions. The difference in the
noise levels produced by the two vehiclesis 11 dB 29,30 The price of the quiet motor-
cycle is $1848 as compared to $1595 for the noisy machine. The quiet vehicle weighs
440 pounds versus 480 pounds for the noisy madel. The relative horsepower ratings are
57 horsepower at 6400 rpm for the quiet machine as compared to 67 horsepower at
8000 rpm for the noisier vehicle. This example illustrates the compromises with which
the industry and the consumer are faced in achieving reduced noise levels with current
technology.

Motorcycles potentially face severe design modifications if their intruding
effect upon the ambient noise environment is to be significontly reduced. Redesign of
internal engine structure to provide the noise reduction achieved in laboratory experi-
ments may be required to achieve a long-term potential of 75 to B0 dB(A) at 50 feet
under maximum noise conditions., Additional attention must be given the engine intake
system to reach these levels. It is assumed that technology will advance sufficiently
to provide quieter intake and exhaust systems with minimized power loss and reduced
package space requirements.

Operator levels should be reduced to the 85 to 90 dB(A) range as a result’
of the modifications listed above. Here again, the use of protective crash helmets

would serve to greatly reduce the risk of high operator noise exposure.

Snowmobiles

Snowmobiles are a relative newcomer on the leisure vehicle scene. Since
their introduction in 1958 as a low powered, lightweight, go~anywhere-in-the-snow-
type vehicle, they have evolved into @ more refined fumily~type recreation vehicle.
The original concept called for @ minimum of weight coupled with maximum perform-

ance for the engine size. Hence, the original snowmobiles possessed unshrouded
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Comparison of Two Current Production 750 cc Four-Stroke Motoreycles
Tested Under ldentical Operating Conditions
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engines and unmuffled (or poorly muffled) exhausts. Their rapid rise in popularity

led to numerous consumer complaints about their excessive noise. As more vehicles
were produced, consumers demanded higher and higher horsepower outputs until today,
some snowmobiles are capable of nearly 100 mph.fj Their effect on the noise environ-
ment has been compounded in many cases by the fact that some owners remove the
factory-installed muffler systems in an attempt to achieve more power. In most cases,
this actually results in less power and considerably greater noise.

The noise levels of 1971 models at 50 feet generally range from 15 to 20 dB
less than the noise of 1961 models. This reduction clearly indicates the manufacturers'
concern for the problem, and is impressive, particularly since prior to June 30, 1970,
there were no effective snowmobile noise regulations in effect. Minnesota was the
first state to require that the noise level of snowmobiles not exceed 86 dB{A) at 50 feot.32

Most of this reduction has resulted from improved exhaust systems which actually

improve engine life and performance.

Exhaust treatments are currently available which utilize an expansion
chamber incorporated into a tuned silencer system .24 With this design, much of the
acoustic energy is reflected back to the exhaust port, where it acts to supercharge the
mixture. This configuration also creates a negative pressure pulse at the exhaust port
to scavenge the spent gases. Such systems are more effective than straight pipes or
mufflers alone, both for noise suppression and power output.

Another consideration in muffler design is to place the exhaust exit away
from the operator to reduce his noise exposure. Exhaust exits may be directed down
into the snow or beneath the driver; however, care must be taken to avoid icing up the
tracks and suspension by the blast of hot exhaust gases.

Other major considerations in achieving these levels have been in the
areas of intake silencing and engine enclosures. The cowling configurations on the
different brands of snowmobiles vary quite markedly. The lighter weight, price-
competitive units generally use @ minimal engine shielding, while the more luxurious

multicylinder units are provided with much better shielding. The need for adequate
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engine cooling is u legitimate design constraint and the main argument against engine
enclosure for most vehicle types. However, the snowmobile, by virtue of the environ-
ment in which it operates, is most ideally suited to a well-ventilated acoustic
enclosure. In addition to reducing noise levels to the distant observer, the engine
enclosure is perhaps the most significant factor in reducing the high noise levels
experienced by the operator.

Further reduction is undoubtedly obtainable through more refined engine
cooling methods which would allow more complete engine enclosure, some design
modifications to aliow rerouted intake through silencing devices, and more space

for large volume mufflers 5,14,33

The major problem area left to be fully assessed is the operator noise
environment. While earlier noise levels of 120 dB(A) and greater have been substan-
Hally reduced, current models still produce levels at operator position of 105 to
115 dB(A).s"9 It is felt that the additional work on intake silencers and engine
enclosures will do much to alleviate this problem. It is estimated that the current
snow vehicles reflect a cost increase of about 15 percent to obtain their present
noise levels.

 Thers are currently pending a number of noise laws which, if enacted,
will attempt to limit the noise output of snowmobiles at 50 feet to 73 dB(A) in 2 to
3 years. One manufacturer is currently attempting to develop a machine to comply
with this requirement. While specific details are not available concerning the tech-
niques involved in achieving these levels, he has estimated that such reduétion will
carry with it a 15 to 30 percent increase in vehicle weight, and a corresponding
30 percent increase in |:n'ice.9 A number of the smaller monufacturers with limited
or no research and engineering Facilities may be unable to mest these requirements.

One of the major suppliers'of mufflers for the snowmobile industry
expressed the opinion that there exist currently available exhaust treatments which
provide 30 to 35 dB cﬂharu.:c:ticrn.]4 This means a reduction in the contribution of

the exhaust system from approximately 105 dB(A) unmuffled to the 70 dB(A) range.
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This reduction can be accomplished with minor power loss but at the expense of some
additional weight and space required for the muffler.

On the majority of current production snowmobiles, no intake air cleaners
or silencers are used. It has been shown experimentally that a simple air cleaner
assembly will reduce intake noise by 7 dB without impairing performance. It would
appear that further reduction in this area is possible, and reductions of 12 to 15 dB
would be feasible with some power loss, thus reducing the intake contribution to
approximately 70 dB{A) at 50 feet.

An example cited by one manufacturer is shown in Table 2.7-1,

It is felt that further overall reduction into the 75 dB(A) range is feasible with

14

improved engine enclosures.

Table 2.7~1
Example of Further Noise Reduction Using Existing Technology
1971 Mode! With Intoke and Exhaust
Noise Producing Component As Produced Treatment
(dB(A) at 50 feet) {dB(A) at 50 feet)
Exhaust 82 70
Intuke (stock renge 77 to 85 78
87 dB{A)) {bare stack) (with silencer)
Ceoling fan ‘ BO 80
Track & suspension } Unmodified 72 72
Engine/mechanical* 76 76
OVERALL 86 dB{A) B2 dB(A)

* Test vehicle had production engine cowling in place.
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Future snowmobile noise output levels at 50 feet could be reduced o the
70 to 73 dB(A) range by 1980, This figure assumes significant advancement in noise
reduction technology in a number of areas. The first step is to utilize existing exhaust
systems, which reduce exhaust noise levels to the 70 to 75 dB(A) rmnge.]4 Further
refinement will be required to produce systems that are of reduced size and do not
drastically affect power output. Intake system silencing should be advanced suffi-
ciently by that time to also provide maximum intake noise levels in the 70 dB(A) range
without significantly affecting engine performance. A key area of attenuation will be
in more refined engine cooling and air ducting fechniques that will allow the use of
full engine enclosures, hence reducing this system's contribution to the 70 dB(A) range.
The last significant system that must be further refined would be the drive track and
suspension system. Cuirent contribution from these elements is now estimated at
around 72 dB(A).]4 It would appear that component isolation and slightly refined
design will achieve adequate noise reduction in this region.

It is believed that these noise reduction techniques will greatly aid in
reducing operatar noise exposure levels. Rerouting the intake and shielding the

engine should reduce these levels down to the 88 to 92 dB(A) rclnge.zo
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3.0 Devices Powered by Small Internal Combustion Engines

3.1 Introduction
The noise emanating from equipment powered by small internal combustion
engines is well known to millions of people, particularly those whe maintain gardens
or lawns. The total United States production of these engines was about 10,9 million
units in 1969. This total includes all engines below 11 horsepower except those used
for boating, automotive and aircraft applications.
Over 95 percent of these engines are air cocled, single cylinder models.
The vast majority are 4-cycle, while the 2-cycle version comprises most of the remaining
market. More than half of the single cylinder engines power the estimated 17 million
lawnmowers in use today. The majority of the remaining engines are used in other lawn
and garden equipment such as leaf blowers, mulchers, tillers, edge trimmers, garden
tractors and snowblowers. In addition, about 750 thousand chain saw engines and
100 thousand engines for small loaders, tracters, et cetera, were produced in 1970,
while agricultural and industrial usage together account for another 1.5 million engines.
Generator sets, while not presently employing as large a number of engines, are an
important consideration because of their growing numbers;.]’2

The categorization of these devices by usage and typical noise levels is

summarized in Figure 3-1,

3.2 Source Noise Characteristics

Generators
Of the 100,000 generator sets sold each year in the United States, most

are used in mobile homes, campers, and large boats, where their electrical output is
used to power air conditioning, lighting, and other equipment. These sets generally
have 3 to § kilowatt capacity with a few units producing 8 kilowatts or more. Engine
size is of the order of 2.2 harsepower per kilowatt, often with considerable derating of
the engine for quiet operation so that the generator's noise may be tolerated by users

ond their neighbors over long periods of use.S
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Figure 3-2 illustrates a typical one~third octave spectrum radiated by
small generators of the 3 to 5 kilowatt size. The spectrum is characterized by two
peaks, one occurring at the firing frequency, around 40 Hz, and @ secend peak about
1000 Hz. This spectrum is characteristic of most types of internal combustion engines.
The low frequency peak is associated with the fundamental firing frequency of the
engine. However, the high frequency peak is generally the most annoying portion of
the spectrum since it occurs at a frequency where human hearing is most sensitive.
This peak may be attributed to acoustic radiation by the hot gas bubble eaving the exhaust
with each firing, and to mechanical noise in the ¢.=mgine.4 In the example given, the
high frequency noise has been heavily suppressed in comparison with other equipment

having less stringent noise requirements,

Lawn-Care Equipment
Lawn-care apparatus built in the United States is predominantly equipped

with engines running at 3000 to 36000 rpm. The characteristic noise spectrum, as
shown in Figure 3=3, has o double peak, the lower frequency peak corresponding to
the engine firing frequency and the higher peak occurring from 2 to 3 octaves above
the firing frequency.4 Additional high noise levels are radiated by the rotating blade.
In the case of a rofary mower driven by a 4-cycle engine, the blade passage will be
4 times the firing frequency and will merge with the high frequency engine noise.
Equipment without a rotating blade will generally have other machinery noise of the
same approximate [evel,

It can be shown that "A" scale measurements of engine noise from this
class of engine is generally 2 or 3 decibels below an A scale measurement of the
machinery noise.3 However, the modulation of the high frequency engine noise by the
lower firing frequency makes the engine noise more audible than. the noise of a rotating
blade or other machinery 4 Thus, even heavy muffling on lawn-care equipment does

not totally eliminate the audibility = or characteristic "putt-putt" ~ associated with
Y puti-p

this modulation.
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Chain Saws

A typical chain saw, designed for casual use, weighs from 6 to 20 pounds
and has a blade from 1 to 3 feet long# The engine produces 5 to 8 horsepower and‘ iinas
a life expectancy of 1000 te 2000 hours % In order that a device this powerful may be
made portable, the engine must have a high power-to-weight ratio.

Fuel consumption, mu\éf!ing, and durability are secondary considerations
even in the industrial machines, as design criteria dictate the use of high speed. A
typical engine may operate at 2000 rpm at a firing frequency of the same rate, or 150
times per second. The engine incorporates a muffler, typically weighing less than a
pound, which includes a spark arrestor to prevent fire. The very high firing frequency
brings the direct exhaust noise well within the audible range, as shown in Figure 3-4, I
The broad peak, characteristically found in these engines two octaves above the firing
frequency, occurs around 1000 Hz, the region of greatest audibility in humans.

Thus, the requirement for a small but powerful device has resulted in
designs in which the engine noise is in the frequency range of greatest audibility, and
the muffler structure is as light and small as possible. This combination results in eqﬁip-

ment which produces levels as high as 115 dB(A) at the operator's position, with levels

of 83 dB{A} common at a 50-foot distance 4/7

Model Airplane Engines
Model airplane engines are normally rated by displacement in cubic inches

and few figures are published in terms of horsepower. These engines range from 0.02%
to 0.20 cubic inch displacement, and may exhibit up to 1.5 horsepower per cubic inch,
The noise spectra shown in Figure 3~5 were measured on 0.049 cubic inch displace~
ment engines which would probably produce 0.06 to 0.08 horsepower. Model airplane
engines-are 2-cycle types, turning at very high rotational speeds, fyplcally 12 to 18
thousand rpm, rasulting in a firing frequency above 200 Hz.

Manufacturers have only recently incorporated any type of muffling.
Figure 3-5 illusrrares data taken on two identical engines of 0.049 cubic inch

displacement # One was equipped with a muffler and the other wos not. The 200-FHz
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firing frequency is in evidence in both cases. Indeed, the noise level at the firing
frequency is higher for the muffled engine than for the unmuffied engine. However,
since the "A" scale (and the human ear) discriminates against this 200-Hz signal by
10 decibels, the levels of this frequency are not quite us audible as are similar Tevels

between 1000 and 4000 Hz.
Thus, the unmuffled noise levels at 1200 and 2400 Hz are considerably

more audible when the bare engine iz operated than when the muffled engine is
operated. Even with muffling, the double peak frequency characteristic is very
much in evidence, but the character of the engine sound has changed from an "angry

mosquito" to something more like a noisy electric motor, while reducing the "A"

scale noise by 12 decibels.4

3.3 Environmental Noise Characteristics

It is characteristic of small internal combustion engines that the equip-
ment being powered is operated by a single person or is unattended. The low noise
equipment, such as generators which have been well-muffled, operate unattended.
However, the typical generator is used for supplying power to a camper, mobile home,
or boat, and is built into a metal frame which also houses the owner and his family.
When its vibrational energy is communicated to this frame, considerable annoyance
may result even though its directly radiated acoustic levels are very low.4

The operator of lawn=care equipment attends the equipment at ail times.
Usage is generally during daylight hours in urban and suburban areas. A given user
will operate a lawnmower for one or two hours per week and may then run an edge
trimmer for approximately one-half hour. He may continue with a leaf blower to
pick up the clippings and then use either a garden tractor or tiller in his garden.
During such a hypothetical day, the operatar may be exposed to four or five hours
of noise in the high 80 to low 90 dB{A) range, depending upon the manufacturer's

dedication fo noise control and to the user's maintenance of the equipment.
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Some other lawn-care equipment transports the operator, as in the
popular riding mowers or garden fractors. Here the operator is directly behind
or directly above the engine. The muffler and intake ports are generally somewhat
closer to the operator's ear than the é feet characteristic of the push~type equipment.
Also, equipment which can carry the operator generally requires a larger engine thon
would be required otherwise. These two factors combine to create considerably
higher sound pressures at the operator's ear.7 The A-weighted noise level for this
situation generally ranges from the low to mid-90's, presenting the operator with a
risk of permanent hearing damage when long periods of operation are endured each
day, or when shorter time periods of operation are endured by a person who is especially
sensitive to hearing damage.

A third type of engine characterized by high speed and minimal muffiing
is the chain saw. Operator ear levels for this device may be as high as 115 decibels,
with quieter machines operating near 102 to 103 dB(A).7’8 Such levels present
definite risk of permanent hearing damage, and use of earprotective devices should be
recommended as a prudent precaution in the operating instructions and the labeling
of such equipment.

The noise of model airplane engines and other small devices is usually
not of a sufficient level to impose hearing damage risk on the user, during the short

exposure times of close proximity to the engine,
A well=built generator will seldom exceed 70 to 72 A-weighted decibels

at a distance of 50 feet when installed in o motor home or other such vehicle. 1t will
not generally cause speech interference; however, when the generator is used during
early evening and beyond, there may be considerable interference with sleep and
relaxation to persons nearby, As the market for these devices expands, they wili
become a greater nuisance. Consequently, curment production units are being

improved as rapidly as technology and cost permit.
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The non-participant noise environment generated by lawn-care equip-~
ment has at least some effect on a large portion of the population in the United States.
This extensive effect is the result of the large numbers of engines being used in this
application in heavily-populated areas. The equipment generates A-weighted noise
levels in the low 70's at 50 feet and produces some speech interference. Where any
kind of solid barrier exists between the source and receiver, a decrease of 5 to 15
decibels can be expecfed? Thus, o solid wooden fence or the house itself will gen-
erally reduce the speech interference to acceptable levels. In many cases, the lawn-
care equipment will not become a cause of complaint by the non-participant, as leng
as its use is restricted when people are sleeping and in early evenings when people
are relaxing on their patios. In other cases, where a wire fence or no fence at all
exists, complaints might well be forthcoming.

The non-participant environment generated by chain saws is fully capable
of causing speech interference at distances of several hundred feet. Non-participants
within 25 feet of the chain saw will be expased to potentially damaging levels, as is
the operator. The chain saw is not frequently used in areas of heavy population and
is therefore not of frequent concern in the non-participant environment? When it is
used in populated areas, considerable reaction may be experienced from those exposed
to the noise. It is probable that o reduction of the noise levels for the operator to
the levels of lawn-care equipment would minimize problems in the non-participant
environment. However, it must be recognized that a great deal of study would be
required to accomplish this noise reduction within the cost, weight, and power con-
siderations imposed upon chain saws by their preferred use.

In all cases of the non-participant environments mentioned, the persons
affected will be in their homes or at other locations where they have gone for leisure
time activities. Apartment dwellers are not exempt since the lawns around their
apartments are mowed by larger, noisier equipment. Children attend schools where

lawns are mowed, and even most hospital rooms are within earshot of a lawnmower.
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Generators and chain saws both have a small effect on the general community
since they are used outside populated areas. Chain saws affect the operator and helper
af levels between 90 and 110 dB(A) with the operator receiving the highest levels. When
this equipment is used in populated areos, all persons within 500 feet will generally
be annoyed. However, duration is short and occurrence is infrequent so that their total
impact is small. Tt is estimated that fewer than 5 million people per year will be
adversely affected by these devices,

Generators affect their half-million owners plus another 1.5 million family
members. In addition, each generator may annoy two other families, bringing the total
number of persons affected te 12 million, roughly 5 percent of the population.

The non-participant environment for model airplanes can range from 78 dB(A)
for nearby planes to 40 or 50 dB(A) at distance. Audibility is present at distances of
many hundreds of feet. When short flights are made during daylight hours, annoyance
issmall. When flying is continuous or is conducted when people are relaxing outdoors,

annoyance becomes great.

3.4 Industry Efforts Towards Noise Reduction

Historically, noise reduction has not been of primary consideration to the
manufacturers of small internal combustion engines although unmuffled equipment has
not been produced for many years because of buyer resistance to an excessively noisy
product. Public tolerance, combined with some noise control, has preduced a com-

promise situation between the consumers and the manufacturers.

Generally, noise reduction achieved by the engine manufacturers has
resulted in engines which make somewhat less noise than the equipment they are :
designed to power. However, equipment manufacturers are not completely canvinced

of this conclusion, and tend to attribute the noise of the entire unit to the engine.
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This situation is particularly characteristic of the small equipment manufacturer who
purchases the engine from an outside source, having no involvement with engine
design. In this category are large numbers of lawn-care equipment units which are
constructed of pressed sheet metal in production shops around the country,

Mcnf of the manufacturers of internal combustion engine powered equip-
ment feel that they are being placed in the difficult position of being required to meet
several divergent nuisance laws. These laws hove been promulgated by various
individual cities and towns, where noise restrictions are related to local economic
and social conditions. This situation is typified by the experience of the manufacturers
of lawnmowers. The recently enacted ordinance for the City of Chicago lists a
descending scale for allowed noise for lawnmowers over the next few years which most
manufacturers interviewed agree is realistic, and they are working toward compliance
within the aollotted rime.m However, in the recent ordinance enacted by the City
of Minneapolis, the equipment is not allowed to exceed certain ambient levels at the
property line by more than 6 dec:ibels.rl Lawn care equipment is specifically
exempted from these requirements, but is restricted to operation between the hours of
7:30 a.m, to 9:00 p.m. on weekdays, and 9:00a.m. to 9:30 p.m. on Saturdays,
Sundays, and holidays. If the lawn-care equipment con comply with the specified

ambient requirements, then it may be used during any hours,

Other cities around the country have ordinances with noise levels as
low as 40 dB(A) at the property Iine.]2 Although there does not appear to be a strong
effort to comply with or enforce this latter ordinance, no manufacturer can look with
impunity upon such a law, and he might even decide not to market in that area. As
other localities pass noise ordinances, such inequities could proliferate, making the
manufacturers' task much more difficult,

The extent of noise reduction within the industries supplying small internal
combustion engines has been directly related to Its effect on sales and the existence of
noise ordinances, With the exception of the small generator industry, public pressure

has not been sufficient to produce significant noise reduction efforts in most of these

davices.
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As a result, noise abatement programs have not bean consistent, For
instance, one manufacturer has demonstrated that o small generator, using a 3 horse=
power engine with a vertical shaft housed within a complete enclosure, may be quieted
to 70 decibels at a position 6 feet from the engine. If this same treatment were applied
to a lawnmower, it would achieve an improvement of approximately 20 dB over most
current production lawnmowers, and would make the engine quite inaudible in the
presence of a rotating blade. However, no serious plans are being made for production
of such a mower because of the high cost of the noise reduction treatment.,

Another manufacturer is presently producing a lawnmower operating at a
noise level of 50 dB(A) at 50 feet. This is some 13 decibels below the average machine
and is accomplished through the use of @ 2~-cycle engine with a large muffler, and
cast frames where pressed steel was previously used, Only 10 percent of the engines
monufactured in the United States are of the 2-cycle type, so that a changeover to
that type of engine from the present majority of 4-cycie types would be a very long
and expensive task, High fuel cost could also create resistance in the marketplace.

Some manufacturers were questioned as to the feasibility of producing
2-cylinder engines for use in lawn-care equipment and other such devices.” This
change from the single=cylinder engine has the advantage of allowing the exhaust
pulse from one cylinder to partially cancel the pulse from the other cylinder. While
many manufacturers admitted the feasibility of this concept, estimates of cost for such
engines ran from 30 percent to 50 percent higher than the single=cylinder engines for
a given horsepower rating. Such a penalty would make the “quiet" engines non=
competitive with the [ower-priced models of current design.

Chain saw manufacturers recognize the existence of a serious noise
problem with their equipment. The high power~to~weight ratio necessary in a device
that must be hand~carried and be capable of quickly cutting trees and large brush
requires a structure not capable of containing its own noise. Further, the noise
produced by the chain itself is of the order of 100 dB(A) at the operator position

and reduction of the engine noise below this level would nof reduce total output to
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an acceptable level. In addition, where experimental prototypes have been built
using electric motors to achieve very low engine noise, the more apparent machanical
noise of the chain gives the impression of a device "ready to fly apart, " causing
operators to resist using if.6 Some experimental work is being done to reduce the
noise of the chain, but cost limitations rapidly become prohibitive when exotic
materials are used to damp the response of the blade to the chain.

Considerable engineering work has been expended to make the muffiers
more efficient within weight and size limitations, ond some success has rewarded
these efforts. Sound levels have been reduced to as low as 103 dB(A) by some special
mechanical devices with power losses of no mare than 10 to 12 percem\‘.“3

Noise control within the industry served by small intemal combustion
engines will be affected by various laws and ordinances as enacted by the government
bodies concerned. However, there will always be difficulty in encouraging noise
abatement until public education advances to the point where the charisma of noise
is gone. The motorcyclist who removes his mufflers to obtain more power may well
degrade his performance and still feel he has gained power and stotus. He has his
counterpart in the backyard garden, This man may remove the muffler from his tiller
in order to dig his garden faster (he thinks). He may not remove his lawnmower muffler,
but as it becomes old and less efficient, he may rationalize that the lessened back
pressure will tend to compensate for losses of power through aging of other parts of
the engine.

Whatever the basis for associating loud noise with productivity, an
educational program is required to reduce public acceptance of noise. When each
person is convinced that his contribution to noise reduction is meaningful, he may
go to the manufacturer of the quietest machine, even if the cost is higher, and may
take pride in his accomplishment, When this happens, as it has in the small generator
field, manufacturers will probably respond decisively toward reduced noise levels,
Interviews have shown that most manufacturers can respond, but, ot the present time

have found little market for quiet products when the public is asked to pay a premium

for the quiet product,
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3.5 Noise Reduction Potential

The combined effort by the public in demanding quieter products powered
by internal combustion engines and successful response to this demand by the many-
facturers, should provide a substantial decrease in annoyance from this equipment.
This reduction in annoyance of intruding noise from lawnmowers, chain saws, et cetera,
will be the principal benefit of a broad noise reduction program for devices powered
by intemal combustion engines. The estimated potential noise reduction that might be
expected in the future for these devices is summarized in Table 3-1. The nolse
reduction values are relative to current noise levels and are specified in terms of
potential reductions that can be achieved by the 1975, 1980 and 1985 time periods.

Full accomplishment of these noise reductions would lorgely eliminate
annoyance problems in residential areas associated with use of lawn care equipment,
However, the noise reduction potential for chain saws using existing technology is
not sufficient to eliminate their annoyance problems or hearing damage risk for

operators. Further noise reduction research is called for with these unique devices.

Table 3~1

Estimated Neoise Reduction Potential for Devices
Powered by Intemal Combustion Engines

r MNoise Reduction, dB *
Source 1975 1980 1985
Lawn Care Equipment 10 13 15
Chain Saws 2 2 5
Generator Sets 5 7 17

*Noise raduction relative to typical current noise levels in dB(A) at 50 faet.
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4,0 ENVIRONMENTAL IMPACT FOR TRANSPORTATION VEHICLES

AND SMALL INTERNAL COMBUSTION ENGINES

The preceding chapters have illustrated the nature of the noise character=
istics as well as an estimate of current and future noise reduction potential for each
major element of the transportation system and for small non~industrial internal com-
bustion engine powered devices. With this background, one would like to have an
overall view of the impact of these noise sources on the observer in @ community and
on the operator or passenger. As with any complex situation, several viewpoints are
desirable in order to obtain such an overall perspective.

First, a simplified overview of the relative contribution of each of the
source categories is provided by comparing their estimated daily outputs of acoustic
energy. Next, the sources are compared to estimate their relative contributions to
the outdoor residual noise level in average urban residential areas. Third, the sources
are reviewed with respect to their individual single event intrusive characteristics,
and their potential impact in terms of community reaction. Finally, the operator/

' passenger noise environment is reviewed with respect to the potential hazard for
i hearing damage and speech interference. Each of these comparisons is examined in
terms of today’s situation and in terms of one possible estimate of the potential change
in the futura. This example of & possible estimate of future noise helps to provide
:‘ some insight into potential changes in the relative impact of the various source
i categories that could be effected with current or advanced technology.
; A detailed discussion of the methods and sources of data used in carrying
! out this impact analysis is presented in Appendix B. Key assumptions utilized are
: summarized as folfows,
i e  The impoct analysis is based on current figures for the number
and use pattem of the noise sources as determined from nationwide

& statistical dafc:.] These data, coupled with the definition of

characteristics of the noise sources, provided the basis for evalu~

ating noise impact for 1970 in statistically-average communities.
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e To project changes in the noise impact to the year 2000, a conservafive
mode| was chosen for growth of the transportation system and growth in
numbers of internal combustion devices, Major assumptions for the
model included (a) conservative population growth of 1.15 percent per
year from 1970 to 1985 and 1.05 percent thereafter, and (b) conserva-
tiva estimates for numbers of noise sources with growth rates approaching

estimated urban population growth rates by the year 2000.1

e The potential change in noise levels for transportation vehicles and
internal combustion engine devices has been estimated for three

possible options for future noise reduction:

Option 1 = No change in source noise levels after 1970, This
represents a base-{ine condition wherein changes in
noise impact would be due only to changes in number

or usa-patterns of the noise sources,

Option 2 — Estimated noise reduction that would be achieved by
extrapolating current industry trends by the year 1985,
with no further reductions thereafter. This option
assumes no new noise control regulations by local,
state or Federal agencies, or any change in consumer

demand for quieter vehicles,

Option 3 - Example of projected noise reduction achieved by
implementation of an incremental regulatory program
to achieve a specified amount of noise reduction by
the years 1975, 1980, and 1985. The criteria used
for defining these estimates for potentiol noise reduction

under this option example are as follows:
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—~ By 1975, what noise reduction could be achieved by
reducing levels to those for a typicai quieter model

now on the market.

— By 1980, what noise reduction could be achieved
that industry has already demonstrated can be

accomplished,

— By 1985, what is a practical limit for the potential
noise reduction that could be achieved utilizing, if

necessary, advanced technology.

The estimates of potential noise reduction utilized for Option 3
are summarized in Table 4-1 for the major transportation categories

and in Table 4-2 for Internal Combustion Engine Devices.

Due to the very different use=pattarns for transportation vehicles in
contrast to non~industrial stationary internal combustion engine devices, it is desirable

to evaluate their impact separately, Transportation vehicles are considered first.

4.1 Total Noise Energy QOutput per Day for Transportation Systems
A small, but no longer insignificant, byproduct of the growth in transporta=

tion is the conversion of a tiny fraction of the mechanical energy expended by the
industry into sound — normally an unwanted sound or noise. For example, to propel

87 million automobiles and 19 million trucks and buses in the United States, an energy
equivalent to approximately 7800 million kilowatt~hours is consumed every 24 hours
—approximately one-third of the total energy censumption in the United States from
all sources of power. Approximately one-millionth of this portion for transportution

is converted into noise. The amount of noise energy per day for each element of the
transportation system is a function of its noise level, number of units, and number of
hours per day operation, Thus, @ source category which has high noise levels, but
only a faw units in operation, can produce the sume total noise energy per day as a

source catagory which has a lower noise level but a very large number of units in

208



Table 4-1

Example of Potential Noise Reduction for Bxternally
Radiated Noise for Transportation System Categories

Source Effactive Date
HIGHWAY VEHICLE! 1975 1980 1985
Medium and Heavy Duty Trucks 3 8 10
Utility and Maintenance Vehicles 3 8 10
Light Trucks and Pickups 2 5 8
Highway Buses 3 8 10
City and School! Buses 2 5 8
Passenger Cars {Standard) 2 4 5
Sports, Compact, and Import Cars L] 8 9
Motorcycles (Highway) 2 7 10
AIRCRAFT
Commercial — with Turbofan 4 7 10
Engines2
General Aviation — Prope”eraI 0 5 10
Héavy Transport Helfcoprers3 0 5 10
. Medium Turbina-Powered I-ieii::t::pn:srs3 5 12 17
Light Piston~Powered Helicopters3 10 15 20
. RAILWAY!
! Locomotives and Trains 0 5 8
Existing Rapid Transit and Trolley Cars 5 10 15
RECREATIONAL VEHICLES'
Snowmobiles 10 12 14
Minicycles and Off-Road Motorcycles 2 7 10
;" Qutboard Motorboats 2 4 6
! Inboard Motorboats 6 7
]Ro!aﬁve ?|Eéducriori in averagé noise levels in dB(A) at 50 feet,
2Rolarive reduction in EPNAB at FAR-36 Measurement Position for Takeoff.
aRelative'reduction in EPNJB ot 1000 feet from aircraft during takeoff.
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Table 4-2

Estimated Noise Reduction Potential for Devices
Powered by Internal Combustion Engines*

Effective Dates
Source 1975 1980 1985
Lawn Care Equipment 10 13 15
Chain Saws
Generator Sets 5 7 17

* Noise reduction relative to typical current noise levels in dB(A) at 50 feet

operation, Although this energy comparison does not relate directly to impact on
people, it does identify and give some perspective to the major noise sources.

Table 4-3 summarizes the estimates of the A-weighted noise energy
generated throughout the nation during a 24~hour day, by each category of the
transportation system as it exists today. The top ten transportation categeries, as
ranked by their noise energy, constitute 96 percent of the total, and of thasa, heavy
trucks and 4~engined aircraft alone produce over 50 percent of the noise energy.

The approximate A~weighted noise energ;} expended per day has also been
estimated for the year 2000 for most of the surface transportation categories excapt
aircraft for each of the three options defined above. The rasults are summarized in
Table 4-4, The estimated value for 1970, specified earlier, is listed in the first
column for reference. The second column, based on Option 1 {no noise reduction),
shows the increase in noise energy per day due solely to the estimated increase in
number and usage of sources. The third ond fourth columns show the estimated trend
in noise energy by the year 2000 for Option 2 (current industry trends) or Option 3
(possible noise regulation),

' With tha Option 3 noise reduction program, the noise energy by the
year 2000 for all categories is always less than 1970 valuves. The reduction for
Option 2 relative to Option 1 by the year 2000 reflects the current effort by the
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Table 43 .
Estimated Noise Energy for Transportation System Categories in 1970

Noise Energy
Major Category (Kilowatt=Hours/Day)
Ajrcraft e Commercial — 4-Engine Turbofan 3,800
e Commercial — 2= and 3-Engine Turbofon 730
e General Aviation Aircraft 125
Helicopters 25
Highway e Medium and Heavy Duty Trucks 5,000
Vehicles ® Sporfs,' Compact, and Import Cars 1,000
e Fassenger Cars (Standard) 800
e Light Trucks and Pickups 500
e Motorcycles (Highway) 250
City and School Buses 20
Highway Buses 12
Recreational e Minicycles and Off-Road Motorcycles 800
Vehicles Snowmobiles 120
Outboard Motorboats . 100
Inboard Motorboats ' 49
Raif Vehicles e Locomotives 1,200
Freight Trains. 25
High Speed Intercity Troins 8
Existing Rapid Transit 6.3
Passenger Trains 0.63
:Trollay Cars (old) 0.50
. Trolley Cars (new) 0.08
Total ~ 15,000
e Top fen categories which each generate at least 125 kilowatt=hours per day.
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Table 4-4

Example of Estimated Future Change in Noise Energy for Major Surface
Transportation System Categories with Three Options for Neise Reduction

Noise Energy in Kilowatt-Hours/Day

1970 2000
——Option™
Source 1 2 3
HIGHWAY VEHICLES
Medium and Heavy Duty Trucks 5,000 10, 000 4,000 800
Sports, Compact, and Import Cars 1,000 2,500 1,600 250
Passenger Cars (standard) 800 1,200 800 400
Light Trucks and Pickups 500 1,000 400 160
Moatoreycles (Highway) 250 800 320 80
City and School Buses 20 20 8 3
Highway Buses 12 12 5 1.2
RECREATION VEHICLES
Minicycles & Off-Road Motorcycles 800 2,500 NA 250
Snowmobiles 120 400 NA 16
Outboard Motorboats 100 160 NA 40
Inboard Motorboats 40 63 NA 12
iRAIL VEHICLES
 Locomotives 1,200 | 1,200 1,200 200
4 10 6.3 0.5

: Existing Rapid Transit

NA = Not available,

*Option 1 — No noise reduction.
2 — Bstimated industry trend in noise reduction,

3 — Example of possible Incremental program of Noise Regulation.
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various industries to achieve a quieter product, while the additionel reduction indicated
for Option 3 shows the significant additional benefit that could be obtained through
noise regulation, I

These values of noise energy provide a rough indication of change in the
relative magnitude of potential noise impact from transportation vehicles. By the
year 2000 the noise energy values in Table 4-4 indicate a 100 percent increase from
those in 1970 if no further action were taken to reduce noise (Option 1). Assuming
current industry trends are continued (Option 2), there is little significant change in
estimated noise energy indicated by the year 2000, Thus, the estimated noise reduction
just offsets the increase in numbers of vehicles. However, by implementation of a
positive regulatory program (Option 3 example), the aggregate noise energy per day
for these sources in the year 2000 might be approximately 78 parcent less than the
current amount.

4.2 Contribution of Transportation System Components to the Residual
Background Noise Level in an Average Community

As discussed in Reference 2, the residual noise level in a community is
the slowly changing nonidentifiable background neise which is “always there " when-
ever one listens carefully outside the home. This residual noise level is originated
by all forms of traffic moving throughout the community, and the large number and
variety of stationary sources in a community, such as dispersed industrial plants or
multiple air conditioning systems. The method for predicting this residual noise level
is discussed in Appendix B,

Table 4-5 summarizes the estimated daytime residwal noise levels for
1970 for each significant type of highway vehicle that operates in an average urban
community. It is apparent that automobiles and light trucks are the principal sources
which control the contribution to the residual noise level from transportation sources.

' The average residual level was also predicted with the same technique
far the years 1950 and 1960. The estimated values for the typical urban community are:
"o For 1950 — Daytime Residual Lavel (Lyg) = 45 dB(A)
e For 1960 — Daytime Residual Level (L90) == 46 dB(A)
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Table 4-5

Predicted Contributions to Daytime Residual Noise Levels
By Highwoy Vehicles for a Typical Urban Community in 1970

Approximate
Source Source Density Residual Noise Level
' Units/Square Mile dB(A)
Passenger Cars (Standard) ~ 50 43
Sports, Compact, and Import Cars ~ 20 41
Light Trucks and Pickups ~ 20 42
Medium and Heavy Duty Trucks ~ 1.5 33
Motoreycles (Highway) ~ 1 18
City Buses ~ 0.8 15
ITotal (All Vehicles) 47 dB(A)

These estimates indicate an increase over 10 years of approximately ona dB
in the residual level (L90). This conclusion is consistent with the avajlable measure-
ments which are summarized in Reference 2. Although these estimated values for the
residual level are certainly no more accurate than +3dB, they agree very well with
the available data and clearly indicate the prime sources of the residual noise in o |
typical urban community,

Although the average residual level (L90) in an urban community may not
have changed significantly over the past two decades, the residual noise level in any
given neighborhood may have changed. Such change is expected in neighborhoods
where the land use has changed or where new service arterials (highway or freeway)
have been developed. Thus, the development of rural land into suburban communities
has increased the residual level, as has the construction of a freeway through an
existing fully developed community.

The same medel for estimating residual noise levels for 1970 has been

applied to forecast trends for 1985 and 2000 as a function of the noise reduction options
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for highway vehicles only. The result of this projection, including the estimated
residual levels for 1950 and 1960, is shown in Figure 4~1., The trend for Option ]
is clearly an upper bound, and indicates an additional growth of about 2.5 dB in
the residual level in an average community by the year 2000 due solely to growth
in the number and density of the noise sources. The lowest line (for the Option 3
example) represents the cumulative effect of achieving the 3~step noise reduction
values summarized in Table 4=1. It estimates a net reduction in average residual
noise level of 5 dB relative to today by the year 2000, whereas litile change is
forecast by the year 2000 for the projection of current industry trends (Option 2).

In summary, therefore, if no further action were taken to reduce noise
levels of highway vehicles, the residual noise level in an average urban residentiol
community would be expected to increase an additional 2 to 3 dB by the year 2000
over today’s levels. On the other hond, a positive program of noise reduction for
highway vehicles could prevent such an increase and achieve a desirable and reason-
able reduction in average residual noise levels of about 5 dB over the next 30 years,

not including any additional noise reductions to be achieved after 1985,

4.3 Relative Annoyance Potential of Intruding Single Event Noise

As discussed in Reference 2, the reaction of a community to excessive

noise is the summation of annoyance from successive intruding single event noises such
as aircraft flyovers or many cars driving by. It is desirable, therefore, to rank trans-
. porfation noise sources according to their noise levels at a fixed distance, or, as
illustrated in Figure 4=2, define the distance from the source within which the single
avent noise is greater than o specific value,

Twe measures of the noise level are useful for this comparison; the maxi=-
tmum noise level which oceurs when the vehicle passes by, and the single event noise
exposure leval (SENEL)* which integrates the A-welghted noise throughout the entire
passby. This latter measure accounts for both noise level and duration, both of which

have been found to be factors in annoyance, An SENEL of 72 dB has been chosen as

* See Appendix B for definition.
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Outdoor Residual Noise Level (L90)in dB(A)

50 T | 1 I

Option 1
(No Noise Reduction)
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{Current Trend)
46 . Full

Option 3 Example E:::;:S of
B (Effect of Regulatory Limits Set in

1975, 1980 and 1985)

44 |-
i Dates of
Introductien
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40 ] | | | .
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Figure 4~1, Estimated Long~Term Trend in Qutdoor Residual Noise
Levels in a Typical Residential Urban Community
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Figure 4-2, Decay of Noise Level with Distance from Single Source
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the reference value for comparing the distances required between a receiver and each

of the various sources if the sources are to be judged equally annoying. This SENEL

value is approximately that experienced at a distance of 50 feet from a residential

street when o standard passenger car passes. In subjective tests with motor vehicles

of all types, this SENEL value has been found to be a dividing line between "quiet"”
and "acceptable®, and is approximately 10 dB below the dividing line between
Yacceptable” and "noisy ".2'3 In these tests, the effective duration of the vehicle
noise was approximately one second, so that the maximum noise leve! during the pass-
by was numerically equal to the SENEL. Thus the maximum neise level found 'accept-
able " manged between 72 and 82 dB(A), which brackets the sound level of one's own
voice as measured at the ear. This "seif voice level" has been suggested as a possible
annoyance reference level.

Table 46 summarizes typical velues for maximum noise levels and SENEL
values at a representative distance for transportation sources. The table also lists the
distance within which the SENEL exceeds a fixed level of 72 dB. Examination of the
various categories in Table 4-6 clearly shows that aircraft are obviously the cutstanding
source of annoying sounds. However, heavy trucks, highway buses, trains and rapid
transit vehicles, which normally operate along restricted traffic routes, will also be a
distinct source of intrusion — potentially affecting more people. This noise intrusion of
single events is more severe in communities where the residual noise level is inherently
low. For example, in o rural or "quiet" suburban community located well away from
major highways, the residual noise level is 10 te 15 dB lower than in urban areas, and
the passby of a noisy sportscar at night may momentarily increase the noise level by as
much as 40 dB, Similorly, during the nighttime near a major highway, noise intrusion
from single trucks is readily apparent due to the fower density of automobile traffic.

Recreational vehicles operating on land are in a class by themselves.
Their high noise levels, wide usage in both residential and recreational areas, and the
rapid increase in their number have all contributed to the current concern regarding
noise pollution from these devices. The growth pattern is particularly significant, as
indicated in Figure 4-3, which also illustrates the growth pattern of other consumer

devices operated by internal combustion engines.
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Table 4-6

Comparison of Major Surface Transportation System Categories According to Typical
Maximum Noise Levels, Single Event Noise Exposure Levels (SENEL),
and the Distance Within Which the SENEL is Greater than 72 dB

s gl Si
Typical Single Event Levels Distance? |
A-Weighted SENEL for SENEL
Noise Levels' [ dB re: Less Than
Distance dB re: 20 uN/m? | 7248
Category Feet 20 uN/m2 | and 1 sec Feat
AIRCRAFT
Commercial — 4=-Engine 1000 103 111 >8000
Turbofan
Commercial — 2-Engine 1000 94 104 >8000
Turbofan
Helicopters 1000 77 87 >2000
General Aviation Aircraft 1000 83 96 >2000
- HIGHWAY VEHICLES
Medium and Heavy Duty 50 84 (88) 87 700
Trucks
Motorcycles (Highway) 50 82 (88) 85 540
Utility and Maintenance 50 82 (88) 85 540
Vehicles
Highway Buses 50 82 (86) 83 540
Sports Cars {etc.) 50 75 (86) 78 170
City and School Buses - 50 73 (85) 78 120
Light Trucks and Pickups 50 72 (88) 75 100
Passenger Cars (Standard) 50 69 (84) 72 50
RAIL VEHICLES
Freight and Passenger Trains 50 94 114 >2000
Existing Rapid Transit 50 86 9% 480
Trolley Cars (Old) 50 80 83 260
Trolley Cars (New) 50 68 71 40
. RECREATIONAL VEHICLES
Off-Road Motoreyeles 50 BS 90 750
Snowmobilas 50 85 20 750
Inboard Motorboats 50 80 85 400
Qutboard Motorboats 50 80 85 400

"Walues inside parentheses are typical for maximum acceleration. All other
values are normal cruising speeds. Variations of 5 dB can be expacted.

lithout shielding loss.
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Figure 4-3, Approximate Growth of a Few Types of Noisy Recreational
Vehicles and Outdoor Home Equipment, There were Negligibly
Few Gaos Powered Lawnmowers, Chain Saws !
and Snowmobi les in 1950 ‘
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The noise intrusion of water craft is generally regarded to be fairly low,
particularly since power boats are legally required to be at least 100 feet from shore.
when operating at high speed, thus minimizing their impact in local communities,

Looking ahead, the potential change in annoyance or intrusiveness of
single events from surface transportation vehicles can be roughly evaluated by applying
the potential noise reductions listed earlier in Table 4~1. This noise reduction also
can be translated into o reduction of the spatial extent of pofentially annoying single

event levels by applying the following approximate corrections to the fourth column of

Table 4-6. |

Noise Reduction Correction Factor for SENEL;’I

(From Table 4-1) Distance (Table 4=6) |
o ‘ o
2 0.7
4 0.5
6 0.4
8 0.3
10 - 0.2

Applying the full potential noise reduction limits suggested in Table 4=1
for 1985, a substantial decrease in the annoyance would be achieved for most of the
transportation categories. For example, with the exception of motorcycles and main=-
tenance trucks, the vehicles commonly operating on urban streets would tend to have

SENEL values less than 72 dB.at 50 feet — a typical distance between a street and a

residence.,

4.4 Overall Assessment of Noise Impact by the Transportation System on
' Non=-Participants
As suggested above, the cumulative effect of the repeated occurrence of

intruding noises will place a different emphasis on individual transportation system
categories than is obtained by considering only a single event. The land area within
a Communify Noise Equivalent Level (CNEL) of 65, as defined in Reference 2, is
utilized to obtain a minimum estimate of the integrated noise impact for major urban

221

PO



fACEIS

e e ot L bt | S R 00T 1w i wf o b am e o e - v Rl dne bga s e o

highway systems and airport operations — the most important elements of the transporta-
tion system with respect to noise impacted areas. The general method for estimating
noise impact contours around airports has been briefly described in Section 2.1, A
summary of the method for estimating noise impact contours near highways is presented
in Appendix B,

The noise impacted land within o Noise Exposure Forecast (NEF) 30 con-
tour for airport operations throughout the nation in 1970 was 1450 square miles.5 This
NEF value is essentially equivalent to a CMEL of 65.2 Therefore, for comparison, a
CNEL of &5 was chosen as the outer boundary of necise impacted land near major urban
highways. Calculations of the area enclosed between an effective "right of way"
boundary and the CNEL é5 boundary for freeways, major arterials and collector streets
gave a total impacted area of 540 square miles, This area was associated with free—
ways only, since the distance to the CNEL 65 boundary for the other types of roads
was less than their effective right of way distance. Thus, the estimated noise

impacted land within a CNEL 65 boundary for the two major transportation systems as

of 1970 was approximately:

Highways ~ 545 square miles
Alrports ~1450 square miles
Total ~1995 square miles

It should be emphasized that both of these estimates include land area
which has compatible land use, as well as land area which does not. 1f it is assumed
that the land use is similar to the average urban use, then the population density in
1970 would be approximately 5 thousand people per square mile. Thus, approximately
10 million people could be living in the noise impacted areas defined by this criterion,
However, the expected reaction of a residential urban community to a noise intrusion
which produced a CNEL of 65 would be "widespread complaints. w2 Therefore, this
choice of a criterion for the contour boundary is conservative and the total impact for

both commercial airports and freeways is certainly greater.
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Furthermore, the criterion value for widespread complaints is a function
of the residual noise level in the community, Consequently, a more accurate figure
of noise impact would require assessing the number of people actually living within
the CNEL 65 boundary in urban residential areas, plus the numker of people within
the CNEL 60 boundaries in normal suburban areas and the number within the
CNEL 55 boundary in quiet suburban and rural areas. These lower CNEL boundary
values account for the [ower values expected for the residual noise levels in the
quieter areas — thus allowing for an equal amount of relative noise intrusion for each
type of residential community, as discussed in Reference 2, Accounting for the
factors, it is conservative to estimate that at least 10 to 20 million individuels are .
impacted by these two types of noise intrusion,

The noise impacted land near rapid transit lines was not included in this
analysis as there are only 386 miles of electric railway lines compared to about 9200
miles of urban freaways. This fact, combined with the effect of intermittent operation
along rapid transit lines compared to the steady noise levels along freeways, indicates
noise impacted land for the former witl be much less.

Because helicopter flight route patterns are essentially random at present,
it Is practically impossible to define their noise impact in terms of land area or popu-
lation, A sustained public reaction has not materialized, despite the intrusive nature
of the sound, probably because of the itregularity of this usage p;:rfern. However,
widespread complaints have arisen due to air taxi services in New York and police
operations in Los Angeles,

The airport noise impact due to general aviation aircraft operations Is
quite small when compared to the impact of commercial jet aircraft operations. This
is due primarily to the lower noise levels for general aviation aircraft and to the fact
that most of the alrports are located in outlying sparsely popuiated areas, or the air-
ports are sufficiently large that NEF 30 contours do not enclose significant residential
areas. However, at some general aviation airports that have a high rate of operations
for executive jets, a significant amount of residential land may be impacted by their

noise. The amount of land area involved is not known.
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To indicate past and future trends, the total impacted land area near free~
ways and airports has been estimated from 1955 to the year 2000, The resulting values,
given in Teble 4~7 represent the incompatible land area lying within a Community
Noise Equivalent Level (CNEL) of 65, Future projections of noise impacted land
have considered the effect of implementing the noise reduction options discussed at
the beginning of this chapter. Thus, estimates of noise impacted land areas are given
for 1985 and the year 2000 for both Option 2 (values in parentheses) and Option 3
examples, A morked reduction in impact is achieved by the latter. For Option 3,
the estimated noise impacted land near airports is reduced by 88 percent from the 1970
value of 1995 square miles to 240 square miles. Based on a CINEL 65 boundary, noise
impacted land near freeways is reduced to zero by the year 2000 on the assumption of
a net noise reduction by vehicles and freeway noise barriers of about 5 dB beyond
today's values,

These chcngés in land area, based on very conservative criteria for the
noise impact boundary, correspond to an increase from a minimum of about 10 milfion
people impacted today to about 17 million by the year 2000 assuming no further regu=
latory action (Option 2). Alternately, the estimated aumber of people impacted (based
on this criterion} could be reduced by the year 2000 to no more than 1.2 million with
a positive regulatory program to achieve further noise reduction for aircraft, highway
vehicles and freeways. It is particulerly important to note that the effect of imposing
the noise limits on aircraft by FAR-36 is already showing at least a "holding action
on noise impact around airports. However, without any similar policy for highway
vehicles at the nationa! level, the potential growth in noise impact near freeways is
severe,

These results must be viewed with extreme caution. First, they are based
on a widespread complaint boundary which may or may not be deemed publicly
acceptable, Second, they do not count the additional impacted area in communities
with lower residual noise levels. Third, they do not account for the effect of lowering

the future residual noise levels, For example, the 5 dB reduction of average residual
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Table 4-7

Summary of Estimated Noise Impacted Land (Within CNEL 65 Contour)
Near Airports and Freeways from 1955 to the Year 2000 with Future
Estimates Based on Option 2 (Values in Parentheses)
and Option 3 Examples

Impacted Land Area — Square Miles

1955
1960
1965
1970
1985
2000

Near Airports Near Freeways Tatal
~ 20 8 28
200 75 275
760 285 1045
1450 545 1995
780 (870)* 400 (1470)* 1180 (2340)*
240 (1210) 0 (2050) 240 {3260)

*Number in parentheses is the estimated impact area if no further regulatory
action is taken {Option 2). It assumes FAR Part 36 remains in force for
aircraft, no new limits established for highway vehicle noise, and no change
in existing freeway design concepts to increase noise reduction. Numbers
outside of parentheses assume FAR=-36 minus 10 dB for aircraft and additional
combined noise reduction for freeways and highway vehicles of 3 dB by 1985
and 5 dB by the year 2000.
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noise level estimated for Option 3 (see Figure 4~1) would require a 5 dB reduction in
the level of intuding noises just to maintain the status quo. In this instance, a CNEL
60 in the year 2000 would be equivalent in terms of predicted community reaction to
a CNEL 65 today, On the other hand, the interpretation of the results does not account
for the long term 30 year evolution of land use patterns which undoubtedly will oceur.
For example, one of the principal reasons why railroads are not generally considered
a major community noise problem today, is that, for the most part, the land use around
railroads has slowly evolved to compatible usage over the past 30 to 60 years. The
extent to which this factor will offset the previous factors is unknown,

Estimates have been made of the relative cost-effectiveness of alternate
methods for reducing noise impacted land. For airports, reduction of noise at the

source (i.e., quieter engines) has been shown to be cleorly more cost-effective than

reducing impact by land acqu isition.5 Continued progress to reduce jet aircraft noise

should remain a first priority for Federal action on noise pollution. For freeways,

improwvement of design to increase noise reduction with barriers is more cost-effective
by about 2 to 1 over land acquisition. Vehicle noise reduction is probably least cost-
effective for reducing freeway noise impact only, but it gives other benefits for the
total urban population. Thus, a balanced approach for reducing noise impact for the
highway transportation system should emphasize both vehicle noise reduction and
improved freeway design.
4.5 Impact on Participant or Passengers in Transportation Systems

The two significant effects of noise for participants or passengers in trans-

portation systems are (a) potential hearing damage from excessive noise exposure, and

{b) interference with speech communication for passengers.

Potential Hearing Damage
The potential hazard with respect to hearing damage for all categories of

the transportation system is summarized in Figure 4=4 in terms of an equivalent 8~hour

exposure level. This equivalent level is determined from the actual passenger noise
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exposure using the same rule for trading off time of exposure and levei that is utilized
in the Occupational Safety and Health Act. The estimated equivalent 8-hour exposure
levels of five of the transporfation categories exceed the Occupational Safety and
Health Act criteria for an equivalent 8-hour day. In each case, even though the
number of days of exposure per year is much less than in a working year, noise protec~
tion for the operator's ear is highly desirable. In addition, many of the other sources,
including all those exceeding an equivalent 8=hour exposure level of 80 dB(A) are
potentially hazardous to some indivuals, particularly in combination with their expo-
sure to other noise environments. A proper evaluation of hearing domage risk for the
individual must account for this cumulative effect of his entire daily exposure to all
potentially harmful noises.® Consequently, efforts should be made to reduce this noise
to minimize Tts potential hazard for hearing damage.

The effect of implementing the potential noise reduction outlined in Table
4~1 for transportation vehicles would be a substantial reduction of this risk of hearing
damage,

Speech’ interference criteria specify maximum desirable noise levels at the
listener's ear as a function of talker-listener separation for effective normal speech
communication. Table 4-8 summarizes typical talker-listener separation distances in
various transportation systems and caerresponding maximum desired noise levels to mini-
mize speech interference at these distances.

Comparing the last two columns, average internal levels for the prineipal
passenger-carrying transportation categories generally fall within the desired limits to
avoid.speech interference. V/STOL rotary=wing aircraft are a notable exception for
which internal noise levels are generally much higher than desired for effective speech
communication. ‘ -

It should be noted that a lower bound can exist for internal sound levels
inside multiple passenger vehicles based on speéch privacy requirements. While setting

minimum [evels is not necessarily desirable for short=haul rapid transit vehicles or buses
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used daily by commuters, long~haul passenger vehicles such as aircraft with close seat

spacing are potential candidates for minimum levels based on speech privacy,

Table 4-8

Typical Passenger Separation Distances and Speech Interference Criteria
Compared to Average Internal Noise Levels for
Major Transpartation Categories

* Maximum noise lavels to allow speech communic?ticn with expaected voice level
: at specifiad talker=listener separation distances.

Speech Average

Talker-Listener Interference Internal Noise
Separation Limits* Levels .
Feet dB(A) dB(A) i
Passenger Curs 1.6%0 2,8 73 to 79 78 ;
Buses . 1to 1.7 79 to 85 82 |
Passenger Trains Tto 1.7 79 to 85 68 to 70 ’
Rapid Transit Cars Tte 1.7 79 10 85 82 |
Aireraft (Fixed Wing) 1.1t0 1.7 72t0 84 - 82 to 83 l
V/STOL Alrcraft L.lte 1.7 79 to 84 90 to 93 . }
|
i

A comparison of the overage interior levels listed in Table 4-8 with speech
privaey criteria shows that aircraft and rapid transit vehicles tend to meet this "minimum"
level requirement for a typical seat pitch distance. However, internal levels for auto-
mobiles, buses and passenger trains génemlly fall below speech privacy criterion levels
for typfcui seat-to-seat distances. Reduction of minimum levels required for speech

privac.yl can be achieved only be increasing the seat spacing or increasing the barrier

attenuation of sound between seats,
In summary, the impact of internal noise levels on current commercial

‘passen'ger vehicles appears to be minimal, with the exception of V/STOL propeller or
rotary=wing aircraft, For the latter, internal levels tend to be excessive according to

both speech interference and potential hearing demage criteria. Noise levels for
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operators of heavy trucks, motorcycles and most gas engine~powered recreational

vehicles are excessive and should ke reduced to avoid potential hearing damage risks,

4.6 Environmental Impact for Internal Combustion Engine Devices

As indicated earlier in Figure 4~3, various labor-saving devices powered
by internal combustion engines are’a rapidly growing source of intrusive noise in many
communities.

The principal characteristics of internal combustion engines as sources of
potential noise impact are summarized in Table 4~9 using the same parameters presented
earlier for transportation vehicles. In general, these devices are not significant
contribufors to average residual noise levels in urban areas. However, the relative
annoyance of most of the garden care equipment tends to be high. This is due to the
long duration of noise for these sources, This leads to a Single Event Noise Exposura
Level much greater than the approximate annoyance threshold of 72 dB at a distance
of 50 feet, a typical neighbor-to-neighbor distance. Clearly, further noise reduction
for these devices is desirable. Similarly, o distinct local increase in the residual level
in rural or wilderness areas may be experienced at distances up to one mile from such
devices as chainsaws. As a result, they constitute a persistent source of annoyance for
persons seeking the solitude of wilderness areas. In addition, use of chain saws can
result in equivalent 8~hour exposure levels of 83 to 90 dB(A) for the operator, indicating

the desirability of hearing protection for operators.

Potential Change in Noise Impact of Internal Combustion Engine Devices

The future growth in numbers of thesc devices is difficult to forecast
accurately due to the lack of detailed data on their current usage. Such devices often
have a short life span and, since they are seldom registered in any systematic way, the
accuracy of future growth projections is questionable. The past growth of some of
these devices has been spectacular, as shown in Figure 4-3. However, once the device
has completed its basic market penetration, its growth rate should be expected to slow
down fo that.of the general economy. Therefore, one can at least expect a general

upward trend in their utilization as convenient and normally effective labor=saving
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Summary of Noise Impact Characteristics of Internal Combustion Engines

A-Weighted )| Typical A-Wesighted SELYEIi.g; Iur 8-Hr EL"P°’”“’(2) Typical

N_oise Energy Noise Level 59 Feet d;?:l) Exp_osure

Kilowatt-Hrs at 50 Feet dB re 20N /m2 Time

Source Day dB{A) and 1 sec Average | Maximum Hours

Lawn Mowers 63 74 n 74 82 1.5
Garden Tractors 63 78 N/A N/A N/A N/A
Chain Saws 40 82 118 85 95 1
Snow Blowers 40 84 120 61 75 1
Lawn Edgers 16 78 11 67 75 1/2
Model Aircraft 12 78 108 70 7 1/4
Leaf Blowers 3.2 76 106 67 75 1/4
Generators 0.8 71 - - - -
Tillers 0.4 70 106 72 80 1

- (1} Based on estimates of the total number of units in operation per day.
(2) Equivalent level for evaluation of relative hearing damage risk,

© (3) During engine trimming operation.
" _{4)_ See Appendix B for definition of SENEL,
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devices which will always be in demand. This clearly represents an upward trend in
their nolse intrusion potential.

The combined effort by the public in demanding quieter products powered
byinternal combustion engines and successful response to this demand by the manu~
facturers, should provide a substantial decrease in annoyance from this equipment.
This reduction in annoyance of intruding noise from lawn mowers, chain saws, et
cetera, will be the principal benefit of a broad noise reduction program for devices
powered by internal combustion engines. The estimated potential noise reduction that
might be expected in the future for some of these devices has been summarized earlier
in Table 4~2, The noise reduction values were relative to current noise levels and
were specified in terms of potential reductions that could be achieved by the 1975,
1980 and 1985 time periods (i.e., Option 3).

Full accomplishment of these noise reductions would largely eliminate
annoyance problems in residential areas associated with use of lawn care equipment.
However, the noise reduction potential for chain saws using existing technology is not
sufficient to eliminate their annoyance problems or hearing damage risk for operators.

Further noise reduction research is called for with these unique devices.
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5.0 CONMNCLUSIONS AND RECOMMENDATIONS

The data and discussions presented in this report have attempted to sum-
marize many aspects of a very complex envirenmental problem. The manufacturing and
transportation industries involved are o major segment of our national economy. Further,
the transportation industry provides the essential service which enables the remainder of
our economy to function. Unfortunately, noise is a byproduct of these industries. Thus,
the majority of the sources discussed in this report contribute to noise pollution,

Highway vehicles are responsible for the outdoor residual noise level in our
communities, as well as for freeway noise, Aircraft are responsible for the noise in the
vicinity of airports. Recreation vehicles are responsible for disturbing noise in the
remote wilderness areas, and lawn care equipment is responsible for excessive noise in
the neighborhood. In addition, some of the sources in each of these general categories
represent a potential hazard of hearing damage and most of the sources are often respon-
sible for single=event noise intrusion in residential neighborhoods. Consequently, there
are a variety of noise problems to be examined and solved within acceptable economic,
technical and social constraints.

It will be a very difficult task to solve all of the major noise problems in
the environment within these constraints. Such a task requires development of national
noise goals, cause-and-effect noise system models, and economical and technicol
feasibility. analyses which are beyond the scope of this report. However, the dota pre-
sented in this report forms a necessary point of departure and suggests several useful
directions for accomplishing the much needed task of controlling our noise environment
for the benefit of our entire population.

This chapter presents the initial conclusions from this work, including the
total impact on people of the noise sources discussed herein, industry's need for public
guidance if it is to successfully implement noise reduction, and an identification of
possible priorities for Federal action. It also contains a brief summary of major recom=
mendations for the development of noise measurement standards, noise reduction

demonstration projects, and research programs,
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5.1 Noise Impact on People
The noise of each of the source categories in this report has been evaluated

in Chapter 4, with reference to its potential impact. This evaluation, together with the
analysis of the effect of noise in companion reports,]"‘2 provides a basis for assessing the
impact of the noise of the source categories on the population of this country. This

assessment is made for (1) continuous outdoor noise sources which interfere with speech,

(2) other noises resulting in community reaction and annoyance, and (3) noise which may

be potentially hazardous to hearing,

Continuous Qutdoor Noise which Interferes with Speech

The noise environment is primarily a product of man and his machine. It
consists of an all-pervasive and non-specific residual noise, te which are added both

constant and intermittent intrusive noises, The residual noise level in urban residential

communities is generally the integrated result of the noise from traffic on streets and
highways, principally automobiles and Tight trucks in the daytime, and including

heavier trucks at night, The daytime outdoor residual noise levels vary widely with

the type of community and can be grouped into the following approximate ranges:

e wilderness and rural 16 = 35 dB(A)
e suburban residential - 36 = 45 dB(A)
e urban residential 46 - 55 dB(A)

@ very noisy urban residential _
and downtown city 56 = 75 dB(A)

Residual noise levels in suburban and rural areas do not appear to interfere
with speech eommunication ot distances compatible with normal use of patios and hack-
yards and often provides beneficial masking for speech privacy. However, some inter-
farence with outdoor speach is found in urban residential communities, and considerable
continuous interference is found in the very noisy urban and downtown city areas. Thus,
the use of outdoor space for conversation is effectively denied to an estimated 5 to

10 million people wha reside in very noisy urban areas.
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The backyards, patios and balconies facing an urban freeway are similarly
rendered useless on a continuous basis, except when traffic is very light in the early
morning hours, Although windows are kept closed in many dwelling units adjacent to
freeways to keep out the noise, the level inside the dwelling may 5HII_ be too high for
relaxed conversation. An estimated 2.5 to 5 million people living neor freeways are
irlnpucred significantly by this intrusive noise source. Probably another 7 to 14 million
people are impacted to a lesser degree by the noise from traffic on the 6 thousand
miles of major arterial roads in urban communities.

Thus, the combination of continuous daytime noise pollution caused by
traffic on city streets, major arterials and freeways impairs the utility of the patios,
porches and yards outside the dwelling units of approximately 7 to 14 percent of the
total population. The analysis of Chapter 4 suggests that this situation will grow worse
by the year 2000, unless the noise from automobiles and trucks is reduced. However,
it could be improved by acbout 5 dB if noise reductions of 5 and 10 dB for automobiles
and trucks, respectively, were accomplished by the 1985 time period. Such a reduc-
tion in the residual noise level should not destroy speech privacy in suburban areas and
would Improve the situation in the higher noise level urban areas. However, it would
need to be supplemented by better land use planning and design of freeways and

arterials to solve current and future noise problems.

Other Nolses Resulting in Community Reaction and Annoyance
Adverse community reaction may be expected when the energy equivalent

level of an intruding noise exceads the residual noise Ievel.2 The degree of reaction
depends primarily on the amount of the excess, and secondarily on additional factors
such as season, personal attitude, and characteristics of the noise. For example, wide-
spread complaints may generally be expected when the energy equivalent level exceeds
the residual |evel by approximately 17 dB, and vigoraus community action when the
excess is approximately 33 dB, For these two values, the approximate percentage of
the affected residents who are “very much annoyed" was found in one survey to be 37

and B7 percent, respectively. The impact of several forms of noise pollution, including
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intermittent noise from multiple single events such as aircraft overflights, infrequent
diesel trucks on the highway, and the use of lawn care equipment, is often most
effectively evaluated in terms of community reaction.

The most outstanding national problem which can be defined in these terms
is the impact of aircraft noise. It is conservatively estimated that the number of people
living in areas where aircraft nojse exceeds the level required to generate widespread
complaints is 7.5 million. This estimate assumes that all of the people affected live in
residential urban communities. A more realistic estimate, including the people offected
by aircraft noise who live in quiet and normal suburban communities, is 15 million,
Most of the people impucted experience noise levels which interfere with speech, TV
enjoyment, and indoor and outdoor speech communication every time an aircraft passes,
and are often awakened or disturbed during sleep.

This has been a most difficult problem to solve because it grew to enormous
proportions in only a few years, with no technically or economically feasible means
available for its solution, Partial solutions of the noise problems of fixed~wing aircraft
are now available, These solutions have resulted from Federal action to regulate noise

and the incorporation of new noise reduction technology, which meets or exceeds the

Federal standards, into new aircraft. However, an additional 10 dB of neise reduction

b b s o cab it

over that achieved to date must be obtained through future technological research and
development; otherwise, the problem cannot be solved for the remainder of this century
without a massive alteration in land use near airports or the development of an enfire
new airport system well removed from urban areas. Realization of this additional noise
reduction through technical advance and Federal regulation, together with effective
procedures for implementing compatible land use planning should effect a solution

through the year 2000,
In addition to the people impacted by aircraft noise, there are uncounted

millions who are annoyed by sources such as: motorcycles, minicycles and sportscars
operated in a noisy manner on residential streets; dunebuggies, chainsaws and snow=

mobiles operating in the wilderness; power lawnmowers, edge clippers and snowblowers
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operated by a neighbor on Sunday morning; and heavy trucks transporting freight ot
night. The single event noise expasure levels of almost every noise source category
examined in this report can be classified as noisy when the source is operated in the
urban residential environment. The principal exception is tha automobile in its normat
operation on a residential street, although automobiles, particularly sportscars and
small imported compact cars, are judged noisy when cperated with unnecessarily high
acceleration,

The number of pecple who experience intermittent interference with speech

and are otherwise annoyed by one or more of these sources ot various times, probably

include at least 75 percent of the popuiation. However, the degree of lasting annoyance,

and its accompanying probable community reaction, depends critically on the number of
times the source’ operates per day, the time of day that it operates, people's attitude
toward the source, and other factors,” There is no simple way of quantifying the magni=
tude of the overall impact in these terms since, unlike the airport or other industrial
noise problems, there has been no centralized focal point for citizen expression. There~
fore, perhaps the best indicator of the true community reaction is the significant increase
of political activity by citizens operating through all levels of government to attempt to
reduce the noise output of most of these sources through governmental regulation.

If the noise reductions selected in the Option 3 example of Chapter 4 were
achieved by 1985, most of these noise sources would be expected to be judged accept-
able when operated properly in the appropriate land use areas, However, considerable
technical development is required to achieve this result with production hardware, and
local operational and noise regulations will be required to ensure proper operation and

restriction to appropriate land use areas,

Noise Which May be Potentially Hazardous with Respect to Hearing Damage

There is a long histery of occupational noise environmenis which have
resulted in hearing impairment of various degrees for some of the working population,
For the most part, workers are now protected from such hazard through Federal enforce=

ment of the provisions in the Occupational Health and Safety Act.
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However, there are also many occasions where people may be exposed to
potentially hazardous noise in a non-occupational environment, The more significant
of these potential hazardous noise exposures for the sources in this report are summarized
in Table 5-1. The equivalent 8-hour exposure level for these sources, on any day of
use, was estimated in Chapter 4 to exceed 80 dB(A), Although the average person who
is infrequently exposed to such noises will not necessorily suffer permanent hearing
damage, frequent exposure to any one or several of these noises, or infrequent exposure
in combination with industrial noise, will increase the risk of incurring permanent

hearing impairment,
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Table 5-1

4

Approximate Number of People (Operators and Passengers) in
Non-Occupational Situations Exposed to Potentially®
Hazardous Noise with Respect to Hearing Damage from

Various Significant Sources

Noise Level in dB{A)

Approximate Number

Subways

of People
Source Average™ | Maximum In Millions
Snowmobiles 108 112 1.60
Chain Saws 100 110 2.50
Motorcycles 25 110 3.00
Motorboats (over 45 HP) 95 105 B.80
Light Utility Helicopters 94 100 0.05
General Aviation Alrcraft 90 103 0.30
Commercial Propeller Aircraft 88 100 5.00
Internal Combustion Lawnmowers 87 95 23.00
and other Noisy Lawn Cate
Equipment
Trucks (Personal Use) 85 100 5.00
Highway Buses 82 90 2,00
80 23 2.15

w*
Although average use of any one of these devices by itself may not produce
permanent hearing impairment, exposure to this noise in combination, or
together with occupational noise will increase the risk of incurring permanent

hearing impairment,
L4

and model type.
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Summary
These data show that approximately 22 to 44 million people have lost part

of the utility of their dwellings and yards due to noise pollution from traffic and aircraft,
and an even larger number of people are frequently subjected to intermittent speech
interferences and annoyance from most of the sources considered in this report., Further-
more, some of these people, and others, are exposed to potentially hazardous noise,
principally when operating or riding in noisy devices, Although the number exposed
to potentially hazardous noise cannot be accurately assessed, since the people enumer~
ated in Table 5-1 are not additive, a total of 30 million people might be a reasonable
estimate,

Thus, noise pollution from these sources appears to impact at least
50 million people, or 25 percent of the population. Roughly one-half of this total
impact is a pofential health hazard, and the remaining one-half is an infringement on
the ability to converse in the home environment, When the number of people who have
occasional interference with speech as a result of intruding single event noise sources
is included, the total number of people impacted probabiy rises to the order of 75 per-
cent of the population. These percentages clearly show the need for action to reduce
the number of devices which have potentially hozardous noise and are used by the

public, and to reduce the outdoor noises which interfere with the quality of life.

5.2 Interaction Between Public and Industry

Much of the strength of the nation's economy, and the accompanying high
standard of living, resulted from technical innovation and its utilization by industry in
the development of new and better machines which fulfill people's needs. By-and-
large, the performance criteria for these machines are defined in terms of the useful
work which they will accomplish and the value of this work with respect to its cost.
The success of any new product is determined in the market place, primarily in terms
of the potential economic value of the product to the customer relative to its total

cost, including both initial and operating costs,
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In the case of acoustical devices such as musical instruments, hi~fi sets
and speech communication equipment, sound characteristics are a primary performance
criterion, However, for the other devices, noise is generally an unwanted byproduct
which is not associated with the primary performance criteria, Only when a need for
less noise is articulated, through customer preference or public action, does noise
become one of the primary performance criteria. The information feedback process
from the public to industry generally takes many years and often presents a conflicting
set of needs, For example, the purchasers of devices such as motorcycles, sportscars,
trucks and power lawnmowers often consider noise as a positive indicator of high per- -
formance. For the same reasons, the owners of many types of devices purposely operate
them in their noisiest mode or modify them by removing their mufflers for "added power, "
In such cases, where the consumer and public interests diverge, industry responds to the
consumer until the offended public articulates its requirements,

One of the best examples of the possible long term noise accommodation
among industry, public and the market place is the standard American passenger ear.

In its sixty~year history, it has evolved from a noisy, sputtering, crude, low=powered
vehicle to a relativaly quiet, efficient, high-powered vehicle. Mufflers were installed
before World War 1 to prevent scaring horses, and thus win o wider acceptance in the
market place, In the 1920', cities and towns set regulations requiring that all ears be
muffled, primarily to ensure that owners retained the mufflers supplied with the vehicle
in good working order. Without further action in the public sector, industry has made
continuous progress toward quieting the automobile interior to gain wider acceptability
in the market place, and in so doing has also attained reasonably acceptable exterior
noise levels for individual automobiles,

Thus, although the market place provides industry with sufficient infor-
mation to act in the national interest in the primary performance and cost aspects of ifs
products, it does not necessarily provide such information about secondary performance
factors such as noise, Consequently, unless the public articulates its requirements for
nolse, industry has little basis for establishing noise criteria and developing products

which meet these criteria,
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During the last few years, various governmental bodies have begun to express
the public concern by developing and implementing noise regulations for various sources,
With the exception of aircraft noise, where the Federal Government has begun to act,
many of the remaining sources are being subjected to a series of separated, uncoordinated
and often conflicting regulations. Actions by the public, as well as the data presented
in this report, give clear evidence of the need for noise reduction. However, if industry
is to make an effective response in controlling the noise of its products, it must have

clear and consistent guidance, Only the Federal Govemnment can fulfill this role.

5.3 Federal Action to Reduce Source Noise

Most of the sources discussed in this report have additional noise reduction

potential which can be attained with application of today's technology. In many cases,
these potential improvements. will probably be sufficient to control noise pollution in the
public interest, MHowever, in some cases, including aircraft engines, tires and chain-
saws, present technology is clearly insufficient to provide adequate noise control, and
research is necassary. In either case, the eventual reduction of noise pollution in the

nation requires establishment of a balanced set of noise goals which will enable priorities

" to be set for systematic exploitation of existing technology and development of new

technology.
Tagether with these goals, source noise standards and the implementation of

regulations must be promulgated to give industry o definite set of performance criteria
for all of its products which are capable of causing noise pclnllution. Such standards
should have time scales for achievement which are consistent with industrial design,
prototype test and production cycles to encourage the most economical and effective
incorporation of noise performance criteria into the total design of the product.
Regulations should cover at least all the sources which were shown in this
report to be responsible for the significant noise pollution, High priority should be
given to the sources which may constitute a potential hazard for hearing, This includes
most of the recreational vehicles, internal combustion powered lawn care equipment

and some transportation vehicles, as presented in Table 5-1. In addition, high priority
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should be given to all types of aircraft and large highway vehicles which are associated
with the airport and freeway noise problems, and to the other elements of city traffic,
so that the people living in major cities will eventually be able to enjoy reloxed con-
versation outdoors, .Finally, high priority should be given to the lawn care equipment
ond recreational vehicles which cause unnecessary intrusion, intermittent interference
with speech, and annoyance. Without an effective noise regulatory program, today's
noise pollution problems will grow in size and impact an ever~increasing number of
people,

5.4 Recommendations for Noise Reduction

Specific recommendations for programs to reduce the overall noise pollution

of transportation systems and intemal combustion engine devices are summarized in the
following paragraphs. These recommendations are provided in four general groups in
approximate descending order of priority within each group. The four types of programs

and thelr basic objectives are:

o Demonstration Programs — Provide a clearly visible {or reolly audible)

demonstration of the application of existing technology to noise reduc-

tion for a particular category. Economic practicality shal! be con=

sidered but shall not be a firm constraint.

e Research Programs — Carry out applied or basic research to develop new

technology required to define the ultimate noise reduction potential
available beyond existing technology or achieve economically practical

methods for utilizing existing technology, where adequate.

&  Measurement Standards Programs — Develop, in conjunction with industry

and professional organizations, effective procedures for noise certifica=-
tion of all categories of the transportation system not currently covered

by Federal noise standards.
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Noise Certification Programs — Develop national standards for maximum

noise levels of major transportation vehicles (similar conceptually to
FAR Part 36) and internal combustion engine devices so that manufac-
turers can plen proeduct development for noise contrel on a uniform
basis. Control on usage relative to community noise abatement should

be retained by local state, county and city governments,

Several criteria have been used to establish the approximate priority for the recommended

programs,

These criteria include:

Action to reduce potential hearing dameage risk to passengers or non~-

commercial operators of transportation vehicles or internal combustion
engine devices,

Action to reduce the noise impacted land area near airports and major
urban highways.

Action to reduce the annoyance from noise of increasing numbers of

vehicles or ICE devices which generate higher noise levels.

Demonstration Programs

R 1 e
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Commercial Aircroft — Continue Federal commitments to the full range

of aircraft noise reduction programs. Commercial jet aircraft are and
will continue to be for the foreseeable future the major source of noise
poliution in urban communities. Reduction of this noise impact will
recuire vigorous pursuit by the Federal government, in conjunction with
aircraft engine and airframe manufacturers of the currently planned

demonstration programs. These include:

- The "Quiet Engine " Program (NASA Lewis/General Electric)
- Development of flightworthy nacelle retrofit packages (FAA/Boeing)
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~  Prototype 150-passenger STOL aircraft to meet 95 EPNAB at

500 feet (NASA Progrom anticipated)
-  Small engine noise reduction program (W PAFB/AiResearch)

Establish a program to demonstrate maximumnoise reduction potential
within the present state of the art for helicopters intended for law

enforcement and other general governmental functions,

General Aviation Aircraft ~ A major program should be formed at the

Fedetal level to demonstrate the optimum state of the art in reducing
propeller and engine noise for general aviation aircraft. The projected
growth of the general aviation fleet over the next 20 years is sufficient
to indicate that the growth innumberand operation of urban general .
aviation airports will provide another source of significant noise impact
for urban populations unless counteracting action is taken to minimize
any increase in noise pollution corresponding to the growth in the gen~
eral aviation fleet,

Demenstration of very significont noise reductions for executive jet
aircraft is now being made by some manufacturers. Further demonstra~
tion and implementation of this noise reduction should be fostered by
strict enforcement of FAR Part 36 for all new or modified aircraft

requiring a new flight certification.

Highway Vehicles — Noise levels of new passenger cars are generally

being limited by existing or proposed limits imposed by state law. No
specific Federally=funded demonstration program is considered necessary
at this time for such vehicles. However, tire noise presents @ major
_obstacle to further substantial reduction of autemebile noise and

requires a separate high priority effort,
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Noise levels for new trucks are also being partially limited by state laws.
However, a demonstration program is recommended to foster industry
competition to achieve substantial additional reduction in truck noise
levels. Excluding tire nolse, truck noise can be reduced substantially
within the present state of the art, The principal objective of this
demonstration program would be to define this state~of-the-art limit
with due consideration given to economic practicality. The results of
the program would provide o baseline for establishing research goals
to improve the state of the art,

Noise levels for trucks generally increase with age. A demonstration
program is recommended to define an optimum concept for truck over~
haul which combines practical noise reduction concepts with optimum
performance objectives to extend the economic life of the truck while
minimizing its noise signature.

Sufficient demonstrations have been made of potential reduction in
tire noise to indicate that an extensive research program is required
to advance the state of the art,

A program to demonstrate practical noise reduction retrofit packages
for existing utility and maintenance trucks {such as gaerbage trucks)
would provide a basis for achieving compliance with desired reduction

in annoyance from these vehicles.

Recreation Vehicles — The motorcycle is the primary source of noise

pollﬁtion from recreation vehicles. A program to demonstrate "quiet
motorcycles " for both highway and off-highway use is recommended.
This could take the form of an industry compatition to achieve the maxi-
mum practical noise reduction within the present state of the art.

An educational program far the potential user should be part of this
effort to motivate the motorcyclist to employ a quiet muffler for all

recreational uses.
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Stringent reductions in neise from snowmobiles are imposed by state
laws now in existence or proposed. It is felt that compliance with
these regulations will effectively demonstrate noise reduction potential
(within the current state of the art) for these vehicles,

A related program would provide a demonstration of an acceptable
compromise between noise reduction and performance for high-

powered pleasure boats used for ski~towing.

» Rapid Transit Vehicles — Substantial improvements have been made in

reducing noise for several different rapid fransit systems. However,
there Is o real need to bring together into one program, o demonstra—
tion of the best noise reduction features of all these systems — in other
words, demonstrate the best noise reduction available with a rapid

tranit system designed with noise reduction as a principal constraint.

» Intemnal Combustion Engine Devices — A demonstration program is

recommended to achieve substantially lower noise lavels for lawn
mowars and chain saws. This might take the form of an industry
competition and would have the objective of defining practical limits
for noise reduction within the current state of the art, thus leading to

research goals for improving this state of the art.

Research Programs
o Commercial Aircrafr — Increased research on:

»  Fan/compressor noise

=  Core engine noise

-  Supersonic jet engine noise reduction
~  Advanced technology quiet aircraft

~  V/STOL propulsion systems.
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o General Aviation Alrcraft

= Basic research on propeller noise should be pursued by propelier

manufacturers .

- Pursue improved concepts in engine muffler designs for reciprocat-

ing and turboshaft propsller aircraft.

~  Develop optimum lightweight methods for cabin noise treatment

of general aviation aircraft.
~ Develop "quiet” turbofan engines specifically designed for mission

requirements of executive jet alrcroft.

e Highway Vehicles

=  Conduct a broad ranging research program on tire noise reduction.
Objectives should include, but not be limited to, overcoming the
current economic and safety constraints of quiet recap tires for the
trucking industry.

= Advanced technology research for quieting of truck noise with
emphasis on overoll system design tradeoff preblems involving intake
nojse reduction versus engine block cooling concepts, engine casing
enclosure techniques versus englne compartment cooling require-
ments, exhaust noise reduction versus exhaust pressure effects on
engine performance.

= Basic and applied'research on noise reduction potential for new
types of truck engines such as turboshaft drive, unique engine cycles
(i.e., Wankel engine), or turbocharged two or four cycle diesel
engines instead of roots-type blowers for diesels.

~  Basic and opplied research on quieting of transit buses. Research

objectives to emphasize reduction in wayside noise of engine

intake experienced by bystanders as bus departs; and elimination

of brake squeal.
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-  Applied research program to establish improved methods for
evaluating noise levels generated by highway vehicle traffic.
Study should include models for evaluating residual noise levels
as well as noise impact areas near freeways as a function of free-

way noise reduction design features.

e Recreation Vehicles

- Wide ranging research program directed toward development of
lightweight muffler designs adaptable to motoreyeles, minicycles,
snowmobiles, etc. Program should include full exploration of
advanced materiols and acoustics technology to achieve optimum
performance with design constraints for these vehicles.

= Applied research program to overcome systems problems in achiev-
ing additional noise reduction for gasoline~powered recreational
vehicles. Approaches should reflect new technology or utilization
of new techniques to reduce engine intake ond engine casing noise
on the assumption that the engine muffler progrom will be suffim

ciently successful so as to make these sources deminant,

® Rail Tronsit Vehicles and Ships

~  Conduct analysis of future noise impact from high speed above
ground, ground surface and below ground rapid transit systems
thet may be developed over the next 15 to 25 years in major urban
areas. Study to include evaluation of probable transportation
demands and the noise impact generated by alternate methods for
meeting this demand.

= Conduct similar study for potential noise impact for high speed
water transportation systems such as surface effect machines or
hydrofoils that may be included in significant numbers in future

urban transportation systems.
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Depending on results of above programs, conduct advanced
research on noise reduction techniques applicable to urban rapid

transit systems for which a significant growth in noise impact is

predicted,

# Devices Powered by Small Internal Combustion Engines

Adopt noise reduction research results or objectives for recreation
vehicles to requirements for low-cost engine design constraints of
lawn care and yard maintenance equipment. Particular attention

to be paid to reducing noise of chain saws and lawn mowers with

the use of advanced technology.

Measurement Standards and Noise Certification Limits

@ Commercial Aviation

Continue utilization and periedic updating of FAR Part 36 for

noise certification of commercial aircraft.
Establish comparable standards for STOL and VTOL aireraft.

o Gueneral Aviation Atrcraft

Continue development of noise certification limits and measure-

ment techniques for all categories of general aviation aircraft.

. H?ghwayl Vehicles

Update existing industry measurement standards for highway
vehicles (such as the SAE method) to reflect more realistic
operating conditions for the vehicle and meosurement procedutes
more readily adaptable to local agency enforcement,

Develop standard techniques for noise measurement of individual
c'omponenrs on trucks and cars to provide a uniform basis for noise

control at the manufacturers level. Particular emphasis should be
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placed on engine intake air and cooling components as well as
tires. Specification of limits for these components should be the
responsibility of manufacturers who must meet total system noise
limits imposed by local or Federal government agencies.

-~  Develop u noise meusurement procedure and outline potential
noise certification timits for vehicles ot highway speeds (50 mph
or greater) which fairly accounts for the influence of tire noise.

» Recreation Vehicles

- Develop national standards for noise measurement techniques and
minimum noise levels for all classes of recreation vehicles with

emphasis on motorcycles.

e Devices Powered by Small Internal Combustion Engines

~  Standardize, at the national level, meosurement techniques
and noise certification limits for newly manufactured internal
combustion engine devices such as lawn mowers and chain sows.

-~ Establish minimum standards for noise certification of portable

generators to be used for mobile homes,
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APPENDIX A
MEASUREMENT STANDARDS

In this appendix, several typical measurement standards relevant to the
categories of Transportation Systems and Devices Powered by Internal Combustion
Engines are summarized. The purpose of this discussion is to provide insight into the
procedures used to obtain the standard levels contained in the body of this report.
However, it is not ali-inclusive since an analysis of every standard applicable to
these categories is beyond the scope of this appendix.

~ The purpose of o noise measurement standard is to establish a practical
formal procedure for determining the noise output of a device under realistic and
repeatable operating conditions.

In some instances, measurernent standards may be created by civil agen=
cies whereby they are set forth as a basis for verifying that the noise output of @
device falls within specified legal limits. The FAR=36 specification for certification
of jet aircraft contains such a measurement standard. The new-vehicle noise
measurement procedure utilized by the California Highway Patrol is another exomple.

Voluntary measurement standards may also be created by maonufacturers’
associations, professional societies, or other member bodias of the American National
Standards Institute. In these instances, the purpose of the standard is to establish o
common medsurement basis which may be utilized by manufacturers and usars through-
out the nation. It also serves as a guide to groups with a periphemal involvament in
the product, such as subcontractors and distributors, as to the basis for measurement
on the completed system, This type of standard is typified by the SAE standards for
measurements on commerciol vehicles, automobiles, and other types of internal com=
bustion engine powered equipment, These voluntary measurement standards may
fraquently be incorporated into govemment regulations and ordinances which specify
maximum noise levels for vorious devices. An example is SAE Standard J192 for

snowmobiles, which is utilized by a number of states as the hasis for legislation of
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maximum snowmobile noise. Although @ number of the voluntary measurement
standards have gained fairly wide acceptance in industry and government, they
generally have not been developed for regulatory use. Therefore, the quantities
measured and the operating procedures utilized may not be appropriate for regu-
lation of noise at the source.

For example, the State of Califomia adopted SAE Standard J986a as
a noise test compliance method for automobiles, This approach has been criticized
because it penalizes certain vehicles by rating them in @ maximum noise~producing
mode which, in a large percentege of cases, does not typify normal operation. As
a result, luxury American automobiles with 400 to 500 cubic inch displacement
engines have difficulty passing the full~throttle acceleration noise test, whereas
small imports and sports cars have little difficulty. Yet in use, the luxury vehicle
is generally considered acceptably quiet, whereas the smaller car often is not so
judged. This inequity results from the fact that the [uxury automobile normally
operates at only a fraction of its potential power, whereas the small low-powered
vehicle normally operates near maximum power. This situation exemplifies the
case of a standard, designed to serve as a common measurement basis, baing
incorrectly applied to noise regulation,

The principal noise source categories analyzed in this report are
summarized in Table A=1, with a listing of the major measurement standards which
apply to these categories. As can be observad, a number of these categories are
not covered by any specific measurement or regulatory standards.

Following Table A=1 are brief descriptions of the test methods incor-
porated in tha standards and the recommended noise |evels produced under these
operating conditions. In addition, because of its significance as the first noise
standard promulgated by the Federal Government, the FAR Part 35 Nolse Standard
for Aircraft Type Certification is presented in its entirety at the conclusion of this
appendix. This certification standard demonstrates the detail and comiplexity
raquired in some standards, and appropriate sections of it may serve as a model

for future standards.



Tabie A-1

Summary of Major Noise Measurement Standards

Category

Applicable Noise Measurement Standard — Observer

FAR'
Part

None | 36

CHP?
Article
10

1507
R362

SAE!
J331
Proposed

SAE
J3s6

SAE
J98éa

SAE
J952b

SAE
J192

General Aviation
Afrcraft

V/STOL
Business Jets

Subsonic Commercial
Aircraft

Trains

fassanger Cars and
Light Trucks

GVW < 6000 pounds

Trucks and Buses
GVW > 6000 pounds

Motorcylces
Snowmabiles
Pleasure Boats
Other Devicas
Powered by 1/C

Engines, Lawn
Mowers, etc,

! Federal Aviation Regulation.
2 International Organization for Standardization.

3 California Highway Patrol,
‘Society of Aytomotive Engineers.
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Title:

Originator:
MNoise Source:

Purpose:

Measyrement
Locatjon:

Precedure:

Maximum
Moise Limits:

FAR 36 — NOISE STANDARDS: AIRCRAFT TYPE CERTIFICATION
Issued November 3, 1969, last revision November 24, 1959

Federal Aviation Agency
Subsonic Transport and Turbojet Powered Aircraft

FAR=36 is an FAA procedure for flight certification of all subsonic
transport and turbojet aircraft, It establishes maximum allowable

noise levels for new aircraft and a standardized procedure for

their measurement.

Landing — 1 nautical mile from thresheld, directly under the
aircraft path,

Tokeoff — 3.5 nautical miles from brake release, directly

under the aireraft path, and

Sideline — at the location of maximum noise along o line parallel
to and at a distunce of (.35 nautical miles from the runway center-
line, for aircraft which have four or more engines; and 0.25 nau-

tical miles from the runway centerline, for aircraft which have

three or fewer engines.

Appropriate measurement instrumentation is set up ot the specified
locations. A series of takeoffs and landings are made by the air-
craft to be certified, in accordance with prescribed engine power
and flight profties, This procedure is performed with the aircraft
operating at maximum gross fakeoff weight. Noise data taken
during this procedure is subsequently analyzed for compliance

with the specified limits,

The noise limits of this regulation are set forth in terms of Effective
Perceived Noise Levels and gross takeoff weight. For landing and
sideline, these levels range from 102 EPNJB to 108 EPNdJB. For
takeoff, the levels mainge from 93 EPNJB to 108 EPNdB.
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Other
Requirements:

Title:

Criginator:
MNoise Source:

Purpose:

Measurement

Location:

Procedure:

Recommended
Maximum Llavel:

?;:"\ Ve 8

B B T M TIPSR

Additional specifications are set forth relating to the measurement
instrumentation, weather conditions, flight profiles, test aireraft
operating conditions, and the appropriate technique for caleula=

ting EPNdB.

ISO RECOMMENDATION R342 — MEASUREMENT OF NOISE
EMITTED BY VEHICLES -~ First Edition, February, 1964.

International Organization for Standardization

Motor Vehicles

Establishes a procedure for measurement of the maximum exterior
noise fevel for motor vehicles, consistent with normal driving
conditions, and is capable of giving easily repeatable resuits.
Should consist of an extensive flat open space of some 50 meters
madius, of which the central 20 meters would censist of concrele
or asphalt paving.

Locate microphone 7.5 meters from the centerline of the vehicle
path.  Approach micrephone in low gear range (generally second
gear) at 50 kph, or 3/4 moximum rated engine rpm, or 3/4 maxi-
mum engine speed permitted by governor, whichever is lowest.
At o point 10 meters cheud of microphone, accelerate fully end
hold at full throttle until the vehicle is 10 meters beyond the

microphone.

No recommendations made.

A=5
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Title:

Criginator:
Noise Source:

Purpose;

Measurement
Location:

Procedure:

Recommended
Maximum Level:

Title:

Originator:
Noise Source:

Purpose:

Measurement
Location:

Procedure:

SAE J192 — EXTERIOR SOUND LEVEL FOR SNOWMOBILES
Approved September 1970,

Society of Automotive Engineers

New Snowmobiles

Provides a procedure for measurement of maximum exterior sound

level for snowmobiles.

Tes! site to be flat open space, free of large reflecting objects

within 100 feet of either the vehicle or the microphone.

Locate microphone 50 feet from the centerline of the vehicle path.
Vehicle operated on grass (3-inch height). Accelerate fully from
standing start such that moximum rated engine rpm is achfevéd

25 feet ahead of the microphone. Hold this maximum rpm until

50 feet beyond microphone.

82 +2 dB(A) at 50 feet,

SAE J331 — PROPOSED —- SOUND LEVELS FOR MOTORCYCLES
Draft No. 5, April 30, 1971

Society of Automotive Engineers

Motoreycles

Establishes a procedure for determining maximum sound levels

for all classes of motoreycles.

Test sita shall be a flat open space, free of large reflecting objects

within 100 feet of either the vehicle or the microphone.

Locate microphone 50 feet from the centerline of the vehicle

path. Motorcycle usually operated in low gear. Approach

A=b



Recommended
Maximum Level:

Title:

Originator:
Noise Source:

Purpose:
Measurement

Location:

Procedure:

Recommendad
Maximum Leval:

L

microphone at 2/3 maximum rated engine rpm. At a point of at
least 25 feet ahead of microphone, accelerate fully to achieve

maximum rate engine rpm at a point between 15 and 25 feet past
the microphone.

Recommended dB(A}* for motoreyeles manufactured after

Janwuary 1, 1972:

Engine Displacement 1972 1973 1974
170 ¢c and less 85 83 80
1771 ec - 300 cc %0 87 a4
Mora than 300 ce 02 89 86

*With an additional allowance of +2 dB

SAE J366 — EXTERIOR SOUND LEVEL FOR HEAVY TRUCKS
AND BUSES — Approved July 1969,

Society of Automotive Engineers
Trucks and Buses over 6000 pounds GVW

Establishes the method for measuring the maximum exterior

sound level for highwoy motor trucks, truck tractors and buses.

Tast site shall be flat open space, free of large reflecting
objects within 100 feet of either the vehicle or the microphene.

Locate microphone 50 feet from the centerline of the vehicle path,
Approach microphone in a gear ratio selected such that at a point
50 feet ahead of the microphone, the vehicle is at no higher than
2/3 the maximum rated or governed engine speed. Accelerate fully
such that maximum rated engine rpm is achieved between 10 and

100 feet beyond microphone and without exceeding 35 mph at

end point.

88 42 dB(A) at 50 feet.



SAE J952b — SOUND LEVELS FOR ENGINE POWERED EQUIPMENT

Title:
Approved May 1966, Last Revised January 1969,
Originator: Society of Automotive Engineers
Noise Source: Engine Powered Equipment
Purpose: Establishes procedure for measuring maximum sound levels for
engine powered equipment.
Measurement Test site shall consist of a flot open area, free of large reflecting
Location: objects within 100 feet of either the microphone or the test specimen.
Procedure: Locate microphone 50 feet from the test specimen. Operate equip~
ment at the combination of load and speed which produces maximum
sound level without violating the manufacturer's operating
‘ specification.
Recommended

! Maximum Levels:
Maximum Sound Level
dB(A) at 50 feet*

Type of Equipment {A=Weighting Network)

. Construction and industrial machinery 88
2. Engine powered equipment of 5 hp or less intended 70
for use in residential areas at frequent intervals
3. Engine powered equipment exceeding 5 hp but not 78
greatar than 20 hp intended for use in residential
areas at frequent intervals
4. Engine powered commercial equipment of 20 hp 88
! - or less intended for infrequent use in a residential
! area
88

! 5. Farm and light industrial tractors

*An additional 2 dB allowarnce over the sound level limits is recommended to
provide for variations in test site, vehicle operation, temperature gradients,
wind velocity gradients, test equipment, and inherent differences in nominally

. identical vahicles,
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Title:

Qriginafor:
Noise Source:

Purpose:

Measurement
Location:

Procedure:

Recommended
Maximum
Levels:

SAE J986a — SOUND LEVEL FOR PASSENGER CARS AND LIGHT
TRUCKS — Approved July, 1967; Last Revised January, 1969

Society of Automotive Engineers
Passenger Cars and Light Trucks (of 6000 GVW or less)

Provides a method for determining the maximum sound level for

passenger cars and light trucks.

Test area to be flat open space, free of large reflecting objects,

within 100 feet of either the vehicle or the microphone,

Locate microphone 50 feet from the centerline of the vehicle path,
Approach microphone at 30 mph in o low gear range. At a point
25 feet ahead of microphone, accelerate at wide open throttle such

that maximum rated rpm is achieved 25 feet beyond microphone,

84 + 2 dB{A) at 50 feet.

A-9
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Title: CALIFORNIA ADMINISTRATIVE CODE, TITLE B, CHAPTER 2,
SUBCHAPTER 4, ARTICLE 10, VEHICLE NQISE MEASUREMENT

February 15, 1968,
Originator: Department of California Highway Patrol

Moise Source: All new motor vehicles offered for sole in the State of California.
Three categories of motor vehicles are defined: (1) trucks and buses
with gross weight greater than 4000 pounds; (2) trucks, buses, and
passenger cars with gross weight under 6000 pounds; and (3) motor-

cycles.

Purpose: Establishes procedures for implementation of Section 27160 of the
Califomia Vehicle Code which is concerned with limits on noise

output of new motor vehicles offered for sale in the State of California.

Measurement Open area, free of reflecting surfaces within a 100-foot radius of the
Location: microphone and within 100 feet of the centerline of the path of the
vehicle from the point where the throttle is opened to the point where

the throttle is closed.

Operating Vehicles are operated along a path 50 feetdistant from, and at

Conditions: right angles to, the measurement microphone.

Categery 1 (Truck and Buses > 6000 pounds GVW): Operate vehicle
under conditions of grade, load, dccelemation, deaccelemtion and
gear selection to achiave maximum noise at a speed of up to 35 mph.

Category 2 (Light Truck, Passenger Cars; GVW <4000 pounds):

Operate vehicle in a low gear range. Approach microphone at

30 mph, accelerate fully at a point 25 feet ahead of microphone
and continue to 100 feet beyond microphone or a point at which
maximum rated engine rpm is reached,

! Category 3 (Motorcycles): Motorcycle driven in second gear at
i constant speed corresponding to &0 percent of maximum rated engine
rpm. Accelerate full ot a point 25 feet ahead of microphone.

: A-10
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Noise Limits:

Title:

OCriginator:

Noise Source:

Purpose:

Measurament
Location:

Operating
Conditlons:

g [t e ma A WA et d S e i

MNew Vehicles offerad for sale in Califomnia: *

Manufactured Prior to Manufactured After

January 1, 1973 January 1, 1973
Category 1 88 dB(A) 846 dB(A)
Category 2 86 84
Category 3 88 86

*per California Vehicle Code

CALIFORNIA ADMINISTRATIVE CODE, TITLE 13, CHAPTER 2,
SUBCHAPTER 4, ARTICLE 10, VEHICLE NOISE MEASUREMENTS,

February 15, 1948,
Dspartment of California Highway Fatrol

Motor vehicles and combinations of vehicles subject to registration
when operated on Califomnia highways.
Establishes procedures for Implementation of Section 23130 of the

California Vehicle Code which is concerned with limits on noisa

output of motor vehicles operated on all California highways.

Open area, free of large reflecting surfaces within a 100-foot
radius of the microphone and within a 100-foot radius of the point

on the centerline of the path of the vehicle nearest the microphone.

Sound level readings ore recorded on vehicies which are in lones

of travel whose centeriines are at or beyond 50 feet from the

microphone position.

A-T1
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Noise Limits*:

1. Motorcycles and motor vehicles
of 6000 GVW or more

(@) Before 1 Januery 1973
(&) After 1 Januory 1973

2. All other motor vehicles
* per California Vehicle Code

(with an additional allowance of +2 db)

Speed Limit of
35 mph or less

Speed Limit of
more than 35 mph

88 dB(A)
86

82

90 dB(A)
90



PART 36-—NOISE STANDARDS;
AIRCRAFT TYPE CERTIFICATION
Subpart Am-Gonaral

Bec,

361 Appleabliity,

L) Epezinl revroncuive requireinenta,

= Compattbliny  with alrworthinecy
requlrements,

s Limitation of part,

as101
36303 Natse ey

Subpart B—Nolss Mamsuremant and Evaluntion
Notse monserement,

aluation,

Svbpart C—Nolia {imits
362301 Nolso limita,
: Subpudt D IResarved)
Subpart E thesarved]
' Subport F [Reserved)

Svbpant G—Operating Infoimatlon and Alrplans
Flight Monual

80.1501

Provedures and other infarmation,
Mununr,

. BOESBI  Alrplune Flight
Appand

X A—Al

teralt holse measurement

undar § 30,101
Appendtx B—Alrerngt nolee evuliatlon under
, § 30,203
Appendly G—Nolae 1evein Tor subsonic trans.
pert anteqory and turbojet pow.
! aredl nirplanes under § 36,201
AUTHOKITY; The Provisions of this Part 39
Issued under seca, 31a(n), 601, 003, and g11
of tha Fadern] Avintion Act of 1038; 40 U.8.0,

1354, 142], 141,
tha Dopartment
C UL, 1855(c).,

g(e) of
Act; 40

nnd 1431 and aee,
of Tranaportation

Subpart A—Gonasal

- £ 36
©tm) This

Appliealilisy,

- urds for the issue of type cerliflcates, ang
chunges (o those certificates, for subsonte
tramsport caterory alrplanes, and for

subsonic turhoj

et powered alrplanes re-

. gardless of calegory,
(b) Ench person who applles under
Part 21 of this chapter for o Lype certifi-

cate musi show

compllance with the np-

plicable requirements of this part, tn -

dition Lo the
requirements o

applicable wlrworthiness
f this chapter,

(¢} Each person wlio applles under

Part 21 of this

chapter for npprovat of

an acoustlenl change described n 8 21.03

() of this cha
afrplans meets
. ments In addit)
worthiness requ

pLer must show that the

the following require-
on ta the applicable air.
Irements of thiy chapter;

(1) The noise limlits prescribed In Ap-
pendlx C of Lhig bart, for alrplanes that

enh achieve
nolse Jevels,
design,

prl

those nofse icvels, or Jower

or ta the change in type

€2} The nalse levely created by Lhe afr-

. blane prior to the change in Lypr, design,
measured and evaluated a5 preseribed in
Appendixes A and B of this part, for air-

" planes that ¢n

nnot achieve the nolse

Nmits preseribed in Appendix € of this

part prior to th

c change In type design.

. 362 Special Fetroactive requirements,

{a) Notwithstanding

§21.17 of this

chapter, and irrespective of the date of

- applicalion,
§36.201 by (1)

ench applieant covered by

and {c} (1), and § Cl6.5

(&) of thiz part who applies for n new

© Wrpe ceriflente,

must show complinnce

with the applleabls provisions of thls
ri.

pa
(b)  Notwithstanding §IL101¢0) of

Ahis chanter, each person whe npplies for

BN acousttlenl chanme to e type design
speelfied In F21,030(b) or this chapter
must show eomplinnce with the appll-
cable provisions of this Dart,

g 36.3 Campatihility with alrworthinesa
regquirenents,

It must bo shown that the alrplane
meels the alrworthiness regulations con-
Stituting the type certification binsls of
tho alrpinne under al) conditlons in
which complinnee with g pare s
shown, and that all procedures used In
<complying with this part, and all pro-
eedures and informatton for the flight
crew developed under Lhis DATL, are con-
slstent witn the alrworthiness regulntions
constitutlng the type certiflention basls
of the nirplane,

§365 Limitation of part,

Pursuant to 40 Ug.C. 1431¢h) (43, the
nolse levels in this part have been deter-
mined to be as low ps is economically
regsondble, technologically prreticable,
and approprinte to the type of alrerntt
to which they npply, No determinntion is
Innde, under this part, that these noise
Ievels are or should be aceeptable or un.
aceentable for operation ﬂt,_lmo. or out
of, any nlrport.

Subpurt B—Naoiso Measuroment and
Evaluation

§36.10 Noise Mmewurement,

The nolse generted by the nirplane
must be measured under Appendix A of
this part or under an approved equiva-
lent procedure,

§ 86,103 Noise evaluation.

Nolse measurement Information ob.
tained under

Subpart C—Nolse Limlts
§36.201  Noiac Vimits,

fa) Compllance with this seatlon must
be shown with 1olse levels mensured and
evalunted ns prescribed in Subpnrt 13 of
ihis part, und demonstrated at the meps-
uring polnts prescribed in Appendix ©
of this pari,

(b)) For alrplanes thet have turbofet
engines with bypass ratios of 2 or more
and for which——

(1} Applicatlon wns made before Jan-
uary 1, 1067, it must be shown that the
nolse levels of the alrplane are no greater
than thoese prescribed In Appendix € of
this part, or are reduced to the lowest
levels that are cconomlenlly repsonable,
teehnologienlly practieable, and approe
prinde to the partienlar type design; and

(2} Appllentlon wes oy s muade on or
after January 1, 1967, #t must be shown
that the nelse levels of the alrplane nre
no greater Lhan those preseribed tn Ap-
pendlx Cof this port,

fe) For glrpinnes that do not have
turboiet engines with byhass ratios of o
ormore and for which— '

- 11 -

€1} Applleation wns made hefore De-
ceaber I, 1968, it must be shiown: that
the lowest nolse - Jovels, repsonnbly ohe.
tlnable through the use of procedures

-and Informeation developed {or the flizht

crew yunder § 36,1501 nre delermined;
and

(3} Application was or is nuude on or
‘after December b, 10562, 1L must he
thown that the nolse Jevels of the nlr-
plane are no gpreater than those pre.
scribied in Appendix Cof this part,

{d) Yor nirernft-lo which paragraph
(L) (1) of Lhis sectlen applies and chat
do not meet Appendix C of this pary, o
time perlod will be Maced on the type
eertifiente, The type certificnte will rpec.
ify that, upen the expiration of this tlme
perlod, the type certificnle will be subdect
to suspension or modifiention under sec.
tlon G121 of the Federn) Avlatlon Act of
1058 (40 U.8.C. 111 unless the type
desipn of adreraft produced under that
Aype eertifiente on eng nfter the cxpirg-
tlon dale is modifled to show compliance
with Appendix C. With respeet 10 any
paossible suspenslons or maediflentions un-
der this prragraph, the certiflente holdep
shall have the spme fiolice and gppeal
rlehts as are contalned In section 609 of
the Federnl Aviatlon Act of 1050 c4p
U.8.C. 1420,

Subpad G—Oporating Infurmation
and Airplenc Flight Manual

§ 36,1501
malion,
All procedutres, &ny other informao-
tlon for the flight crew, that are em. -
nloved for oblaining the nolse reductions -
brescribed In this part must be developed, -
This must fhelude nolse lovels achieved .
during lype eertifention, i

§ 36,1581 Airplane light manual.

n) The npproved portion of tha Alr-
plune Flight Manunl must eontinin pro-
cedures and ather Infarination spproved
under §30.1501, Exeept ns provided in
baragraph {b) of this section, no oprernt-
Ing lmitatlons mny he furnished under
thls section, The follawing slatement
must be furnished near the listed nolse
levels: .

No determination nas
Ferleral Awlation Admintstration that the

i
Procedures and otlher infor. '!

ba mcceptabls or unnceeptnhle for ofraration
at, Into, or oyt ar,

) It the weight used In mecting the
takeoft or Innding nolse requirements of
Lhis part i3 ‘less thap the mexbimum
welght or design Ianding weight, respecs
tively, establlshed under the applicable

{Sncs, 3tata), E0l, 003, and 611 of the Fed.
ern! Aviatlon Act or 1858, 40 U.L.c, 1384,
1421, 1433, and 1431, and peg, 8{c) of tho Dn-
mritment of Tranaportation Act, 40 T80,
1655(e) )

Issted In Washington, D.¢., on Now
yember 3, 1949, :

, J, If. BiAFrEn, :
Administrator,
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ArPrNDrr A—AncRart HOIKE MEASUKEMERT

Urorx $36.101

Bection A34.1 Nofse certification tesl and
measuremnent conditions—{a) Gencral, Thia
scctlon  prescribes  tho conditiona under
which nolae type certliention tests must be
conducted ANA the mepurenani procedulus
that must bo used to menaure the nolis
mada by the alreraft for which the test la
eonducted,

by Gencral frat conditions, (1) Teata to
show compliance witly estabhished natse type
certifeation jevela muat conslzt of a scrles
of takeolTs and tandings durlng which mens«
urements must ha taken st tha mewuring
points defined In Appendix © of thia part,
The sidelina nolse mepsurements must alsa
be made at symmetricnl !ocatlans oo cach
pide of the runway. On each test trkeoff,
simultaneous measurenicnts muat, he made
at the sidellne mepsuting pelnts an hoth
sides of the runway amd nlsc at the takeofl
fiyover measiring point. If the helpght af the
pround at cAch measuring point diTery fram
thet of the nearest point an the runway by
more than 10 feat, correction: must bs made
as defined In § A35.3{d) of this appendix.

(%) Locatlona for measurlng nolse from
an salreraft In Alght must be surrounded by
relntively fat terratn having no excewlvo
sound abserptlon characteristicas mich o
might ba caused by thick, matled, or tall
griss, shrubs, or wonded sreas, No obstruc-
1lons wiilch algnifcantly influenee the sound
fleld from the alreraft may exiat within a
conical space Above the measurement posi=
tion, the cona being deilned by an asxts nor-
mnal Lo the grotnd and by B helf-angls 75*
from this axis.

{3) The teats muct ha carried out under
the following Weather condlilons:

{f) No min or other precipitation.

{11) Relstive humidity hot higher than
20 percant or lower than 30 percent.

' (H) Amblont tempersturs not abave
28* P, and not below 41* P, st 10 moters
above graund,

{1v)} Alrport reported wind not above 10
knota and crosswind compensnt not whove
8 knots at 10 meters nbove ground,

(¥) No teamporatura [nverslon or Anomn-
lous wind conditiona that would slgnificantly
Affect tho nolse level of Lhe alrernft when
iho nolss i3 recorded ne the mensuring poluty
defined {0 Appendlx © of thia part,

{c) Alrcraft testing procedures, (1) The
alrcraft testing procedures and nolss mean-
uremicnla must be conducted and processed
In an spproved manner to yleld the nolma
evaluation messure designated as Effective
Percelverdd Nolse Level, EPNL, In units of

EPNAD, na described In Appendix I35 of this -

part.

() The aireraft helght and Interal poste
-tlon relative to the extended centorline af
the runway miust ha detormined by o method
independont of hnormul filght Inatrumenta-
tion such o radar tracking, theodolite trie
angulatlion, nr photographle scaling teche
hiques to ba approved by the FAA,

{3) Tha alreraft position along the Nighs
path muat bo relsted ta the noise recarded
at the nelss monsurement locationa by meanes
of synchronizing signnis. The posttion of tha
aircraft must be recoardod retntive to the
runway from a point at Jeast 4 nautiesl
mtles frorn threshold to touchdown during
the approach nhd at leaat 6 nautlcal niles
from the start of roll during the tnkeoll.

{4} Tho takeofl test may be conducted nt
» weight diferent from thia maxipium takes
off welght at which nhelse certification in ras
quested if tho necessary EIPNL corrnatton doea
hob excred 2 EPNdL, The appraonch test
may be condicted at o weight different from
the maximum lsnding wetglit at which nolse
certification |n requeated provided Lho tiecea=
soTy EPNL correction doey pot exceed 1
EPNdD, Approved datn may be used to defer+

mine the varlwtlon of EPRL with welght for
bBoth takeofl arcd nppronch test conditiona,

(6) ‘The takecoff test must nent the con-
ditlona of § CI0.7 of Appenddix G of thia part,

{0} The approach tezt must be conducted
with the nlrcraft stalilized and following a
A*-N8% apperoach anale and must meek Lo
condltlons of ] C30.0,

(d) Mrasurements, (1) Poellion and per-
formancs data required to make the cor-
rectinns referred to in 4 AD0S{c) of thix
appendix must e nutomaticnfly recorded at
an epproved snmpling rate. Measuring efquip-
ment st be approved by the FAA.

(2} Poslilon and performance dnta muat
fo correcled, by the methods outltied in
§ AS0I(d) of this appendix Lo standnrd pres~
surn nt scn level, an pinblent temperature of
T7* P, n reinlive humidity of 70 peroent, nnd
rero wind,

{3} Acoustic datn must be eorrected by the
methods of § A3A3 (A} of this sppondix to
standard pressure st rea level, an amblent
tempernture of 77* F,, and & relstlve humid-
Ity of 70 percent. Accustic daln corrections
st also be made for & minimur) distancs
0£.370. feet between the alrerafla appionch
path and the approach meaczuzing point, &
takeoff path vartically above tho fyover
mensuring point and for differences of mare
than 20 fret !n elevatlon of menssuring locaR-
tlons relative 1o the clovation of the nearest
palnt of the runway.

(4) Tha airpart tower or another Incllily
must bo upproved for use as the locatlon at
which measurementa of atmaspheric params
eters are representative of those condlls
tions exlating over tha geographlcul aren In
which alreraft nojes mensurenichis are mnade,
However, the surfaz wind yelocity and tem.
perature must be measured near the nicros
phong at the approach, aldeline, aned tuke-
olf mensurement locations, and the tests are
fnot Acceptable unless the caonditlona cone
form to § AJG(D} (3} of thia appencix,

{3) Enough sicdeline nensurement ola=
tiones miust be used durlng tests so that the
mnximum sideline notsa Ia clearly defined
with reapect 1o locativii and lovel,

Sectlon AZQD  Measurement of aireraft
naire received on the ground—(n) General,
{1) 'Thess mensurements provids the data
for determilnuing one=thlrd ociave hand nolze
produced Ty alreraft during testing proces
dutes, at opeeifle ohservation etatloha, #n a
funetion ef time,

{1} Mathoda ror detarminntion of the dis-
tance form the observuallon statlons to the
atrersft  tncluda  theodolita  triangulintion
teehniques, scnling alreraft dimensiona on
photographs made as the alroraft (les
directly over tho mensurement polnts, racdar
nitlmetlera, and radar tracking cysiema, The
method tised must be approved,

f4) Bound pressure level data for nolwe
typa certification purposea muat be oblsined
with approvad acoustteal tgulpment and
mensurement practices,

{b) Meosurement sysiem, (1} The acoustl-
eal mensurement syatem must conalst of
approved equipmoent equivalent to the
following+

{1} A milcraphohe cystemn with frrquency
respansa eempatible with mesztrement and
analycls syslei RCCuracy a8 atnled i poras
graph (e} of thia section,

{11} Tripoda or alidine microphone mounts
ingg that mindmize interterence with the
souad being menaured,

{HI} Racording and reproducing equips
ment charactorlstics, frequoncy responee, and
dynamie range compatible with the response
antl accuracy requiretnents of patagrnph {¢)
of this eectian,

{iv} Acoualle cnlibrators usling sine wave
or broadband nolse of known sound pressure
levol, If broadband nolse |a used, the signal
must Us described In terma of Jis pverngo
and meximum rms valus for o nonoveriond
algan lavel,
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{v) Analysln equipment with the responss
nnd necuracy requirements of paragraph {d)
of thia eedtinn,

{2) Sensing, reeording, and reproducing
equipment, (1) The sound produced by the
alrernft shall be recorded 1o sugh n way that
the tompleta inforrnation, time history Ine
cluded, in retained. A magnetic tape recorder
in accaoptahle,

{2} 'The charnetertsties of tho system must
comply with the recomiendationa given in
Interpational Nlectrotechnicnl Commirston
{IEC} Publieation No, 173 with regard to the
sectinna concerning miciophone and ampli-
fice characteristics. *The text and speclfica-
tions of IEC Puhblleation No. 170 entitied:
“Hrecislon Hounil Level Meters' are ncorpos
rated by reference into this part mnd are
macda o part hereof as provided In 6 U850,
#53(a) (1) nmd 1 CFIR Part 20. This pub-
Heatlon was published in 1005 by the Bureau
Centrnl cde I Cominiasion Electratechnlnque
Internationale located at 1, rue de Varembe,
Qenava, Switzerlnnad, nnd contes nny he pur-
chaaed at that place. Coples of thia publicas
tiorl aro avaliable for examination at the
DOT Library, Federal OfMes Pullding 10A
Hranch and at the Oftlce of Nolas Albatement
both located at Headguarters, Federal Avia-
tlon Adminiatration, 800 Independence Avas
nite, Washington, D.0. Morcover, coples of
this publicatinn are avallable for exumina-
tion nt the Ilegiona! OMceas of the FAA.
Purthermore, & historie, official Nlo will be
mnintalned by the OMce. of Noise Abntement
and will contaln any changes made to this
publcition.

(3) The respansze of the complets system
to n asnalbly plane progeeosive minuscidal
wnve of constant amplitude must e within
the toleranen ltmite apecified In TEC Publica-
tlon No. 179, over the frequency Tangs 45 to
11,200 e,

(4} If limitations ef the dynamiec ranga
of the equipment make It necessary, high
frequency presimphasiz must he added to
the recording channel with the converse de«
smphnsis on piaybnck. The preemphasis
muat ba applied auch that the instaninneaus
recorded sound pressure level of tho tolso
aignnl botween 800 and 11,200 Mz <oes not
vaTy more than 20 4B Latween the maximum
and minlimum ane-third octave bands.

i) The equiptaent must be acoustically
callbrated using facilitics for acoustic frees
feld catibration and eiectronically calibrated
es atuted In paragraph {4} of this secotlon,

(0} A windscreen mudt bo emplayed with
the microphons during all measurements of
nlrernft nolse whon the wind apeced I In
cxcess of @ knots. Correctlons for any in-
serticn Josa produced by the windscreen, ss
s functinn of frequeney, muat be applied to
the measured «atn and the correctiona Ape
plied must ho reported.

{d} Analysis equipment, {1) A frequency
analysin of the ncoustical signal shall be per-
formed uning one-third octave Nitors comply-
Ing with tho recommendniiona given In Ine
tornational  Flectrotschnieal Commilssion
{TEQ) Puthtteatlon No, 025, The text and spece
Noations of TEC puhlication No, 225 ch-
titled “Octavn, TInf-Octave nnd Third.Oc-
tave Band Filters Intendad for the Analysia
of Bounda and Vibrations" are Incorpornted
by reference |nto Lhis paré and are mnde &
part hercof ns provided {n § 17,8, 562(ai (1)
and 1 CFR Tari 20. This publication wos
publishied in 1900 by the Iureau Contral do
In  Comminalon Eloetrotechntque Internas
tlonnle Iocated ot 1, rue de Varembae, Ceneva,
Bwitrerinnd, and coplen may be purchased
at that plnce. Coplea of this publication are
nvatinblo for examinution at tha Ofca aof
Nedae Abatement snd at the DOT YJheary,
Federal Office Bullding 10A Aranch both lo-
enterd bt Headgunriera, Fedarnl Avistion Ad-
ministration, * 600 Independence Avenue,
Weshipgton, N.O. Meoreover, coples of this
publicution pta avallalle for examination st
the Neglonnl Otices of the PAA, Furthermore
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& historle, oMelnl Alo will be maintalned by
the Ofea of Nolse Abntemont and will con-
taln any changea matdo to thls publieatlon.
{3) A set of 24 cunsccutiva ons-third oc-
tave fijters npust be used. The At filter of
Lhe sotlaust Bo contered &% & gesmotric mena
frocruency of 60 Tz and theo luat of 10 iz,
{3) The annlyzer Indicnting device nuist
Lo annleg, dIgItal, or a combination of hoth,
The prefurred sequence of signal procesalng

5

(1) Bquaring the one-third octave filter
outputs;

(1) Avernpging o Integrating; and

(11} Linenr to logarithinilc conversion,

The Indicating dovies must have o minimum
croat faclor copncity of 3 and shall menaire,
within n tolerance of +1.04D, the trie root-
meati-Hinre  {(rms) level of the algnhal in
ench of the 24 one-iliird octave bands, If
other thsn A true rma dovice [3 ut)lized, 1t
muxi bo callbrated for nooalnusoldal signnla
and time varying lovela, The colibration must
provido meann for converiing ths output
Jorvelr to frus Pms valueu,

{3) The dynanilo rraponse of the annlyzer
Lo Input slgnals of both full-scalo and 20
<IB) Jeas thon full-scalt sinplitude, shall conw
fortm to the fallowing two raquirementa;

(i) When a sinusaldsl pulsa of 0.8-sccond
duration at the geometricnl mesn frequency
of each spe-third cctave band In epplicd to
the Input, the maximum output vahite ahnll
read 4 (141 d3 1eza than the value obtatned
for & stendy otals sinuzoldal signu) of tha
same [requency and amplitude,

{11} The maximum puiput value shid! sxs
ered the finnl ateady stute vnlue by 0.5:4+0.6
all whin a steady state sinuaoidal slgnal.at
the gromelrcal mean frequency of ench ones
third oclave band s suddenly ppplied to the
analyeer input and helil constant,

(5) A sngla valus of Lthe rms level must
be provided overy 0.5.4:0.01 recond for oach
©f Ltha 4 ane-third octave bands. The levols
from all of the 34 one-third octavy brnds
fuat be obtained within s 50-millisecond
beriod, No mare than b mililaeconds of daln
from any 0.8-aecond peripd may be excluded
from ihe measurement,

{8) The amplitude resolution of the
analyzor muat boe at leart 0.26 dB,

(1} Exth output lovel from the snalyger
must bo pcourate within «+: 1.0 dB with ree
spect to the Input slgnal, afeer all systomntia
errosa have been ellinthnated. ‘The total syn=-
tamatlo errora for onch of the output jevels
must Wot excesd -3 dii, For contlguous niter
systams, the systomntic corraction botween
sdjacent ono-third oclave chanaels may not
exceed 4

{0} The dynamic rango capability of the
shnalyzer for display of » single alreraft noiss
event must ba at leost 55 dl3 In Lorma of the
dlTerance between full-scals ouniput lavol
and the maxiinum nholas level of the anaiyzor
equlpment,

{9} The complets electronio aystem must
bo subjecird to n frequency nnd amplitude
electrical eallbratton by the usa of alntsoldal
or brosthnid slginls at Irequencles covering
the range of 45 to 11,200 Hz, and of known
amplliudes covering the tange of algnal levela
furniched by the microphone, If broadband
AlENIAIS Ato unact, they muat be describod In
terms of thelr average and maximum rms
valucs for » nonoveriunk signal level,

{o) Nolw wmicasurcment procedurer, (1)
Thoe microphones mist be orlented 50 that
the maxlmum sound recelved narrivee na
niearly os reasonnbile [n the dircction for
which the inlerophones are cullbrated. ‘The
microphones tmuat bu pluced o that thelr
senzlng ¢loments ato spproximately 4 feot
above ground,

{2) Immodistely prior to and afisr ench
icat, & recorded mcoustis calltbruilon of tha
eysiom musk be made in the fleld with an

“pented

acoustic callhmiar for tha two purpouea of
checking nystam ronaltivity and providiog
an ncoustle referonco lovo! for tho enalysis
of tho sound love] data,

(1) Yor the purposs of mindmieing equip=
ment or cperster error, fleld onlthratlonn
muat be aupplemented with thin ueh of an
ihsert voltnge device Lo place  known algnal
at the Input of the nucruphone, just prior
to and witer recording aircraft nolen data.

{4) The nmblent holso, luchuding hoth
acounstlenl biekground and eloclricn] nolae
of the moensuroinonit system, must e ro-
cardex! and cdeicnnined in the tent aren with
the systemy gain set nt lovels which will be
useel for alrerafl nejse measurementa,

Bection A30.9 Reporting and correcfing
theasurcd duta—(n) General, DAL reproseiite
ing physical mensurcments or correctlona to
metAsured datn must be recorded In perms-
oont form ahd appended 10 the record sxcept
that corrections 1o menasuremonts for normal
equipment reaponee devintlona need not be
reported. All piher correctlona must he ap-
proved. Fatlmaios muat bo made of tha Indl-
vidual errorg Inherent in ench of the opera~
tlona employed 1n obinining the finnl data,

(b) Data reperting. {1} Mensured and
correctod sound pressure lovels must ba pre-
in one-third octave band Jovalha
ohiained with cquipment conforming to
the standards described In } A3G.2 br this
appandix,

{3) The tyna of egnipment uasd lor meass
urement and analyala af all scaustlo airceats
performance nnd motrorological data myust be
Teported,

(3) The following atmospheric snvirons
miental datn, measused At hourly Intervala o
losa durlng the test porlod at tha obeervation
pointa nrescribed In § A30,1(d) (4} of thls
uppendix, muat be roportoed:

(1} ALr tomperature i slegreea Fahraneld
and relative humidity in porcent,

(i) Maximwn, miatmum, snd
wind In knots and thetr direction,

{111} Atmoupheric pressurs in inches of
Maorcury.

{4} Comenionhla on local tapogrmpliy, ground
cover, nhd wvenia that might intorfere with
soutid recordinge must be reported,

{6) The following aircraft Informnation
muat be reported:

(1) Type, model, and aerial numbera (If
any} of alreralt and snglnea,

(1) Oross dimenslons of sircraft and lo-
cation of etigrines.

(i) Alrcraty groos weight for sach test

n.

{iv) Alreraft oonfiguration auch as flap
and lunding gear poaltions.

{v} Alrapoed In knots.

{vi) Eagine performance {1l pounds of net
thritat, engine presaure ration, foi exit tetn-
peratures, aud Ian or pOMpreesor shaft
rev./inin, aa recorded by coekplt instrumemta
and manufacturers data.

{vil) Alreratt height tn foet dotermined
Ly a method Indsfiendant of cockplt instru~
mentation such aa radar tracking theodolite
trianguiation, ot approved photographic
technlquea,

{6y Alrerafe apeed and position and engine
performance prramoters rnust be recorded
At an approved sanipling rate aufliclent 1o cors
rect to the nolso type cortification reference
oohditiona preoseribed in § AJ03(c) of thia
wppondix. Lateral poaitlon relativp to the
extended centertine ot the runway, configu-
ration. and gross welght muat bo reported.

(o) Noise type certificution reforencea con-
ditdons—({1) Aelcorological conditions, Alr-
cralt position and performanco data aud the
noles messurements must be corrected to
the following nolse type ceridfication Terer-
angs atmoapheris conditions:

() Sca levol pressuro of 2116 pat (70 em
mercury,

average
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i{b) Amblont tempematuro of TT* P
{18A410%C.),

{¢) Talatlve humidity of 70 percant,

{d} Zoro wind, M

(2) Atreraft conditiony, ﬂxnt;::‘nmnce oOn=
ditien for takeoff I3 the maxim welght er-
cnpt e pravided in § 30,1608 (b},

“I'ho relerence epnditlans for nppronoh ared

{a} Dentgn lnnding welght, excopt as pro~
vided In§ JB.168] (b},

(L} Appreach angleof 3°,

(e} Alreraft helght of 370 feot above nols
menduring statlon, —

{d) Data corrections, (1) Tho nolx cdate
muat be correctod th tho nelso type coertifi=
cutlon reforence conditlopa as atated lu
§ ADBO(c} nf thin appendlx, Tho mewsurod
atmospherio condiliona muat bo thbsa obs
tatnicet In necardance with § AMD.E{d) (4) of
this eppendix. Atmoapheortc attonustlon of
sound requirementa pro given in § A5 of
this mppendix, :

(2} Tha measurod fight peth niust be
torrocted by wn amount squnl to the dif-
ference belween the applicnnt’a predicied
f#Hght patha for the teat condltiona wnd for
the nols type certiflention referonce con-
fittons, Necesaary corrsctions relating to eir-
craft fght path or performance may o deo-
rivacd from opproved dnta other than cer-
tilleatiun teat data, The light path ocorrectlon
procedure for sppreach noise muet be mads
with rolarencs to n Axed alrerndt helght of
370 feet and a glide angle of 3%, Tho effective
percelved nolse levol correction must ho loss
thon 2 EPNAD to allow far:

{n) The nirernft not passing vertically
rbove the menauring polnt,

{b) The differcnce between 370 fest and
the actinl ininbmum distance of the alre
crati's 18 antenna from the approach misag-
uring pointa,

(c} The dirersiice belween the actus! ap.
proach angle and 8%,

Datalled oorrection yequirementa are glven
i § A364 of this eppendix,

{3) If alrorafl acunyl pressure levels do

nob exceod the background sowned Dronaurd
levols by at least 10 dB in eny one-third
octave band, approvod corrections for the
coptributlon of hackground sound preasura
lavelns to cbsorved sound pressurs lavela must
bo npplied,
. (o) Validity of results, {1} The test o~
sukts must producs throeo uvorape EPNL vale
ues and thelr b0 percent confidence Jmita,
each being the arithmetle average of the cor-
rected acouatical measuwrsmsnts for all valid
teat rung at the lnkeofT, rpproach, and side-
Hna measuring poInta, respectively, 1f more
tthian one ncoustic meaauremant system o
uaed at siy sihgloe mensureimeont locatlon
{suich 4 for the symmetricnl sldeling Inend-
uring pointa), the resulting dnta for each test
run muat be averaged as A alngle measures
ment,

{2} ‘Tho minlmum sanpls size acceptabln
for each of the threo certillcation mossaring
points I8 alx, The sampies must be Inrga
encuglt to estahlish stntlstically for each of
the thres average nolso type certilieation
lovels n B0 percent confidence 1tmit hot ex-
ceeding 1.8 KPNdD, No teat result may be
omltted from the average rocess unlesa
otherwlas speciflod by the FAA.

{3) ‘The nverape EPNL valuss and thelr
04 grercent confldenco it ohtsined by the
[oregoliig proceas must bhe those Ly which
the nolao performance of ihe alrcraft in
nascssod agninst the notss typa cortification
erlterta, snd must ba reported.

Seotion AMI4 Symbols and wuhita—(a)
{Ieneral The symbolan wsed in Appendizea
A and B of thls part hevo thea following
meaitlogs.
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Aytnbo] Unit Menning

Bymbol Unit Meaning

Bymbal Unlt Meaning

Bhit, - Arurltiarlfhrn fo the finse 10,

- Fan¢ Larseriann, The fctor

i he mliled) Lo PNTAK) Lo
pernant for the prrsencs nl
Sttt fereeduriLen suck
!'-;l‘lmﬂlllltll' k-l Inceoinont

g,

Berrernrones B€onsvrass Duralitn Tonie. "Thelenpih of
tha signineans nojur thnie |

history Belng Lhe (0 dns

terral helweern Lo lindts of

HHRBA{2) to the #rareay

secnnil,
|5 JRPURRRIRY. ) ¢ IO Buralien Corrertion. The facior

o bandided 10 PNIEM o

neegnint fur Lhe durntion of

tha ngisn,
. EPNAB., Kffecthe Pirceired Nolit Fresl,
The valew of '], sdfusied
Tar 1oty tha presence af dis-
erete ieipuencie nno the
i history. {"The unlt
EIPHEH is tiaed fuslead of
Llue unlt AL,
KO A.eee Theoereesn Freghenty, Tle oometglonl
mesn itquency far the -th
anethind getave hanl,
Fllk)o.... AB...neas J'Jma%n "The dltferencs be-
tween tEe oFiglnal mivd
huchpraiend gaund presure
lewelt In 3he L-vh unedbled
acinte hanit nt the k-th
{nteroal of time,

wnesar ABerareens dH-Dolen, The leyel 1o be
subirseled from PNLTM
le rlennns the durstlan
0

Meiismneres Fowomsnanss Relalirt numrmm. “The sme
{nlml: atmonplieric tejative

i
{york..... ...-.......thmnrr numl Inder, Tha
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Slart'af takeof rall,

Lifiofl.

Start of Arst consiant elimb,

Btart of thrust reduction. .

Btart of second conatant elimb.,

Ed.ceae-. Biort of second constant cllmb on
correctad fiight path.

End of nolss certification t-leofr
filght path,

Fo.ru-u.. End of second canstant climb on
corrected night path,

Btar: of noiss certification lp-
probeli Aght path.

Gfmemee Biart of nolss cortification ape

proach on relerence Aight path,

| ST

[« TP

I Position on approach path dis
el rectly sbove nolso measuring
atation,

I.-vcee... Startof level off,

Ifacnnne Slurt of lavel off on refercnce ap-
preach flight path,

June~emwa Touchidown, w

| R.iwemws Takeolf nolse messuring -l.auon.’
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FIIGIT PROTILE ADENTITICATION
Posmions—Continued

Foaiftion Deseription

Moceaaon End of nolso typo certification
tokeol fight track,

N.ecvewee Appronch noise mensuring statton,

O-cereno Threshold of nppronch end of
runvay

Pacaeao.: Btarlt of notse {ype certification
approach Night track,

Q.- -+ Positlon  onm  mensured  tokooft
light path  corresponding  to
PNLTM at statjon I,

QO rrma: Posltlon  on corrected  takoolT
fight pnth  corresponding Lo
PHLTM at station |,

Roceere--, Posltlon on  measurad  takeofY

flight path nenrest to station K.
Posltlon pn  correcled  takeoll
flight path nenrest Lo statlon IS,

Beeanaea. Positlon on mensiired spproach
flicht path comresponding to
PHLTM at station N,

Bro_..... Posltlon  ofi  reference approach
filghit path corresponding to
PNLTM nlb atatien N,

s - Fosltlon on menaured approach
fight path nearest to station N,

Trewrenn. Poslilon on referenca approsch
flight path nearest to station M.

Xoreo Poaltion on  moksured  takeolT
filght path  correspending to
PNLTM at statlon L.
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Bectlon A30.3 Atmospherio altenuation of
sound—(n) General. The atmospherie nte
tenuation of sound must he determined In
accordnnee with the curves of IMgure 15
presentad in BAE AR 860 or by tho slmplifled
procedure preaented below, SAKE AR BGG 18
& publication entitled; “Standard Valnes of
Atmexpherie Absorptlan as & Functlon of
Temperpture and Jlumbdity for Use in
Evalunting Alreraft Fiyover Nolse™ and the
recommendationa presented thereln are In-
corpornted by reference (nto this Port and
arg made a part htrenf as provided in 5 U.5.0.
532(n) (1) and 1| OFR Part 20. This publicas
Mon was pubtished on August 31, J90d, by
the Boclaty of Automotive Engineers, Inc,
located at 2 Pennaylvania Plaza, New York,
N.Y, 10001, unil copies mAay be purchosed
at that  place. Coples of tls  publica~
tlan are avallabla for examinstlon at the
DOT Library, Federal Office Bullding 10A
Lranch and at tha OfMco of Nolse Abatament
both focatedt nt Headnqunriers, Federnl Avip-
tion Administration, BOOD Independence Aves
nug, Washington, D.C, Moreqver, coples of
this publication are avallable for examinae
tion at the Reglonat Otllces of the FAA, Fur-
thermore, & historle, ofcial flle will be
maintalned by the Ofce of Nolse Abatement

and will contaln any ehangos made to thia
publication,

{b) Reference conditions, Yor the refer-
ehce Almospherio conditlons ol temparatire
sndl retative humtdlly equal Lo 79* F. and 70
percent, respeetively, and for all other cone
ditions of temperpture and relatiye humlidity
where thetr product 1s equal to op frcater
thin 4,000, the acnnd absorption mitst bo exe
pressed by tho following equation:

alo’ = N1/600 (/1,000 £4.)

alo® |3 the ntmaospherie nttonnation of rouneg
that occurs 13 Lhe i-th oncsthird octave
band for the reference atmospherle condle
tona and (I 15 tho goometricn) mean frae
quentcy for the I-th ane-third octave band,

(e} Nonreference conditions, (1} For all
atmaspherls conditions of temperalure and
relntlve fhiumidity where thelr product s
efual 1o or lesa than 4,000, the relntionahip
botwren sownd absorption, Irequency, tem-
perntitre, and LumMlity mual be exprosded
by the followlng equation:

A0D al'/f1= {2/} [(11/9) — (HT/1,000) |
al’ is tha atmospheric attenuation of souncd
ihnt pecurs o the f.th one-third octnve
band for a relative Likmidity of ¥{ percent
and a temperature of T* Fahronlell,

(3] Figure Al graphleally 1lustrates the
aMinplified velationsuip, The sccond equation
fepresonta the ihclined line which ls valid
for wil values of T up to and ineluding
4,000, I"or all values of 4,000 and greater, tho
harizontal line, represented by the frat
equkilon, 1a valld, The nunimum, reference,
aiid naximum values of humnidity and teme-
peraturs wre tndleated In Figure Al i’
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FIGURE AY. SIMPLIFIED RELATIONSHIP BETWEEN ATMOSPHERIC

SOUND ATTENUATION, FREQUENCY, TIUMIBITY,:
AND TEMPERATURE, ‘

Bection A3640 Detalled correction  proce-
dures—(n) General. If tho nolse type cortin-
cation teat conditlons rre not equnl to tho
nolza certifeatlon referance suniditions, up-
propriste poaitive correctiona muel Lie mada
to the EPNL celoulated from the measured
data, Difercncea Lotween roference and test
condittons which lead to posittve carregtionn
can reault from the following:

(1) Atmospherin sbaorptlon of sounhd un-
der tesl condltians greater than reference,

{3) Test fight palh at higher altitude
than reference, and

(3) Teat welght leas than maxtmum.

Nogativo correctiona are ' permitted 12 tha
atmoepheric sbeorption of sound undaer teat

- 15 .

onditions o less than reference sbid also
400 teat ATEHEBAt T NE T TOWET Bitttude
than reftrence,

The takeolt test fight path can occur at a
higher altilude than reference tf the moteors
ologlen] conditlona permit superior meros
dyusmie performance {“cold day" eflect),
Converacly, the "hot day” effoct esh calso
the takeoff tout flight path to occur at n
lower altitude than referehice. The approach
test Night paih can oceur at eliher higher
or lower altitudes than reference Irrespen-
tive of the msteorclogical conditions,

The cofrection procedures presented in the
following discussion conslat of one or more
of fivo possible values ndded plgebralcally to

L et st
PRI

A=17



T s 2 A T ML SR R PR S

the EPNL ealculnled s If the teals were cone
dueted completely under the nolse type certls
fontlon reference cobsditions. Tho (1ght pro-
files mnust be determdned for hoth takeofl alid
nppronch, apd for Loth refersnca wnd teet
conditions, The test procedures requtre nelag
and #ight path recardings with s synchra-
nized time signnd from which the tewt profile
enn bo delmested, Including tho nircraft
pealtion for which PNLIM is ohuerved at the
natte measuring station. For tnkeof, o Jlght
prafile cerrected to reference cond(tions may
b derdved from mantfactiger's 4ata, und for
appronch, the refefence profile s Knawn,

The nolse paths from the aircrift 1o the
holse measuring statlon corresponding o
INLAN are detenanined for both the teat
and reference prefle. The 881 valiies In the
mpectrum of PHLTAL nre Lhen cortected for
o eifects of

{1] Change In atmoiphieric sund
nbsorptlomn,

(3) Atmospheric pound absarption on the
¢hnnga In nelee patly tength,

¢3) Inverse cyuare fuw on the ¢hange in
nolse path fength,

The correcicd valies of BPL are Lhen con-
verted to PNLT from which ts atubtracted
PNLTM. 'The diffeppnce repreents thoe cotrod=
tion te ba added algebralenlly to the ERRL
caleulates] from the measured data.

he minimum dislances from both tho
test und referenca profiles to the notas meat-
urlng station nro caloulatel and used to
deternine n nolue duratien correcllon dus
Lo the chinnge In the altitude of alreeaft Ny«
aver. Thea duration correction 1a nddded nlges
bratenlly to the EPNL enlculated from the
measured data.

From sapproved data in the form of curves
or thhtes glving the varintion of EPNL with
takeall wolght nad alse for anding welght,
correclions are determined to ba ncdded to
the EPNL caloilated from the menssred data
to pecconnt for noite lovel changes due 1o
differarices between maximum and test alr=
craft weiphes,

From approved data in the forny of curves
or tablea glving the warlation of EPNL with
approach angle, corrfetions are determined
to bo ndded algebraleally 1o the EPFNL cal-
culated from mcnsured data to account for
natde lovel chianges due io dliferences be-
twesn 9% anud the test appranch anglo.

(b} Takeof profles. Figura A2 Llustiates
a typleal takeoll profile. The alrernft begins
the takeotl roll ot paint A, lIfis off at puint
B, nnd Inltlates the first conatant climb at
palnt C at an kngle g, Tha polse abatement
thrust cutback 1 started at polnt D and
completed at polpt B Whero tho secobid con-
stant climb tn dellned by the nogle o (usti-
ally expressed In terma of the groadient in
popeenty .

The end af the nolae tyfa Certlfication
takeo!fl flight path Is representec by alreentd
position ¥ whase vertical prejection on the
Mght irack (priented centeriine of the mane
why) Ia point M. Tho position of tha alreralt
miist ha recorded for no cdisthice AM of at
ionst 4 nauticat miles.

Tositjon X (3 the takea!l nolsa measuring
station whose distance AK h apecified ny 0.3
nautical nkles, Posttion L la tha sicdelins nolse
mensyring stntton lecated on 4 lae parallel

to and o specifled distance from tha runwny
conterline where the nolso level during tukes
otf 1s greatest.

The tnXea!fl profila la defined by the fol-
jowtnp flve paramctera: AIN, the length of
tokeolf roll; A, the Nrst constint eltmb angle
¥, the sccond constant citmb anale; and
8 and «, the thitist cuthnek anglea, ‘These fve
prrametera nre functlons of thie alreraft pes
fursuince ant welght and the atmospheric
sondlllons of temperature, pressure, and
wind veloctty and direction, If the test col
titlane nre Lot equial to the reference condl-
tionn, the corresponding test and referenco
profiln paramelers will be dilferent o8 shown
in Flgure Ad, "The profile paratnoter changes,
flontiiied s AALL AB, Adw, Al Ahct Ag CAR
be derived from the wmahufasturera datp
(approved Ry the FAA) and can be nzed to
define tho flight prefile corfccted (o the
refercnce conditiona, Tha relationships bes
tiween tho mensured ond eorrected takeat!
filght profljes ean then be used to determine
the correctlons, which If positive, rmust be
apptled 1o tha EPNY calculated from the
medsured datn,

WoTe!: Under refereitca almosphieric cone
ditfona and with maxlmum takeor welght,
the gradient of the second constant climb
angle, &, 13 apecified to Do not Iess than §
porcent. However, the actual gradtent will
depond upon the test almoapherie condi-
tons, a3auming maximum takeofr welght
ond tho patmmeters characterizing engine
performpnce are conatant {rpm, epr, or any
other parameter used by the pllot). '

Pigure A4 itlusteates portiona of the meas-
wred and corrediad .takentl Might poatha In-
ciuding the algnificant geometrical relations
ships infAuenetng sound propagntion, EP
Tepreachis the measured pscand conatant
flight path with climb angla v, and EcFa
represents the corrected secohd conalant
fAleht path at reduced nltitude and with re-
duced climb angle ¥ =al.

Poaltlon Q represonita the nlreraft tocatlon
on the mmsured takealf tight path for which
EHLTA s IEsrvel_pt the nu;sc monsuig
atation 14, and Qc 15 the corresponding posls
tion on the corrected flght patih, Tha mown.
ured and corrected rolse propagetion patha
are KQ and KQe, respectively, which form
the snma angle 0 with thelr fiight patha.

Peosltion R reprecents the potnt on tho
measuted takooll Alght path nenrest the
noles menauring atation K, and Re Ia tha
corresponding positton on the correcled
flight path. The minimum distance to the
menaured and corrected flght patha are In-
dicated by the Unea KRR nng Kile, reapece
tively, whicl are normnl to thelr Bight paths,

tc) Approach grrofiles, FPlgure AS Nlua-
trates n ty¥pienl approach profile. ‘The begine.
nihy of the nolse typo certifleation approsch
profile 18 teproaented by alremnft position O
whoso vertienl projection on the fight trck
(extonded centarline of the runway) 1s point
I+, The posltlon of the nircraft must be ree
corded for a digtance OF frem thn runway
threshold © of at lerat 4 nautleal milea.

The alreratt approaches at an angle v,
passes veortically over tha nglze mensuring
atstion M nt a helght of NI, begina tha level
off at pesition I, and touches down at posi~:

tlon J, “The dlatanca ON la spocifiad na 1.0
nunuticsl mila.

“The npproach piofilo la delined by tha ape-
proach kotle o and the helght 81T which o
functions of the airernf L opernting conditions
controlled by the ptlot. If tha measurcid ap=-
pranch profite puametern o diffarent from
Lhie cofrespending relerenes apppranch prram-*
ctors (3* and 370 teet, pespectivoly, an shown
tnn Flgure AG), catfectians, |f posltive, mwat
he nppiled to the EPNL ealenlated from the
menaired datn,

Flpuse AT Hlustrntes portlons of tha meas
ured amd reference npprasch {light patha
neluding the significant geamaotrien] rela-
tonablps Influeicing  ound  prophgstlon,
QI represehts the measgured approach path
with uppreach angle =, and CfIr represents
e referenica approeach flight path at lower
nititute and npgpsoachy angle of 14,

Positiun 8 representa the atreraft location
on the measused approach faight path for
which PNLTM 13 observed at the nolse meas-
uring station ¥, pna Sr ia the corresponding
position on tho reference appruach Night
path, The measured nnd corrected nolsa
propagaticn pathe are N3 and NBr, resfrecs
tively, which forin the sama angla X with
thelr Night paths, ,

Posltion ‘T reptéachits the point on the
mensured npproath flight path nearest the
nojae mensuring statlon N, and Ty 1n the
corresponditg poliit o the reference ap-
proach flight path. The minimim distanices
to the meddured and referencs flght paths
are indicnted by the lines NT and NTY, fe=-
spectively, which are normnl to tholr fllght
patha,

MNorte: The reference approasch Atght path
is detined by n=3 and NI[=270 feot, Con-
sequently, NTr can nieo be defined; NTr=300
teet to tha nearsst foot and is, there{ofe,
consldered to be one of tho referenca
poarammeters.

{4} PNLT correcilons, Whenever the am+
blent aimospherie conditions of tempers-
ture and relativa humtdity differ from the,
referencs conditicua {T7* ¥. and 70 percents,
reapectively) and whenever the Inensured
takeofl and approach Night patha differ from
the corrected and reference gight paths ro=
apectively, It may b2 necessary ar desirabls-
to opply correcticna to the EPND valuen cal-
culated from thes mezosured data. If the
carrections &re required, they must ba
calculsted ar deseribed below,

Raferring to the takeoff filght path ahown
in Ftgura A4, the spectrum of PLNTM o=
served at station K. for the sircraft at po-
sition &, {s decomposedt 1nto {ta indjvidual
SPL! vnlues. A aet of corTeoted Yaluca 81w
then computed aa follows: :

BPLIc=9P1Y + (sl —~alo) KQ
+ale {HQ—KGa)
4320 log (KQ/KQe}

where SPL| and BPLit are the mensured and
coprected sound pressure devels, respectively,
tn the 1=th cne-third octave band, The fArst
correctlon term accounts for the elfects of
change in atmospheric sound absorplion
where al and alo Mg the sound aboorpilon :
confficlenta for the test and referance Ai=;
moapheric conditlons, srespeciively, for the.

A=18 .



1-th one-third octave band and KQ ta the
meayured tskeof nolse path., The second
correction term accounts for the effects of
Atmeephoric sound atrorption on the changs
1o the nolso path length where KQe is the
<oiTected takeof! nnlae poth, Tho thitd cor=
Tectlon term esecunts fop tho effects of tho
inverse square law on the change In the
nolss path length, ’ i

Tke correcterl vatues of SPLIo ars then
converted to PNLT and o correctlon term
calculatedsns follows:

41 =PHLT —PNLTM

which represents the correction to be added
Algebrateally o tho EPRNIL calculsted from
the mensured data.

‘Tho same procedurs Is used for the ap=
proach flight path except that the vajues
Tor BPLIc selale to the approach Nolse paths
shown in Figure A7 as follows;

8PLIz=8PL\-} (at—alo} NS
+-alo (N8—NBr)
430 log (NO/NBr)

Whare NB and NEr are tht measured ond
refarence approsch nolse paths, reapectively,
The remainder of tho precedure Is the sane
&s for tho takeoff Alght path, '

‘Tho sama procedura !a used for the side-
line Aight path except that the valuea for
UPLIc felate only to the messured aldeline
Dolse puth aa follows:

EBPLie=BPLL+ (al—al0) LX

where LX 18 the messured aldeling nolss path
from atation L {Figure A2) to position X of
He slrcratt for which PNLTM 11 obsosved at

siatton L. Only the correction tenm sccounts
Ing for tho effecty of chabpe in simosjlierlc
sound ahtorpilon la consddered, The ditfer-
ence between the wneasured and sorrected
nolse path lengthe are assumed neglzible
fer the sideline flight puth, The remalnder
of tha procedura is the sume os for the tekeofl
fight path,

{e) Duratlon cortections, Whenever the
measurod LakeoR and approach Hight patha
differ from the corrected and reference Nght
patha, reapeetlvely, 1t nay Le necesoary or
desirable 10 apply durntion corrections to
the EPNL volues ealculated from the moan-
wed data, It the corrections aro required,
they shall ho calculated as described holow,

Reforzing to the takeof! flight path shown
In Figura A4, o cottection ferm s cnlculated
‘as followa;

42=—10 log (KR/XRe)

which representa the correction to ba added
Blgebraloally to the EPNL calewlnted from
the measurod data, The lengths XR and KRa
are. the measured and corrected takeoft
minimum distances, respectively, froms the
nelse measuring station K to the monsiured
and corrected tight pothae, The negative sign
lodicates that, for the particular case of u
durstion cefrectlon, the FUNL coleulutod
from the mensured data s rediiced If the
messured filght path 13 at & prester nltitudo
than the correcled tiight path,

The samo procedure te used for the ap~
Proach fAIght path except that the correction
Iilaton to the approach minimum distancea

thown In Flgure AT ug follown;
A3=~10lug (NT/00D)

whero HT 1x tho messured appronch minde

wuE dislance frem the nolse Ihensuring ntne

thon N to the measured fMight path and 309

Feil 8 the Jalobnum distulce from station.

H to the refercries flight puth,

No duration correciion ia complited for
tho siiellne fMight path becouse tho Mfere
vheea betweeny the tiewsured and oorrected
fUght puths are nssumed negligile,

(0) Welght carrections, Whenever the air-
craft welght, during ctther the nolze type
certiflvailon takeolt, sldelthe, or approsch
1ese, 15 less thin tlie correspoasding maximutn
takeo!? Sr Innding welght, & correction niwst
be applied to the EPNL value ealeiluted from
tho nieasured duts, ‘the corrections are deters
mined frem appraved dota In the form of
tabies or curves such sa sehewmntieally fnei~
cated In Flgures Al angd A9, The dutn must
By applicubla "fo’ the tiolse Ty pe certifieatiot
refereites atmoapherie conditions,

(B} Approack angle corrections, Whenever
the alrernft approach angle durtng the nolze
type ceriifcation approach test In Breater
Lhar 3°, a cortection mual be nppiled to the
EFNL value enlculnted from the messured
data, The correctlons are determitied from
spproved data dn the form of tables or curved
sucn a8 schemntically ludicated in Fgure
Al0. The dnta must be applicakle to the
nhiotse typo certifieatlon roference atinoae
phierle condltlons and to tho test lnnding
welght,
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FIGURE A2, MEASURED TAKEOFF PROFILE,
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FIGURE A3, COMPAR|SON OF MEASURED AND
CORRECTED TAKEOFF PROFILES.
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EFNL

TEST MAKIMUM

EPNL

AlRCRAFT TAKEOFF WEIGHT

FIGURE A8, TAKEQFF WEIGHT CORRECTION FOR
EPNL AT 3.5 NAUTICAL MILES
FROM BRAKE RELEASE,

8T MAXIMUM

v

AIRCRAFT LANDING WEIGHT

FIGURE A9, APPROACH WEIGHT CORRECTION

FOR EPNL AT 1. 0 NAUTICAL MILE
FROM RUNWAY THRESHOLD. '
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ANGLE OF APPROACH, 7

FIGURE A10, APPROACH ANGLE CORRECTION FOR
EPNL AT 1. 0 NAUTICAL MILE
FROM RUNWAY THRESHOLD,

ArpeNorg B-Amerarr Howz Evatpaziol
Ctivzs § 20,103

Bootlon 136,01 General, The procedures I
Ahits appondiz must be wsed to datarming the
Molsp  svaluation quantity desixnsted aa
‘eltoctive porcolved nolsa jevel, EPNL, under
180.103, "Those procedures, which uso the
physical propertles of nolss mensured a8 pros
soribed by Appendlx A of thla part, cotaist
of the following:

{8) The 24 ohe-third octave bands of
dound proasurs Jevel are converted to pere

celvod nolslnesa by means of n noy table. Tha
nay yalusy dre combined and then converted
to inatantsnecus porcetved nolss  lovels,
PNL(Kx},

{b) A tone corrsction fIactor, O(k), ts cals
culnted for ench speciruin 10 account for the
aublectiye reaponsa to tho pressnce of the
maximun tone,

(0) Tho tone correction f{actor ia added to
tho pereeived nolse Jovel to obtatn tone cop-
rooted porcelved nolse lovols, PHUT(X), 8t
£sch one-half second lucremont of time. The
instantaneous valume of Lone corrmoted Durs

celved nolao Jovel are noted with respect to
tims pnd tho meximum value, PNL'IM, 1s
datermined,

PELT(K} = PNL(K) +C(k}

{d) A duratlon correctlon fastor. D, s
computal by integration under the curve of
tone correated Rercelved nojss lovel versus
time,

{8) Effectlve porcolved nolselovel, KeNL, 1
dotermined by the alpebrale suin of the moxis
mum tone corrected perceived notae level and
the duration correcilon factor,

EPRL=PNLTM4-D

Beotlon 1302 Percelved nolse level, In-
stantancoss percalved nolse levels, PNL(k),
must be calculated from lnatantangous one-
‘thirl octave band sound pressure levels,
BPL{l k), «s follows:

Step 1. Convert each one-third octave
band §PL(),k}, from 50 to 10,000 Ilz, Lo per-
calve:l nojalhess, n{lk), by reference “to
Tuable B, or to the mathematical formulation
of tha noy table given in §BIGT of this
appendix,

Stop 2. Combine the peroelvod nolainsss
values, n(lk}, found In etep ! by tha
following formulna;

N(x}=nik)4015 [[g nQ, t)]-nm]

-U.lh(l)-luﬂ.la:il uh k)

whore 11 (k} 18 the Inrgeat of the 24 values of
n{t,k) and N(k) ts the total percelved
nolainess,

Btep 1, Converi the total percelved nolst-
ners, N(k},Into perceived nolss leve), PNL(k),
by the following formulas

PNL{k) =40,0483.3 log N{k)
which io plotted In Figurs B1, PNL{X} nay
slao be ohiatned by choocing N(k) Ju the
1,000 Ma column of ‘Iuble Il and than rowd-.
iog the ocorresponding valus of BPL{IX}
which, at 1,000 Hi, equala PNL(k),

H
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Flgve M. Pewelvad Nols Lavel 1 o Funcilen o Napr,

Boction D08 Correction for apeafral ire-
repularities, Nolse having probounced lrtegs-
Ularities it the spoctrum (for axumiple, did.
arete frequency componenta or tones), must
ba pdjusied hy the corection faclor O(k)
catculatyd s follows:

Ftep I, Blartiog with the corrected sound
pressurs leysl in the 80 He one-third octave
bond (band number 3), calculate the
changes in pound presaure lovel {(or "alopra™)
in the remaindor of the one-third ectave
bands p follows:

s{3X)=novy
au.:)..ﬂﬂ.u u) ~BPL(3X)

. "
.

;(l,k) =8PL{{X) —8PL[ (1-~1) X}

8{24X} = BPL (24,X) — BPL(23,k}

Step 2. Encircle the value of the slope,
4{ix), where tha mbaclute valus of the
chaugn i slope Is greater thon § thnt is,
whorqg

faa(t, k)] = |agl, E)=s{(i=1), K)I>5,

Step 3, (A} If the eancircled valus of the
alops &(lk) 1a podtive and sigebralcally
greater than tne alops sf (1—1).k|, eacircle
arLiix),

(b)) If the encircled valucraf thoe slope sl X)

is rero or negatlve and the slops sfi—1) k]
is positive, oncltcls (SPL[{1—1) K})

{¢) For pll other casns, No sound pressurn
level value In to ba encireled,

Step 4. Omit all 8PL()1X} ancircled in Btep
8 anhd comipute hew sound presaure levels
BPLY(1,X) s follows:

{8) For nonencirclod sound pressurs levels,
lot the noaw sound presaurs lovels equal the
original sound presaure Jevels,

BPL'{1,x) =BPL(1 X}

{b} Yor shcircled sound pressurae levels in
bands 1-23, tel tha hew sound preasurs lovel
equal the arlthinotic average of the proceding
and tpllowlng sound preasurs lovels,

BPL (LY (I APL{L~1),k]4 8P LELH)X])

(o) It the sound pressare level in the
higheat frequency hand (1:=34) la encircled,
lot the new pound pressurea lovel in that
band oqual

BIL/ {24 k) =8DL(23K) 4-8(23,K),

Step 5. Recomputs paw slopes &’ (LK), In-
cluding ons for an Imuginary 26-th band, as
tollows:

(3, k) =ar (4
(hX)= l’h‘(i.k)—ﬂl‘b‘(a x)

B
-
.
-

& (LX) =8IL' (LX) —BPL [ {1-1) 5]

- (34, k) =805 m k) —BPL'(23,k])
8*{36, k) =&' (U4, k)
Step #, Por § from 3 to 23, computea tha
arithimetio average of tha three adjocent
llopea aq followa:
B0, k)u(l/:i)[! (i k)+ﬂ [{4-+1), k)
|
Steg 7T, Computu !'Im\l. ndjuaud one-third
octavoetiind sound presaure Jovels, BPL!
{1.X). by heginning with Land nunber 3 and
‘prococding to band number 34 aa fallows

BPL (%, X) =8PL{3, k) _
BU'L" (4, k) =BPLY (LX) +&(d. k)

BPLo{LK) =8PLYJ{i— 1) K] +a[ =1} X]

BPL"(M X} =SPL(23, k) + (30, K)
Step 8, Calculnte tho differances, F{lL.X),
batween the orlginal and the odjusted sound

pressuite loyels sm follows:
P{1k) =BPL{1k) —8PL" {1k}

and nute cnly valtea s:"enutr than zero.
Step 8, For each of tho 24 one-third octave

-bands, deiermine tone correction factors from

the sound pressure lovel differences (LK)
and Tabls B2,

Step 10. Designato the JoTgest of the tone
corgection factors, detormined In Step U, as
O(Kk). An exampla of tho tone corréction
procodurs Is given in Table B2,

Tapna corrected percolvad noles Jevels
PNLT(X) ars datermined by ndding the O(k)
valuea to corresponding PNL(k} watuss, that
In.

PNLT (k) =PNL{k} 4+ C(k)

For any 1-th ono-third octave baud, at any
k-th Increment of time, for which the tone
corvection factor is suspected Lo result from
aomothing other than (or in addition to} an
actunl tontd (OF Bny speciral Irregulinrity
other than aircraft nolse), an additional
enalyels may be made using a fliter with »
nandwidth narrower than ona-third of an
octave, If the narrow band aoalyss core
roborates that suapleion, then a tovised value
for the background sound pressurs level,
apPL{Lx), mny be dotermilned from ‘the
snnlysis and used to compute a ravised tane
correation fuctor, F{i,k), for that particular
one-third octave band,
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Toble 22.. Tone Comectien Factors

Ao L D e S A s

Bxampla of Tone Correction Caleulation
for a Turbofan Engine :

DI@I@|®IGIC|O|E® | ® |0 |O®
Band| ¢ |sPL| s asifset s} 5 | sp | B | oc.
(i) | HZ |.dB | dB [ dB | B | dB | dB 46 |, d5 | 8
Step | StepiStep | Step | Step | Step | Step | Stop
1 21 4] s 8 7 8 9
1 50{ - - |- -1 -1 - - ¥ em -
2 &3 = - | | - =] = — - =
3 80| 70 |~ |~ 1 70| =8 J<21/3| 70 -
4 0] 62 | -81 -1 621 -8 |+31/31é7 2/3] =
5 1251 A | {8l 156 [ 71 1 9 146237 -
6 160{ 80 | +1ol 2] 80 | +9 J+22/3177 2/3[2 1/3
7 200| B2 | H2) 8| 82| +2 |-11/3)80 1/311 2./3
-8 250] B3 {4 T 11 79 ] =3 |-31/3]7% 4 2/3
[ 315] 76 | =(7] B | 76 | =3 {+ 1/3477 2/3| =
10 4000 (B0 [ +{4X 11 {78 | +2 141 78 2
11 500180 0| 4| &0 | 2] 0 79 1
12 s30{ 79 =11 17|10 75 -
13 gooj 78 | - 1| o] 787 =1 [- 1/3|79 ~
14 | 1000 80 | + 2 3 | 80 | +2 |~ 2/3|78 27311 1/3
15 {1250 78 { - 21 41 78 | -2 1= 1/3[78 ' -
16 | 1s00] 76 1 -2 o 76 | <2 {+ 1/3]77°2/3] =
17 | 2000] 79 | +3) 5 | 79 | +3 |+ 78 1 :
18 | 2500| @5) | +6] a | 72 1 0t~ 1/3|79 . 5 23]
19 | 3150 72 | (&} 12 | 79 0 [-22/R3178°2/3( /3
20 T4o00f 78 { =01 51 76 | -1 [-61/31}76 2
21 | 50000 71 | (7] 6! 71 | =7 |-8 g5 2741 173
22 | &300] &0 | =11 [ 4] 60 | =11|=B2/3 [6] 2/3| =
23 | 8000] 54 | = &1 5 | 54 [ =6 |-B 53 ] 0
24 J10000] 45 ['= 9] 3| 451 =0 = 45 - )
=9
Step 1 | Q) =@0=13] [Step & | (D G) +D () -
Step 2 | 1@ (1) =@ (=11 +@(142)] +3
Step & se& instructions Step 7 (@ (i=1) +® (I=1)
Step 4 seo instructions Step 8 i) - i
Step 5 &) =@ (i-1) Step 9 sao Table B2
Table Dl.




.Bection BILA Ardrimum fone cotrected
perceived noltie level, The mazimum tong
corrected percelved noles Joval, PNLTL, in
the maximum calculated wvalue of the tons
corrected percelved nolso lavol, PNLT({K), cal=
culatod in necerdance with .h- procedonrn of
§ BaAY of thiy Appendix. ¥igure B2 s A0 eX-
ample of & Aiynver najte time history whero
the musitnum value 1s olearly Indieated,

onough to obtaln w natiafaatory nolss time
hastary.

1f theras ara no prohounced irregulorities in
the spectrum, then the procodure of 4 D303
of thls Aproncdie would bs redundant since
PHNLT{K) would be dantisnlly cgual to
PHL(K). Far this enae, PNLTN would be the
maximum value of PNL(k) snd would equal

IInlf-zecond time intervals, At, wre small  PNLM.
ENLTM N
2q .
b5 | enurge
%E h
o)
£y .
53 | N—
g5
L3
d
i1} t2) .
Flyover Time ¢, kec,
rgure B2, Example of Parcelved Noiss Level Corrected

for Tones as a Function of Adreraft Flyover

Time

footion B30.8 Duretion correction, The
durstion correction factor D !a determined
bty the Integration technique defined by tha
expresaiont

D=0 104 [Ty f10 ant [PNLT/i0] 0] =PNLTM

where T 1a s normalleing time constant,
PNLTM m tho maxitum saius of PNLT, and
+{1} and t{2) nro the lmits of the alguiNcant
nolso iime history.

Binse PNLT s caleulated fram mesaured
values of APL, thore will, in gehgral, be no
‘obyious equation for PNLT aa n funcilon of

time, Consctjuontly, the equation can be re«,

writtan with & surnmalion sign inatead of an
intogral sign aa follaws:

Dt og [um ‘g At ant [PHLT()/10] [~ INLTH

whera At 15 the length of the &qual Incro-
menta of time for which PNLT(k) 11 colous-
Inted ‘and d 18 the Ume interval to the
nearest 1.0 second during which PNLT(k) 1
wittin o specified value, h, of PNLTM. *
Haif-pocosxd time intervala for At arosmall
anough to obtain a sathfactory history of the

poroelved Naine Jovel, A ahoeter timea interval -

may ba selectod by the apploont provided
aproved limita atid constanta ars wsecd.,

Thao {ollowing valum for T, At, and h, muat
bo used it caloulating D;

T'==10 seo,
At=0.1lgoc, shd
h=104di.

Vaing the abovo values, tho equaticn for D
becomes

il
T i0 bog [g'-nl |rm'.'r(k)nu1]-rm.'m-u

where tho Integer o la the duration time
defined by Lhe peints that are 10 dD lesa
than PHLTM.
- 12 tha 10 di-down pointa fall betweesn el
oulatad  PNLT(Kk)} valuea (the usun] case},
the applicabla lmite foF the durstion time
must ba choson from the PNLT(k) wvalues
alpsent to PNLTM - 10, For those cases with
mera than one poak velue of PNLT{k)}, the
spplicable limita must be choaen to yleld tha
inrgest possible vatue for the duratlon time,

It the value of PNLT(k) at the 10 dB-
down points i 90 PNAD or less, the value of
d may be taken sa the timo Intorval batwesn
the initlal whd the final tines for which
PNLT(k) equala 60 PNQD,
B30.8 Effectlve pereecived nolse
level, ‘The total subjective affect of an alr-
eraft flyover i designatoed *“sffective pers
ceived noles Jovel,” EPNL, and 13 equa! to
the algebrale sum of the maximum value ef
the tona correated petcelved nolse Jevel,
PNLTM, snd the durstlon correction, D,
That ll,

EPNL=PNLTM +D

where PNLTM and D are calculntad under
1§ B304 and PACS of this appandix,

Tho above equetion ¢an be rawrltten by
aubstituting the oquation for D from § D3ab
af this appendix, that i,

EPNL=10log [f; ant [rnurmno]]-n

Bection BdT Maothematical formulaifon
of noy tables, Tho relationsh!p hotween sound

nromure laval and pertolvod nolsdnoss glvon
4in Table BI ta Nustrited ln Mmire B3, The
“ariation of BPL with log n for o given oue-
third ootave band con bo expressed by either
one or two atrpight linen deopending upon tha
fieguency range. Figura Ba(n) Lluatratea the
double line cnae for frequencles bolow 4§00
Hz, end above 0,000 Iz and Figure B3 (b}
Hiuatrates the singleo line case for'all other
frequeisclen,

Tie important sapects of the mathematical,
formulation are!

1. tho slopea of the .atralght Hues, pib)
anit plc),

2, tho intercepts of the Hnes on the &P
axle, SPL(h), and BPL{c}, and

3. the coordinates of the discontinuity,
&PL(n},nndlognia).

T'hio oquatlonaare nas follows;

Caso 1, Flgure Bi(a), r <400 Iz,
I>0

0300 ¥n,
P(c) BPL(b) —p(b)3PL{c)
BPL(a}
ple)—p(b)
| BPL{0) —BPL(b)
lognial = ;
p(b)—p{e}
(n) BPL(b) <BPlL'x, BPL(n).
BI'L-BIL{b)
n=mt ——
pv)
{b) 8PL =BPL{a}.
BPL-—-BPL{Y)
h=ant —
' pic}

(o) o-<losn~=los: nin}.
BPL=n{b} log 0| BPL{b)
i) lognizlognia).
8PL==p(o} log n-|-BPL{o)
COoae 2, Pigure B3(b), 400 =<1 = 0300 Ia.
{n) BPLZ=8PL(e),

n=ant BPL=-BPL{a}
pio)
{b) log niz0,

B8PL=p(e¢} log n+4-8PL(c)
Lat the reciproctin of the slopes bo defined es,
M{b) =1/p(b)
M(e) =1/p(o)
Then the eqiintions can be writion,
Qexre 1. Pigure D3{n), 1400 Hz,

120300 Hat,
__ M{B}BPL{b) --M(c) BPL(0)
BPL{n) M) =FE5
tog nfa) = M{BLM(0) I5TL{e) -~ BPL(b) §

(o) =M (B)

{8} BPL(b) = BPL %3PL(n).
n=nnt M(b) [SFL=EPL{h} }
(b} BPLIZBPL(a).
n=nnt M(c) |§PL—BPL(s) |

(e} 0=log n-<loa- nia}.
BPL=

M(b)'* BPL{b)

(d) lognz=lognia).
_logn
BPL=grr- - 5PLa)
Care 2, Plgute m(b) 400 =f=0300 H=,
{8) SPL2 BPL{0)
nsiant M{3) [BPL—BPL{c) )
{h) legn >0,
BL=

M(o) +4-&PL{e)

Table B4 liats tha viduss of the lnportant
conainnia necessry to calculate sound
preciruen lovel ws A function of Jercelved
nolsinecas,

p
. i b i i e i
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Sound Prenum level, SPL

Scund Frexurs Lave), SPL

SPL (a}

SPL ()

SPL (<)

SPL{s)

400 22 f w= 6300 HZ
(b}

Log Percelved MNoliiness, log n

Fgwo 3. Sound Prossire Lovel as a Funcilon of Noys.

e tane e i
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FowEREn AlAruanNes Unpen § 36.201

Becton 18,1 XNolie mrasyrement and
cvaiuation. Compliance with thia appendlx
must be shown with noisa levels measured
and avalusted as prescribed, respectively, by
Appendix A and Appondix B of this patt, or
under npproved equivalent procadures,

Bectlon €43 Nolse meauring  points,
Camplinnce with the nolso level standards
of { CI8.6 must be shown-—

1 (a) For takeofl, at & point 3.5 nautical
mile; fram the start of the takeoff roll on tha
extendod centeriins of the runwey;

[ (n) Por approach, at s poiant 1 neutlesl
mlle from tho threshold on the extanded
centeriine of the ninwayi ohd

{e¢) For the sideline, ot tha peint, on & line
parallel to and 0.25 noutieal miles frem the
oxtanded conturline of the runway, whers

Band f Wb) SPL SPL M) SPL
] (b) {a) te)
HZ dB o8 db
1 50 0.043478 44 9.0 0.030103 52
@ 2 43 0.040570 40 85,9 i 51
- 3 [ 0. 03483 5& B7.3 " a9
4 100 " 53 799 bl 47
- —— o Tt > 5 5 | 125 0,015338 51 79.8 i 26
& 140 0,033333 48 78.0 " 45
' 7 200 " 4S 74.0 " 41
! e 350 [XTEA] TN ) = a2
-~ t 9 315 G, 0304675 42 4.6 b 41
PR [ f = 400 HZ To 400 - z " a0
-~ ' b f == 6300 HZ 1 500 = - W i
-~ I 12 630 - - " 1]
r 1 (o) 13 800 - - * "
1 14 1000 - - " "
‘ 1 15 1250 - - " 38
14 1400 - - - 0.0%940 34
log rfa) %3 2000 < - - w 32
Log Parceivad MNelsiness, Jog n 18 2500 - - < » a0
19 31 50 - - - " 29
20 4000 - ~ - " "
21 5000 - - - " 30
22 4300 - - w 3
23 8000 0, 042285 37 44,3 : " 34
24 10000 " 41 50.7 " 37
Tabla BA.  Constants for Mathematically Formuloted NOY Values
AFFENDIX C—Naseg Levits ron BuvasonNie  tho nolse level after 1Eftof? is greatest, except
TRANSPORT CATICORY AND  TURNOJET that, [or airplines pawered by more than

thres turbojet enginea, this distgpce muat
be 0.26 nautienl miles,

Bl "5 woise Jevels—({n} General.
Except s provided In paragraphs (b) and
(c) of this mection, 1t muat be shown by,
fight teat that the noise levels of the alr-
Plane, ot the messuring polnts preseribed in
§ 3683, do not exceed tho following (with
appropriate interpolation batween weights):

{1) For approsch and sldeline, 106
EFNdD for maximum ,welghts of 600,000
pounda or more, less 3 EFNAD per halving
of thie £00,000-pound maximum walght down
ta 102 EPNdB for maximum welghts of 75,
000 poiinds pnd uader,

(2) For takeo!f, 108 EPNdEB for maximum
wolghts of 600,000 pounds or mors, Jtas 5
EPNAB per halving of the 000,000«pound
maximum waight down to 03 EPNAD fof MAKs
lmum welghta af 75,000 pounds und unger.

P T T



(b) Tradeof. The noles levela In paragraph
{n) may be cxceeded at one or twa of the
measuring points prescribed in § €309, Lf—

{1} Thé sum of the exceedabces ia not
greater than 3 EPNAD;

{3) No excerdance Is greater than 2
EPROD; aud

{3} The excesdances are cornpletely offast
by reductions at other required mensurng
points,

{c) Prior applications., For appilentions
madn kefore BDecember 1, 106D, for alrplanes
powared by more thah threo turbojel enginea
with bypasa ratios of two or more, the value
prescribed In paragraph (b) (1) of thls sec~

© tlon moy not excewd § EPNAD and the value
! prescribed In paragraph (b) (2) of this see-
tioh may not exceed 3 EPN(B,

Beotlon C30.7 Takeof fest conditions, (n)

| This section appliea to al) tnkeofln conducted
| in showieg campliance with this part,

(b} ‘Takeoff power of thrust muat bo used
from the start of tho tnkeoff to the polat
nt which nn altltudo of at lenst 1,000 foet
sbove $he runway.is renched, except hat,
for alrplaiien powered by mare than three fur-
bojet englnes, this altllude muat nat he less
wen 904 Ievk,

{c) Upon reaching the nititude speciflod
in parsgraph {b) of thia section, the pawer
or thrust imay not be reduced bulow that
power or thrust that will provide level flght
wilh ono ongine lnoperative, or bejow that
power oF thrust thal will maintain s £imb
gradient of et least 4 percent, whichever
power OF thrusl i greater.

{d) A epeed of at lenst Va-f 10 knols must
be atthined ps soon as practicable after Wit-
off, and ust ba maintsined throughout the
takeor! nolse test, .

(e) A constant takeoft configuration, se-
locted by tho applioant, muct be malatained

throuphout the iakoen nolae test,

Hectlon CA68  Approach test conditions,
{a) This scction applics to all approaches
enpducted in shewing complisnce with thils

ntt.

(b} The alrpiane’s confljuration must be
{ihat epecified by the npplleant,

fe} “Ihe npproaches must be conducted
with o steady plide nngle of 3°40.5° and
st be continied to a normal touchdswn
with ho alrframe configuratlon change.

(d) A steady appronch speed of nol leas
than 1,30 V,-¢10 knots must be esinblished
and malntalned aver the aEproach mensuring
polnt,

(o) All enpines niust bo operating it Aps
proximately the same power or thrust, and
nust be opereting at 1ot 1¢8s thrn the power
pr thrust required for the maximum sllows
able Onp setiing.

PR, Duc, 60-13308; Filed, Nov, 17, 1060;
008 wm.]

(As published in_the Federal Register
[34 F.R. 18355/ on Nov. 18, 1969)
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Title 14—AERONAUTICS AND
SPACE

Chapter I—Foderal Aviction Adminls=
Iration, Dopartment of Transpasiation
{Dockot No, 0003 Amdt, 36-1)

PART 36—NOISE STANDARDS:
AIRCRAFT TYPE CERTIFICATION

Approach Nolsa Test Conditions

Thia amendment changes the lype
certification appronch nolse test condi~
tlons for subsonle transpert category nir-
planes and for subsanle turbojet powered
alrplanes regardless of category. The pure
pose of this pmendment [a to Insur? that
the npproach nolse Lype certiflention test
(1) I3 conducted with the sine pleplane
configuration ns that used during aly-
worthiness lype ceriifleation; amd (3)
does nat result In nolse levels Jess than
those that wil be penerated by tho
alrplane in ngrmal oheration,

Part-348, Nolfse standards: Alreraft type
vertification was Issued by the Adminls.
teator on November 3, 1969, and will be
elfective on December 1, 1009, Seetion
C30.0 of Appendlx C of Lhnt part contalns
the lest conditions applicnble to all
appronches conducted hn showing com-
pienee  with Pard 36, That scctlon
contalns two provislons that require
amendment when Part 30  betomes
eflective,

First, paragraph ¢b) of section CJ0.8
currently provides thot the alrplane's
configaration must be “that specified by
tho applicant.” It naw appears that this
langunge could be regarded ns permlitting
the spplicant to apecify conflgurations

that are nob the snme as those used in
showlng compliance with the landing
requirements In the airworthiness regu-
Intlons. This result 15 not intended, While
the general yequirement of compatibllity
botween nolse nnd alrworthiness type
cortification test conditions Ang proce-
durea includes approach nolse test condl-
tions and procedures, It s belleved
advisable Lo remove any question thag
may be caused by sectlon C30.9(h),
Therefore, tiint paragraph is pmended to
speciflcally provide, in part, that the alr-
plone’s conflguration during the np-
prencli nofse test must bo "that used In

shewlng complinnee with the landing
requirements in the alrworthiness regus
Intlons constituting the type certifiention
basis of the alrplane,”

Second, paraggraph () of section C36.%
cyrrently provides that the pemreach
nolse test must be conducted with enptines
operating vt not Jess than the "power or
thrust required for the inaxlmum allow-
ablo finp setting.” The Intent of this
provision 1s to ensury that the nolse gen-
erated during the appronch nolse type
certifiention {est will not be less than
that later generated by the airpline in
normat operatlon. However, configurp-
tion fispeets othier than Ilaps may affect
the noilse of the alrplane, In nddition,
there is no need to specify a particular
power orf thrust onco u specified con-
figurntion [z identliled slnce section
€16.9 nlso speeifles the plide angle and
minimwn approach speed, requlres that
both be “steady,” and requires thal the
approach be continued to o normat
touchdown with no conflguration change,
In the lght of the above, it is belfeved
that the objectlve of ensurlng that np-
pronches made tater In normal operae
tlon will rol be nolsler than the published
noise levels of the alrplane can ho ore
offectively achieved by providing, In sec-
tlon C36.04b), that “If more thatl one
conflgurallon Is used In showing com-
plinnee with the landing requirements in
the sirworthiness regulntions eenstitul-
ing the type certifleation kasis of thoenlr-
plane, the configurnticn that s most
critical from a nolse standpolnt must be
used” In showlng compliange with the
appropch nelse requirements ot Part 36,
This ninendment I8 necessary to ensure
that the approach nolse levels genemted
by the alrplane durlng type certifention
will be representative of apprench nolse
levels gencrnted In normal eperations.

This amendment s issued in fall con-
sideration of comments recelved with
respeet to Notlce G6-1, Issued on Janu-
ary 3, 1000 (34 FuIL. 403}, ineluding con=
sideration of economic data sulanitted
by allected wireraft manulpclurers and
eperators, And hus been detepmined to be
economically rensonable, technologically
practicable, and sppropriate to the alir-
craft to which it applles,

pursuant to section 011 of the Federal
Aviation Actof 1058 (40 U.SC, 1431) the
Administrator has consulled with the

Secretary of Transporiation concerndng
the matters contulned hevein, prior to the
adontion of this nmendment.

Like Part 38, which beeomes effective
ot December 1, 1080, this amendment o
that part apnlles to alrplanca now nears
e the eampletion of the type certifies-
tlon process. ‘Thererore, it s essenlial that
this amendinent becorne elfective on the
sane dole as Part 36, Therelore, I hereby
ting that notice nnd public procedure, §n
addition to that nlready provided by
Notlce 69-1, Is Impracticabie, In nddition,
I find, for the reasons siated above, that
rood cause exlstd for makion Lhls amend-
mint effective en fess than 30 days notice
ofter publiention thereo!l in the Froenal
ReGIsTER.

In conslderntion of the foregoln, soc-

ton ©36.9 of Appendlx © of Purt 30 of

the Federal Aviatlon Regulntions which
hecones effective on December 1, 1989,
s amended, efTective on that date, Lo rend
as fullows:

Hectlon €309 Approach tesf conditions,
(n] This section appliea to all approacheu
contducted In ahowlng compliance with thia
part.

(b} The nirplanc's confguration must ha
thot used In showing complinhes with the
landing requirementa in the nirworthiness
regulations constituting ths type certifiens
tien bnsla of theo alrplane. If jmore thab ona
confllguration la used tn showing comnplinnce
with the Innding requitements o the nirs
worthiness regutations constituting the type
cortifeption basis of the afrplang, the cone
figuration that Is most critlend from & nolsc

. standpoint must be used,
(¢} The approuches must be conducted.
with & steady glide angle of 3%-4.0.8% and.

must ho continued to A normal touchdown
with no alrframe canlipuration charge.

{d} A steady pppronch speed of not leas
than 1.30V«+4-10 khotls 1nuaat ve establlshea
and malntatiied over the approacl cAsur=
ing point.

(e} All e¢ngines must be opernting at ap-
proximntely the smine pawer of thrust.
{Beca, A13({n), 601, 6017, @11, Fediral Avintion
Act of 1058, 4D U.5.C, 1354, 1431, 1423, 1431,
see, O(c), Departinent of Transportation Act,
10 USB.C. 1065(¢))

Issucd In Washington, I.C,, op Novem-
ber 21, 10468,

J. I gitarren,
Adminlsiratoer,

PR, Doe, 00=-14010; Filed, Mav, 21, 1045;
11:83a.m.)

(As published in the Federal Register
{34 F,R. 18815/ on Nov. 25, 1969)
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Title 14—AERONAUTICS AND
SPAGE

Chapter l—Fedoral Aviatisn Adminis.
tratlon, Depariment of Transportolion
{Docket No, 9337]

PART 36—NOISE STANDARDS:
ARCRAFT TYPE CERTIFICATION
Carroclions

The following cotrections are herchy
‘made to the prenmble and regulatory

was published In the FEpERAL Ryoisten
on Tuesday, November 18, 1960 (34 PR,
18355-18379) :

(1) On page 18360 of the preamble,
the word “noise” was Inadvertentily
amittart from the statement, in the
right-hand column, second paragraph,
thnat §§ 21.83(h) and 36.1¢c) will insure
that nolse reduction technology sufll-
clent (o achleve Appendix € imits must
ke applled “bhefore [itrther aircenft
growth ean occur The quoled words
ar¢ hereby corrected fo read “before
further afrernft nolse growth ean occur.”

A2) On pago 18384, paragraph (o} of

hereby corrected to read: “f 36.200 (b}
and (e3{1).”

t3) On papge 18379, parngraph (e) of
§ €367 1a not correct as it now ‘stands,
and this paragraph is herchy corrected
to rend ns fotlows:

Ssetlon €07 Takeof test conditions, * * ¢

(o) A cunstunt takeol conflguarstion, so-
lectod by the applieant, nust be malntained
thmighout the takeoff nolse teat, except
thiat the Inhding gear may he reiracted,

Lesued In Washington, D2, on Novem-
ber 24, 1860,

J. ¥, BHAYFCx,

mn‘xit:riflnil o!_Rcw Part 38-—Nolse Stapd- } 36.3 contalns a typographical error in Adminsirator.
ards: Alreraft Type Certificatlon, which In § 71161 (34 F.R. 4837), Lhe New [F.R. Doe, ﬁ“'“,‘ﬂ}, :’1;:?, Hov, 28, 1060;
Bern, N.C, transilion area 18 amended ' o '
{As published in the Federal Register
[34 F.R. 19025/ on Nov. 29, 1969)
- 31 -
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APPENDIX B

METHODOLOGY FOR IMPACT ANALYSIS

This appendix summarizes the various analytical models and supporting data used in
Chapter 4 for evaluating impact of noise from transportation vehicles and from internal
combustion engine devices., Emphasis is placed on the former category as the primary
source of noise impact in most communities today. Specifically, this appendix summa-

rizes each of the following approaches used for evaluating noise impact,

e total noise energy
e residual noise levels

¢ single event noise levels for major transportation noise sources as a

function of distance
e noise impacted land areas around freeways and dirports
& noise impact on operators or passengers of transportation vehicles

and interncl combustion engine devices,

In addition, a brief glossary of key terminology is presented at the end of

this appendix.

B.1 Total Noise Energy
The total A~weighted noise enetgy produced on an average day by each

noise source category wos estimated in order to provide one simple way of ranking the
potential noise impact of each category. Categories with higher noise levels which
exist in greater numbers and are used more hours per day will tend to rank highest in
terms of their noise energy. The noise energy for a given category, such as stondard

passenger automobiles, was estimated by the following expression:

E = 10-3 NeT» Wa, kilowatt~hours/day 4}
where N = total number of units

T = Average hours per duy usage

W‘J = approximate A=weighted noise power, watts




and

= L

10log ——7x A

+ 200og R+ 7.5 dBre 107" watts
10 °

where
LA = typical A-weighted noise level in dB(A} at a reference distance

Ro {in feet).

The four input parameters required for this caiculation (N, T, LA and Ro)
are summarized in Table B~1 for all of the categories considered under transportation
vehicles and internal combustion engine devices. The values for number of units and
usage shown are based on estimated figures for 1970 compiled from available stotistical
datu.]_w Where up~-to-date figures were not available for 1970, linear extrapolations
were made based on available data, or where necessary, engineering estimates made of
probable valves,

For ground transportation vehicles, the "typical A~weighted noise levels"
correspond to average values at a 50-foot distance for the type of vehicle under normal
operating conditions at typical speeds. For aircraft, the noise levels correspond to
values at a slant distance to the aircraft of 1000 feet and hours of usage were based on
estimates of the duration of landing and takeoff operations in the vicinity of airparts,
Estimates of noise |levels were based on the noise level data for all categories cited
earlier in Chapters 2 and 3.

For projections of noise energy to the year 2000, extrapolations in usage
were made on the basis of historical trends, For example, Figure B-1(a) illustrates the
past trends in passenger-miles of urban travel by various transportation vehicles. These
figures have been obtained from published data — or estimated from information on
vehicle~miles and average passenger loading. 1-6,9 They elearly show the marked
increase in travel by the average citizen — primarily by increase in personal travel in
the passenger automobile.

This general increase in mobility is summarized in Figure B=-1(b) which

shows the total urban passenger miles per urban population for all the transportation

B-2
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Parameters Used to Define Noise Energy

Table B~1

for Each Category in 1970

T La Ry
N Average Use Noise Level Distance
Category Number Hours/Day dB(A) ft

AIRCRAFT (Takeoff Only)

4~Engine Turbofan 894 0.2° 103 1000

2~ and 3~Engine Turbofan 1174 0. 13 96

General Aviation 128, 500 0.017° 77

Helicopters 16 é 83 1000
HIGHWAY VEHICLES

Medium and Heavy Duty Trucks | 3,64 M2 4 84 50

Sports, Compact and Import 28Mm 1 75

Cars

Passenger Cars {Standard) 64 M 1 69

Light Trueks and Pickups 15.3 M 1.5 72

Motorcycies (Highway) 2.6 M 0.5 82

City and School Buses 0.38 M 2 73

Highway Buses 02 M 4 83 50
RECREATIONAL VEHICLES

Minieycles, Off-Road M 1 88 50

Motorcycles

Snowmobiles 1.6 M 0.2 85

Qutboard Motorboats 5.2M .05 75

Inboard Motorboats 65 M .5 80 50

ST e T et
U

e ol i b ram S L L
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Table B=1 (Continued)

N T ba Ry
] Average Use Noise Level Distance
Cateagory Number Hours/Day dB(A) Feet

RAIL VEHICLES

Locomotives 27,100 12 94 50

Freight Trains 10,000 5 85

High Speed Intarcity Trains 2800 6 85

Existing Rapid Transit Trains 21,000 0.5 87

Passenger Trains 185 12 83

Trolley Cars (Old) 300 12 80

Trolley Cars (New) 1200 12 66 50
INTERNAL COMBUSTION
ENGINE DEVICES .

Lawn Mowers 17M .1 74 50

Garden Tractors 5M .15 78

Chain Saws 2.5M .05 83

Snow Blowers 0.8 M A 85

Lawn Edgers 3.3M .05 78

Model Alreraft T M .05 78

Leaf Blowers 0.5M .1 74

Genarators 0.55 M .1 70
_ Tillers 3.5M .01 &

'Compiled from Ref. 1-4

M = millions

3.... . .
Estimated hours per day while operating on and near airports and noise lavel is greater

than 80 dB(A).
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Figure B=1. Growth in Urban Travel
(Compiled or Estimated from Datu in References 16, 9)
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modes shown in Figure B=1(@). Figures B~2(a) and B-2(b} show the same information

for intercity travel. This upward trend in passenger travel per capita is due primarily
to the increase in numbers of vehicles per capita and not miles traveled per year by
each vehicle. The past trerd in these two statistics is summarized for highway vehicles
in Table B=-2 which shows that the mileage per vehicle has not increased markedly in
the last 20 years, while numbers of automobiles and trucks per capita has increased
substantially.

Projections of the number of vehicies to the year 2000 was therefore
made by extrapolation of the trend in number of vehicles per person from Table B-2
taking into account the decrease in rate of growth so that the rate approached the
population growth rate by the year 2000. The population growth to the year 2000
was based on the most censervative projection (Series D) made by the Bureau of the
Census in 1968, which is in general ugreement with 1970 census figures.

Similar projections were made for the change in numbers of internal
combustion engine devices to the year 2000, Results of these projections for several
of the categories are shown in Figure B-3. It was assumed that the average number
of hours of usage per day of each of the categories will not change significantly.
Changes in typical noise levels to the year 2000 were made on the basis of the three
future noise reduction options, discussed in Chapter 4, which were then applied to
the base=line noise levels for 1970,

While the resulting estimates of noise energy (see Tables 4-3 and 4-4
in Chapter 4) are subject to appreciable error, they are considered sufficiently

reliable for the purpose of mank=ordering the genercl magnitude of noise generated
by each category.
B.2 Residual Noise Levels

The residual noise level in any area is generated by all forms of traffic

moving in and around the community, and by the large number and variety of dis-
persed stationary sources. The magnitude of the residual noise level in a given

community has been shown to vary only slowly if at all in a community with stabie

B=6
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Tab!

e B-2

Trends in Highway Vehicles per 1000 persons and Mileage per Year]

Vehicles per 1000 Persons

Mileage per Year

Vehicle 1950 1960 1970 1950 1960 1968
Passenger Cars 248 341 426 2078 9474 2507
Light Trucks and Pickups 46 53 75 10,7762 ]0,5802 11,5702
Medium and Heavy 10.6 12,7 17.8 53,833 59,5%0 68,303
Duty Trueks '

City Buses 0.38 0.27 0.24 20,910 | 14,004 14,122
Highway Buses 0.0%7 0.070 0.075 65,4113 65 ,5673 58,4233

T T e ek b —e

ICc:mpilec! from Reference 1

2Average Mileage for all types of trucks which are dominated by light trucks.

3Avarage mileage for intercity motor carriers,

B-8
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land-use patterns. It has also been shown that this residual noise level is a key

foundation for evaluation of @ community's reaction to intruding noise.

An avajloble mode! for community noise has therefore been modified to
provide estimates of this residual noise lewel.]2 As illustrated conceptually in
Figure B-4, the model assumes that discrete sources of noise in a community can be
replaced by a distribution of noise sources with a uniform density n throughout the
community, The model provides an estimate of the quasi-steady state residual noise
level (L90) in terms of four basic parameters:

e The reference A-weighted noise level for each source, LA'

at a reference distance.

e The reference distance Ro'

o The excess attenuation of sound over and above that due to

spherical spreading of the sound, and

o The density n of the distributed sources in number of sources
per unit areo.

The relationship between the residual noise level predicted by this mode/

and the reference noise level for each contributing source (@ssumed constant) can be

defined as foliows: For the distribution of discrete sources shown on the left side of

Figure B=4, the effective boundary of influence for one source is defined by a circle
with an area equal to the area of one of the 6-sided cells bounding each such source.
The radius T of this equivalent circle can be shown to be equal to 1A/R  where

n is the number of sources per unit area. The noise from the local source within this
zone is considered identifiable as a local intruding noise and is not included as part
of 'the residual noise. The latter is made up, then, of the summation of noise from all

the other sources outside this local zone so that the residual noise level, expressed

B-10



Equivalent Continuous
Distribution of Sources
Excluding Locally Intruding
Uniformly Distributed Source
Sources of Community

Source Density n
(Units per square mile)

Figure B=4. Model for Residual Naise Level (Excluding Local Scurce)
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in terms of the mean square pressure PR s 188
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! 2 2 : 2 o -m R
= —_ i s, 2
I; PR ; Po Ri € 'S @)
where
— _
F:, = mean square reference pressure of each source at the
reference distance Ro
. Ri = distance from observer at the center of the local zone
to the i'h source
m = the excess attenuation loss coefficient per unit distance
5 = |ocal shielding loss between observer and irh source .,

By replacing the distribution of discrete sources with a continuous distri=
F bution and integrating from the outer radius R of the "local zone" out to infinity to
sum up the contribution of all but the local scurce to the residual noise level, one

can express this level (i.90) in decibel form as

j
| L = L, + 10leg [E, (X)] +10logn+20log R - - 6.5
i 0 A 9 ’ °g g o sty
i dB ro: 20 uN/m2 @3)
j where
i - ko = Reference A~weighted noise level of each source at the
! R_in feet
o
t ®
| —mR
| B0 = f & g
R

the exponential integral of the first kind of argument X !
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X = mA/TnA = 0.686 ak/A

a = attenuation loss coefficient in dB/1000 feet
n = density of sources per square mile
S = average shielding loss between observer and

surrounding noise sources, dB.

The relationship predicted by this expression for the residual noise level
relative to the reference noise leve! LA of a source at a distance of 50 feet is shown
in Figure B~5 for a range of values of the excess attenuation coefficjent and zero

shielding loss. A typical minimum value of excess attenuation rate, due to air
absorption only, for ground transportation sources is about 1 ~ 2 dB per 1000 feet. 7 13

These are approximate values for the effective attenuation rate when applied to the

overall A=weighted noise level and are based on recently revised models for air

16,17,18 These are considerad more accumte for predicting losses at low

absorption.
19,20

frequencies than earlier prediction methods. The additional shielding loss .

due to diffraction or reflection by buildings between the sources and the observer
has been found to be about & c:'B.2l’22
(10 = 15 dB) have been reported from horizontal propagation tests of warning sirens

over communities; however, these higher values do not appear to be entirely appli-

Substantially higher values of shielding loss

cable for predicting shielding loss of traffic noise .23

The source density n is estimated by the product:

n="Pesra«F.T/24
Where P is the population density, r is the number of sources per person, F is the
fractional usage in the type of community being considered, and T is the number of
operating hours per 24=hour day, The primary objactive in applying this model is to
illustrate the appro:;imuta contribution to the residual noise level by transportation
sources. Avemge values for these parameters were chosen, therefore, to rapresent
the source density and usage in a typical urban community, On this basis, the

gverage urban population density for 1970 was assumed to be 5000 persons per
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square mile.] While there has been a progressive decrease in the average population
density of urbanized areas over the last 20 to 30 years due to urban sprawl, the rate
of this decrease is slowing down and is being counteracted by the growth of apartment
dwellings in close=in areas.]’24 Thus, for purposes of projection of noise impact in
the future, it was considered reasonable to assume that the average urban population
density remained constant. The number of sources per person was assumed equal to the
total number operating in the nation, divided by the total population (see Table B-2
and Figure B-3). Only sources operating on roads and highways were considered for
estimating ambient levels. Normally, the other transportation sources do not contribute
significantly to the urban residual noise environments, Estimates of the fractional usage
in an urban community and operating time for each source were made on the basis of
available information on urban highway usage. The resulting estimates of the usage
and density of operating sources per square mile for the years 1970, 1985 and 2000
are summarized in Table B-3. Mote that the projected increase in source density from
1985 to the year 2000 is slight due to the assumed trend of number of sources per capita
approaching a constant by the year 2000,

The estimated trends in the daytime residual noise leve! in a typical urban
residential area, based on this model, have been shown in Figure 4-1 in Chapter 4,

For 1970 conditions, the three maost significant contributing sources for this residual

noise level are;

o  Passenger Cors (All Types) 45 dB(A)
e Light Trucks and Pickups 42 dB(A.)
e Heavy and Medium Trucks 33 dB(A)

Total A7 dB(A)

During nighttime the contribution by passenger cars and light trucks wiil
decrease substantially, but the coniribution by heavy trucks tends to remain nearly
‘constant. This is illustrated by Figure B=6 which shows the hourly and daily traffic
flow rates on intercity highways in Culiforniq.25 Since this intereity travel normally

involves travel on urban freeways, the contribution by trucks to the residual noise-



Table B-3

Summary of Estimates of Density of Operating Highway Vehicles
in Urban Residential Areas from 1970-2000

FT;:E?:C" Op 1‘.3.::"9 Operating Source Density?
Urba:1‘ H:—:urs Units/Square Mile

Source Areas Per Day 1970 1985 2000
Passenger Cars 80 1 50 62 65
{Standard)
Sports, Compact 80 i 20 26 30
and Import Cars
Light Trucks and 60 1.5 20 23 25
Pick=ups
Medium and Heavy 10 4 1.5 1.8 2.0
Duty Trucks
Motorcycles 80 1 1 2.3 2.5
(Highway)
City Buses 100 2 0.8 0.7 0.6

i - R . s
Use in urban residential communities.

ZAssuming constant population density at 5000 people/square mila.
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level does not vary as much during a 24~hour period as the contribution from automebiles.
The net result is an estimated 5 to 10 dB(A) decrease at night in the residual noise level.
However, the type of truck which tends to dominate the nighttime residual noise level
is the heavy duty transport truck — particularly the 5~axle type, This is illustroted in
Figure B-7 by the hourly variation in percent distribution of truck types by number of
axles observed on major California highways .25 Heavy-duty 5-axle trucks clearly domi-
nate intercity truck traffic during the nighttime. The some pattern can be expected for
truck traffic mix on the major urban freeways,

During the daytime, the hourly mix of urban vehicle traffic will tend to
vary during the day as indicated in Figure B=-8. This is a composite estimate of the

urban traffic mix based on known statistics on vehicle miles in urban areas of automo=

‘biles and trucks, and on detailed samples of hourly mix of these vehicles in typical

: 2.
urban areas.

The detailed mix for truck traffic during the daytime in urben areas can be
estimated from the data in Tables B-4, B~5, and B=6, The first table shows the per-
centage distribution by truck size for three ranges of trip lengths ranging from local

(urban or farm) to long haul (greater than 200 miles). Table B~5 shows the distribution

lby type of trip for the same range of truck sizes, while Table B~6 indicates the distri=

bution of truck trips in urban areas according to the type of land use at the starting
and termination points.

The variation in population density and vehicles per capita will obviously
vary from city to city from the typical values used here for estimating the residual
noise level. Figure B~? illustrates the general distribution of central city population
density according to 1960 census data for the 128 largest cities in the United Srates.]’g
This shows two general trends in population density. It is generally higher for cities
with a higher total population and, os indicated by the four lines characterizing
regional areas, is higher for older regions. This is simply reflecting the fact that the
population of a geographically fixed urban land area tends to increase gradually with

time. Automobile and truck ownership, on the ather hand, tends to decrease with
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: Figure B«8. Typical Hourly Distribution of Total Daily Urban Vehicle Traffic
! {Based on data from References 2 and 9)

B-20

[ B e PP YN SN ST T



Table B-4

Distribution of Annual Truck Vehicle-Miles According to
Truck Size and Type of Trip (From Reference 9)

Percent by Truck Type
{Gross Weight)
<10,000 |10-26,000]> 26,000
Type of Trip Pounds Pounds Pounds | Miscellaneous| Total
Local (Urban or Farm) 66.8 21.2 7.0 5.0 100%
Intermediate (<200 miles)| 27.8 20.8 42.7 8.7 1004
Long Haul {200 miles) 5.9 4.3 79.0 10.8 100%
Toral — Al Trips 54.5 18.4 20,9 6.2 100%
Table B-5

Distribution of Type of Truck Travel According to Truck Size
(From Refarence 9)

Truck Size (Gross Weight)
< 10,000 10-26, 000 > 26,000 Total
Type of Trip Pounds Pounds Pounds Al Trucks
Local 87.7 75.1 21.4 68
Intermediate 11.1 22,6 40.0 2]
Long Haul 1.2 2.3 39.0 11
Total 100% 100% 100% 100%
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Table B-6

Distribution of Truck Trips by Urban Land Use at Start and End of Trip

{(From Reference 9)

fo Residential Non=Residential Total
From
Residential 24,1 16.8 40.9
Non-Residential 18.90 41,1 5%9.1
Total 42.1 57.9 100%

population or population density as indicated in Figures B-10 and B-11 respectively,

This is a reflection of the greater use of urban mass transit in crowded older cities,

The net effect on predictions of residual noise level in urban areas will be o trend to

make the density of highway vehicle sources more nearly constont and roughly inde=

pendent of city size,

Finally, as an indication of the sensitivity of the residual noise level to

changes in the input parameters, the effect of changes in the estimoted density of the

operating sources is illustrated by the following alternate cases:

Change in

Residual Noise Level
dB{A)

e Increase density of heavy trucks by factor of 4

® Increase passenger car density by factor of 2

e Increase density of all sources by. factor of 2

e Increase passenger car density by factor of 4

8=-22

+2
+4
+5
+8
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R.3 Single Event Noise Levels for Major Transportation Noise Sources as a
Function of Distance

The evaluation of relative annoyance of single events, presented in
Section 4.3, required prediction of single event noise levels as a function of distance
from the source. - This was carried for both measures of single event levels utilized us

follows:

Maximum A-Weighted Noise Level ™

The reference octave band spectrum for each source of o fixed distance

(50 feet for surface vehicles — 1000 fe t for aircraft) was used as a baseline for pre-
dicting the decrease in octave band levels at greater distances using atmospheric
absorption loss coefficients and ground absorption loss values from References 14 and 15,
The attenuated levels ot octave band were then recombined after applying the
A-~weighting convection to the spectrum to define the new A-weighted noise levels.

Typical results of this process are illustrated in Figure B-12,

Single Event Noise Exposure Level (SENEL)*

The SENEL for a single event can be expressed as the sum of its maximum

noise level and an effective duration correction factor. The effective duration of noise
for moving sources is a function of the distance from the source (R) und its velocity (V).
For surface vehicles such as automo biles and trucks, the SENEL can be roughly approxi=

mated as follows:

SEMNEL = LA(R) +10 log[-;—'- g—]' dB re 20 pN/|n2 and 1 second 4)

e e e

*
See glossary of terms at end of this Appendix for definition.
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Figure B-12, Variation in Typical Noise Levels vs Distance
For Several Transportation System Categories
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where

LA(R) = A-weighted noise level at the distance R
R = Distunce in feet
V = Speed of the vehicle in ft/sec

For trains, the duration of the passby noise is essentially equal to the
passby duration (train length/speed) within a distance R equati to L/m where L is
the train length. Thus, within this range, the second term in Equation {4) is replaced
with 10 log L/V . At greater distances, Equation (4) is used since the long train
(line) source begins to act like a point source at these distances.

For aircraft, SENEL vailues were predicted in the same manner vsed
for predicting Effective Perceived Nolise Levels (EPNL) as a function of slant
distance to the aircraft.26:27,28 The latter tima~integrated measures of single-
event noise are used for evaluating noise impact near airports due to aircraft

cperations.
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B.4 Noise Impacted Land Areas Around Freeways and Airports .

As indicated above, the methodology for evaluating noise impact near air~
ports is well developed and fully documented by examples such as in Reference 29. The
index used for evaluating the noise impact is the noise exposure forecast (NEF) which is
a measure of the composite time-integrated noise exposure on the ground due to aircraft
operations, The evaluation of nr;ise impacted land area for the total transportation
system dictated the need to apply a similar methodology to highways. The index of
noise impact utilized in this case is the community noise equivalent level (CNEL).

This composite measure of noise, defined in the Glossary at the end of this Appendix,
utilizes A-weighted noise levels us o basic measure of noise mugnitude,

" As for the NEF scale, a CNEL value accounts for the time-integrated
single~event noise level (expressed by an SENEL), the number of single events in a
24~hour doyand, by weighting factors, the time of day in which these single events
occur. These weightings approximate the increased sensitivity of a community to
intrusive noise during the evening and nighttime periods.27 This composite scale can
be used in the same way as the NEF scale to predict reaction of a community to an

accumulation of intrusive ncises.” The CNEL velue at a given point can be approxi-

mated by:
CNEL = SENEL + 10log Ny - 49.4d8 (5)
where
SENEL = average SENEL for each single event
NF "= weighted number of single events equal to Ny * 3 N + 10 NN
ND’ NE’ NN = number of single avents during the daytime '(7:00 a.m, =

7:00 p.m. )}, evening (7:00 p.m. = 10:00 p.m.), and nighttime
(10:00 p.m. = 7:00 a.m,), respectively.

For analysis of the CNEL near freeways, an average SENEL is selected for
each type of vehicle, using Equation (4), along with corresponding figures for the
number of vehicles passing by during each of the three time periods. The total CNEL

for this trafflc mix is the logarithmic (or energy)} summation of the CNEL values for
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each type of vehicle., Typical SENEL values for each type of highway vehicle at a
reference distance of 50 feet have been specified in Table 4-6 of Chapter 4, The
SENEL at other distances was computed in the manner explained in Section B, 3.

Close to a freeway, the propagation loss for the maximum noise level
decreases according fo the inverse square law of distance R from the source (i.e.,
- I/Rz). However, the time-integrated measure of the single event (SENEL) includes
a correction for duration which increases directly as the distance R. The net result is
that the SENEL decreases according to a first power law with distance from the
vehicle. '

This is exactly equivalent to other onalytical models for predicting noise
near highways, which show that for high traffic volumes (roughly greater than 1000
vehicles per hour), where the traffic noise can be treated as a line source, the average
noise level near the freeway decreases according to the first power of the distance from
the traffic lane.so'al The average A~weighted noise levels “"50) predicted by these
latter nmodels, for a wide range of traffic volumes and average vehicle speeds, are shown
in Figure B=13, In this figure, the change in slope of the curves with traffic flow rate
is due to the change in character of the noise as traffic volume increases. For {ow flow
rates, each vehicle is heard as an isclated single event as it passes by, For high flow
rates, the stream of traffic is heard as a nearly continuous quasi-steady state noise
with only minor fluctuations due to the particular traffic mix at any instant.

For evaluation of noise impact on all types of urban roads, the following

additional parameters were required beyond those already described:

Mileage on each type of road
Typical vehicle speed by road type
Typical traffic flow rates

Typical road right=of=-way

-These parameters are defined in Table B=7 for 1970 road conditions.
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Table B-7

Highway Mileage and Estimated Average Highway
Speeds for Urban Areas in 1970

.4

2 3 Typical

! Typical Typical Right=of~Way
Mileage Speed Flow Rates {No, of Lanes)

Miles mph Vehicles/Hr Feet
Freeway 9,160 55 1,980 200 (8)
Major Arterial 38,535 40 735 175 (6)
Minor Arterial 46,991 40 345 160 (5)
Collector 43,970 30 157 150 (4)
Local 351,300 25 43 25 (2)

Notes

1 For urban areas in 1968 from Reference 32,
2  Estimated based on typical free troffic flow.

3 Computed average (see text).

4  Estimated effective value based on 12 feet per lane and 50=foot setback to
nearest residence from edge of roadway.
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Effect of Vehicle Speed
Varying the average vehicle speed has two effects, The average maximum

noise level for most highway vehicles increases approximately according to the cube

of the vehicle spetaw:i.r'”’aa'34 Although noise levels of heavy (diesel) trucks increases
less with speed, due to their small contribution to the total highway noise impact,

the cube rule for vehicle speed was assumed for all vehicles,

The second influence of vehicle speed is that it changes duration of a
single event and hence the SENEL, as indicated by Equation {(4). The net result is
that the average SENEL for each type of vehicle varies by the square of the vehicle
speed, as indicated by the following correction factor:

AS = 20log Vf{g bl as {6)
Forty (40) mph is used as the nominal reference speed corresponding to the reference

SENEL at 50 feet for each type of vehicle.

Effect of Traffic Flow Rates
The average traffic flow rates Q listed in Table B~7 for each road type

were based on an average value computed by:

Vehicle = Miles per day

< = (17 hours) x (Road Mileage) * vehicles/hr

This provides a highly smoothed average flow rate based on total national figures for
traffic volume, road mileage, and an average "traffic day" of 17 hcurs.32 {See
Figure B=8.) Actual flow rates on many urban freeways will be substantially greater
than this. However, to counterbalance this unconservative assumption, it was
assumed, when evaluating the noise impacted area near freeways, that the entire
length of the freeway was adjacent to residential land.

‘ T.he weighted number of single events NF required for computation of

the CNEL was substantially greater than the actual daily total. Using typical hourly
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rates of urbon traffic, such as indicated in Figure B-B, and the weighting factors for
time of day indicated for Equation (5), the weighted total number of events {vehicles)
was 2.2 to 3 times the actual daily total. For conservatism, a factor of 3 times the

daily total was used for this analysis.

Additional Factors for Freeway Impact Analysis

An average shielding loss of 3 dB was used to approximately account for
the attenuation effect of barriers at the edge of freeways. In fact, freeway noise can
be changed substanticlly {up to 10 to 15 dB), depending on the design of barriers and
elevation of the road.al’as 'i'he value of 3 dB was considered a reasonable average
for the wide range of freeway design conditions that exist.

No attempt is made to account for the effect of changes in road grade or
conditions of the road surface on traffic noise. Both of thesa factors can be significant
Tn specific siruuﬁons.‘?'] ‘

The effect of varying distances from an observer to each lane of traffic
on a multi=lane highway with two=way traffic was accounted for by a single correction
factor to allow computations of noise impact to be based on an equivalent single=iane
flow of traffic.

The nearest residence to all highways was assumed to be 50 feet from the
edge of the readway. The width of the roadway itsalf wos assumed to be 12 feat for
each lane, with an average number of lanes varying with road type (as indicated in
Table B=7). Thus, effective right=of=way was equal to the road width plus a 50-foot

set=back on each side.

Noise Impacted Land Area

As discussed in Section 4.4 of the text, a griterion value of CNEL = 65
was selected as the outer boundary of the noise impacted area. The area involved for e

each type of road was equal to:

A = 2 [d-dR] + L/5280, sq. mi. (7)
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where

d = distance in feet from "equivalent single lane” of traffic to
position of CNEL = 65 contour ‘

dR = disfﬁnce in feet from this lane (positioned at center of traffic
flow closest to observer) to the edge of the effective right-of~way

L = total mileage for this type of road, miles.

The resulting predictions of noisa impacted land area for highways in 1970 has been
prasented in Section 4.4 of the main text. For a criterion value of CNEL = 65, it
was found that only freewoys contributed to the estimated noise impact area, As dis-
cussed in Section 4.4, a lower CNEL criterion would be appropriate in some areas
which have a lower residual noise level. However, since all land adjacent to the
freeways was assumed to be residential, the noise impacted araas estimated are con=-

sidered reasonable for ranking the relative contribution of freeways to noise impacted

land of the transportation system.

Future Programs

The growth of freeway mileage has been very rapid over the past 20 years.
However, the growth has slowed down to a current rate of about 5 tc 7 percant per
year, The Initial rapid growth was responding to the urban expansion in the 1950's
and the need for improved trave! facilities. The marked effect of freeway develop-
ment on urban travel efficlency is illustrated in Figure B-14. This shows the change
In the 30~minute radius driving time in Los Angeles for three time periods ~ 1937,
before freeways were available or urban growth had occurred; 1953, when there were
only 45 miles of freeway in the city; and 1966, when the freeway system had expanded
to about 340 :'1'ai|t~z»s.36"37 The la rgesf radius (shortest travel time) obviously occurs
for the latter period, while the smallest radius (longest driving time) occurred in 1953
during the beginning phases of urban expansion.

Continued expansion of the freeway system in urban areas is expected to
follow the trends indicated by Figures B=15 and B~16. The first shows the relationship

between mileage per capita of various types of urban roads and city population,™
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The nearly constant values of highway mileage per capita for a wide range in city
population is clearly evident. Note, however, that the largest number of miles per
capita sccurs for all types of roads for the largest cities, Figure B=16 shows that there
is @ very high correlation between freeway mileage and passenger vehicle ownership,
with a slight trend toward fewer miles per vehicle for larger cities.

Thus, for projection to the year 2000, it was assumed that freeway miles
would increase in direct proportion to automobile ownership in urban areas. (See
Figure 8-3.)

There has been a small progressive increase in average vehicle speeds
over main rural highways in the last 30 years, amounting to sbout 1 percent per year.
Engine horsepower has also progressively Increased.2 However, neither of these
effects were considered in forecasting trends in highway noise in the future. There
are, in fact, data to indicate that individual vehicles have become progressively
quieter, which would tend to counteract the preceding effects,

Considering that most freeway systems are currently operating near
capacity, flow rates were assumed to remain essentially constant. Based on the pre-
cading assumptions and methods, predictions of noise impacted land for urban highways

for the years 1985 and 2000 were made for several options of noise reduction for high-

- way vehicles. The results have been presented in Table 4-7.

Urban traffic on freeways is predicted to continue to create the only
significant noise impacted land areas. This is due to the inherently high volume of
traffic flow carried on freeways as compared to all other types of urban streets, As
indicated in Figure B-17, even though freeways constitute only about 2 percent of the

road mileage in a typical urban area, they handle 21 percent of the vehicle-miles —

~as rauch as all of the traffic on local streets.
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B.5 Noise Impact on Operators or Passengers of Transportation Vehicles and
Internal Combustion Engines

The two effects considered in evaluating nolse impact on operators or

passengers were potential hearing damage risk and speech communication. To rank the
vdrious sources in terms of potential hearing damage risk, the actual noise exposure for
a typical operator or passenger was converted to an equivalent 8-hour A~weighted

noise exposure level L(8 hr) with the following expression:

LBhr) = Ly * 16.7 log (1/8), dB(A) (8)
where L, = A-weighted noise level at the operator's ear
T = typical exposure time in hours

This is essentially equivalent to the "5 dB per doubling of time " rule that is used in
the Occupational Safety and Health Act for defining allewable noise exposures for
employees. The equivalent 8=hour exposure levels estimated in this way have been
presented in Figure 4-4 for transportation vehicles and in Table 4~9 for internal . ,
combustion engine devices, along with corresponding exposure times.

Impact of transportation systems on speech communication for passengers

was evaluated primarily in terms of speech interference effects.”’ Criteria for the

latter are specified in terms of the allowable background noise level as a function of
tdlker=|istener separation distance to prevent interference with significant continuous
speech communication. The criteria aliow for the tendency of a talker to raise his
voice level as noise level increases above about 55 dB(A).

Conversely, the same criteria for negligible speech interfarence can also
‘be used along with data on normal voice level to estimate the minimum levels desired
in multi-passenger commercial vehicles to provide speech privacy. That is, a lower
bound exists for the desired noise level in such passenger vehicles so that a private
conversation cannot be overheard by adjacent passengers. This minimum internal noise

level can be lowered only by decreasing talker=|istener separation, or increasing the
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propagation loss between the talker~listener pair and an observer with a sound barrier.
The criteria for speech privacy is based on maintaining an articulation index (AI) less

than 0.05 for the undesired communication path .40

Tuble B-8 summarizes these two criteria for the major passenger vehicles
and is based on the specified typical talker-listener separation distances. In general,
most transportation vehicles meet rhgse two criteria with the exception of multi-
passenger helicopters, which are generally too noisy,and city or highway buses, which

generally have internal levels lower than allowed for speech privacy between adjacent

saeats,

B.6 Glossary of Terminology

Sound Pressure Level (SPL)
The sound pressure level, in decibels (dB), of a sound is 20 times the

logarithm to the base of 10 of the ratio of the pressure of this sound to the reference

pressure. For the purpose of this report, the reference pressure shall be 20 micro-

newtons/square meter (2 x 10—4 microbar).

Noise Level (NL}
Noise level, in decibels, is an A-~weighted sound pressure level as

measured using the slow dynamic characteristic for sound level meters specified in
ANSIS1.4-1971, American National Standard Specification for Sound Level Meters.
The A-weighting characteristic modifies the frequency response of the measuring
instrument to account approximately for the frequency characteristics of the human

ear, The reference pressure is 20 micronewtons/square mater (2 x 10'4 mjcrobar),

Single Event Noise Exposure Level (SENEL)
The single event noise exposure level, in decibels, is the level of the

time~integrated A-weighted squared sound pressure during a given event based on

.reference pressure of 20 micronewtons per square meter and reference duration of

one second,
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Table B~8

Criterion Noise Levels for Speech Interference and Speech Privacy
in Transportation Vehicles in Terms of
A~Weighted Noise Levels

Maximum for No Minimbm for
Speech Interference Speech Privacy
Talker-
Listener Observer, Barrier Loss
Vehicle Distance 1 Distance 0 5dB8 10dB
Feet dB{A) Feet dB(A)
Buses, Trains . 1-1.7 79=85 2,25-2,7 90-93 84-86 76-79
Commercial Jet Aireraft
- Short Haul 1,1-1.3 B2-84 2,7-3.1 89=90 82-84 74=746

Commercial Jet Aircraft

- Long Haul 1.2-1.7 79-83 3.0-3.3  88-8% 81-89 74-75

]For communicating voice (Reference 39),
2Typica| range of side=by=side seat spacing — 5 inches.
3Typical range of front=to=back seat pitch.

4Excess loss by barrier or voice directivity,
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Daily Community Noise Equivalent Level (CNEL)

Community noise equivalent level, in decibels, represents the average
daytime noise level during a 24-hour day, adjusted to an equivalent level fo account
for the lower tolerance of 'paople to noise during evening and nighttime periods
relative to the daytime period. Community noise equivalent level is calculated from

the hourly noise levels by the following:

CNEL = 101og —pr > antilog R

+ 3 Z anﬁlog HI;I(;‘E + 10 Z qnﬁlog _ﬂ;l_ol:.N_

Where :
HNLD are the hourly noise levels for the period 0700 - 1900 hours;
HMLE are the hourly noise levels for the period 1900 - 2200 hours;
HNLN are the hourly noise levels for the period 2200 = 0700 hours;
and Z means summation, |

Hourly Noise Level (HNL)

The hourly noise lavel, in decibels, is the average (on an enargy basis)

noise level during a particular hour. Hourly noise level is datermined by sub~
tracting 35.6 decibels {equal to 10 Iog] 0 3400) from the level of the time=integrated

A-weighted squared sound pressure measured during the particular hour.
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Residual Noise Level

The temporal pattern of an A-weighted noise level measurement of com-
munity noise is generally characterized by two features. The first is the variation in
peak levels caused by street traffic, aircraft, and other single event noises, The
second feature is that noise level characterized by a fairly steady lower level upon
which are superimposed increased levels of the single events. This fairly constant

lower |level is called residual noise lavel. The centinuous noise one hears in the

backyard at night when no single source can be identified and which seems to come

from "all around" is an example of residual noise.
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APPENDIX C

MNOISE GENERATOR CHARACTERISTICS

This appendix provides a detciled analysis of the characteristics of the principal noise

generators in the transportation category. The noise sources to be anclyzed are:

. jet engines,
e propellers and rotors,
e internal combustion engines, and

. Hras,

C.1 Jet Engine Noise

There are three primary sources of noise on o commercial jet aircraft:

engines, boundary layer pressure fluctuations and internal equipment. Engines produce
noise at inlets and at the exhaust regions of fan exit ducts and the primary nozzle.
Pressure fluctuations in the fuselage boundary loyer excite structural components that
in turn radiate acoustic energy into the aircraft interior. Equipment such as pumps,
blowers and auxiliary power plants installed on an aireraft create nolse problems in air-
craft interlors, The latter two noise sources are the primary contributors to the noise
levels in the passenger cabin during cruise, The major aircraft noise problems, how-
ever, are associoted with the noise levels imposed upon communities adjacent to large
airports. Noise generated by the jet engines constitutes the dominant component in
producing this noise impact,

The two principal sources of noise in a jet engine are the jet exhoust and
the fan/compressor, As illustrated in Figure C-1, for the case of o low bypass-ratio
turbofon engine, jet noise radiates mainly toward the rear of the engine. Fan/com-
pressor noise radiates forward out through the engine inlet and aft through the fan
exhaust duct, Figura C-2 shows the effect of engine power setting on the relative
contributions from the jet and fan noise sources. On tckeoff, the jet noise contributes

measurably to the overall neisiness. During [anding approaches, however, the fon



£ Trewim by oS b Al o

Fan

Secondary Jet

j ——= Primary
| —= Jet

//// ///

Fan Discharge Duct

Inlet

5

Rear

110 120 dB

Forward

Lending Approach

———0 Fan Noise from Inlet
Fan Noise from Fan Exit
s Primary=Jet Noise

Overal! Sound=Pressure Level

Figure C~1. Turbofan=Engine Noise Sources and Distribution



Composite

120

/""——C Fan Whine from Discharge Duct
-

Fan Whine from Inlet
L -
'/

110
Perceived=
Noise Level "(Prima
(PNdB) arr
/' Takeoff
Thrust Range ——-w
s s

o
——— i Secondary
Jet

100 -

?0

——— Landing-Approach
Thrust Range

80 ¢ L 1 ; R0
2 4 6 8 10 12 4

Engine Net Thrust {1,000 Ib)

Figure C~2, Turbofan~Engine Noise at 400-Foot Altitude

C-3

i vm i b o e TR SR A S ML s Tl e e et L W e e e




R

whine from the infet ond discharge ducts is 10 to 20 PNdB higher than the jet exhaust
noise.

Engine design is a critical governing foctor in determining the balance
between jet and fan noise, In the early turbojet engines, the jet noise component was
dominant throughout the range of power settings. Subsequent high bypass-ratio turbo~
fan engines generate significontly reduced jet noise levels. However, as the fan noise
rediation is reduced through improved fan design technology and fan duct noise attenu-
ation, both sources of noise retain their significance in defermining the total jet engine
noise levels. The following two sections contain brief accounts of the generation and

radiation characteristics of these sources of jet engine noise,

C.1.1 Jet Exhaust MNoise

The noise generation processes in the exhaust wakes of current and antici-

pated future turbofen engines are dominated by quadrupole noise radiation, This
mechanism is caused by the turbulent mixing that occurs along the boundary between
the high-velocity exhaust jet and the quiescent atmosphere. The mixing process
generates a series of flow fluctuotions with small turbulent eddies formed close to the
nozzle orifice. Increasingly larger eddies are generated within the deveieping-
mixing layer progressively farther downstream, os illustrated in Figure C-3, However,
these fluctuations degenerate into smaller scale structures. They also interact with
each other and with the mean flow to form both larger and smaller eddies. This inter-
action results in a distribution of turbulence scales at any location within the mixing
layer, with the mean turbulence scale proportional to the local mixing leyer width.
The acoustic pressure fluctuations associated with the turbulence fluctu-
ations are distsibuted in o corresponding manner, with the peak frequencies generoted
varying continuousty from high frequencies in the thin mixing layer close to the

nozzle exit to low frequencies in the wide mixing layer far downstream. However,

_once generated, the acoustic waves interact with other turbulent structures (diffraction}

and mean flow gradients (refraction) to emerge from the jet flow with different
directional and physical characteristics than originally emitted, These phenomena

ore qualitatively Tllustrated in Figure C-3,
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The basic mathematical model of this noise generation process was first
formul ated by Lighfhilil’2 who combined the equation of continuity and momentum

into the inhomogeneous Lighthill wave equation:

2o 2 sy L T
ot o] Bxi2 axi axj
where Tij = Lighthill's turbulence stress tensor
= puiuj + Pij - az pﬁij
v, = velocity in the | direction
a = speed of sound in the uniform medium
p = density of the flow
P“. = tensor incorporating pressure and viscous terms
oij = Kronecker delta
The well-known solution of this differential equation may be written:
9 a(r - |2 - )
I AL % 3
pix 1) =-;:]-2-f/ 3, an %=y d” yde

o
Numerous theoretical investigotions of jet noise genaration have arrived at analytical
results by means of careful manipulation of this solution .3'6 The approach has been
developed to a high degree of sophistication and permits qualitative estimates of the
noise radiation as a function of the flow velocity and Mach number, However, the
Lighthill theory has its basic |imitations. It is not well suited to describe flows in
which the speed of sound and the mean density vary. Therefore, the effects of temper=
ature and temperature gradients, although implicit in the formal solution, are usually
neglected. In addition, the connected path of sound through the meon shear layer is
not readily aceounted for. These restrictions on the opplication of the Lighthill theory

have resulted in the formulation of new mathematical approaches by various investigators!
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These will not be discussed here, since they have not brought on improved techniques
for the quantitative evaluation of jet noise radiation. '
The application of dimensional analysis to Lighthill's solution yields the

dimensional law for the intensity of the acoustic radiation from a jet flow to:

2 8 2

U D !
s 2 0 Bravesmees
p o (1 - M cos 8)

°© o
where
= acoustic intensity
= flow velocity
= atmospheric density

= flow dimension {jet diameter)

T UD Cc -
|

= flow Mach number

source-observer distonce

,
Ii

8 = ongle subtended by source-observer with respect to

flow direction

This result has been well substantiated by experiment, aithough the U8
law somewhat overestimates the intensity at high jet velocities, Furthemmore, the
empirical dependence of intensity on the jet density p is a function of the jet velocity.
Thus, p2 oppears to correlate the experimental data at jet velocities greater than
1800 feet/second, whereas at lower speeds, , provides the better correlation parameter,
With certain similarity assumptions concerning the variation of the peok frequency f,
the mean velocity U, and the wake diemeter D with distance along the Jet oxis, the
above equation leads to expression for the power spectral density of the sound power
emitted by the jet flow. At high frequencies well above the typical frequency

Fo = 0,2 Ue/De defining the peak of the power spectrum, the asymptotic expression

becomes:

dW , (-2
dar



[T

where

W = acoustic power
f = frequency
subscript € = nozzle exit

At the low frequency limit, the corresponding variation is:

aw g2
dar

Figure C-4 shows a nomalized sound power spectrum obtained from measurements on o
wide range of jet engines and scale model air jefs.]0 The spectium shows the theoreti-
cally predicted trends ot the low and high frequency limits.

Figure C-5 presents a generalized correlation of the peak polar sound
pressure levels generated by jet engine exhausts and scale model air jets. The
correl ation on the basis of g yields acceptable data seatter, although the increasing
spread of the dato at the low velocity end is of particular note. The cause of this
onomaly is additional noise generated upstreem of the nozzle exit and propagating out
through the jet wake into the far field. This noise is generally dipole (U”) in character,
hence its dominance ot low velocities. Referring to Figure C=5, line B~B shows the
peak polar sound pressure levels measured with a noise~generating obstruction installed
in the upstream pipe; line C~C shows the some measurements with the obstruction
removed, Line D-C is obtained if the upstream pipe is carefully treated to eliminate
all possible upstream sources of noise. The immediate conclusion from this is that the
line A-B, which represents data from a wide range of jet engines ond model rigs, is
influenced by sources other than the jet mixing noise, In the case of scale model air
jets, these sources may be simple upstream obstructions. For the full-scale jet engines,
however, there are numerous additional and as yet incompletely defined sources. These
additional sources ore often termed engine core noise and are of significance for new |
technology engines which have subsonic primary exhaust velocities.

Current and cdvanced technology turbofan engines are characterized by
having a lower velocity fan exhaust stream surrounding the primary jet exhoust, The

generation of the noise field by these multiflow jets is even more complicated than for a
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single jet. Onesignificant ospect of jet noise generation is that the sound results
from an extended source volume aver the length of the mixing flow. Variafions to
this mixing flow caused by the inferaction of the two jets will result in different noise
characteristics, A recent experimental si‘udy12 included o detailed examination of
the effects of the bypass flow on the total noise radiation, resulting in the following
conclusions:

e The reduction in jet noise due to shrouding of primary flow by
secondary flow is maximum fer a secondary to primary velocity
ratio near 0.5, on a constant thrust bosis,

o The reduction in jet noise increases with increasing orea retio.

e The noise reduction is independent of the pressure ratio of the
primary nozzle and the total temperature of the primary flow,

These concepts are illustrated in Figure C-6, A nolse reduction of

10 PNdB at a 1500-foot sideline is achieved ot an area ratio of 10 as compared with

a single nozzle jet (area ratio zero) having the same thrust,

C.1.2 Fan/Compressor Noise
Compressors generate two distinct types of sound, broadband and harmonie.

The random broadband sound extends over a very wide range of frequencies. The har-
monic sound has one or more fundamentals corresponding to the blade passage fre~
quencies of the compressor stages, together with associated harmonics. A third type
of compressor nolse, combination tones, is important in high bypass ratio turbofan
engines operating ot takeoff power, A typical compressor noise spectrum is shown in

Figure C-7,

Broadband Noise
Broodhand noise is attributable to the action of turbulence and other

irregular flow disturbances upon the compressor blades, Sh::u'lr.md]3 studied compressor
breadband noise radiation both theoretically and experimentally, and his work forms
much of the basis for presénf knowledge, Basically, there are two primary mechanisms

for broadbend noise generation, The first is associated with the passage of a blade into
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an existing region of turbulent flow caused by upstream disturbances, which in
practice may be various compressor stages of rotor, stators, iniet guide vanes, struts,
et cetera, The velocity fluctuations in the oncoming flow generate lift fluctuations

at r§13 blade surface, which in turn radiate noise. The second mechanism is essentially
self-generated and arises even for a blade operating in undisturbed air. At sufficiently
high Reynolds numbers, typical of compressor'blading, the boundary layer becomes
unstable. In addition to generating direct pressure fluctuations on the blade surface,
it gives rise to an unsteady wake which in turn induces pressure fluctuations at the
blade trailing edge.

For on infinite rigid surface, the monopele and dipole tems in the
equation for sound radiafion by I'urbulenceM disappear, while the quadrupole term
r;1usr. be integrated over all space including en image turbulence behind the surface,
That is, the quadrupole radiation, which is doubled due to reflection, is the only
soyrce of noise in this case, However, for a finite surface {e.g. a compressor blade),
the reflection is not complete end a mognification of the quadrupole field results,

In H.ﬁs case, it is convenient for analysis purposes to regord the surface pressure fluctu-
ations as the source of noise, which is therefore of a dipole nature. These observations
suggest that lorge surfaces will radiate as UB'i while small ones will rodiate as Ué.
Whether the suiface is "large" or "smoll" depends upon its size relative to both acoustic
{»} andturbulence (g) wavelengths,

Since the latter quantities are related by the flow Mach number
N = 1/1, one can state that for o surface of dimension d, the radiation is quad-
rupole if M >> g/d, and dipole if M << g/d. Since 2 is also proportional to
frequency, higher frequencies are more likely to rediate as quadrupoles.

The two sources of random sound discussed above can be related to two
basic situations, The first is the production of noise on a blade due to the boundary
layer actually set up on that blade. This is termed "self-generated" noise; it is small-
sca_le (i.e., high frequency), and it quadrupole in nature., The second is the noise

produced by passage of the blade through turbulence generated upstream of the blade.
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This is "externally generated," has o much larger scale (lower frequency), and is dipole

in character,
A dimensional analysis of the various sources yielded the following relation-

ships for the total power (W) radiated from an area (S):

External Turbulence

4 2
! U'M"S .
W = "3— po “—E‘o—'-'""" (dlpo|e)

Self-Induced Boundary Layer Pressure Fluctuations

4
7 PUS
W =10 / ~° (dipole) q3
UO o

Reflection of Boundary lLayer "Self-Noise"

8
u-s 5.

{quodrupale) a,

8 Po

W= 6x10
o

It turns out that for turbulence levels in excess of 0,001, the first
equation dominates and suggests that "external turbulence" is a very significant noise
source,

The prediction of broadband noise radiation, although analytically
straightforward, is critically dependent upon the nature of the spatial correlation of
the surface pressure fluctuations, The problem reduces to that of estimating the

variation of spanwise and chordwise correlation lengths with the compressor operating

configuration.

Harmonic Tones
The main difference between harmenic and broodband noise generation s

that the former is associated with periodic rather than random flow disturbeonces in the

.. compressor duct, Otherwise, the mechanisms are very similar. The word "periodic"
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here essentially includes the fundemental or steady velocity terms which are associated
with the steady thrust and torque forces acting upon the blades. Since this is the basic
mechanism of propeller noise radiation, this source of compressor sound is sometimes
referred to as the propeller mode, Its origin was first analyzed by Guh‘n,] whose

theory is still widely used for propeller noise prediction,

OFf much more importance is the noise radiated by the action of fluctuating
forces upon the blades due to the presence of "higher harmonic" flow fluctuations.
These flow fluctuations are due to the presence of obstructions such os struts, guide
vanes, or stators, which produce velocity defects and potential flow interactions,
Figure C-B shows the basic geometry for stator~rotor interaction, Severdl alternative
theories are available for the prediction of harmonic noise generation. Lowson's
\‘heory]6 will be used to describe the problem,

Like Curle's fheorym of sound radiation by surfaces, Lowson's cnalysis

starts with Lighthill's basic equation for cerodynamic sound generation:

2
aF. 3 Tij

32 p .o 5_22,; 2 Q ;
- = - +
ot ° ax at a ax.ax.
i

X,
i |

The left=hand side is the acoustic=wave equation, and on the right-hand sida ore the
three source terms corresponding to monopole, dipole and quadrupole radiation,
respectively. The only term of significance for most applications is the second, which

corresponds to noise radiation by surface forces, Retraining only this term, the solution

A [X=Xf
1 aF. (y, 7) T ag

plx, 1) = '———Tf : . d2yd‘r‘

- 4ma Ok, 1=yl -

o [

where the infégrnﬁon must be performed over the entire source region.

may be written:
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If one of the cerodynamic force components acting on the blade, namely the thrust,

is written in its Fourier form, the nth harmonic can be written:
T = Tn cos ng

Upon substitution, the integral solution can be integrated for one revolution to yield:

2

_"_B em—— H *
cp = mﬂaonr { T cos 9} {JmB-x (mBM sin @) + (~1)* JrnBrP,\ (mBM sin g)}

where €y = sound pressure ampli~- M = blade Mach number
}:lﬁ:\ ::“f:he nth sound a = spee d of sound
m = order of the harmonic r =, distance Froﬁl hlade
B = number of blades 8 = angle from farn axis to
Q = rotational speed field PIO'“’ oad
= {ti f 1
JmB = Bessel function of A muitiple of foad harmante

order mB
When n = 0, this reduces to the Gutin equation, The important thing to note about this

equation for any value of m is that any thrust harmonic can generate any sound harmonic.

Qutside a certain range of frequencies, however, the acoustic efficiencies
of these harmonics are low; for practical purposes, only values of the load harmonie

number (k) need be considered lie in the range:
mB . mB .
—-V—(]'—MSIHB)S’(S'-v— {1+ Msing)

To utilize the result, it is nacessary to understand that the velocity and
hence force fluctuations oceur each time o blade passes through a disturbence ossociated
with upstream obstacles. For example, if a rotor is located downstream from a stator
with V vanes, then the fluctuations experienced by each blade have a fundamental
radian frequency of V2, where Q is the rotational speed. Similar arguments can be

applied to the stator,
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Such equations, although based upon a number of simplifying assumptions,
give convenient solutions for the sound radiated by rotors end stators, which have been
demonstrated by Ollerhead and Munch'’ to be remarkably accurate for the first har=
monic radiation by typical fan configurations. However, these computations, like al
solutions to compressor noise generation, ore only as accurate as the force~input terms.
These correlations were obtained with use of airfoil-woke data to estimate the harmonic
content of velocity profiles behind compressor stages. The scatter in the data shown in
Figure C-9 reflects this uncertainty in the force-input terms, Typical velocity profiles
were assumed for the theoretically determined line in the figure., Improved knowledge
of these profiles should close the discrepancy between the theoretical and experimental

noise levels.

Combination Tenes

Combination tene noise is radiated from the inlet of turbofan engines

having fan blades rotating with supersonic tip speeds; hence, it is a prominent type of
noise from the current high bypass ratio turbofan engines at tokeoff power, This effect
is illustrated in Figure C--IO.]8 Unlike the sound field produced by fans at subsonic
operation, where discrete tones are produced at harmonics of blade passage ffequency,
fans at supersonic tip speeds generate o multiplicity of tones at essentially all integral ‘
multiples of engine rotation frequency. _ |
The essentiol Features of combination fone generation are well esrablishedl.e' 19
Shock waves are produced at the leading edge of each blade and spiral forward of the
fun, conveying sound energy out of the inlet fo the far field, The waveforms are fairly
uniform close to the fan, both in shock amplitude ond in spacing between shocks.
Farther forward of the fon, however, much of the blade-to-blade periodicity is lost and
variations in shock amplitude ond spacing become prominent. Since the shocks form o
falrly steady but irregﬁlar pattern rofating with the fan, the corresponding nolse spectrum
is composed of o series of tones at hammonics of the shaft rotation frequency.
This loss of blade-to~blade periodicity can be explained on the basis of

finite amplitude wave theory, Close to the fan, the intervals between shocks are quite
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uniform due to the regular spacing of the blades, Some variation in shock amplitude,
however, is inevitable because of small manufacturing variations in the incidence
angles and other geometric properties of the blades, As the waves spiral forward of the
fan, this amplitude variation creates significant interval variation becouse of the
influence of shock strength on the rate of propagation. Strong shocks travel faster
than relatively weadk shocks; thus an initial small variation in shock strengths of two
consecuti ve shocks will cause the spacing hetween these shocks to vary with distance
away from the fan, At the some time, both shocks are decaying and they eventually
reach o stable situation where the spacing is unchanged with further propagation.,

A feature of the combination tone noise spectra in the engine far field is
that two fans, although identical in design, produce different spectral signatures. The
fact is that each blade is slightly different within well defined manufacturing tolerance
bands, When the blades are assembled to produce fans, the smell deviations of each
fan frem design will be different from fan-to-fan, A deterministic prediction procedure
for a given design wouid thus require knowledge of the variation in manufacture of all
blades on each fan. Since this is impractical both in advance of and during production,
an estimate of the average spectrum for a given fan design represents the practical
limits in combination tone prediction. This average will not only depend on relevant

geometric blade parameters, but alse on their standerd deviations from design,

c.2 Propeller and Rotor Noise

The mechanisms by which rotors, propellers and fans produce intense sound

pressures have been the subject of much werk, especially in recent years. Traditionaily,
noise generated by propellers has been separated into two parts called the rotational and

vortex components. Rotational or periodic noise here describes all sound which is identi-
fied with discrete frequencies occurring at harmonics of the blade passage frequency.

Vertex or broadband noise describes the modulated sound produced by the

. unsteady pressure field associated with vortices shed from the troiling edge and tips of

the blades, as well as some of the noise sources associated with turbulence effects in

the airstream, The helicopter rotor deserves separate consideration. Although much
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of its noise can be explained in temms of propeller noise sources, there are a number of

other sources exclusive to that device which mdke significont contributions te the over-

all levels.

Rotational Noise
All real rotating airfoils, i.e., those having thickness, have a pressure

distribution when moving relative fo the surrounding medium. This pressure distribution
can be resolved into a thrust component normal to the plane of rotation and a torque
component in the plane of rotation, This pressure fiald on the air is steady relative to
the blade and rotates with It if operating under conditions of uniform inflow. Fer non-
uniform inflow, such os a helicopter rotor in steady forward flight, the difference in
relative blade speed during forward and backward motion of the blade relative to the
flight path requh:es o cyclic incidence variation to provide a reasonably uniform lift
over the disc, To a first approximation, the forces on the air next to the disc would be
constant under these conditions; the effects of incidence changes would appear only as
variation of chordwise loading over the blade, From a fixed point on the dise, the
rotating field appears as an oscillating pressure. The frequency of the oscillation is the
frequency with which a blade passes that point (blade passage frequency) and the wave-
form of the oscillating pressure is determined by the chordwise distribution of pressure
on the blades, _

In addition to experiencing a fluctuating force, an element of air in the
disc will be physically moved oside by the finite thicknass of the blade. In a fixed
frame of reference, this displacement is equivalent to a periodic introduction and
removal of mass at each element of air near the disc, The rate of mass introduction ot
a point, which is determined by the blade profile, incidence and speed, can then be
expressed as the strength of a simple source. Up to values of resultant tip speed
epproaching sonic, thickness noise is generally found to be small compared with the

noise arising from torque and thrust, At higher tip speeds, however, it moy assume

equal importance.,
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Interaction and Distortion Effects

Certain periodic effects are usually identified with helicopter rotors, but
may oceur to a lesser degree in propellers. Impulsive noise, blade bang or blade slap
may consist of high-amplitude periodic noise plus highly modulated vortex noise caused
by impulsive fluctuating forces on the blades. The mechenisms by which these forces
may arise are: (1} blade-vortex interaction, (2) periodic stalling and unstalling of a
blade, and (3) shockwave formation and collapse due to unsteadly periods of local
supersonic flow, The first and second conditions {and possibly the third) may occur
(1) when a blade passes through or near a tip vortex, or (2) when an unsteady woke is
generated by a preceding blade. Operation in this unsteady flow condition leads to
strong fluctuating forces, Here, aeroelastic properties may become significant
parameters, The third mechanism may also result directly from operation of a blade af
high tip speed (such as an advancing helicopter blade during high speed flight), When

high tip speed occurs, blade sfap is by far the dominant source of aerodynamic noise.

Vortex Noise

The dominant source of broadband noise is called vortex noise, which has
been defined as that sound which is generated by the formation and shedding of vortices
in the flow past a blade. For an infinite circular eylinder, normal to the flow and in
the range of Reynolds numbers from 102 te 105, it is well known that the vortices are
shed in an orderly vortex street which is a function of cylinder diameter and flow
velocity, The process in the case of a rotating airfoil is similar and since there is a
different velocity associated with each chordwise station along the span, a broadband
of shedding frequencies results. This produces a dipole form of acoustic radiation in
which the strength of the source is proportional to the sixth power of the section velocity.
Hence the frequencies associated with the area near the tip tend to be of greatest
amplitude. Also, since a blade develops lift (thrust), tip and spanwise vorticity of
strength proportional to the thrust gradients are generated and shed, Their dipole

acoustic radigtion combines with that from the trailing edge vortices to make up the

so~called vortex noise.
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C.2,] Propeller Noise
As discussed above, the noise produced by an operating propeller has been

an object of scientific interest for many years. All of the early work in the aeronautical
noise field, both analytical ond experimental, wos concerned with the propeller noise
problem or with allied configurations such as Yudin's work with rotating rods,

Although closely related to the noise produced by rotors and fans, the
problem of propeller noise is simpler in some respects because of the configuration and
operating conditions of the propeller. The small number of bledes in a normal pro-
peller, together with the flow velecity through the propeller disc, minimizes the inter-
ference effects due to operation in the wake of preceding blades. The structure ond
location of the propeller is such that noise due to blade flutter and asymmetrical induced
flow are not normally encountered. At moderate tip speeds, i.e., slightly below the
onset of compressibility effects, both vortex noise ond rotational noise due to thickness
are lower than the rotational noise due to thrust and torque, Consequently, most of
the noise work on propellers, of both a theoretical and experimental nature, has con-
centrated on the effects of thrust and torque, In studies dealing with the reduction of
overall propeller noise, however, vortex noise has been shown to be an important
contributor and in the case of high~speed flight, the level of thickness noise may

exceed that of thrust and torque noise,

Rotational Noise
The theoretical work of Gui’in]5 provides the equation for the sound

pressure of the mth harmonic tone:

169.3 mBRM, [ 0.76 P ﬁ'

'Pm = TR 73— " Tecos § ) Jpix
M t
Where 2
P = rmssound pressure level (SPL) in dynes/cm
= order of the harmonic |
S = distance from propeller hub to observer, ft !
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Vortex Noise

= propeller radius, Ft

R

A = propeller disc areq, Fr2

P, = cbsorbed power, horsepower
T = thrust, |bs

B = number of blades

M

= tp Mach number

t
JmB = Bessel function of order mB
x = argument of Bessel function 0.8 thB sin @
# = angle from forward propeller axis to observer

The expression gives reasonahle agreement with experimental results for the
first few harmonics of conventional propellers operating at moderate tip speeds and for—
ward velocities, In these circumstances, summation of the squars root of the sum of
the squares of the solutions to the above expression for m=1, 2, 3, 4 will yield an
adequate opproximation of the overall sound pressure of the thrust and torque com-
ponents. Under such conditions, it is o suitable estimate of the total noise as well,

As tip Mach number is reduced to the range between 0,5 and 0.3, experi-
mental results begin to diverge from the predicted values in the direction of higher

levels. In this region, vortex noise, which originates in the varicble forces acting on

‘the medium during flow past the blade, makes itself known.

An equation developed by Hubbord,m which was based on Yudin's original
work, additional work by Stowell and Deming,22 and others, is frequently used to

caleulate vortex noise in terms of SPL:

A, (v, )
10

where
k = constant of proportionality
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A, = propeller blade areaq, fr2
Vo,? = velocity af 0.7 radius

The expression indicates that vortex noise is o strong function of blade
velocity; doubling the blade velocily increases the SPL by 18 dB, The effect of
doubling blade arec is [ess severe; the SPL is increased by 3 dB. This suggests that the
way to reduce vortex noise is to minimize the tip velocify and to make up the required
thrust by increasing blade area as far as possibfe within the constraints of efficiency
and structure, It should be remembered, however, that the vortex noise of propellers

does not become significant until the blade velocity is already below normal operational

volues.,
C.2.2 Rotor Noise

Rotational Noise
The study of rotor noise has had the advantage of drawing on the knowledge

gained from eariier interest in the propeller. It was found, however, that although
propeller noise theory waos fairly accurote in describing the sound level of the first
harmonic of rotars, it was grossly in error for the higher harmonies. This is not alto-
gether surprising when one considers the relative complexities of the two systems, The
propeiler that Gutin described was a rigid device rotating in steady, uniform flow,

The modern rotor is quite a different system, The main feature of the rotor aerodynamics
is the lack of symmetry. In transitionol and forward flight, the rotor disc encounters
highly nonuniform inflow, and the mechonism by which forward thrust is obtained gives
rise to eyclic pitch and fluctuating airloads, Under these operating conditions, velocity
fluctuations are induced which give rise to a multitude of blade~loading hamonics,

The caiculation or experimental determination of these higher harmonic blade loads is
extremely complex and has met with only limited success. Many aufhor523_25 are of the
opinion that all the significant higher harmonic sound effects (except possibly at
transonic of supersonic speeds) can be atfributed to these unsteady higher harmonic

loadings and, further, that any sound haimonlic recelves contributions from all loading

harmonies.
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Lowson and Ollerhead23 have undertaken to avoid the problem of theorefi-
cally detenmining the blade-loading harmonies by deriving empirical harmonic decay
laws. A study of the available full-scale blade-loading data revealed that the amplitude
of the airload harmonics decayed approximately as some inverse power of harmonic
number, at least in the range'which covered the first 10 harmonics, For steady flight
out of ground effect, the optimum value for the exponent was found to be =2.0, so
that the amplitude of the mth loading harmonic wes proportional to m_.z'0 This taw
was then extrapolated indefinitely to higher frequencies in order to provide some esti~
mate of the higher harmonic dirload levels. However, before this could be used os o
basis for noise calculation, account had to be taken for phase variations around the
rotor azimuth and along the rotor span. It was assumed that the phases could be ran~
domized. In the cose of the spanwise loading variations, this was accomplished by the
introduction of a "correlation length” concept such as commonly used in turbulence
theory, By assuming that the correlation length was inversely proportional to frequency,
this resulted in an approximate net effect of adding o further -0.5 to the exponent of
the loading power law. Also, an effective rotational Mach number concept is introduced
which enables the effects of forward speed to be calculated directly from results for the
hover case.

Using thase approximations, the rotational noise spectrum for the Bell UH~1
helicopter was calculated for comparison with available measurements. The comparison
is shown In Figure C-11. Because of uncertainties regarding the overall levels, they
wers normalized on the basis of power in the third and higher harmenies, Although for
this reason, nothing can be said about overall levels, the agreement, insofar as spectral

shape is concerned, is good up fo the thirtisth harmanic.

Broadband (Vortex) Noise
The fundamental generation mechanism of broadband and, more particularly,

vortex noise from rotors is not yet fully understood. In Yudin's early work with rotating
rods, vortex noise was considered to be o viscous wake~-excited phenomenon and indeed

It must be in that case, However, in the case of a lifting airfoil such as a rotor, the
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experimental evidence could support equally well the contention that it is caused by a
random movement of the lifting vortex in the tip region. Quite likely, both the tip
vortex and the vortex sheet shed from the upper surface of the aitfoil contribute in
varying degrees, depending on the configuration and operating conditions. There is
evidence, however, thot a portion of what was originally identified as broadband
vortex noise may, in fact, be higher harmonic rotational noise, Lowson and Ollerhead
report that the rotational noise of rotors may dominate the noise spectrum up to 400 Hz
and higher. At any rate, broadbond noise is generated ond can be dominant under
some rotor operations, e.g., of very low rotational velocities with two~bladed or
three-bl aded rotors, where even higher harmonies of the blade possage frequency may
be inaudible. Hubbard and Regiew26 extended the work of Yudin and postulated that
for propellers with airfoil sections, as for rotating circular rods, the vortex noise energy
was proportional to the first power of blade area and to the sixth power of the section
velocity, Experimental measurements, where they are available and relioble, should

be used to evaluate the constant for o particular set of conditions,

Modulation (Blade Slap) Noise
Rotors suffer more from distortion noise thon any other oerodynamic noise

generator, Blade slap is the colloquialism that has been cpplied to the sharp eracking

sound associated with helicopter rotor noise sources.  To date, the only attempt at &

| quantitative study of the problem seems to be the papers published by Leverton and

Tayl;:r.27' % In the latest, Leverton lists the three main mechanisms genetally
postulated for blade slap in the literature:
&  Fluctuating forces caused by blade-vortex interaction,
e Fluctuating forces resulting from stalling and unstalling of the
blade. ] )
e  Shock wave formation due to local supersonic flow; it is suggested
that this is either {(a) a direct result of operating a blade at a high

tip speed, or {b) caused by a blade-vurtex interaction,
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At the present time, detailed information on these mechanisms is still
limited; therefore, it is almost impossible to state which is the most likely mechanism.
However, a blada intersecting the tip vortex shed by o preceding blade could itself
cause the other two mechanisms to occur, Leverton assumes that blade slap is the
direct result of the fluctuating lift caused by the interaction of a blade and vortegc
filament. This can be either an actual intersection when @ blade cuts a vostex filak
ment or the effect of a blade passing very close to a vortex filament,

Although it is easy to imagine a blade and a tip vorfex intersecting, it is
extremely difficult to visuolize the details of such an encounter and proctically
impossible to describe it mathemotically. As a blade intersects or comes near a
vortex filament, the blade circulation and hence the [ift profile will become severely
distorted. On a_single rator lift system, a blade will most likely pass near, or cut
through, a tip vortex shed by a preceding blade (Figure C-12 (a) ). On a tandem
rotor lift system, it is more likely that one rotor will cut the vortex filement generated
by the other disc (Figure C«12 (b) ). The fact that large fluctuations in lift occur

when o blode passes close to o vortex filament is obvious.

C.3 Internal Combustion Engine Noise

The externally=radiated noise from internol combustion engines resuits from

a multitude of noise=generating machanisms. Unlike the jet engine, for which one or
two sources of noise dominate the noise-radiation characteristics, several noise sources
contribute measurably to the noise signatures of internal combustion engines. The
following major source categories are commonly recognized;

e exhaust noise

s intoke noise

e engine-raodiated nofse due to cylinder pressur-e development

(combustion noise)

e engine-radioted noise due to mechanical companents

(mechanical noise)

e cooling fon noise
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Figure C-12. Typical Blade=Vortex Intersections for.a Single
Rotor System {a}, and a Tandem Rotor System (b).
(Data from Leverton, Reference 28)
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Several specific subsources are distinguished in the engine-radiated noise

category. These will be discussed below in the detailed evaluation of the separate

noise cotegories,

C.3.1 Exhaust and Intake Noise

Exhaust noise is potentially the greatest noise source of the cutomotive

engine. It is pro!uced by the sudden release of gos into the exhaust system by the
opening of the exhaust valve. The closing of the valve preduces only minor effects.
The fundementals and harmonics of the firing frequency are the principal components
which have to be dealt with in the exhaust-muffler system. At high speeds, the
‘individual frequency components are masked by @ more continuous spectrum attributed
to turbulence noise associated with the high velocity of the exhoust gases over the
valve secﬂ-.

Intake noise is produced by both the opening and the closing of the inlet
valve. At opening, the pressure in the cylinder is usually above otmaspheric and a
sharp positive pressure pulse sets the air in the inlet passage into osciliation at the
natural frequency of the air column., The oscillation is repidly domped by the changing
volume caused by piston motion downward, Closing of the inlet valve produces similar
oscillations, which are relatively undamped, In practical installations, measurements
indicate that intake: noise is not fully silenced and in some vehicles it is the pre-
dominant source of noise.

Figure C~13 shows spectra of the noise radiation from a diesel engine
running at 1500 rpm with () open exhaust and inlet, (b) silenced exhaust, and {¢)
silenced exhaust and inlet.so Comparison of spectra {a) and (b) shows that exhaust
nolse predominates by about 10 dB over the whole frequency range. Comparison of
spectrum (b) with the spectrum with the air inlet silenced (c) shows that the next
groatest noise source is the air inlet. The remaining noise, spectrum (c), is emifted
by the engine structure itself from vibration of the external surfaces and by the cooling
fon, In the diesel engine, air inlet noise generally predominates only in the low and

middle frequancies, up to 1000 Hz, In the gasoline engine, this inlet noise may also
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predominate in the high frequency range owing to the "hissing" noise produced in the

carburetor.

Both exhaust and intake noise show the same dependence on engine

31
speed:
Sound Level dB(A) = 45 Long + k

where

N = engine speed - rpm

k = undetermined parameter

The noise levels increase with increasing engine load; from no-load to full-load, the
intoke noise increases between 10 ond 15 dB for diesel engines and between 20 and
25 dB for gasoline engines. Intake noise is also affected by the construction of the
exhdust system; restrictions in the exhaust markedly increase the intcke noise. Both
exhaust and Intake noise are greatly influenced by design variables such as the size
of the valves, their timing and the construction of the parts.

Automotive engines are normally equipped with exhaust mufflers and intake
silencers. In some cases these are Inadequate because of space ond cost limitations,
aven though techniques for silencing to any desired degree are well known,

' Large mufflers must be used to obtain adequate silencing with low back
pressures. Two mufflers in series are sometimes used (for example, on bus engines).
The ratios of net muffler volume to engine displacement volume of a group of typical
older passenger cars indicate values between 1.5 to 4,2, For some quieter muffiers,
the volume ratio is double these values.

The location of the muffler along the exhoust pipe is important, especially
with the simpler mufflers, because of pipe resononces, The most advantageous muffler
location for single-muffler systems is indicated ot the center of the exhaust pipe, which
allows for cancellation of pipe resonances.

According to M{:lri'ir'l,32 it has been demonstrated by experiment and theory
that the direct gas flow through a muffler con considerably affect the silencing effect.

Considering, first, o reactive muffler with resonant chambers and flow interruptions
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{staggered fubes in successive bulkheads), let Dc be the attenuation in decibels
through the muffler without gas flow and Dr the practical silencing of the various
frequencies with superimposed gas flow through the muffler, as measured on the actual

engine. Then, as o first approximation, the following relation between Dr and D

is given:
Do
O vy S
where
M = Mach number of the mean gas flow in the muffier
g = nondimensional coefficient whose value falls hetween 1.0 to

1.2, depending on the muffler design
Thus, muffling improves with Mach number within the engine operating
range and full-throttle operation is better silenced than idling operation. On the
other hand, absorption type mufflers with a straight-through passage in a perforated
pipe surrounded by o concentric container filled with fibrous sound-absarbing material

show better silencing, Dc, af idling than at full-throttie, according to the relation:

D_=D_(I- Mm% s
Again, P is a nondimensional constant, dependent on muffler design, and falling
between 1.0 and 1.2 in magnitude.

Intake silencers are usually of the straight-through design, using resonant
side chombers'to control both low frequency and high frequency noise, and'a "hiss
felt" for contro] of the high frequency noise spectrum. Figure C-14 shows octave band
intake noise spectra at 3 feet for two diesel engines at full power, 2000 rpm operation,
with normal inlet silencers and with completely silenced inlets33 The upper set of
curves, (a), is for a 2-liter engine and includes no~load intake noise spectra. The
lower set of curves, (b), is for a larger 4,2-liter engine. Intake noise on both engines
reaches a substantial 95 to 97 dB peak in the low frequency octave bands at about

120 to 250 Hz ot full load. The no-load intcke noise octave band peak for the smaller
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engine is about 10 dB lower (88 dB) than the full-load peak (97 dB), with a slight up-
ward shift in frequency. With complete silencing of the intake noise under full load,

the predominant noise is in the upper frequency range from 1000 Hz and up.

C.3.2 Combustion and Mechanical Noise

The noise from the structure of an intemal combustion engine is produced

by forces of mechanical origin and by gaos forces acting on the pistons resulting from
compression and subsequent combustion, Both produce vibrations of the external sur~
fuces which emit the noise. Noises of mechanical origin are those due to operation of
the piston-crank system, valve=gear mechanism, various auxiliaries and their drives,

In practice, mechanical noise is defined as that of the motored engine, This definition,
however, includes the effect of gas forces developed during compression; but the con-
tribution from the compression pressure is rather small. The noise of the running engine
{addition of the gas forces due to combustion) is invariably greater than that of the
motored engine. Thus, combustion is the major noise source in an internal combustion
engine,

The effect of combustion on engine noise is illustrated in Figure C-15
which shows spectra for diese! and gasoline engines, both motored and running, with
different forms of cylinder pressure developmenf.33 In both types of engines, the noise
can be varied some 10 dB by changing the form of the cylinder pressure. Hence, worth-
while reductions of engine noise may be attainable if the effect on noise of the form of
cylinder pressure development is known, Figure C=16 shows some examples of eylinder
pressure spectra from a gasoline and o diesel engine at full and no load.33

Both diesel and gaseline engine cylinder pressure spectra show a high lavel
for the first few harmonics, followed by a steady decrease of the level of higher order
harmonics by some 30 to 50 dB per decade.

The low frequency parts of the spectra, up to about 300 Hz or 20th har=
monie, are hardly influenced by the form of pressure diagram, but are largely determined
by the peck pressure, A large reduction of the level of this part of the spectrum is

observed only with a considerable reduction of paak pressure such as occurs with a _
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gasoline engine on no-load. The levels of the harmonics above 20th order are
affected more and more by the actual form of the pressure diagram; thus, af higher
frequencies, the spectra of diesel engines diverge from those of gasoline engines and
have higher levels, particularly in the range from 800 Hz to 3000 H=z.

This difference is ascribed to the different mechanism of ignition. In the
gasoline engine, the flame is initiated from a spark (thet Is, a point source} from which
the flame gradually propagates until the whole charge contained in the chamber is
burned. Thus, a very smooth blending with the compression is obtained. In the diesel
engine, on the other hand, ignition is spontaneous and an appreciable volume of pre-
mixad fuel and air burns extremely rapidly. This ropid combustion results in the
marked discontinuity (that is, rapid initial pressure rise), invariably observed on the
cylinder~-pressure diagrams of diasel engines.

Noise measurements on a large number of aulomotive diesel engines {with
inlet and exhaust silenced) have shown a striking similarity in shape of noise spectrum,
All spectra show a broad peak in the frequency range from BOO to 2000 Hz, similar to
that of the octave band spectrum {c} of Figure C~13. From oscillegraphic investigation,
it has been shown that the noise is emitted in impulses coinciding with the rapid increase
of eylinder pressure. [t is the objectionable hard "knock" characteristic of diesel
engines,

The spectrum of the gasoline engine is different. The components in the
frequency range 800 to 2000 Hz are of lower intensity and the largest peaks in the
spectrum are in the frequency range 400 to 600 Hz. These differances correspond
exactly to the differences previously noted in cylinder pressure spectra, The different
noise characteristics of diesel and gasoline engines therefore are due not to any
differences of the structure but to differences in excitation due to cylinder pressure,

The effect of load on the cylinder pressure spectra (Figure C-16} is very
marked in the gasaline engine, but is very slight In the diesel engine. This is due fo
throttling the gasoline engine intake ot no~load. These chservations again are found

to ba in agreement with noise measurements os shown in Figure C=17. where the overoll
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sound prassure levels are plotted against load for o diesel engine and a gasoline engine
at 2000 pm33 In the diesel engine, the sound pressure level at no-load differs only
slightly from that at full-load; whereas in the gasoline engine, ihe sound pressure level
af no~load is less than that ot full-lcad by some 10 dB.

The relqﬁonshiﬁ between the cylinder pressure spectrum and the engine noise
radiation depends on the relative levels of the combustion and mechanical noise com-
ponents. Smoothing or reducing the cylinder pressure below a certain "critical" value
will have only a negligible effect on the engine noise because of the constant level of

the mechanical noise,
If the eylinder pressure level is above the "critical level," the level of the

emitted noise is proportional to that of cylinder pressure. This makes it possible to define
the vibrational end radiating properties or the "noisiness" of an engine structure by o
quantity:

gttenuation in decibels = cylinder pressure level - sound pressure level
The attenuation is represented by a single curve covering the audio frequency range
which is independent of engine operating conditions — speed, timing and load,

Figure C-18 shows the aitenuation curves of four diesel engines and a
gasoline engine of similar size {2~liter copacity) .33 As can be seen, variotion of
_attenuation among the diesel engines of current design is not very large and the curves
are found to lie within a range of some 6 dB. Also, the attenuation curve of the
gasoline engine lies mainly within the group of curves for the diesel engines, which
indicates that its structure is not dissimilor, as regards noise, from that ¢f the diesel
engines,

The attenuation is high at low frequencies and declines ot a steady rate by
about 50 dB/decade up to about 1000 Hz, Above 1000 Hz, attenuation declines at a
considerably lower rate, by about some 10 dB/decade. Investigations have shows that
the high attenuation at low frequencies is portly due to higher attenuation of vibration
by the stiffness of the structure and partly due to higher radiation attenuation, since

the wavelength of the sound exceeds that of the linear dimensions of the engine. At
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high frequencies, from 800 Hz upwards, the noise is due to vibration of resenating
sections of engine surfaces, generally of the crankease, resulting from transmission of
forces due to cylinder pressure both directly from and via the crankshaft.,

The pressure diagram in an engine tends to remain of similar form with
change of speed; therefore, to a first approximation the cylinder pressure spectra will
be geometrically similar at different speeds but with a shift porallel to the frequency
axis corresponding to the change of speed. Thus, the increase of engine noise will
depend on the genera! slope of the eylinder pressure spectrum. For example, with
cylinder pressure spectro having a slope of 30 dB/decade (corresponding to the slope
of cylinder pressure spectra in most diesel engines), one can expect an increase of
engine noise by 30 dB for the tenfold increase of engine speed.

This is confirmed by the test results shown in Figure C—I9.33 The
straight lines give o good Ffit in the case of all four diesel engines, The noise of the
gasoline engine increases in speed at a higher rate; this corresponds to the greater slope
of the cylinder pressure spectrum of this engine (Figure C-16). Thus, the engine noise

levels may be expressed by the simple relationships:

Sound Level dB(A)
Sound Level dB(A)

i

30 LogmN + k for diese| engines, and

IH

50 Long + k for gasoline engines,

The effect of the engine size is also clearly seen from Figure C-19, If the
amplitude of vibration of engine surfaces does not vary with engine size, the increase
in intensity of sound radiated should be due only to the increase in the radiating sur-
face area and the noise would increase by 13,3 dB for o tenfold increase of engine
capacity. This can be seen from the data on the few clesel engines; an increase of
about 14 to 16 dB is obtained, which is very close to the above value. In general
this gives the result that, power for power, a large engine running slowly is qufeter

than a smaller ane running faster,

€.3.3  Cooling Fan Noise
Cooling fan noise is a nuisance noise in the automobile. Aerodynamic noise

is generated directly through vortex formation by the fan blades. The most common type
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of engine cooling fan is the axial flow type. This is used invariably to draw air through
the radiators of water-cooled engines. Centrifugal fans are sometimes used with air-
cooled engines. The mechanisms of noise generation by axial flow fans have been dis-
cussed by Sharlc:nda4 and others, These mechanisms are identical to those described

in Section C.1.2 for jet engine fans and compressors and in Section C,2 for aircraft
propellers and helicopter rotors, ond will not be discussed separately in this section,

A general empirical expression for the noise levels generated by cooling fans may be

wriften in the form:

Sound Level dB(A) = 40 IOQION +k

whete
N

k

fan rotational speed

il

undetermined parameter

At present, the method of testing fan acoustic performance consists of
instal ling various designs of fans which will give the required cooling, then road-
testing the car ot different speeds and selecting by ear the most satisfactory FQT‘I.SS
Design constraints on the fan covering space occupied, rotational speed, amount of
airflow, position in car, and other factors cause difficulty in making a quiet fan.

Blade spacing can be used successfully to distribute the level of harmonics
over the operating range, Four blade fans with 76 degree blade spacing have been
found to be a good choice. On the average, slow running fans are the quietest. For
automotive fans, noise is increased by 60 dB per tenfold increase of tip speed. Inten-
sity is proportional to about the 6th power of rpm and therefore a special coupling to
reduce fan speed at high engine speeds is one of the most effective ways of con=-
trolling the noise. Fan noise has the peculiar quality that sometimes it is difficult to

mask below other car noises, particularly when the other engine noises are suppressed.

C.4 Tire Noise
Noise generated by tire-roadway interaction is one of the prime sources of

annoyance for several classes of road vehicles, For example, at vehicle speeds above
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30 to 35 mph, tire noise may be the principal component of the overall automobile
and small truck noise spectrum. Figure C-20 shows how the engine noise levels compare
with the noise levels produced by various classes of tires for a single-axle ’rruck.3
Although the "quiet" tires fall below the engine noise levels over the enfire range of
vehicle speeds, the difference in levels is sufficiently small that o moderate reduction
in engine noise would leave tire ncise as the principal component even for these tires,
especially of the higher velocities,

The important source mechanisms in the tire/roadway interaction are:

e "Air pumping" from tread and roadway activities — the sudden out-
flow of air trapped in the treads or roadway cavities when the fire
contacts the road surface, and the sudden inflow of air when the
tire lifts away from the contact area.

e Casing vibration — excitation of the casing and tread by roadway
roughness or by the tire itself,

¢ Aerodynamic — {a) "spinning disc" noise, (b) impingement of
turbulence upon all or parts of the tire, (c) impingement of dis=-
placed air on the roadwoy surface,

quden36 has made a detailed analytical investigation of these noise

sources and concludes that the third mechanism is negligible except at very high
vehicle speed. Thus, aerodynomic noise mechanisms may be considered to represent
a lower bound for the tire=roadway noise.

The first two noise source mechanisms are discussed below, on the basis

of Hayden's cmcalysis.:3

Air Pumping from Tire and Roadway Cavities

When a section of the tire tread contacts the road surface, some of the

air in the spaces between the treads is displaced, thus creating a locally-unsteady
volumetric flow. Similarly, when the tire rolls over and partially fills cavities in the
roadway, some of the air is squeezed out of these cavities, Finally, when tire seg~

ments leave the contact area, spaces enclosed by the tire and roadway expand rapidly
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Figure C-20. The Significance of Tire Noise Relative
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and a volumetric flow transient is created by the air rushing to fill the expanding
cavity. Such fluctuotions in volumetric flow rate characterize the driving mechanisms
of the acoustic monopole {or "simple source"}. The narrow-band mean-square acoustic

pressure due to the "point" monopole source may be written:

2()_ 2w252- 2 ]05 u257

where

the acoustic pressure

the ambient density of the medium

the radial distance from the source

1]

the volumetrie flow rate from the source

EO""D'U
1l

the circular frequency

Thus, to estimate the overall sound pressure, one needs only to estimate
Q and w, Such aprocedure will now be demonstrated for o tire whose geometry is
shown in an exaggerated fashion in Figure C-21,

The mean-flow rate from a single covity is estimated to be:

T - Volu?ic:n:honge - (fg}.\}gws = (f.c.)gwV

for the geometry shown (where f.c. is the fractional change in the cavity voiume).

The characteristic frequency of occurrence of the flow pulse is:
w = 21V/5

By substituting these relationships into the first equation ond taking the logarithm with
respect to the reference pressure 0,0002 pbar, the following "engineering equation" is

derived (for n cavities per tire width):

SPL(r) =68.5 + 20 log (gw/S) + 10 log n + 20 log (f.c.) + 40 log V - 20 log(r)
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Figure C=21, Tire Terminology
(Data from Hayden, Reference 36)
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This equation is valid for the case of a non-directional sound source and hemispherical
spreading.

A similor equation may be derived for the sound due to a smooth tire
rolling over cavities in the roaodway. If there are m cavities in the roadway per
width of the tire {m= Wc/sr) and the cavities are dr deep, W, wide and have a

spacing of Sr' then the sound pressure level is:

SPL(r) =68.5 + 20 log (drwr/Sl_) + 10 log n + 20 log {f.c.) + 40 logV - 20 log r

Tire Vibration

The excitation of tires by road roughness and resultant tire vibration is
complex, making the prediction of associoted sound radiation somewhet difficult.
Reasonable analytical formulations of tire vibration and the resultant sound radiation
would require much presently unavailable knowledge about tire dynamies and dynamic
behavior of the tire/readway interface. With so much of the needed information
lacking, an experimental approach may be taken to determine the roadside noise due
to tire casing vibrations. The empirical curve for predicting sound radiation from the
acceleration input spectrum shown in Figure C-22 wus obtained by placing a tire in a
reverberant chamber and measuring the sound power level spectra for various vertical
input acceleration levels and spectra.36 It moy be noted that the tire responds strongly
within a range of frequencies from 125 to 1000 Hz. The cut-on at 125 Hz corresponds
roughly to the fundamental resenances of the tire. Above 1000 Hz, the input acceler- .
ation levels are strongly damped.

Vibrational sound from a passenger car tire operating on a granite chip
road surface has been predicted with the use of Figure C-22 from indirectly-measured
acceleration spec:tm.::16 The resultant sound power spectra are shown in Figure C-23

and the overall levels of verious speeds in Figure C-24,

The relative irmportance of each of the previously discussed source
mechanisms to the overall noise radiated by a relling tire may be estimated from the

relationships developed above, For several different tires and road surfaces, the
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appropriate geometrics have been determined for predicting roadside noise from the
"air pumping" mechanism 36 The results are shown in Figure C-24, Curves 1 to 5 all
exhibit the 40 log V speed dependence. In each of these cases, it was assumed that
the fractional volume change (f.c.) is 0.1 and that the dynamics of the oir pumping
process are similar in all instances. The latter assumption is undoubtedly too general,
as one intuitively expects air to be squeezed from rib tires in a different manner than
from crossbar treads or road cavities. Crossbar type treads are predicted to be noisier
than ribs; the concrete road surface examined was rougher than asphalt and thus pre—
dicted to be noisier.

Comparisen of the vibrational sound levels estimated by the empirical
method with those estimated for the "air pumping” mechanism tends to indicate that
tire vibration is not a dominant sound-generating mechanism in tires. However, in
view of the uncertainties involved in the input acceleration calculations, this pre-
diction must be regarded as tentative and somewhat inconclusive, It may be noted
that measurements of tire noise on rough roads suggest that tire vibration noise can be
significanf.sl The noise spectra measured on rough roads showed a nearly constant
spectrum level up to 800 Hz, followed by a strong decrease at higher frequencies.
Changes in vehicle speed were found io result in no significant change in the spectrum
shape. This behavior agrees with the tire vibration mechanism, whereas the air
pumping mechanism predicts o linear dependence of frequency on the vehicle speed.

The data obtained on relatively smooth road surfaces, however, appear to
agree with the predictions of the air pumping model in several respects. Evaluation
of Tetlow’s dc:to,35 shown in Figure C-20, confirm the following trends:

' e Spead dependence of the measured sound approached 40 log V,
éspecially at the higher speeds.

o Crosshar treads were found to be noisier than rib-type treads.

e Cup-type treads which completely seal upon contacting the read

were the noisiest; this suggests that the w Q term is the greatest

for treads which completely seal, thus the higher acoustic intensities

from the monopole or "air pumping" sound.
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These conclusions are further supported by the data of Figure C-25,3
which show that a 15 dB drop in noise level resulted when a single-axle truck was un-
loaded; load per tire was decreased frem 4550 to 1240 pounds. This effect is simply
explained: with the truck unloaded, the sides of the tire tread do not touch the
ground and hence the cups in the tread cannaot seal against the road surface. Recent
data obtained by Hoyden36 for the tire noise generated by a coasting automobile show
both the 40 log V shift in overall level and the linear shift in frequency with vehicle
speed predicted by the air pumping model.

Hence, it appears that this mechanism of noise generation may be adequate
to explain the tire noise radiation measured in tests over relatively smooth road sur-
faces for a considerable range of vehicle speeds and tire configurations. The importance

of tire vibration noise has not been satisfactorily resolved.
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