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Abstract

A review is given of the measurement needs attendant to regulation of
the noise generated and emitted by commercial products. The emphasis is
primarily on measurement procedures for use in conjunction with point-of-sale
regulations as opposed to regulations on the noise which a source actually
emits when in operation. The report is divided into three major parts. Part
I is a discussion of overall measurement requirements and the type of data
and information which are needed in order to promulgate regulations based on
appropriate measurement techniques. Part IT is designed as a checklist for
the evaluation of the suitability of a noise measurement standard for a
particular class of products or, in the absence of a suitable standard, as a
framework for development of one. The intent is to identify and discuss in
some detail those factors which can impact on the accuracy, precision, and
applicability of a noise measurement process. Part III consists of a series
of flow charts depicting the development of appropriate procedures for the
measurement of product noise emission.

Key Words: Acoustics; environmental pollution; machinery and equipment;
noise; noise abatement and control; noise emissionj regulation;

sound.
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PART I OVERALL REQUIREMENTS

1. Introduction

This report is the result of a project initiated, in May 1972, by
the National Bureau of Standards at the request of the Office of Noise
Abgtement and Control, U. S. Environmental Protection Agency, in
anticipation of the eventual passage of legislation authorizing the
Environmental Protection Agency to promulgate noise emission standards
and labeling requirements.

The intent of the project was to develop a working document to be
utilized by the Environmental Protection Agency, or its designated
agents, in the development of measurement methodologies for noise
emission or labeling standards. The questions that need to be addressed
during the development of such methodologies are presented here with
their appropriate technical backup. The specific directions of effort
and emphasis were developed in response to:

- Discussions with Environmental Protection Agency
personnel

- Meetings with trade associations

~ Meetings with standards organizations

- Literature review

- Consultations with acoustical experts

- Legal requirements of the Noise Control Act of 1972.

A listing of the meetings with other organizations, including the individual
participants and the companies or agencies they represented at the meetings, is
given in Appendix A.

The general strategy of this report is depicted in Figure 1.

The Noise Control Act of 1972, Public Law 92-5Th4, which was signed into
law on October 27, 1972, requires or authorizes the Administrator of the
Environmental Protection Agency to control the emission from ncise sources that
constitute a potential threat to the public health and welfare so as to provide
people with an environment which is free from noise that jeopardizes their
health and welfare. This policy will require actions for which appropriate
supporting measurement methodology must be developed. The actions are
summarized in Appendix B for the benefit of those readers who are not familiar
with the Act. The criteria documents and major noise source identification
reports developed in response to Sec. 5 of the Noise Control Act of 1972 are
the logical starting points for the development and assessment of the necessary

measurement methodology.

Figure 1 shows that one needs to collect data regarding product
classification, product usage, product noise production, and the resultant
effects of the noise on people. These data are to be used in determining the
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acoustical quantity to be rated, the scheme to be used for a noise rating
methodology which adequately correlates with human response, and, finally, the
measurement standard to be used in conjunction with the emission standard or
other regulation. Note that the word "standard" is customarily used with two
very different meanings. An emission standard is a legal permissible limit,
for example, on noise emission. A measurement standard is a prescribed
procedure for conducting a measurement in such a way as to obtain reliable,
reproducible results with a specified level of accuracy.

Conceptually, there are three separate items which go into the noise
emission regulation, whether it be a noise emission standard, a labeling
requirement, or the procedure for certifying low-noise-emission products. (1)
There should be a measurement standard which prescribes the test environment,
operating procedures, and acoustical measurement methodology. (2) There should
be a scheme, or algorithm, by which the acoustical data can be used to obtain a
noise rating which relates to human response. (3) There should be a level, or
set of levels, which separate the noise rating into categories of performance
or acceptability. For example, a noise emission standard could set a single
upper limit on the noise rating -- products exceeding that rating could not be
sold. Alternatively, it could set an upper limit which varied with some
operating parameter such as speed; the ncise rating could not exceed that curve
gt any value of the operating parameter. A labeling requirement might
establish seversl classes {e.g.. A, B, C, and D) into one of which the noise
rating would fali.

Once a regulation has been promulgated, & reasonable and equitable
enforcement program is a necessity; for without enforcement, the regulation is
meaningless. The importance of highly repeatable, accurate measurements should
be quite clear in the enforcement area. To stand up in court, a measurement
must be proved to be reliable, of accuracy sufficient for the purpose, and
appropriately related to the adverse impact of the noise on people. In
addition, a measurement assurance program is highly desirable to ensure that
the determination of a product's noise rating will be independent of the
organization performing the measurements -- EPA, manufacturers, independent
test laboratories. Unless minimum requirements are placed on instrumentation,
calibration, test facilities and personnel conducting tests, no assurance will
exist that a product actually conforms to the regulation.

Section 2 of this report provides an overview of the measurement
methodology development process while Section 3 is concerned with. the role of
measurement in relation to regulations. Ensuing sections develop in detail the
concepts depicted in Figure 1. It should be emphasized that the flow of action
is not es simple and unidirectional as indicated In Figure 1. Rarely, if ever,
would it be possible to progress directly from the input data to the rating
scheme and measurement standard and then to the regulation without considersble
retracing. In the interest of simplicity, the many feedback loops have been
omitted.



2. Measurement Methodology Development -- Overview

A sequence of activities must be completed in assigning a meaningful
noise rating to a product. An overview of the steps involved in this process

is presented below -- a more detailed treatment appears in the succeeding
sections of Part I.

2.1. Product Classification

The vast number of available products which might be regulated precludes
handling each on an individual basis ~- this would constitute an endless task.
However, categories of products may be subdivided into product classes based on
critical parameters associated with noise. The scope and effectiveness of th?
regulatory task will largely be determined by the degree of success achieved 11
devising useful product classifications.

2.2, Normal Use Conditions

Discussions with organizations concerning product noise have invaria?ly
dealt with the requirement to consider & device under realistic use conditl?nS-
By ignoring the environmental and operating characteristics it might be easier
to develop standardized measurement techniques but it then becomes almost
impossible to relate the noise output to impact on people. If the noise impact
is not determined, the reason for making the measurement and the validity of
any rating are questionable.

2.3. ldentification of Major “Effects” Parameters

The characteristics of noise associated with the major physiological’ .
psychological and sociological effects and the resultant impact form the basis
of the criterion measure to be ultimately employed by the Environmental
Protection Agency (along with considerations of technical and economic
feasibility). Among those features usually defined are "loudness" (or ,
noisiness) and annoyance. The disruption of tasks such as speech communication
is another major consequence of noise often noted.

2.4. Physical Measurements Correlated with Major Effects

When the major parameters associated with effects and population impact
have been identified and their physical correlates determined, a meaningful
test methodology can be developed. Measures of sound level, spectral

characteristics and temporal variation form the basis for these quantitative
descriptions.



3. Relationship of Measurement to Regulations

3.1. Role of Measurement

Good measurements are essential to research and development activities.
Often solutions to problems cannot be implemented because of the lack of
relevant data. Under these circumstances, an appropriate data base must be
developed. This often calls for improved measures to develop control
techniques and/or to determine their effectiveness. In addition, generally
accepted and standardized test methods assume an impcertant role so that data
acquired at different times or places can be compared and related meaningfully.

Noise measurements need to be conducted under both laboratory and field
conditions to meet the dual objectives of scientific accuracy and relevance to
real-use conditions. The primary goal is to make valid and reliable
measurements such that the actions taken on the basis of a measurement are only
negligibly affected by the errors in the measurement.

The primary questions are:
o What needs to be measured?
o What is now measured?
o How is it now measured?
0 What are the current requirements concerning measurement
wncertainty? (Appendix C contains a discussion of

uncertainty of measurement).

o What are limitations of present instruments and
methodology?

If the answers to these questions result in poor or inadequate data,
another question must then be answered:

o What research and development need to be accomplished
to make the required measurements?

3.2. Measurement Requirements for Regulation
The assessment of noise problems and of alternative strategies

for noise gbatement and control must ultimately rest on accurate,
reliable, and relevant measurement capability required to:

o ascertain the effects of a given noise exposure (what
exposure will produce how much hearing damage?)

o0 establish trends (is the average noise exposure of the
populace increasing and are more people being exposed?)



o associate sources with environmental noise levels (how much of
urban noise comes from trucks? from planes? from air
conditioners?)

o promote equity in trade (are manufacturers being treated
equally in voluntary or mandatory noise emission
standards programs?)

o provide adequate information to the consumer (which of
several products is really the quietest and are the
noise level differences among products significant?)

o permit selection of cost-effective solutions (what

degree of noise reduction should be attained and at
what cost?)

o monitor the effectiveness of control programs (is the
noise level actually responding to new control
procedures?)

0 provide the factual (measurement) basis for legal action
should that prove necessary. (Is a particular noise
source in vioclation? To stand up in court, a measure-
ment must be proved to have an uncertainty which is
sufficiently small for the purpose.)

3.3.  Measurement Uncertainty Considerations in Establishing

Regulatory Noise Limits

How can effective noise regulation be carried out in such a way
as to minimize interference with such important values as individual
freedom of choice, dynamic operation of the marketplace, and progress
in the development and use of new science and technology?

There are three needs attendant to the problem of the abatement of
excess noise: first, an agency to execute the overall policy set by the
legislative process; second, a mechanism to determine allowable levels
of noise; and third, a means of enforcing the determined requirements.
Measurement is a key element in defining "allowable levels of noise" and
"enforcing the determined requirements."

More generally, measurements are essential to effective communica-
tions in transmitting the complex information required for noise abate-
ment and control. The results of measurements are data which are the
bases for judgements as to acceptability of products, violations of law,
etc.

The question arises as to whether close measurement tolerances -—-
attainable by careful control of enviromment, operating procedures, and



megsurement procedure —-- are Justified in view of the uncertainties in the
application of the resultant noise rating to predict in-service noise levels
and the resultant effects. First, the total error in prediction involves the
Sum of the errors in measurement and rating, in predicting in-service levels
and in predicting the resultant effects. Reducing the rating error thus
reduces the total error; however, it would be economically wasteful to insist
upon high levels of accuracy and precision for rating measurements if the
errors in predicting in-service levels and resultant effects are relatively
gross and difficult to control. Second, application errors and, to some
extent, effect-prediction errors tend to be averaged out from one application
to another; systematic errors are repetitive. Third, when noise ratings are
used to compare the performance of a product to the requirements of a
regulation or to the performance of a competitive product, if the ratings are
in error, difficulties in enforcement, inequities in trade, and excessive costs
may be incurred. Careful evaluation of measurement uncertainties is required
for assurance that they are neither too small nor too large in relation to the
purpose for which the measurements are made.

The setting of the enforcement level relative to the legal limit, for
test results to be based on some sample of the product, depends to a large
extent on the measurement uncertainty, the variability of the product, and the
desired levels of risks in accepting non-conforming units and rejecting
conforming units (e.g., see {1]). In general, for regulations to be effective
and reasonable, measurement uncertainties should be as small as practicable.
If, for example, the legal limit is 80 dB and the measurement uncertainty is 15
dB, procedures will be needed for interpreting a noise level close to the legal
limit such as 83 dB or 77 dB. The existence of a violation can be sustained
more effectively when the noise level is above the legal limit by an amount
greater than the messurement uncertainty, and the public is better assured of
conforming products if the noise level is below the legal limit by a similarly
convincing amount. The difficulty is compounded by the need for uniformity of
enforcement, i.e., consistent measurements by different officials. The largest
uncertainty likely for measurements by the least competent official, using the
most inaccurate or imprecise equipment allowable, under the least favorable
test conditions, must be considered in the process of setting the enforcement
limit, If this measurement uncertainty is large, the enforcement agency's
problems are increased. If the enforcement level is set ahove the legal limit,
it appears that the agency is not enforcing the desired noise abatement. If
the enforcement level is set below the legal limit, manufacturers incur
increased compliance costs.

Measurement uncertainties should also be held as small as practical for
trade equity. For example, if products are graded A, B, C, D in terms of noise
emission, the attainable measurement errors should be considerably smaller than
the steps between the middle of adjacent grades. Otherwise, products could be
incorrectly labeled, resulting in unfair competitive situations. Similarly, of
two competing products with identical noise emission, one could be banned from
sagle while the other would be allowed to be sold -- both being tested against
the same emission standard.



Cost of compliance with emission standards, or of meeting a certain
labeling grade, can be increased significantly due to measurement uncertain-
ties. As products are quieted more and more, the incremental cost of
quieting typically increases. Thus, for example, if due to measurement
uncertainties, it were necessary to quiet a product by 10 decibels to be
certain that it is at least 5 decibels quieter, the cost-to-quiet may be

several times greater than if the measurement uncertainty were, say, 1
decibel.



4. Informational Requirements for Setting Noise Regulations

Product Classification Scheme

Consumer products are classified into categories which relate to
differences in the design, shape, style or quality of similar products.
Classification schemes are based on power, capacity, weight, etec.

Questions concerning product classification systems to be used for
noise ratings include:

® Does a classification system exist within a given
industry regardless of whether or not it is appro-
priate for noise measurement?

& Does the existing classification system lend itself to
acceptance as a categorization with noise as the

item of concern rather than weight, power, etec?

e Is the level of classification detail sufficient for the
measurement methodology to be universally applied?

In general, satisfactory classifications do exist for most products.
As an example, pumps can be classified:

e by capacity -- 10 to a million gallons per minute.

by application -- industrial, commercial, agricultural,
municipal, domestic.

by the materials that they are capable of handling --
water, sulphur, solids, slurry, liquid metal.

e by pressure range —- high, medium, low, vacuum.

® by design -- turbine, axial flow, centrifugal, rotary,
reciprocating.

e by salient features -- submersible, self-priming,

proportioning, non-clogging, measuring.
® by the material used -- stainless steel, plastic, bronze.

Al]l of the above classification schemes are valid for specific applica-
tions; however, none of them has noise as its primary basis.

The fact that pumps can be subdivided into a myriad of classifications
should be considered with caution since some products are not so readily
classified. For instance, the construction industry has no classification
Scheme for its products. As a first step in developing such a scheme, the



Construction Industry Manufacturers Association asked its members to

define their concept of that piece of construction equipment known as a
roller/compactor. The answers identified approximately fifty different

devices ranging in weight from hundreds of pounds to several hundred-thousands
of pounds. The 1list represented self-propelled, towed, and even hand-controlled
machines.

Motor vehicles offer another example. Since all motor vehicles do not
have the same noise generation characteristics, the category "motor vehicles"
must be further subdivided. According to functional characteristics, the next
level of detail would break into trucks, cars, buses and over-the-road
recreational vehicles. Utilizing gross vehicle weight as & further subdivision
at this level of classification, the Society of Automotive Engineers, Inc.
established its noise standards for motor vehicles (highway). One standard
exists for passenger cars and light trucks (vehicles of 6000 pounds or less)
and another applies to heavy trucks and buses. No specific standards now exist
for over-the-road recreational vehicles. Thus a passenger car could weigh more
than 6000 pounds and theoretically would be considered a truck from a noise
regulation standpoint. Licensing is not the final answer since the
distinctions between trucks and passenger cars for licensing purposes are
sometimes quite subtle. For instance, a four-wheel drive vehicle is licensed
in the state of Maryland as a truck unless it has a rear seat for carrying
passengers; then it is licensed as a car. Such an arbitrary system could
penalize a given vehicle due to an optional feature which has no bearing upon
the vehicle noise generation.

Even after the classification scheme is determined, all problems are
not solved. A tractor-trailer combination is considered as a truck by most
people. However, to the industry it is comprised of two independent parts

designed and fabricated by different manufacturers —- the tractor and the
trai%er. The eventual noise level produced by the combination depends on
a third party -- the fleet or individual owner -- who matches tractor to

trailer and determines which tires are mounted on each (tires usually

control noise emission at moderate-to-high speeds for well-maintained
Xehicleﬁ equipped with adequate muffling systems). Since tractor-trailer
trucks” are not sold as such in commerce, the Federal regulation of

these might have to be via product noise emission standards (sec. 6 of

Public Law 92-5TL) for the products (tractor, tires) which are sold separately

plus motor carrier noise emission standards (Sec. 18 of Public Law 92-5T4)
for the overall vehicle.

Devices could also be classified by the noise they produce versus
such considerations as the service they perform (buses contrasted to auto-
mobiles), their location (urban versus remote or rural), and their effects
(how many people are affected and in what way?). For example, farm
machinery could be placed in a separate classification since the location
is usually rural and the only people impacted are the farmers themselves.
In this case the most economical noise control solution might be an
enclosed cab which would protect the operator of the machine.

10



It should be evident that product classification is not the simple
matter that it may have seemed at first glance. Much thought must be
given to the relevance of existing systems and the development of new
schemes where classification does not now exist. With the high
costs associated with instrumentation, facilities, and the trained
manpower to make the measurements, one would hope that appropriate classi-
fication schemes can be developed so that a separate and distinet
measurement methodology would ncot be necessary for each product.

11



5. Informational Requirements for Setting Noise Regulations

Operating Procedures and Environment

"Scatter" typically is observed in test data. With the advent of
government noise regulations, it becomes increasingly imperative to
determine the sources of variability in test results. Existing test
procedures should be revised and new procedures developed to be less
sensitive to device operation and test site conditions.

Test procedures should represent typical operating modes -- that
is, relevant either to community or operator noise exposure to the
device under test.

5.1. Typical Usage Data

In general, products have a range of possible operational modes with
the noise emission characteristics dependent on how they operate. The
key to deciding upon the mode or modes of operation of a device that should
be specified for noise test purposes hinges on the knowledge of how the
device is "normally" operated. In order to determine “normel operation,"
a usage survey should be conducted., The results of one such survey[2]
in the outboard motor field are skown in Table 1.

Although the data are limited, it is interesting to note the very
low percentage of time that pleasure boats run at wide open throttle
(maximum noise position}. This example is not atypical. In the case of
railroad locomotives, for instance, over 30 percent of the time the
vehicle is at idle. These examples substantiate the fact that usually it
will not be sufficient to make measurements only during that operation
which produces maximum noise since most devices are not so operated for
long periods of time. In addition, People can be annoyed, or have theilr

conversations interfered with, at noise levels much lower thsn the
maximum.

5.2. Effect on Noise Levels

There are a great many noise sources and noise environments to
which people are exposed. The noise emission from a given machine in
a specific location is dependent not only on the sound radiating
characteristics of the machine itself but also upon the type of mounting.,
the manner in which the machine is operated, and its environment. In
setting noise limits for such devices through regulations, the measure-
ment system should include specification of such items as operating
conditions and environment -- both installation and weather.

a. Operation

Attention must be given to the operational procedure utilized
for a given test since the noise produced depends heavily on the way &a

12
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Table 1. Outboard Moctor Field Usage Study
PERCENTAGE TIME IN EACH SPEED RANGE
500 } 1000 | 1500 | 2000 } 2500 { 3000 } 3500 | 4000 | L4soo {5000 }s5500
1000 | 1500 | 2000 | 2500 | 3000 | 3500 | 4000 L4500 | 5000 {5500 |6000
Outboard Beoat Hours RPM

125 HP 17 Ft. Runabout 16.72 3L 12 5 6 1L 12 10 3 1 *
100 HP 17 Ft. Runabout 11.56 32 20 T 3 1 T 13 11 L 2 *
100 HP 18 Ft. Runabout L8.94 2L 1k L 2 1 L 11 33 5 2 *
55 HP (TWIN) | 23 Ft. Cruiser 2Lk.30 L 19 15 5 2 2 37 8 0 *
50 HP 16 Ft. Runabout 1h.2h 13 19 5 10 5 10 10 5 11 5
50 HP (TWIN) | 20 Ft. Cruiser 13.56 12 11 5 5 12 ok 22 2 1 1
40 HP (TWIN) | 16 Ft. Runabout 1h. L 3| 13| 12 7 31 13] 13| 19| 12 5 *
9 1/2 HP 16 Ft. Fishing Boat | 21.56 6 13 10 6 6 8 19 18 5 *
9 1/2 HP 14 Ft. Fishing Boat | 1L4.28 12 11 7 3 5 25 15 b *
9 1/2 HP 1k Ft. Fishing Boat | 10.24 L 11 12 19 11 25 15 3 0 * *
9 1/2 HP 1k Ft. Fishing Boat | 10.16 9 11 9 4 i 9 22 19 12 * *

¥Outboard motor was not set to run in this speed range at wide open throttle.




piece of equipment is operated. Twe devices might generate comparable
noise levels when operated in a certain mode yet might produce quite
different noise levels when operated in another mode.

b. Environment

The term environment, as used here, means the aggregate of all
external conditions and influences affecting the noise levels of a
given device, wherever the measurements are made.

Airborne sound from an outdoor source travels from the source to the
receiver through an atmosphere that is constantly in motion. Turbulence,
temperature and wind gradients, and reflections from the earth's surface all
affect the measured data. Essentially there are two distinet effects corres-
ponding to: (1) external factors (usually atmospheric) which affect the sound

pressure level at a particular point and (2) external factors which affect the
accuracy of its measurement.

One also must be concerned with the envireonment indoors. Room
volume, the sound absorption of the walls, floor and ceiling, and
the location of both the noise source and receiver must be carefully
evaluated. TFor instance, a sound level very near a noisy machine
may not be affected by sound-absorbing materials on the walls. How-

ever, such materials will affect the sound level measured farther from
the machine.

These are just a few of the factors that should be considered.

In many cases, these are factors over which the investigator may have
little or no control.

e¢. Installation

Another important factor affecting the noise level associated
with a device is the manner in which it is installed.

For example, the resultant noise level for a food-waste disposer
is dependent on (1) the effectiveness of the vibration isolation of
the disposer from the sink, (2) the damping characteristics of the
sink itself, (3) whether the connections between the disposer and
the drain pipe are flexible or rigid, (4) the effectiveness of the

closure of the mouth of the disposer and (5) whether the grinding
chamber and motor are enclosed.

Installation is likewise crucial when one considers any type
of component noise, for example, motors or engines. Returning to
the boating industry, every engine and drive unit, whether it is out-
board, stern drive, or inboard, will create a different noise
signature, depending on the boat to which it is coupled. Each boat will
respond in a different manner, and the overall boat noise can change
with different loads and operating conditions.

1h



When measurements are made to determine compliance with applicable
acoustic objectives, specifications or standards, the device should be
installed in a manner similar to that in a typical customer's facility, if
that is practical.

15



6. Informational Requirements for Setting Noise Regulations
Effects of Noise on People

Since noise regulations are designed to limit the exposure of noise on
people, it is necessary to determine who is affected, with what impact, vy a
particular product and how these effects are manifested. These factors are
largely governed by the product and the way that it is normally used.

6.1. Parties Affected

The relationship between the operating environment and the determination
as to who is affected by & given noise becomes evident when products are
classified in terms of their mobility (or in terms of people's mobility
relative to the sources). For example, transportation vehicles have a far
different impact on a community then a home air-conditioning unit. An
exploration of these different types of noise sources will serve to illustrate
their general effects.

a. Operator

The operating procedures associated with a product will indicate how an
operator interacts with a product -- what he does and where he is positioned.
These data provide the context for determining the effects of noise on a given
operator. The operator need not be the person exposed to the most severe noise
effects. In fact, in some instances, & product is designed to protect him from
the noise.

b. Passenger

When the many transportation vehicles in operation which are designed for
more than one person are considered, it becomes evident that being a passenger
is very common. The noise exposure experienced by a passenger can be quite
different from that of the operator and therefore merits independent
examination.

¢c. Neighbor

Another social role is that of a neighbor, who maintains a fixed and
rather permanent relationship to a noise source. (An air conditioning unit may
be positioned so as to produce minimum noise disturbance to owners, but may be
disturbing to neighbors.)

d. Bystander

For the three previous classes of people affected by noise (operator,
passenger, and neighbor), it may be anticipated that the duration of exposure
is usually considerable. However, in many situations the noise exposure is of
relatively short duration for an individual but a larger number of people are
impacted. The noise source may move through a community (a vehicle siren) or
many people may walk past a stationary source (a construction site).

16



6.2. Nature of Effects

Traditionally, the effects of noise have been studied in terms of three
major approaches, each one identified with a method of measurement --
physiclogical changes (both temporary and permanent), psychological attributes
such as annoyance and, finally, task interference.

a. Hearing Loss

The most severe and damaging effect of noise exposure is permanent loss
of hearing. Exposure to noise of sufficient intensity for long periods of time
can produce temporary or permanent effects on the ability to hear. In some
instances, excessive noise exposure leads to the destruction of the primary
auditory receptors -- the hair cells in the ear. Changes in hearing
éxperienced by the person suffering hearing impairment include distortions of
the clarity and quality of sounds as well as losses in the ability to detect
and understand sound. These changes can range from slight impairment to severe
deafness.

b. Task Interference

The effect of noise on the performance of desired activities has received
considerable research attention. Tne most unequivocal finding has been that
noise can seriously impair speech communication. The performance of other
complex tasks is also made difficult by noise, but it has been difficult to
adequately define the levels of noise acceptability (or unacceptability) or to
develop an adequate measure of task difficulty.

¢. Annoyance

Many components asscciated with the disturbing characteristics of noise
have been subsumed under the term of annoyance. An International Organization
for Standardization study group defined annoyance as "that general quantity
that emerges from the various sociological surveys that concern themselves with
disturbance of various kinds around intense noise sources like aircraft."[3]
Annoyance can result from sleep disturbance, interference with radio and TV
listening, as well as many other subtle immediate and long term sociological,
Psychological and physiological reactions. Its definition and measurement have
Posed a major problem for researchers for many years.
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7.  Quantitative Description of Noise

A viable method of assigning noise ratings for products depends
primarily on:

a. The identification of those aspects of noise which are of concern
in a particular situation.

b. A well-defined procedure for gquantifying noise emission.
c. The ability to relate the results of measurement to human
response.

7.1. Identification of Major Parameters

The most important decision to be made in any measurement process is
the determination of what to measure. In noise abatement and control, there
is not general agreement as to what quantities should be measured =--

primarily because of inadequate data relating the impact of noise to the
exposure which produced that impact.

a. Relationship to Effects

The attempt to associate particular characteristics of sounds with
effects on people have had mixed results. Some clear-cut findings have been
made —- notably those dealing with intensity, speech interference and somé
aspects of annoyance (high frequencies, pure tone components). However,
other effects often cited are less tangible although they might be
important, Interruption of activities such as sleep, work and recreation
are often caused by noises which are unpredictable, or of short duration and
need not be intense —- yet might constitute major problems for the
individual from a psychological and physical health standpoint. For
example, a person who is awakened regularly from sleep nightly by distant
train whistles or aircraft overflights might be exposed to only moderate
noise levels for a total of less than one minute during that time and still
have a major noise problem. Noise effects therefore cannot readily be .
treated independently of the typical operating situstion -- including who 18

exposed, activities being performed and, finally, identifying the major
consequences of the noise.

b. Environment/Use Conditions

Other effects which cannot be readily dealt with in a rating scheme,
but nonetheless are often cited, concern envirommental factors and use
conditions. For example, the low-frequency noise from trains penetrates
great distances under particular weather conditions, thereby affecting a
large number of people usually not bothered by this sound. Motorcycles and
other vehicles are often operated in & manner that increases nolse output
rather than minimizes it. These are annoying both because of the noise

intensity and the feeling that bystanders have that the noise is "1ouder"”
than is necessary.
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7.2. Measurement Parameters

If history is a valid predictor of the future, there will be consider-~
able disagreement as to particular rating schemes which should be used to
describe the noise emission of products in terms which will appropriately
predict human response to noise. The important measurement parameters for
rating schemes are noise level, spectral quality, and temporal variation.

a. Sound Level

There is general agreement that, for a given spectrum shape and a given
temporal variation, annoyance, hearing loss, task interference, etc.,
increase monotonically with increasing sound level. The difficulties and
disagreements arise relative to the variation of noise level with frequency
(i.e., the spectrum shape) and with time.

b. Spectral Quality

Although there are many schemes for predicting loudness, noisiness,
annoyance, and so forth from the shape of a noise spectrum, it is perhaps
fortunate that only a limited number of these have been given official
status by regulatory agencies or standards bodies.

Relative to the commorn weighting networks used in sound level meters,
it is reasonably well established that the A-weighted sound level (L,)
Predicts most human response much better than the B-weighted (L) or C-
weighted (L.) sound level. D-weighted sound level (L } has been adopted
specifically for aircraft noise. Roth Stevens' and Zwicker's methods for
computing loudness have been standardized, although significant
modifications have been proposed by Stevens that are not reflected in the
standardized version. Kryter's Perceived Noise Level (Lgy) enjoys official
status through its use in calculating Effective Perceived Noise level CKEPN)
for Federal aireraft certification (and has also been standardized by S
and ANSI). The Air-Conditioning and Refrigeration Institute has a sound
rating procedure somewhat similar to LPN' All of these quantities are used
to predict annoyance due to noise.

The Articulation Index (AI) has been standardized as a predictor of the
extent to which steady noise interferes with speech communication (for male
Speakers only). Owing to the complexity of the Articulation Index, several
versiong of Speech Interference Level (SIL), based on the average of 3 or Y
octave band levels, have been proposed.

¢. Temporal Variation

For transient noise events, there is need for a means to assign an
Overall noise rating to an event which includes appropriate consideration of
the extent to which duration affects human response. The National Academy
Of Sciences-National Research Council Committee on Hearing, Bioacoustics,



and Biomechanics (CHABA) proposed a hearing damage-risk criterion for
impulse noise (gunfire) which specifically includes measures of the duration
of the pressure wave. Both the L and the single event noise exposure

. . EgN .
level (LSE E) include corrections t6 account for duration. The
E'nvironmen]’gal Protection Agency has recommended the A-weighted average sound

level (Le ) and the day-night level (Ldn) as general descriptors of
environme%tal noise.
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8. Consensus Procedures for Measurement Standards
and Rating Schemes

8.1. Input from All Affected Parties

In writing measurement standards and establishing rating schemes, it is
important to consider the contributions to standards-writing of all the
affected groups. First, the voluntary standards bodies (for example, the
American National Standards Institute, American Society for Testing and
Materials) establish general standard test methods which reflect the most
knowledgeable engineering and scientific practice. The trade associations,
representing the manufacturers, must implement test methods, and therefore
1n addition to technical input evaluate practicality, in terms of available
facilities, personnel, training, etc., in adopting or developing test
methods for their purposes. Trade associations, however, are limited in the
amount and kinds of information that can be channeled through them. Much of
the information the Environmental Protection Agency will need to ensure that
mandatory standards are reasonable, technologically feasible and
€conomically worthwhile will be supplied by industry and be of a
confidential and proprietary nature. Consequently, it will be necessary for
the Environmental Protection Agency to communicate with individual
manufacturers as well as with trade associations. Regulatory agencies,
acting on behalf of, and with input from, the consumer, set legal levels for
each class of product, levels which must be technically and economically
reasonable for the affected industry. Obviously, to consider only a single
element from this chain and ignore the contributions of the others, will
markedly decrease the effectiveness of the standard or rating scheme.

8.2. International Trade

Several years ago the concept of standardization in Western Europe
underwent changes that posed a serious threat to United States-European
trade. These changes were the result of a projected "harmonization" program
to eliminate intra-European technical non-tariff trade barriers caused by
gifferences in product standards. It was clear that upon completion of the

harmonization” program, international trade within Western Europe would be
Virtually barrier-free and trade into Western Europe almost impossible[ L].

To maintain U. S. viability in European trade, the United States
delegation to the "Kennedy round" of trade negotiations has called for a new
Scheme called the General Agreement for Tariffs and Trade (GATT). This
agreement has identified over 800 non-tariff trade barriers in existence
today. 1In February 1971, a new stage of the GATT non-tariff barrier work
was begun. Rather than face the overwhelming task of solving the whole
Program of non-tariff trade barriers, it was decided to concentrate on a few
=~ of which product standards is one area. Standards were chosen for
attention both because of their growing importance and because it appeared
that Progress might be encouraged more readily in this area than in some of
the others[5]. A draft code on product standards was written and in May
1975, was accepted as a basis for negotiation[6]. A more thorough

discussion of this code is given in Appendix T.
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9. Environmental Protection Agency Promulgation of Regulations

9.1. Special Requirements

This section highlights a few features to be considered in conjunction
with the regulations (see Section 1) to be issued by the Environmental

Protection Agency. Pertinent sections of the Noise Control Act of 1972 are
reproduced in Appendix B.

&. Product Noise Emission Standards
This report directly addresses product noise emission standards.
b. Labeling

A meaningful label on g noise-producing product (or noise control
product) is dependent upon the existence of an appropriate, reliable, and
repeatable measure of the noise level that is reasonably well-tied to
subjective response to the noise. Whether the measure is a sound power
rating, a weighted sound level st some distance from the device, or a set ?f
octave band scund pressure level data, the problem is the conversion of thiS ;
technical acoustic data into a labeling system which will be understood by the’

public and will provide the appropriate amount and type of information for the
non-technical audience it is intended to reach.

Basically there are two types of audiences =~ the general public consume’.
and the business or industrial consumer. In general, the public will want &
label that is simple and easy to understand to permit a comparison to be ?ade
between the noise expected from one device as opposed to another. The noise
label then serves as a criterion, along with performance characteristics,
aesthetic quality, safety features, cost, etc., which the consumer evaluates:
Would he be willing to pay, for example, $2.00 more for s blender that does
not annoy him or interfere with his listening to his hi-fi system during th?ty
blender's operation? On the other hand, the business and industrial commun}
will need additional information -- either from the label itself or from-
application material developed to accompany the label. For instance, it i85
not enough to know that you have purchased a "quiet" machine, because if thlie
machine is improperly placed you still could have & noise problem. An exarpP
of this would be the building contractor who purchases the quietest air
conditioning units available and then installs them in & location under @
bedroom window or next to a patio. Even though the unit might be quiet, m&tio
complaints would be made due to loss of sleep or the deprived use of the pa
due to annoying or speech-interfering noise. The label, or supplementary 8
material, should provide the purchaser with enough information so that he Bé
sufficient data to determine whether or not his equipment in situ will mee®
the requirements of those noise ordinances which affect him, be they occupd”

tional safety and health regulations or sound level restrictions at ProPert'y
lines.
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Product labels can take various forms. Appendix E contains a discussion
of scme of the alternative methods which deserve consideration as possible
noise labels. It should be noted that it was the general consensus of the
advisory and industry groups vwhich reviewed the initial draft of this report
that ncoise labels should provide quantitative information as to the product's
noise emission.

¢. Low=-Noise-Emission Product Certification Procedures

To be eligible for certification as low-noise-emission products, the
measurement methodology and rating scheme should be established first. The
major task is to decide what further noise reduction is necessary for =
Product to be certified and whether or not there could be several grades of
certification with associated procurement costs. If several grades are
established, the problems become very analogous to those discussed above
relative to labeling. However, in an industry composed of many small firms,
Wwith little research and development capability, the economic cost of
acoustical measurements may be a significant factor.

9.2. Technical, Economic, and Administrative Feasibility as It Relates to Measurement

Fair and effective ncise regulations must be technically, economically,
and administratively feasible and reasonable. Generally, people consider
technieal feasibility only in terms of the technology available to quiet a
Product adequately, the economical feasibility only in terms of the cost to do
S0, and, if they think of it at all, administrative feasibility in terms of
enforcement of the regulations. However, the measurement methodology must
also be feasible and reasonable. The scientific and technical knowledge,
appropriate test facilities, and suitable instrumentation must be available to
carry out noise measurements of adequate accuracy and precision at a practical
cost. The measurement and rating methodology and the testing and quality
control procedures should be suitable for reasonable monitoring by an agent of

the regulating body.

These factors should relate to the characteristies of the particular
industry, in selecting the measurement methodology for use in regulating a
Particular class of product. For example, the air conditioning industry has
Voluntarily set up a noise rating system based on one-third octave band sound
Power levels measured in a reverberation chamber -- measurements which require
eXpensive test facilities, complex instrumentation, and technically

Sophisticated personnel.
9.3. Compatibility with Other Regulations and Needs
In promulgation of Federal noise emission regulations, care should be

taken to select measurement methodology, rating schemes, labeling practices,
ete., which complement, to the greatest extent practicable, other regulations

and needs., For example:

23



o Even if labeling requirements call for a single-number (or
letter, or color) rating scheme, it might be appropriate
for labels on industrial machinery to include octave-band
data so the purchaser can select and design to meet Occupa-
tional Safety and Health Administration (OSHA) regulations.
(While current OSHA regulations of occupational noise expo-
ure are expressed in terms of A-weighted levels, spectral
information is often needed for engineering design purposes. )

o Similarly, since many local zoning ordinances are written in
terms of octave band sound pressure levels at the property line,
it might be appropriate for the noise labels on outdoor equip-
ment to provide sufficient data to permit prediction of
property-line octave-band sound levels.

o Federal product noise emission standards should, wherever
possible, utilize measurement methodology which is equivalent
to, or compatible with, state and local operating regulations
so a purchaser can determine the conditions under which he
will be able to operate a device in a given locality.

Many other examples could be cited. The major point is to carefully consider
all probable uses of a class of products and then structure the measurement
and rating methodology so as to provide as much information as practical in a
form to meet the purchaser's manifold requirements.
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10. Recommended Operational Procedure for Generating Measurement
Methodologies for Specific Product Classes

The recommended procedure for the efficient and timely generation of
measurement methodologies for specific product classes is depicted in Figure
2.

Once a specific product class has been identified as a major noise
source, the Environmental Protection Agency, or its designated contractor,
would form a small ad hoc task group to provide key input data for the needed
measurement methoddiaégt— This group would include, as a minimum,
representatives of the Environmental Protection Agency, independent acoustical
consultants, manufacturers and, where appropriate, users and representatives
of other government agencies at the Federal, state and local level. Careful
selection of task group members would ensure & broad spectrum of expertise
including: detailed familiarity with the product category, its design and
Operation; knowledge of quality control and product testing; expertise in
acoustics; and a familiarity with the regulatory process.

Following formulation of the task group, meetings would be held to
determine the existence and relevance of data bases and measurement procedures
appropriate to the specific product class in question. Three possibilities
exist: (1) a dats base and/or measurement procedure exists and is relevant,
(2) a data base and/or measurement procedure exists but is not relevant, and
(3) a data base and/or measurement procedure does not exist.

If the task group determines that the existing measurement procedure and
attendant daets base are relevant then the group would recommend to EPA that a
Program be conducted to validate the data base as to its accuracy and
completeness.

On the other hand, if the task group determines that data bases and
Deasurement procedures either do not exist or are not relevant then the group
Would recommend to EPA that an extensive investigative program be conducted to
®valuate alternative measurement procedures and to establish the needed data
dase. Such an investigative program would include systematic V&?l&?ion of
Source operating procedures, source loading, test site characteristics,
Iicrophone locations and acoustic measurement procedures.

Following completion of the investigative and/or validation.programs, the
task group would reconvene and evaluate the results. On the basis of these
results, they would prepare an outline for a draft measurement methodology.
EPA, or its designated contractor, would then prepare a draft measurement
methDdOlOSY which would be circulated to all members of the task group and to

& number of affected parties for comment.
Once the draft methodology had been completed, the task group would

recommend to EPA a list of selected industry representatives who should be
asked to carry out measurements in accordance with the draft standard. Not
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Recommended operational procedure for generating measurement
methodologies.
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only would this validate the measurement methodology, but it would also direct
attention to key problem areas and obtain data in support of simplified
measurement procedures.

At the same time, representatives from EPA, or its designated contractor,
should visit a representative number of manufacturers or users of the major
noise source in question to: (1) observe the use of the draft measurement
methodology, (2) to discuss use conditions, operating procedures, and meas-
urement procedures, and (3) if necessary, to conduct supplemental
measurements.

Utilizing information gained via the above procedures, a final measure-
ment methodology, with supporting documentation, would be prepa?ed for eacy of
the candidate major noise sources. To the greatest e¥tent fe§51b1e,.th? final
measurement methodology should draw upon, and be consistent with, existing and

Proposed voluntary measurement standards.
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PART II CONTENTS OF MEASUREMENT STANDARDS

Part IT of this report encompasses the subject matter of measurement
standards for use in conjunction with noise emission standards to be
promulgated by the U. S. Environmental Protection Agency. Part Il is
designed as a checklist for the evaluation of the suitability of a noise
measurement standard for a particular class of products or, in the absence of
a suitable standard, as a framework for development of one. The intent is tc¢
identify and discuss those factors which can impact on the accuracy,
Precision, and applicability of noise meagsurements.

Part II is structured similarly to a measurement standard. Each of
Sections 12 through 18 contains information relevant to a number of different
types of measurement processes -— e.g., measurements of sound power and sound
Pressure; measurements made in anechoic, semi-anechcic, reverberant, and
semi-reverberant spaces; measurements maede outdoors and indoors:; measurements
made under laboratory and in situ conditions; measurements of overall
weighted sound level and of sound pressure levels in frequency bands; etc.
Obviously, much of this material will not be appropriate for any given
measurement standard.

At the beginning of each section, the major factors to be addressed are
outlined. The remainder of the section presents technical support material
Needed to facilitate an appropriate choice between alternative options.
Information is given as to the type and size of errors which may result from
different assignable causes. These data are not intended to be comprehensive

Cr definitive, but merely illustrative.

Part IT has been written with the assumption that it will be used by
People trained in the physical sciences. Accordingly, basic concepts and
terms are used without definition or discussion.
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11.  Purpose and Applicability

e Every measurement standard should include an introduction identifyi™d
(1) the group that prepared the standard, (2) the review process usé
for approval of the standard, and (3) a clear statement of the
relationship of the standard with other standards.

o The scope of the measurement standard should be a concise abstract of

ils contents and should clearly delineate what ig and what s not
covered by the standard.

e The purpose of the measurement standard should make clear the reasond
for establishing the standard.

.y : - tal
® Existing standardized definitions should be utilized; those terms vt;re
to the measurement standard which have special technical meantng OF

unique to a given industry require definition.
. . . . 7
o ALl publications noted in the measurement standard should be listed *
a separate '"References" section.
o There should be a clear statement of the acoustical quantity to be
measured, e.g., sound pressure or sound power. :
°

The range of applicability should be clearly stated in the measuf@mgﬂt
standard (i.e., the types of noise sources (nature and size of SO“ﬁZSm)
and types of woise (steady and non-steady; periodic, aperiodic, Y2 he
for which it is applicable) and guidance should be provided as to t
aceuracy and precision which can be obtained utilizing the standard-

11.1. Introduction

Every measurement standard should include an introduction or foreword
identifying the group that prepared tke standard, including organizations
officially represented on that group, and an indication, explicitly or byne
reference, of the review process used for approval of the standard. If v

standard replaces, supplements, or complements one or more other standards?
that should be made clear.

11.2.  Scope and Purpose

The scope of a standard should be a clear and concise abstract of its
contents. It should clearly delineate what is and what is not covered bg
the standard -- for example, classes of products to be included, types ©
noise to be measured, range of acoustic envircnments, and so forth.

The purpose of the standard should be briefly stated so as to make
clear the main reasons for establishing the standard.

See also sections 11.4 and 11.5.
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11.3. Definitions and References

Reference should be made to existing internationally or nationally
recognized definitions where applicable. Unusual terms of measurement,
abbreviations, and symbols used in the standard should also be defined. It
is recommended that the International System of Units (SI) be used
throughout the standard and that equivalent values expressed in customary
U. S. units alsc be included when failure to do so would interfere with
effective communications. In the case of key guantities, e.g., distance
from the source to a microphone, it may be desirable to give the numerical
value in the text in both SI and U. S. customary units. For other
QUantities, it may be preferable to refer to conversion factors in the
[§Ef§gitions" section. For further guidance, the reader ig referred to

-31*.

All publications referred to throughout the standard should be listed
in a separate "References" section. Each reference should be up-to-dete and
should include all information reguired for clear and unambiguous
identification of the reference. In referencing other standards, the full
title of the document, its designation (and date of issue, if this is not
part of the designation) and the name and address of the issuing
organization should be given. If a standard has more than one official
designation (e.g., an American Society for Testing and Materials standard
which has been adopted as an American National Standard), all known
designations should be included in the reference. It should be made quite
clear whether the intention is to reference only a particular issue of a
standard or whether, if a standard which is referenced is later revised, the
latest revision is intended. If reference is to part of the document only,
that part should be adequately identified so that in a later revision the
pertinent materisl can be identified.

Throughout the text, the following abbreviated reference forms may be
used:

Standards -- the name of the issuing organization and the desig-
nation of the document (e.g., American National Standard
S1.13-1971)

Laws, codes, and ordinances -= title and number

Other publications =~ these may be simply referenced by number, by
author and year, footnoted, or the complete reference given

in the text.
11.4. Acoustical Quantities to be Measured

Under "Scope and Purpose," there should be a clear statement of the
acoustical quantity which is to be measured —-- sound pressures at one Or
@ore particular locations, total sound power, or sound power plus direct-
ivity. If a frequency-weighted quantity (e.g., A-weighted sound pressure or

*Figures in brackets indicate the literature references at the end of
Fart 17T,
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power level) is to be measured, this should be so indicated. Usually this
will simply e stated in very brief form without need for justification.

However, because of the prevailing arguments as to what quantity is most
appropriate, a discussion is presented below.

Noise ratings are derived from acoustical measurements which fall into
two groups:

o Effective (rootamean—squarel, or instantanecus, sound pressure 1evel

0 Sound power level, plus directivity if desired.

Scme acousticians are quite adamant in their preference for expressing noise
ratings in terms of sound power rather than sound pressure -- or vice versa-
Since sound power is almost always computed from measured sound pressureés: +
is difficult to argue that sound power is inherently superior to pressure:
However, the sound pressure resulting from a given source is strongly n
dependent upon the point .at which the measurement is made and can depend upo
the environment in which both the source and the measuring microphone are -
located. OSound power level is a measure of the total sound power radiated
the source in all directions and directivity is a measure of the spatial
intensity distribution. Sound power and directivity are basically .
characteristics of the noise source and hence do not need to be specified in
terms of any particular measurement distance {other than that measurements
should be made in the far field). Sound power is less dependent on the
environment in which the source is located than is sound pressure. HoweVer>
both the radiated sound power and the directivity are influenced by nearbdy i
reflecting surfaces, such as floors and walls. In enclosed spaces, the Soug
power ususlly is less affected by the enviromment than is the sound Pre?sug
at distances far enough away from the source to be in the reverberant fielG:

As was mentioned sbove, the sound power usually must be computed fro?
sound pressure measurements. This is accomplished simply and accurately'lid
two limiting cases: (1) in the region of a free field beyond the near f1€-7
and (2) in a reverberant (diffuse) sound field. TIn such fields the sound o0
pover can be calculated from the mean-square sound pressure, averaged oveT
appropriate surface enclosing the source (free field) or averaged over ?he
volume of the room (reverberant field)}. Close approximations to free-fiel
conditions can be achieved in anechoic chambers, hemi-anechoic chambers
(i.e., free field over a reflecting plane), or outdoors. Approximately
diffuse sound fields can be obtained in large, hard-walled reverberation

chambers. To determine the directivity of the source, an essentially
free-field environment must be used.

When acoustical data are expressed in terms of sound power, one Should
be able to assume that the data correspond to the far field around the

source and that the sound power is based on measurements at a sufficient
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Number of angular positions to sample adequately the field in all
directions or by adequately sampling a reverberant field. Thus one can
have a fair degree of confidence in using the sound power to predict sound
bPressure at a particular location in a particular environment. If on the
other hand, acoustical data are expressed in terms of sound pressure, these
data should be accompanied with sufficient information regarding the
measurement location and test environment to enable one to infer the extent
to which the data may be used to predict sound pressure at other locations
and in other environments. Compare the following statements:

The A-weighted total sound power level of the machine was found to be
93 dB re 1 pW.

The A-weighted sound pressure level of the machine, when resting on a
hard reflecting plane, was found to be 69 dB re 20 yPa at a location T
m from the center of the machine, at an angle of L5° relative to the
axis of the machine, at a height of 1.5m above the supporting plane.
No other reflecting surfaces were within 50m of the machine. Tests
established that the measurement location was in the far field and
that there were no significant variations in sound pressure near this
location due to phase cancellation between the signal refiected from

the supporting plane and the direct signal.

Note that the results of sound power determinations can be stated quite
Simply since measurement location need not be specified. A statement
regarding local variations in sound pressure due to phase cancellation
frequently would not be made but can be quite important (see Sec. 15). 1In
the case of the statement of sound pressure level, there is no information
about sound pressure in other directions. Sound power determination
Usually requires measurement of sound pressure levels at a number of
Microphone locations. Directivity information may be available if desired
(Provided, of course, the measurements were made under free-field
conditions). Some of the arguments in favor of expressing noise emission
in terms of sound power have been summarized by Lang and Flynn[L].

In spite of the above endorsement, sound power is frequently not the
aPbropriate quantity to use for noise ratings. As stated above, sound
Dower requires measurements in the far field of the source in a
Well-defined acoustic environment. The extent of the far field of
Practical sources at any given frequency is not accurately known. For a
Source whose radiating surface hus a representative dimeBsion,'g, the near
field is approximately circumscribed by the distances Za /X or 2a,
Whichever is larger. Here a is the "dynamic'" dimension of the source,
Which may vary considerably_ﬁith frequency and can be estimated
COnserVatively to be equal to the maximum source dimension, and A is the
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wavelength corresponding to the frequency of operation. Sometimes it is also
recommended that measurements be made at least one wavelength away from the
source. If measurements are made with the source located an effective
distance, h, above a reflecting plane, measurements should be made at a
distance away of at least 4h. The limitation to distances greater than 2a“/A
tends to be the most serious one. At a frequency of 10 kHz, for instance,
the wavelength, A, is only .034m. Assuming a source dimension of a = 0.5m,
the measuring distance must be at least,15m. For real sources, the situation
would rarely be as bad as this. The 2a“/A limitation is based on a source
for which all points radiate coherently. In many products, there are a
number of individual sources, a large number of vibrational modes are
excited, there may be aerodynamically-generated random noise, and the source
behaves more like an ensemble of small incoherent sources —— in such a case,
the far field may begin very close to the source even at higher frequencies.
Recent investigations[5-7] have demonstrated that an accurate determination
of the sound power emitted may be derived from sound pressure measurements
which are made quite close, say, one meter, to the machine whose noise
emission is being measured. The validity of one-meter measurements has been
confirmed for all of the sources studied that emitted broad-band noise
without prominent discrete tones[5~7]. If such close~in measurements yield
sufficiently accurate results, smaller test facilities may be used and
ambient noise requirements may be relaxed.

Whether or not it is possible to make accurate sound power determina-
tions, there are instances where it is distinctly preferable to characterize
or rate machinery in terms of sound pressure. One of the most common of such
situations is when the noise rating relates to an operator location. If the
operator stays at a particular location, the sound pressure level at the
position of his head is the most useful quantity to measure. If the operator
moves around in some known area near to the machine, a spatial average of
sound levels over likely operator locations (e.g., & path around the machine
at ear level and arm's length from the machine) is appropriate. In some
cases where an operator works near one of a large assemblage of machines, it
may be necessary to know the close-in (operator positions) sound pressure for
his machine and, in addition, sound power of the other machines in order to
provide sufficient data to predict the total noise level at the operator
positions.

One may be primarily concerned with the noise radiated in a particular
direction so that total sound power information is not needed. Motor vehicle
noise ratings, for example, may not require total sound power information,
but only the sound pressure radiated to nearby communities. Of major concern
is the noise radiated to the side of the vehicle, while noise radiated to’ the
front, back, and top is of much less concern and may be difficult to measure
for a moving source. Thus sound pressure at a far-field sideline position is
a logical measurement which relates directly to the noise levels in
communities.

Sound pressure is the preferred quantity for sources, such as firearms,
which produce impulsive noise. Here the instantaneous sound pressure and its
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time history are required in order to characterize adequately the sound and
assess the potential noise hazard.

In general, sound pressure is appropriate if the listener location is
well defined, the transmission to the listener does not differ much among
typical applications, and, if it is desired to extrapolate the data to other
locations, typical applications are such as to permit this to be done with
adequate confidence. Sound power is usually more appropriate if information
is needed to predict sound pressure in a variety of enviromments which
Significantly affect the resultant sound pressures. All other things being
€Qqual, sound power data are preferred for machines which are small enough to
be tested under laboratory ccnditions; if directivity is a significant
factor, however, reverberation room measurements of sound power would not be
appropriate since no directivity information can be obtained.

11.5.  Applicability
a. Types of Ncise

The measurement standard should clearly state the types of noise for
which it is applicable. This is important since some measurement
Procedures are not at all appropriate for certain types of noise. The
fOllowing discussion of classification of noise by type is adopted from
American National Standard Methods for the Measurement of Sound Pressure

Levels, 51.13-1971[8].

The noises usually encountered in practice are classified as steady or
nonsteady noise.

(1) Steady Noise. The level of a steady noise remains essentially
constant (that is, fluctuetions are negligibly small) during the period of
Observation. (See section 8.4 of [8] for a discussion of observation
times), To the typical observer, & change in noise level of less than one
decibel is not likely to be detectable while a six decibel change would be
Considered signiricant. If the average noise level is relatively constant
but the spectral distribution of the sound changes during the period of
Observation (as determined by listening), the noise shall be classified as
nonsteady,

(a) Steady Noise Without Audible Discrete Tones. Thi§ type of
noise is frequently referred to as "broad-band" noise; prominent
discrete components and narrow-bands of noise are absent. The plot of
Pressure spectrum level versus frequency is without pronounced

discontinuities.

(b) Steady Noise with Audible Discrete Tomes. This type of
noise has components at one or more discrete frequencies which have
Significantly greater amplitudes than those of the adjacent spectrum.
Clusters of such components or narrow-bands of noise may be observed.
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cantly during the period of observation.
contain audible discrete tones,

The spectrum obtained with a narrow-band analyzer has sharp peaks

(prominent single-frequency components) or steep gradients (narrow
bands of noise).

(2) Nonsteady Noise.

The level of a nonsteady noise shifts signifi-

This type of noise may or may not
The classification of nonsteady noises

depends upon the period of observation which must be defined for each meas~
urement.

(a) Fluctueting Noise. The sound pressure level varies over 2
range greater than six decibels with the "slow" meter characteristiC
and does not equal the anbient level more than once during the'Perlod
of observation. Alternatively, the noise may fluctuate between tWO ox
more steady levels six or more decibels apart when measured with the
"fast" meter characteristic of a sound level meter. Fluctuations m&Y¥

occur because of beats between two or more audible discrete tones
having nearly the same frequency.

(b) Intermittent Noise. The sound pressure level equals the The
ambient level two or more times during the period of observation.
period of time during which the level of the noise remains at an

essentially constant value different from that of the ambient is of
the order of one second or more.

(c¢) Impulsive Noise (Bursts). Impulsive noise has brief
excursions of sound pressure (acoustic impulses) which significantly
exceed the ambient environmental sound pressure. The duration of &

. . . - . f
single impulse is usually less than one second. Two subcategories ©
impulsive noise are:

Isolated Bursts. One or more bursts occur during the Perlod
of observation. The envelope of the burst waveform may be that
of a decaying transient or it may be of essentially constant
amplitude, for example, a tone burst. The burst spacing (timé

interval between bursts) is such that each burst is individuslly
distinguishable with a sound-level meter.

Quasi-Steady Noise. A train of two or more bursts occWl ‘0
during the period of observation. Individual bursts in the t?al
may have equal or unequal amplitudes and the burst spacing (tif¢
interval between bursts) may be uniform or nonuniform. As the
burst repetition rate increases, the resolution of individual

bursts by a scund-level meter becomes difficult; the noise i8
then classified as quasi~steady.

In specifying the measurement of impulsive noise, it is important o
be very clear as to the quantity desired: peak instantaneous soub

pressure or peak root-mean-square sound pressure averaged over 2
short, and specified, averaging time.
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Examples of different types of ncise sources are given in Table 2.

which 322 gcoustic environm?nt has a strong influence on the types of noise
room aetn te measured therein. Because a r?verb?rant, or semi-reverberant,
concerndn zhave;age sound pressures oYer.tlme, 1n?ormation cannot be obtained
cantson if e s ort—?erm temporal variation of noise emission. Particular
the Sonres necessary in Teverbera?t room measurements if the noise emitted by
componente ?ontalns §1gn1f1cant discrete frequency and/or low frequency

see sections 12.2 and 15).

anecho?ll types ?f noise can'be measu?ed in an anechoic space or a hemi-
COnduct? space (i.e., free field conditions over a reflecting plane). In
if the ing measgrements over a reflecting plane, particular caution is required
COmponegzlse e@ltted by the source contains significant discrete frequency
12 s or if a narrow-band frequency analysis is desired (see sections

+2, 12,6 and 15).

Table 2

Examples of Sources of Different Types of Noise

Steady Nonsteady

Without Audible Fluctuating
discrete tones

Heavy traffic (nearby)
Distant city Pounding surf

Waterfall
Intermittent

With Audible

discrete tones Aircraft fly-over

Automobile passing by
Train passing by

Circular saw

Transformer
Impulsive Isolated Bursts

Drop forge hammer

Dog barking

Pistol shots

Door slamming

Electrical circuit breaker

Quasi-steady Noise

Riveting
Pneumatic hammer
Machine gun
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Different types of noise may require different types of instrumentation
(see section 13). Accordingly a measurement standard must call for specific
instrumentation performance characteristics; that standard will generally not
be suitable for all iypes of ncise.

Departing now from the classification of noise by type as given in
American National Standard S51,13-1971, it is alsc useful to classify noise as
being deterministic or nondeterministic. . Deterministic signals can be
described as an explicit function of time; nondeterministic signals cannot.
Deterministic signals are periodic or aperiodic. Periodic signals repeat
themselves in their entirety over some time interval. Aperiodic signals are
every other type of deterministic signal. Nondeterministic signals, also
referred to as random signals, may be described statistically. The probability
function for time-varying wave forms indicates the relative frequency of
occurrence of the various instantaneous values of the wave form.

The accuracy with which an acoustical signal can be measured depends
upon, among other things, the rise time and the averaging time of the
measurement system. The signal must be "looked at" long enough for the
instrumentation to respond and, in the case of nondeterministic signals, long
enough to obtain a suitable average (see section 13).

b. Nature and Size of Source

A noise measurement standard should include an indication of the types of
noise sources encompassed. This should include such factors as stationary or
mobile, size of source, allowable operating characteristics, etc.

c. Measurement Uncertainty

A noise measurement standard should provide guidance as to the
measurement uncertainty which can be tolerated in each regulatory situation.
To have operational meaning, the uncertainty of a measured value must be given
relative to some actually achievable and nationally accepted reference. To do
this, a clear statement of what would constitute the nationally accepted answer
is needed. In some cases references to standards as maintained by a national
laboratory may be sufficient; in others the reference may be a consensus of
many laboratories.

The current International Organization for Standardizstion stendards and
draft standards for determination of sound power emitted by stationary noise
sources associate with each document[9-15] one of the following grades of
accuracy: precision, engineering, and survey. Within each document a
statement such as the following is made[1k4]:

Measurements made in conformity with this International Standard tend to
result in standard deviations which are equal to or less than those given
in tables 2 and 3. The standard deviations of tables 2 and 3 reflect the
cumulative effects of all causes of measurement uncertainty, excluding
variations in the sound power of the source from test to test....
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Table 2. Uncertainty in determining sound power levels of sound sources

in anechoic rooms

Octave Band
Center Frequencies

One-Third Octave Band
Center Frequencies

Standard Deviation
of Mean Value

Hz Hz aB

125 to 500 100 to 630 1.0
1000 to L00O 800 to 5000 0.5
8000 6300 to 10000 1.0

Table 3. Uncertainty in determining sound power levels of sound sources

in semi-anechoic rooms

Octave Band One~Third Cctave Band Standard Deviation
Center Frequencies Center Frequencies of Mean Value
Hz Hz dB
125 to 500 100 to 630 1.5
1000 to L4000 800 to 5000 1.0
8000 6300 to 10000 1.5

This particular example corresponds to precision measurements in anechoic and
hemi-anechoiec environments. Analogous tables are contained in the other draft
standards. These documents also include discussions of the major causes of

uncertainty.

Whenever possible, the standard should specify the components of variance
which should enter into the uncertainty statement and the means for determining
a realistic limit to the offset of the process from the "accepted" process as
defined in the standard. In addition, the standard should specify the type of
evidence needed to establish that the measurements arise from a measurement
process which is in a state of control (i.e., has predictability).

If a noise regulation for a particular class of products requires all
noise measurements to be made in accordance with the same measurement standard,
and if the inter-laboratory reproducibility is excellent, that may be
acceptable even if a systematic bias is suspected since that bias would affect
all measurements similarly. On the other hand, a measurement process might be
Capable of producing results that would average out, over a very large number
of measurements, to be quite accurate but the imprecision could be so large as
to be unacceptable. In general, and if sufficient knowledge exists, a
Statement such as the following should be made:

Measurements made in conformance with this standard tend to result in a
standard error of X dB and a systematic error of not more than +Y dB.

Provided that separate statements of imprecision and systematic error are
lncluded, it is acceptable to present a statement placing bounds on the
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inaccuracy, i.e., the overall uncertainty of measured values. In general, the
bounds indicating the overall uncertainty should not be numerically less than
the corresponding bounds placed on the systematic error outwardly increased oy
at least three times the standard error. For example:

...vesult in an overall uncertainty of +5 dB based on a standard error of
1.0 dB and an allowance of +2.0 dB for systematic error.

Considerable care must be taken in selecting values for the standard
error and systematic error which are appropriate for use in a measurement
standard. The standard error should correspond to the reproducibility among &
numper of laboratories, rather than the repeatability in a given laboratory.
Similarly, the allowance for systematic error should correspond to that of the
measurement standard as realized in a given laboratory. Thus, the statement
Just prior to this paragraph should be interpreted as indicating that, if a
very large number of laboratories were to carry out measurements on a given
noise source, approximately 99% cf the laboratories would obtain values withip
+ 348 {corresponding to 3 standard errors) of the mean of all the values and
that mean value (assuming enough laboratories barticipated so that the mean of
the values cbtained did not differ significantly from the mean of an infinite

poputation of laboratories) would not differ from the “true" value by more thal
+2 dB.

Neither the standard error nor the systematic error bound are easy to
obtain. BSelection of appropriate values should be carefully considered by the
group preparing the standard. A worthy, but difficult goal is to specify the
test environment, the source-operating procedures, and the measurement anéd

calibration procedures to maximize both accuracy and precision while minimizing
the time, difficulty, and cost of conducting the test.

All in all, it is the "quality" of measurements which is at issue. Thi8
"quality"” depends on a variety of factors including the operator, the envirol~
ment, the item or quantity being measured, the instrument, etc. Specificatio®?
on the instrumentation (e.g., traceability, re-calibration schedule, etc.)
particularly when the results are done under the extremely restrictive con~
ditions of a laboratory may not give valid indications of the performance of
the instrument in routine use. 1In regulatory measurement, it is particularly
important that the focus be on the correctness of individual measurements,
because of the "cross-examination" to which the measurement will be submitted
in legal proceedings. The decision as to the adequacy of measurement should
not be allowed to depend solely on pro forma traceability requirements relating

to the scientific evidence which is needed to determine the uncertainty of
measurement (see Appendix C).
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12. Acoustic Environment

e The measurement standard should specify and provide criteria for the
evaluation of the allowable test enviromment(s), e.g., anechoic,
hemi~anechoic (free-field over a reflecting plane), reverberant and in

situ.

® For those cases where the background noise is significantly, but less
than 10 dB below the noise being measured, the measurement standard

should provide correction factors.

e The measurement standard should include restrictions on external
factors which ean affect the sound pressure level at a particular
point or the accuracy of the measurement of that sound pressure level.
Allowable ranges of temperature, barometric pressure, humidity and
wind over which measurements may be made as well as restrictions on
vertical and horizontal (ground plane) reflecting surfaces and
corrections for the effects should be included wherever possible.

In Section 5.2, & brief discussion was given of the effect of the
environment on the noise levels produced by various sources. From this
discussion it should be clear that meaningful measurements of noise
emission generally can be made only in & well-characterized acoustic
environment. Whenever the noise source can be moved readily into a lab-
oratory, or other controlled environment, it is generally preferable to
make acoustical measurements there rather than to be subject to the
vagaries of nature and the need to characterize a new acoustic environment
every time a test is carried out at a different location. Due to the size
or mobility of many noise sources, however, it is frequently necessary to
conduct measurements outdoors at a particular test site or, either outdoors

or indoors, in situ.

12.1. General Requirements

Four basic test environments frequently are used for acoustical
measurements:

Anechoic -~ An anechoic (meaning "without echo") enviromment is
usually obtained in an indoor chamber, or room, in which the walls, floor,
and ceiling are specially treated to absorb virtually all of the incident
sound energy. An anechoic space can also be obtained outdoors, by
suspending the test specimen well awey from the ground or other reflecting
objects. An anechoic space can sometimes be well approximated in a large
room, without special acoustic treatment of the room boundaries, if
measurements can be made close enough to the source that there is
negligible contribution from reflected sound energy.

In an anechoic environment, "free field" conditions prevail and the
noise emission characteristics of a source can be determined simply from
measurements of sound pressure in the far radiation field (see Sec. 15) of
the source. In general, any type of noise signal can be measured in an
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anechoic environment. A pearticular advantage of an anechoic environment is
that the directivity of the radisted sound field can be measured. Several
limitations to the use of anechoic enviromments are: (1) the high cost of
anechoic chambers, (2) difficulty in suspending large sources well away from

any reflecting surface, and (3) difficulty in providing for operating loads,
heat loads and exhaust emissions.¥*

Hemi-Anechoic -- A "hemi~anechoic" environment is one in which free-field
conditions exist in the half-space on one side of a totally or partially
reflecting plane. Usually a hemi-anechoic space is the free space above a
hard, reflecting, horizontal surface but the concept can be extended to inclu§€
free-field measurements near any partially reflecting surface. A hemi--anech?lc
space can be obtained in an indoor chamber with the walls and ceiling acousti~
cally treated as in an anechoic chamber but with the floor ascoustically hard
and reflecting. A hemi-anechoic space can also be obtained outdoors, with the
test specimen resting on or above a paved surface. Occasionally outdoor
measurements are made over a partially reflecting surface such as grass.

In s hemi-anechoic space, as in an anechoic space, noise emission is
determined from sound pressure measurements in the far r»adietion field of the
source. Measurements are complicated, however, by interference effects due 10
the combination of direct sound waves and waves. from the reflecting plane.
This results in local maxima and minima in the sound field and considerable
spatial sampling often is required to obtain meaningful results (see Sec. 15)-
In general, any type of noise signal can be measured in s hemi-anechoic
environment. Directivity informastion can be obtained under conditions typicael
of use conditions for many types of equipment -~ e.g., over a reflecting plane:
There is no particular difficulty in supporting or operating large or mobile

equipment. In conducting ocutdoor measurements considerable difficulties can
arise due to wind, rain, humidity and tempersature.

An extension of the hemi-anechoic environment is a free field adjacent to

two or three intersecting reflecting surfaces. This could be useful when &
product is normally so installed.

*The time required to make measurements at a large number of microphone
locations, in order to obtain adequate spatial averaging in an anechoic
environment, has been indicated as a reason for preferring reverberant-
field measurements to free-field measurements. However, as the under-
standing of the requirements of reverberant room sound power determinations
has increased, 1t has become clear that many microphone locations, and
frequently several source locations, &lso are needed for adequate sampling
in reverberant fields. If only A-weighted sound power, rather than
spectral information, is needed, anechoic chamber measurements may be
easier than reverberstion chamber messurements since, in reverberation roon
measurenents, it usually is necessery to determine souna POWer versus

frequency and compute A-weighted power rather then measuring A-weighted
levels directly as can be done in an anechoic chamber.
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Reverberant —— Reverberant field measurements are carried out in a ro
with acoustically hard walls (i.e., low sound absorption)} such that sc
waves undergo many reflections before being absorbed. Reverberation r« ..
are typically equipped with stationary or moving diffusers to increase the
uniformity of the reverberant sound field.

In a reverberation room, one measures sound pressure level and
computes total sound power, the computation being based on the premise that
the mean-square sound pressure averaged in space and time is (1) directly
proportional to the sound power output of the source, (2) inversely
proportional to the total absorption in the room, and (3) otherwise dependent
only on the physical constants of air density and velocity of sound.
Reverberant room methods are particularly advantageocus for sources which
produce steady noise and for which directivity information is not required.

Noise measurements in a reverberation room are dependent upon accurate
measurement of the sound energy density, in the frequency bands of
interest, in the reverberant field of the room with the noise source in
operation. In order to obtain such accurate measurements it is desirable
for the room volume to be sufficiently large (see Sec. 12.2) that mnany
normal modes are excited in the room. At low frequencies and/or when the
room is excited by pure tones or very narrow bands of noise, it is common
for only a few modes to be excited and accurate measurement of energy
density requires very extensive sampling of the sound field, preferably

with the use of moving diffusers.

In Situ -- Certain types of equipment cannot, for practical reasons, be
operated outdoors or in a laboratory environment. When the noise emission
of a source must be measured in situ, it is highly desirable to utilize
procedures which approach, as nearly as possible, one of the three cases
just discussed. Two of the recent Draft International Standards for sound
power determination[13,15] include provisions for correcting for a.
less-than-ideal acoustic environment. The need for such corrections would
almost always imply a degradation of measurement accuracy.

12.2. Criteria for Adequacy of the Test Environment

This section includes more detailed discussions of the criteria which
each of the above four types of acoustical environment should meet.

a. Anechoic Environment

The Draft International Standard for precision determination of sound
power in an anechoic chamber[1lL] states (Annex G) that "the volume of the
test room shall be large enough so that the microphones can be placed in
the far radiation field of the sound source under test, without being too
close to the absorptive surfaces of the test room." It is instructive to
consider briefly the measurement error that might result due to reflections
from the wall of an anechoic chamber.
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Consider a situation such as shown in Figure 3, with a sound source in
an anechoic chamber and a measuring microphone in the far radiation field of
the source. It is assumed that the source emits a spherical sound wave at an

angular frequency w = 2nf. The instantaneous pressure of the emitted wave
can be expressed as

P

Pe(r,t) = 7 cos [w(x/c - ©)]1, | (1)

where P is the amplitude (Pa) of the pressure at a unit radial distance, r =
1 m from the source, t is time (s), and ¢ is the velocity of sound (m/s) in
the medium. The wave reflected from the chamber wall may be approximated by
a wave emitted from an image source a distance L to the right of the

effective location of the chamber wall.* The instantaneous pressure of the
reflected wave can be expressed as

RP

pr(r',t) = v coslu(r'/c - t) + 4], | (2)

where r' is the distance from the image source to the measurement location, R
is the magnitude of the pressure reflection coefficient of the chamber wall for
normally-incident plane waves, and ¢ is a phase angle which depends on the

acoustical impedance of the chamber wall. For normal incidence, r' = 2L - T
The amplitude of the total pressure, p = b, t P..> will be between the following
limits:

P rR P rR

r[l-;T]ilpli—l;[1+;~.~ , (3)

the lower limit corresponding to destructive interference and the upper 1imit
corresponding to constructive interference.

¥The analysis given in this section is fairly accurate for estimating the
effect of the reflecting plane in hemi-anechoic measurements or the effects
of the walls in reverberation measurements. Tt is less accurate for "soft"
walls such as those in an anechoic chamber. In addition, since the absorp—
tive lining of an anechoic chamber has considerable thickness, the "effective
location" of the wall is uncertain. Thus the analysis which follows is
%ntended to qualitatively show effects but should not be taken too seriously
in a quantitative sense. More exact analyses of the sound field due to a

point source near a partially reflecting boundary are given by[16,17], which
also reference earlier work.
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Schematic representation of a sound source in an anechoic chamber.
The sound field produced by & source and its "image" only approxi-
mately represents the actual sound field.

Figure 3.
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In terms of mean-~square pressure ratios,
2 2
rR =,
[ - ;r] <p%/p 2 < [1 + %1}-] : (4)

Converting to sound pressure levels, the difference, AL, between the measured
level and the level in the absence of reflections is bracketed by:

rR
20 log [1—;7] < AL < 20 log [1 +-§$], (5)

wvhere "log" designates the common logarithm (basse 10) and where rR/r'
represents the ratio of the magnitude of the reflected pressure, at any r, 1O
the magnitude of the incident pressure, at the same r. Thus the measured
deviation of the pressure from that of a spherically spreading wave depends
on the product of two independent, non-dimensional parameters, R, and r/r'.
R depends on the wall impedance only while r/r' accounts for the reduction 1B

the reflected pressure at any point r due to the spherical spreading of the
pressures from the real and image sources.

Defining

g = %’ (6

the range of the maximum sound pressure level deviations from a spherically
spreading wave becomes, from eq. (5],

20 log [1-T,] 2AL< 20 log [1+T, 1. N

It is customary to define an energy absorption coefficient, o, which is

the ratio of the absorbéd energy to the incident energy. This is related t0
the pressure reflection coefficient by

*=l-R ()

similarly, a local measure, at r, of the energy lost dAue to wall absorption
and spherical spreading is
= 112 = 1-[TR)2
Hu_lnR-—l(r,). (9

When messurements are made with the microphone spproaching the chamber wells
R'=+R and o'-==-oa. Making measurements with the microphone nearer the source

is equivalent to having a lower pressure reflection coefficient, or higher
energy absorption coefficient, for the chamber walls.

The limits of ea. (7) are plotted vs. I, end I in Figure 4 for the case®
showvn in Figure 3, r' = 2L - r. o
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A standard for noise measurements in an anechoic chamber should provide
guidelines for constructing a suitable chamber and specify criteria for
ascertaining its adequacy (see Annexes A and G of [14]).

The usual procedure for determining the adeguacy of an anechoic chamber
is to measure the pressure falloff as a microphone is moved a distance, r, away
from a source which has been selected so as to radiate essentially a spherical
wavefront so that the sound level should fall off as L =1 - 20 log r, where
L 1is the sound level at unit distance from the acoustic cénter of the source
(assuming that one is in the far field at a unit distance) -- this corresponds
to a 6 dB decrease in sound pressure level for every doubling of the distance
from the source. Returning to eq. (6), it is illustrative to plot the sound
level versus measurement distance from the source. This is done in Figure 5
for R = 0.2 (a = 0.96); the values selected for other parameters are given in
the figure caption.

As indicated previously., the analysis above is only approximately correct
for real anechoic chambers. Particular difficulties could occur in some
instances, for example:

— microphones placed near room edges or corners could receive reflections
off two or three walls thus increasing the error

= highly directional sound sources can cause particular problems due to
sound emitted from the "louder'" side of the source being reflected into
microphone locations on the "quiet" side of the source.

An additional, and quite useful method for checking for unwanted re-
flections in anechoic chambers is to use a pulsed sound source or a correlation
technique to determine not only the magnitude of the reflected energy but also
the surface (e.g., supporting structures) from which the 'sound is being
reflected.

The principal limitations on microphone locations in an anechoic chamber
are (1) to get the microphone far enocugh away from the source to be in the far
radiation field (see Sec. 15) and (2) to keep at least a quarter-wavelength, at
the lowest frequency of interest, away from any part of the absorptive lining
of the chamber to ensure that the sound pressure does not start to fall off
rapidly due to the proximity of the absorptive material.

Useful references concerning the design and quallflcatlon of anechoic
chambers include[18-26].

b. Hemi-Anechoic Environment
Qualification of a hemi~anechoic enviromment is essentially the same as
that of an anechoic environment. The test source generally should be placed as

close to the reflecting plane as possible to promote spherically divergent
waves and thus minimize the influence of reflections from the plane.
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In addition to measuring the falloff of sound pressure with distance to
determine the effectiveness of the five absorbing surfaces, it is necessary
to check the reflectivity, or absorption of the reflecting plane.* The
current Draft International Standards for both engineering[13] and )
precision[14] determinations of sound power in a free field over a reflecting
plane call for the normal-incidence energy absorption coefficient, o, to b€
less than 0.06 (R > .97). This criterion normelly would be met for dense
concrete but the absorption might be too large in the case of unsealed
asphalt pavings or certain types of floor coverings.

An indication of the reason for setting what may seem to be a rather
strict requirement on the absorption of the reflecting plane follows from &b
extension of the analysis given in the previous section. Consider Figure 0o
which shows a spherical source located above a reflecting plane. The
microphone is no longer required to be directly between the source and the
image source. With r and r' defined as shown in Figure 6, eqs. (1) through
(9) remain valid, for & locally-reacting plane. The limits of eq. (5) are
shown in Figure T, plotted against both R and a with r/r' as a parameter.

The upper limit on the measured sound pressure level is seen to be rather
insensitive to the value of a since when the reflected signal is in phase
with the direct signal and r/r'=—1l, the combined signal level can be at mos?t
6 dB above the direct signal. However when the reflected signal is out of
phase with the direct signal, the combined sound pressure=+0 gs r/r'=—>1 and
o=s0. 1In order to be in the far radiation field (see Sec. 15), it is
generally necessary that r/r'=-=1 so the sound level in regions of phase
cancellation depends strongly on the value of 0. For & source which radiateés
uniformly in all directions, requiring o to be less than about 0.06 ensur?S
that the sound level in such regions will be sufficiently below the level 11
regions of phase reinforcement that no significant error, relative to the
levels corresponding to a perfectly-reflecting plane, in the measured noise
emission will occur (provided, of course, measurements are made at enough
locations to ensure adequate spatial averaging). For highly directional
sources, still stricter requirements on a might be needed.

The normal-incidence energy absorption of the material constituting the
reflecting plane should be measured, for éxample, in accordance with[QT]'
Measurement of such low absorption coefficients is difficult by an impedance
tube technique and care is required to obtain accurate data. A direct
measurement of the pressure reflection coefficient might be preferable, for

example by pulse or correlation techniques, but no current standsrd method of
megsurement exists.

*In the case of outdoor measurements, of course, there will be no walls and
ceiling to be concerned with. However, site qualification is very useful to
determine the influence, if any, of nearby reflecting or absorbing surfaces.
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Figure 6. Schematic representation of a sound source in a free field above
a reflecting plane.

51



R

0.99 0.98 0986 094 0.0 0.8
10 1 T T T T T T T T 1
r—-——————.——r/—r,-- | e aman em—=p

m
o
,-——.—, fﬁ r/r’=0.6 %

= = /—
- -0
r/r/=0.8

Figure T. Limits for the effect of the image source (see Figure 6) on the

observed sound pressure level as a function of the absorption
coefficient of the reflecting plane with r/r' as a parameter.

. ed
801id lines correspond to destructive interference while the dash
line corresponds to constructive interference.

52



If the reflecting surface is not an integral part of the hemi-anechoic
environment care must be taken to ensure that noise sources cannot excite the
reflecting surface into vibration of such magnitude as to radiate significant
sound energy. If there is any question that this might occur, acoustical
and/or vibration measurements should be made to estimate the energy radiated by
(as opposed to reflected from) the reflecting plane.

Corrections for the influence of the acoustic environment, other than
the major reflecting plane, are discussed in Section 16.2,

¢. Reverberant Environment

Particularly in the case of noise measurements in reverberant envir-
onments, it is difficult to separate the adequacy of the test environment
from the adequacy of the entire measurement process. In Section 15,
attention will be directed to such factors as the variation in sound power
output due toc source location, spatial variation of sound pressure, and the
use of reflecting elements to increase the "diffuseness" of the sound
field. In the present section the properties which the room should have

will be considered.

Early workers developed the basic reverberation room theory using
certain simplifying assumptions: (1) uniform, diffuse distribution of
sound energy throughout the room at any instant; (2) equal probability of
propagation of sound in all directions; (3) continuous absorption of sound
by the room boundaries. The assumptions were those of geometrical
acoustics, in which sound energy is considered to travel in rays and all

wave phenomena are neglected.

The sound energy in a reverberant room can be considered as two com-
ponents, that in the direct field of the source, whlch has not yet suffered a
reflection from a room boundary, and that in the "reverberant field", which
can be somewhat arbitrarily defined as that sound which has undergone one or
more reflections[28, p.311]. Of the total power, W, emitted from the source
a fraction, a W, will be absorbed at the first reflection, leaving a total
power of (1 ~°a )W in the reverberant field. Here the absorption
coefficient, o, corresponds to an appropriate average over the surfaces of
the room, with account being taken of variations in the absorption
coefficient as a function of location and angle of incidence. Note that a
does not correspond to a diffuse field absorption coefficient since there
certalnly is not an equal probability of the energy, directly from the
source, arriving from all possible directions.

Conservation of energy requires that:

Rate of increase Rate of emission of Rate of absorption
of reverberant =jenergy from source - | of reverberant
energy in room into reverberant field energy
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In the spirit of the assumption of a uniform diffuse rever?erant sound'fleld’
the rate of absorption of reverberant energy at any given instant of time
should be proportional to the sound energy density in the room at that v is
instant. The.total energy in the reverberant sound field is VD,, where "
the volume (m>) of the room and D is the energy density in the reverberaln

sound field (Jx3). Thus the dif?erential equation which follows from the
above statement of energy conservation is

dD 2VD

R (10)
V'__=(1_U’O)W— T 4

where T is a characteristic time which defines the rate of sound absorption
in the room, whether by the walls, the air in the room, or by other

surfaces such as diffusers. Under steady-state conditions (dDR/dt = 0),
the energy density is given by

(1l - ao)w

TEe egergy dens%ty in & diffuse sound field can be shouyn to be equal to

p~/oc”, where p is Ege mean-square sound pressure (Pa”) and p is the
density of air (kg m ) in the room; thus

—  pc2t(1 - a )W
2 = o

2
PR 2V (12)

is the mean-square sound pressure in the reverberant field only.

If the reverberant sound energy density is assumed to have a constant

value, and, at time t = O the sound power input is suddenly turned off, the
energy density will decay as

1 _R__2 (13)
D, dt ?

so that T also is seen to be the time constant which defines the rate of
decay of the reverberant sound field; alternatively

d(n pRZ)

- _2
dt T

, (14)

where "2n" designates the natural logarithm (to the base e = 2.71828....)5
indicating that T can be directly obtained by measuring the rate of decay
of the sound pressure level when the source of sound power is turned off.
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Converting to sound pressure level, Lp = 10 log (pRE/pog), where p_ =

20 micropascals (uPa) is the reference presgure, and sound power level, L
= 10 log (W/WO), where W, = 1 picowatt (pW) is the reference power, eq.
(12) becomes

T(l - Go) OC2
LpR = LW + 10 log v + 10 log 266) dB. (15)

The time constant, T, is related to the commonly used reverberation time, T
-- the time required for the sound field to decay by 60 dB —- by the relation
T = 6.911, the non-integer number arising from the conversion between natural
and common logarithms. The last tegm in eq. (15) can be evaluated by
recalling that for an ideal gas, pc = YB, where y is the ratio of specific
heats (= 1.4 for air) and B is barometric pressure (Pa). Utilizing these
quantities, eq. (15) can also be written as

T(1 - a )
LPR = L, + 10 103[-——~1r~3~] + 10 logB -~ 36.0 dB. (16)

Equation (16) is analogous to the corresponding expressions in the current
international[10] and national[29] standards for determination of sound
power in reverberation rooms, with the following differences:

- the constant term differs because the barometrig pressure in the
standards is expressed in millibars (1 bar = 10° Pa);

_there is an additional term in the standards arising from interference
effects near the room boundaries; the above derivation neglects such

effects;

_the standards do not include the term 10 log (1 - ao); this will be
discussed shortly.

In order to ensure that the sound field "sees" the same effective absorp-
tion in both the steady-state power determination and the transient decay
rate for reverberation time measurement, the sound source used to excite
the room for reverberation time measurements preferably should be in the
same location and have the same directivity as the source whose sound power

is being determined.

An alternative method of measuring the effective room absorption is by
use of a reference sound source of known sound power output. This known
source should be at the same location as the unknown source and prefersbly
have a similar directivity. Looking at eq. (16) for tests on two sources

under otherwise identical conditions,

(LPR)1 - (LpR)2 = (Lw)l - (LW)2 R an
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so that no explicit knowledge of room properties is required.

These expressions are based upon measurements of the mean-squared sound
pressure of the reverberant field. Thus it is necessary to examine the
relative strengths of the direct and reverberant fields to determine where

microphones may be located. The mean-square sound pressure due to the direct
field may he expressed as

— )
= 18
Pp i 4rr? ’ (

where the directivity factor Q, is defined as the ratio of (1) the mean-
square sound pressure measured at angle 6 and distance r from an actual
source radiating a power W to (2) the mean-square sound pressure measured at

the same distance from a nondirective (spherical) source radiating the same
total acoustic power W.

The total mean-square pressure due to both the direct and the rever-
berant field follows from egs. (12) and (18):

Q (1 - a )
2 + 2 = W 0 [0}
Pp” T Pg” T pc g2 Ty ' (19)

Pp

The difference between the total sound pressure level and the reverberant
field sound pressure level is

% 2v
sy |- (20)

—L -

Lpp = Lpp = 10 log | 1 + —
4mréc
Substituting T = 6.911 and ¢ = 343.4 m/s (air at 20° )

1]

- v %
Lp, = Lpg g 0.0032 e ] (21)
The difference, Lp - Lp » between the total sound level and the reverberant
T R

Tield level is plotted vs r/qQ 1/2, the equivalent distance from the acoustic
center of the source, in Figure 8 with V/[T(1-a }] as a parsmeter. It can b€
seen that as V/T becomes large, it is necessaryoto be much farther from the
source in order for the direct field contribution to the sound field to
become negligible. While it is rather obvious that, for a chamber of a given
volume, the direct field contribution decreases as the reverberation time
increases, it is perhaps less evident that for s given reverberation time, it

is necessary to be farther from the source in s large chamber than it is in &
small chanber,

56



Lp~Lpg.dB

r/Q"Z, m

Figure 8. Difference between the total sound level and that due to the
reverberant field alone, shown versus the effective distance from
the socurce.
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Equation (21) and Figure 8 provide information as to the criteria which
a reverberation chamber should meet in order to have a negligible

contribution from the direct field at reasonable distances from the source.
The key points are

T/V should be as large as possible; this is equivalent to the total
absorption in the room being as small as possible;

highly directive sources require that measurements in the direction(s)

of maximum noise emission be taken at distances from the source which
are larger than when Q=1.

There is still another reason to require the sound absorption in the
room to be very small. Returning to eq. (16), the term 10 log (1 - «_) is
normally neglected in computing sound power from mean-square sound préssureé
levels in the reverberant field. As discussed at the beginning of this
section, the particular value of a_ may depend on the location and
directivity of the noise source and, in general, cannot be messured directly
in any simple manner. Figure 9 shows =10 log (1-o ) plotted vs o_; it i8
seen to become a significant correction when a_ exceeds a value o? about 0.1.
An approximate value for a_ can be computed frgm the reverberation time and

room geometry but the percgntage uncertainty in the value so obtained could
be fairly large.

The above discussion does not address wave effects. When consideration
is also given to wave effects, further guidance on room size, shape, and

absorption ﬁan be obtained. The frequency of a normal mode of vibration
(so-called "resonance frequency") in a rectangular room with hard boundaries

is given by
n \2 a \2 n \2 1/2
=9 __Clf_x z
X y Zz

where n_, n_, and n_ are integers and £ , & , and % i the
x . . > s are, respectively,
length, w1d¥h, and ﬁelght of the room. xIt an be sﬁown {hat as f increases

the number of normal modes in a frequency band of width Af centered on f
approaches the value

. |dmv 2
an = |V ¢ +215-2-—f+§2{| Af (23)
c c

where Y is the volume of the room, S is the total surface area of the wallSs
and L is ?he sum of the lengths of all edges of the room. TFor frequency
analysis in 1/3-octave or 1/l-octave bands, eq. (23) may be written as

(AN)1/3 .3 f +——f2+——c——f

(24a)
Cc C2 ']

(o}
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and

- 8.89V 3 . 1.11S _ ,  0.09L
(8N}, /9 , ot fe+——1f (24b)

C ’
2 c ¢

where £ is the band center frequency. For a given room volume, these
equatioﬁs predict that a cubical room will have the lowest modal density of
any basically rectilinear room shape. Figure 10 shows the approximate number
of modes in 1/3-octave frequency bands, as a function of frequency, for
cubical rooms 4, 6, 8 and 10 m on a side. There would be approximately three
times as many modes in an octave band having the same center frequency-.

A knowledge of the characteristic frequencies of a reverberation room is
important in terms of understanding its properties as a measurement tool. If
excited at a location where there is not a node in the pressure standing wave
pattern, a room will act as a resonator and may respond strongly to impressed
sound energy at frequencies near to the characteristic normal mode
frequencies. The extent to which the room responds is dependent upon the
reverberation time. In electrical circuit theory it is customary to talk
about the "Q" of a circuit element and in microwave theory, the "Q" of &

cavity. In the same sense it is useful to consider the Q of a reverberation
room. @ is defined as

o 2.20° (25)

where £ is a natural frequency of the room and T = 6.911 is the rever-

beration time. The frequency response of the mean-square sound pressureé, for
large Q, is given approximately by :

- fZ/foh
pZ (f) = (26)
(fz/foz - 1)2 +1/q2
Substituting eq. (25) into eq. (26),
_ £2/f U 2/¢ 4
Pz (f) = 2 2 2 > = : /fo . (27)
(£2/£ 2 - 1"+ 1/(nf_1)2

2 2
(£2/£ 2 - 1)2 + (2.20/foT)2

It can be seen that if T is very large, the room will have a highly peaked
response for frequencies near f

shorter and broader o vhile for small T the response peak will °e

To provide an example of the significance of the height and width of the
resonant peaks, consider a room in which, for the 1/3-octave band centered 2%
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100 Hz, there are only three normal modes, at frequencies of 95, 100, and 105
Hz, respectively. It is further assumed that these modes all have the sanme
reverberation time (see discussion below). Figure 11 shows the freguency
response of the room, when all three modes are of equal "strength", for
reverberation times of 1 and 20 seconds. It is seen that when T is large the
average sound pressure level in the room varies rapidly with frequency.

Figure 12 illustrates how the "range" of this variation, defined as shown in
Figure 11, varies with the reverberation time of the room for different
spacings of the normal mode frequencies. In Figure 12, it has been assumed
that there are a number of modes of equal "strength" spaced uniformly, at a
separation of 6f =1, 2, 3, 4, or 5 Hz, within a frequency band centered at
100 Hz. (Alternatively, the modal spacing can be thought of as being 1, 2, 3,
4, or 5 percent of any band center frequency.) Note that both T and &6f depend
upon the room volume.

If a noise source were to emit only a pure tone at some frequency in the
band pass region of the filter, the resultant mean-square sound pressure in
the room would be dependent upon how clcse the driving frequency is to one or
more resonant frequencies. In order for the room to be relatively insensitive
to such an effect, it would be desirable to have a large number of modes in
the measurement bandwidth, to have those modes as uniformly spaced as
possible, and to have the resonance peaks broad enough to "fill in the gaps"
between adjacent peaks. The implications of these observations are:

~the room should be large to increase the number of modes in a given
frequency interval,

—the geometry of the room should be selected to maximize the number of
modes and promote uniformity of spacing,

-the reverberation time should be low enough to broaden the resonance
peaks by an amount comparable to the modal spacing.

Summarizing, the number of modes is controlled by the size of the room, while
the modal spacing is controlled by the shape of the room. If the room is very
hard (i.e., long reverberation time corresponding to low absorption) the
resonance peaks will be sharp -- at lower frequencies where the modal density
is low and the modal spacing may not be uniform, the room response, as a
function of frequency, may not be as uniform as desired. Thus it is desirable
to add low frequency absorption to enhance modal overlap. However, additional
absorption will decrease the spatial volume in which the reverberant sound
field is well above the direct field from the source. A compromise should be
sought between these two effects.

Inspection of eq. (22) shows that a phenomenon, known as degeneracy, in

which the same resonance frequencies occur more than once, will be exhibited
any time the dimensions of the room are in the ratio of small integers. Among
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rectangular rooms, & cubical shape exhibits the largest number of degenerate
modes and hence clearly should be avoided. Current international{10] and
national[29] standards list the following room proportions as haging been
found to give satisfactory mode spacing for rooms of about 200 m™ volume (the
"preferred minimum room volume" for measurements down to the 1/3-octave band

centered at 100 Hz):

Ly/zx zzlzx
0.83 0.47
0.83 0.65
0.79 0.63
0.68 0.k2
0.70 0.59

The width of a resonance line shape can be characterized by the width
of the peak (see Figure 13) between the frequencies at which the energy
density is one-half of what it is at the exact resonance frequency. This

width, given by

Af = fO/Q = 1/at = 2.20/T (28)

defines the frequency region in which the mean-square pressure is within 3 dB
of that at the rescnance frequency. It would seem reasonable to select the
room's reverberation time such that the width of a resonance line is
significantly greater than the average spacing between normal modes for the
lowest frequency of interest (i.e., modal overlap, M = Af/éf, significantly
greater than unity); thus, from eq. (23), one would desire

T 1 bav 2

2.20 — M 3 £, (29)
where M is the desired amount of modal overlap and only the most significant
term in eq. (23) has been retained. With ¢ = 343.k m s™~ (air at 20°C)and V

expressed in cubic meters, this becomes

2
\' £ .
T< 0.68 ¥ (m) | (30)

If one selects M = 3, the lowest frequency at which a reverberation room could
be used and still meet the selected criterion for modal overlap would be

\1/2
f > 2100 (7) . (31)

All of the analyses in this sub-section are rather approximate. For more
rigorous treatments of room acoustics, see[30-36]. ,
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As discussed earlier, it is desirable to make the reverberation time as
large as possible so that the uncertainty due to inadequate knowledge of o is
acceptable and, over most of the room volume, the contribution from the difect
field is negligible compared to the reverberant field. At lower frequencies,
these desiderhta are in conflict with the just-discussed criterion calling for
a reverberation time small enough to spread the resonance peaks in the room
response. For any given room it is desirable to analyze all of these factors
and select an adequate compromise for the situation at hand.

The cugrent American standard{29] requires that the room volume be "at
least 180 m~ and preferably 200 m~ for measurements including the 125 Hz
octave band, and T0 m~ for measurements covering the 250 Hz and higher octave
bands, but excluding the 125 Hz band." It further states that

"the floor of the test room shall be reflective with an absorption
coefficient below 0.06. Apart from the floor, none of the surface should
have absorptive properties significantly deviating from those of the
other surfaces. For each one-third octave band within the frequency
range of interest the mean value of the absorption coefficient of each
wall and of the ceiling should thus be within 0.5 and 1.5 times the mean
value of the absorption coefficient of all walls and ceiling."

The following guidelines are given with regard to the absorption of the room:

"The sound absorption coefficients of the surfaces of the reverberant
room must be small enough to insure an adequate reverberant field. The
coefficient must be large enough to minimize the effect of socurce
position on the sound power produced by the source (refer to the
qualification procedure of Section 11). The average sound absorption
coefficient of all surfaces of the reverberation room should not exceed
0.06 over the frequency range of interest, except that additional

absorption below a frequency given by

_ 2000

e

- is usually desirable in order to increase the bandwidth of the resonance
curves of the normal modes of the room. The highest value of the average
sound absorption coefficient, at any frequency, should not exceed 0.16."

£

The international standard[10] includes very similar requirements.

Both the American and international standards[10, 11, 29] include quite
detailed room qualification procedures -- separately for the measurement of
broad band sound and for the measurement of discrete frequency components.
These procedures involve not only the reverberation chamber but source loca-
tions, microphone locations, diffusing elements, and, in effect, the entire
measurement procedure. Anyone planning to conduct reverberation room
measurements should study these standards carefully.
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In the present section, the relations among room absorption, source

location, and power output have not been discussed. These will be covered in
Section 15.3.

d. In Situ

It is not possible even to attempt to cover all of the different types
of test environments that might be encountered in carrying out in situ tests-
In general, measurements should be made to determine the extent to which the
test environment approaches an anechoic, semi-anechoic or reverberant

environment. The types of measurements which should be made should be fairl¥y
obvicus from the preceding discussions.

Whenever the sound source can be removed from the test environment, theé
environmental influence should be checked by placing a reference sound source
at selected points which define the boundaries where the asctual source will
be and then measuring the sound pressure at various distances from each
reference source location. Procedures for correcting sound power

megsurements for the influence of the test environment are discussed in
Section 1€.2.

12.3.  Criteria for Background Noise

In some locations, particularly for in situ measurements, it may not be
possible to maintain background noise sufficiently below the noise emitted
from the source for the background noise to be neglected. In that case, the

measured values at each microphone location may be adjusted using the
corrections given in Teble 3.

These corrections are predicated upon the background noise not being
coherent with the noise emitted from the source. As an example of a case
where this might not be true, the noise from a ventilating fan which emits
discrete frequency components could have a definite phase relation to the
noise from the test source when both are connected to the 60 Hz line power.
Then the above corrections for background noise would be inappropriate.

In some circumstances, it may be difficult to separate the noise of &
particular piece of equipment from the noise of its supporting equipment.
For example, in measuring the noise of a pneumatic tool, care has %o b? taken
to ensure that the noise from the air compressor is not influencing the
results. Background noise measurements made with the tool inactive and the
compressor operating might not be appropriate since the noise from the
compressor mey increase when it is called upon to supply air for the tool.

Another problem area is time-varying background noise. Consider an
outdoor test site fairly near a highway. Background noise measurements have
little meaning unless one can be confident that the average background noise€

was the same during the time interval when the noise emitted from the source
was measured.



Table 3 Corrections for Background Sound Pressure Levels

Difference (in decibels)
between sound pressure
level measured with sound
source operating and
background sound pressure
level alone

Correction (in decibels)

to be subtracted from sound
pressure level measured with
sound source operating to
obtain sound pressure level
due to sound source alone

10
11
12
13
1k

15

1.3
1.0
0.8
0.6
0.k
0.3
0.3
0.2
0.2

O.l

69



12.4. Criteria for Temperature, Barometric Pressure, Humidity, and Wind

a. Temperature

A measurement standard should include restrictions on the allowable_
temperature range over which measurements may be conducted and, if practlcal’

provide corrections for the effects of temperature. Temperature can affect
the measurement results in the following ways:

the performance of the test source may be a funetion of temperature with

the result that the noise emitted veries with temperature even though
the operating load appears to be constant;

the properties of the air surrounding the test source may vary suf-
ficiently with temperature to affect the sound pressure at the
measurement locations;

- temperature gradients or inhomogeneities in the atmosphere cause
refraction or scattering of the sound;

- the accuracy of the measuring instrumentation may be affected by
temperature.

The acoustic impedance of air is affected by both temperature and by
barometric pressure and will be discussed in the section on barometric
pressure. Absorption of sound by the air is influenced by temperature,

barometric pressure, and humidity; it will be discussed in the section on
humidity.

In making measurements outdoors over a reflecting plane, errors can
occur due to refraction of sound arising from the varistion of the speed of
sound due to a steep temperature gradient above the reflecting plane. SUCh.
an effect would be expected to be particularly serious for sources which emit
pure tones and to be worse at higher frequencies where the wave length of the:
sound is much shorter than the height of the source and/or the measuring
microphone above the reflecting plane. To a certain extent this could be
compenseted for by multiple microphone locations or by traversing the
microphone over an appropriate path (see Sec. 15.2).

It is difficult to generalize on the effects of temperature on measuring

instrumentation. The American standard for sound level meters[37] includes
the following statement:

"7.1 Temperature. The temperature range over which the sensitivity of
the sound level meter varies less than 0.5 decibel at any frequency
shall be stated by the manufacturer. If this range does not include the
extremes of -10° to 50° C, the manufacturer shall supply temperature
correction values over that range. If provision for internal
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calibration is made in the sound level meter, the manufacturer shall
state the effect, if any, of temperature upon the calibration system,
and thence upon the self-calibrated sound level meter over the
temperature range of -10° to 50° C. The manufacturer shall state the
temperature limits beyond which permanent damage to the sound level
meter may occur,"

If it is intended to make measurements over a broad temperature range,
the instrumentation system should be calibrated over that range ~- care
should be taken that the calibration procedire itself does not have
unaccounted-for temperature effects.

b. Barometric Pressure

In Section 12.2, it was indicated (see eq. (12)) that in_a reverberation
chamber, the mean-square sound pressure is proportional to pc ™ W. A similar
analysis of free-field radiation would show that the mean-square sound
Pressure is proportional to pcW. Thus the computat%on of sound power
requires inclusion of a term of the form 10 log (pc®) for reverberation room
sound power level* and a term of the form 10 log (pc) for free field sound
power level. These terms do not correct the data to correspond to standard
conditions of temperature and barometric pressure, but are simply part of the
procedure to calculate sound power level from sound pressure level data (or

vice versa).

The effect of a variation in temperature and pressure on reverberation
room measurements is more readily seen by rewriting eq. (15) as

2

(1 - a) pc 2
) 0o pc )
Ly = Lp, - 10 log | "~y - 10 log | -7, 10 log P (32)

: . 2
thus if the calculation were made using a standard value, poco s the

. 2
correction term to be subtracted is 10 log (pec /poc0 ).

For free field measurements over an imaginary sphere at radius r from a
point source of power W, the mean-square sound pressure is

o _ peW_ (33)
P A 9 >
Y

from which the equation for power level is seen to be

poco pc (34)
Ly =L, + 10 logl4mr?] - 10 log| 755 | = 10 log | P,c,

*If reverberation room calculations are made using total room absorption, A,
rather than reverberation time, T, to account for the power loss at the
boundaries and in the air, the term 1/V is replaced by cA/lL, the ¢ cancels
one of the c's in pc“ and the correction term becomes 10 1oglo (pc) == the

same as for free-field radiation. 7




The dependence of 10 log (pc/p ¢ ) on temperature and barometric
. . . o0 . o
pressure is shown in Figure 1k. Thé Curve cogrespondlng to 0”C also
represents the dependence of 10 log (pc“/p ¢ “) on pressure since pc” is

independent of temperature. These dependencies stem from the following
equations, based on the ideal gas law:

. (T, 1/2
pc = poco -fo’ 'T—' (35)

where poc0 is the wvalue of the acoustic resistance at barometric pressure Bo
and absdlute temperature TO, and

2 - 2 B
pc Poo B - (36)

As stated previously, the above discussion only concerns the influence of
temperature and barometric pressure on the calculation of sound power level
from the appropriate sound pressure level. It does not correct the results ©
a celculation to correspond to the noise emission of a scurce under some
standard conditions other than those which existed at the time of measurement'
Temperature and barometric pressure directly influence both the radiated sound
povwer and the sound pressure at a particular location, but in a manner that i8
different for different types of sources. Sources with very high internal
acoustic impedance (constant velocity sources) will be affected differently
from sources having very low internal impedance (constant near-field
pressure).* In addition, sources having different directionality
characteristics are affected differently by temperature and barometric
pressure. Expressions for monopole, dipole, and quadrupole point sources,
radiating into a free field (air) have been derived from equations in Morse
and Ingard[32, pp 306-318] and are listed in Table 4 for sound sources haviné
either constant velocity or constant near-field pressure. It can be se€n that
the dependence on temperature and the dependence on barometric pressure cén be
quite different for different types of sources. Thus corrections to standard

conditions cannot be made reliably without some knowledge of the
characteristics of the noise source.

A related phenomenon that also can affect the accuracy of acoustical
measurements is the dependence of sound pressure level produced by piston-
phones, and other types of miecrophone calibrators, on barometric pressure.

*See Section 15.1 for discussion of particle velocity, volume velocity,
near field, and far field.
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Table 4. Dependence of far-field sound pressure and radiated sound power on barometric pressure

and temperature for various types of sound sources.
sent the rates of change for the source in air at 760 mm Hg (1.013 x 10

(293.15 X).

The numbers in par

ntheses repre-
Pa) and 20°C

Type of Source

Constant Volume Velocity

Constant Near-Field Pressure

mean-square pressure

sound powver

mean-square pressure

sound power

Monopole

B\ /T \°
&) (%)
(o] (o]
(.011 dB/mm Hg)
(-.030 aB/°c)

B \T
o] (0]

(.006 dB/mm Hg)
(-.022 dB/°c)

(0 dB/mm Hg)
(0 dB/°cC)

B -1 T 1/2
&) (%)
(o] o]
(-.006 dB/mm Hg)
(.007 dB/°C)

Dipole

B\ /z\™>
=) (%)

(o] (o]
(.011 dB/mm Hg)
(-.0hk dB/°C)

B [z \?
: ()
(o] (o]

(.006 dB/mm Hg)
(-.037 dB/°c)

(0 dB/mm Hg)
(-.015 dB/°c)

s \1/p \"1/2
&) )
O (0]
(-.006 dB/mm Hg)
(-.007 dB/°C)

Quadrupole

() (%)

(.011 dB/mm Hg)
(-.059 dB/°C)

O O

B /T -7/2
5, (%)

(.006 dB/mm Hg)
(-.052 aB/°c)

(&)

(0 dB/mm Hg)
(-.030 dB/°C)

B\"1 /T -3/2
&) )
o] (8]
(-.006 dB/mm Hg)
(-.022 dB/°C)




c. Humidity

The twe major effects of humidity on noise measurements are (1) the
effect on absorption on sound by the air and (2) effects on measurement

systems.

Sound energy is attenuated by molecular absorption, by viscosity, and by
heat conduction. For a plane wave, the mean-square sound pressure will
attenuate with distance as

p2(%) = p>(0)exp(-mx), (37)

where p2(0) is the mean-square pressure at x = 0. Converting to sound
pressure level,

L = L(0) - Mx , (38)

where M = 4.3L43m is the attenustion in decibels/meter. The attenuation coef-
ficient varies in a complicated manner with temperature, humidity, and baro-
metric pressure. It is larger at high frequencies and, at normal
temperatures, peaks at rather low relative humidities. Representative curves
are given in Figure 15. For additional informstion see[38, 39] and the

references therein.

The effect of air absorption is guite important, especially at higher
frequencies, in reverberation room measurements since, with hard walls, the
reverberation time is severely limited by absorption of sound by the air.
This requires that care be taken to measure reverberation times under the
same atmospheric conditions as when steady-state sound energy density meas-~
urements are mede. Current national[29] and internationalliO] standards
require that the temperature t (°C) and the relative humidity rh (percent) be
controlled such that the product rh{t+5) does not differ by more than + 10
percent from the value of this product which prevailed during the
measurements of the reverberation time (for the direct method)} or reference

sound source (for the comparison method).

Even when carefully controlled, high air absorption at high frequencies,
coupled with the fact that sound sources tend to be more directive in their
radiation pattern at high frequencies, can meke it difficult to achieve &
diffuse reverberant field that is sufficiently larger than the direct field

from the source.
A major effect of high humidity on acoustical measurement systems is
condensation of moisture in microphones, resulting, in the case of condenser

microphones, in electrical leakage. Many condenser microphones are heated to.
avoid this problem. High humidity can also lead to electrical leakage in
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cables, connectors, or instruments.

d. Wind

A serious effect of wind on outdoor measurements is the extraneous noise
generated by the wind blowing across the microphones. In general, a wind
screen should always be used and a measurement standard should set limits,
analogous to those for background noise, on the allowable wind noise[35].

Wind can also influence the propagation of nocise from the source. A
shadow zone, into which no direct sound can penetrate, may be encountered
upwind from a source because the typical positive wind gradient (i.e., wind
speed increasing with height above the ground) bends the sound rays
upward[33,35]. If measurements must be made & considerable distance from the
sSource, tighter limits (than for close-in measurements) should be placed on

allowable wind speeds.
12.5. Criteria for Size of the Test Equipment

A given test facility should be sufficiently larger than the equipment
being tested to enable measurements to be made outside of the near field of
the noise source. The International Organization for Standardization draft
on laboratory measurements in anechoic and hemi-anechoic chambers[il]
recommends that the volume of the soyrce be less than 0.5 percent of ghe
volume of the test room (e.g., a 1 m~ source may be tested in & 200 m
chamber). For large equipment, such a restriction would be too severe for
practicality. However, the measurement standard should adequately address

this point.
12.6. Criteria for Reflecting Surfaces

A discussion was given in Section 12.2, in conjunction with the material
on measurements in a semi-anechoic space, of the importance of the reflecting
Plane having a very low sound absorption. This can be particularly difficult
in outdoor measurements on large, or mobile, sources where it may be
difficult to find large paved areas with sufficiently low sound absorption.
In general, measurements over grass or soil are not recormended -- the
surface is neither hard enough to approximate a perfect reflector nor soft

enough to approximate a perfect absorber.

Even when the source of the noise is very close to the ground, so that
there are essentially no reflections, difficulties may arise. A sound wave
traveling parallel to an absorptive surface can lose energy into that surface
if the "sound rays" pass close, in terms of wavelength, to the surface.

In sddition to criteria for the reflecting plane, measurement standards
should include restrictions on the presence of nearby objects which could
reflect sound energy in such a way as to influence the test results.
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13. Instrumentation for Noise Measurements

e The measurement standard should require that each instrument meet
specified requirvements of existing national or international stqndards-
For instruments for which standards do not exist or where existing
standards are not sufficient, the measurement standard should inelude
specific eriteria for evaluating the performance of such devices, €-9-»
for sources which produce transient signals the standard might inelude

allowable tolerances for system response to one or more well-defined
transtient events.

o The measurement standard should elearly state the allowable tolgrances
for frequency response, envirommental effects, harmonic distortion, €t¢:s
which the instruments are vequired to meet. These specifications show

be applied not only to specific components of the system but to the
overall system as well.

o The measurement standard should require overall system calibration at -
stipulated intervals. The fact that each component of the system appé

satisfactory does not ensure that the system performance will be
acceptable.

o The measurement standard should require that the overall system
measurement error not be degraded below that allowed for direct
measurements, regardless of the instrumentation configuration.

13.1.  General Requirements

Ingtrumentation for noise measurements consists, generally, of the
components shown in Figure 16. The sound pressure is converted into an
electrical signal by a microphone. This signal is amplified and passed 1.
through a filter which weights the various frequency components of the St na
The filtered a-c signal is then detected (usually converted to a d-c value ,
equivalent to the root-mean-square value of the a-c signal) and average@ Oveme
an appropriate time interval. This detected signal is then displayed vie 53
resd-out device. The signal may be recorded on a magnetic tape recorder an
brought back to the laboratory for analysis. If this is necessary, the

recording and playback operation should not degrade the overall measuremnent
error below that allowed for direct measurements.

MICRO~ AMPL(-
‘ -ouT
PHONE FIER FILTER DETECTOR READ-OU
Figure 16.

Schematic representation of instrumentation for sound level
megasurements.
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In acoustical measurements where a frequency analysis is required, it
has been traditional to use a bank of band pass filters, and switch through
them sequentially to obtain sound pressure levels in each frequency band.
More recently, real-time analyzers have become avallable which have paraliel
filters, with detection and read-out for each frequency band. The output of
these can be read visually or they can be interfaced to a computer.
Alternatively, the instantaneous voltage from the microphone can be passed
through an analog-to-digital converter which is interfaced to a computer.
Digital data are taken at & rate at least twice the highest frequency of
interest. Filtering and detection are done digitally within the computer.

Any of these techniques is acceptable if done properly. In the dis-
cussion below it will generally be assumed that the various elements in Figure
16 are analog devices which can be treated separately. However, the
measurement standard should apply to the overall measurement process and not

assume any particular configuration of components.

13.2. Microphone and Cable

There are a number of different types of microphones in use. For
acoustical megsurements, condenser, electret, and piezoelectric microphones
are most common although dynamic microphones are still used occasionally.

The important features of microphones are frequency response, sensitiv-
ity, and freedom from adverse environmental effects. The American
standard[29] for reverberation room determinations of sound power requires

that:

"The microphone shall have a flat frequency response for randomly
inecident sound over the frequency range of interest. The microphone
shall meet the requirements of ANSI S1.12-1967. The microphone and its
associated cable shall be chosen so that their sensitivity does not
change by more than 0.5 dB in the temperature range encountered in the
measurement. If a moving microphone is used, care shall be exercised to
avoid introducing acoustical or electrical noise (e.g., from gears,
flexing cables, or sliding contacts) that could interfere with the

measurements."
An American standard[40] describes types of laboratory microphones that are

suitable for calibration by an absolute method such as the reciprocity
technique described in the American standard for the calibration of

microphones[i1].
13.3. Frequency Response of the Instrumentation System

The American[37] and international[lt2,43] standards for sound level
meters prescribe tolerances on freguency response, omni~directional response,

and the effects of environmental conditions.

The American standard states that:
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"the frequency response of the instrumentation calibrated for randomly
incident sound shall be determined according to the procedures of ANST

§1.10-1966 and the random incidence response shall be uniform within the
tolerances given below:

Frequency Tolerance Limits
He dB
50 to 80 + 1.5
100 to k000 + 1
5000 to 8000 + 1.5
10000 +2 "

13.4. Weighting Network and/or Frequency Analyzer

If direct measurements are to be made of the A-, B-, or C-weighted sound
level, the measurement standard should clearly reference the allowable
tolerances on the frequency weighting. The internationsl standard for
precision sound level meters[43] gives tolerances for all three weighting a
networks. The American standard[37] defines three types, or classes, of soune
level meter with different tolerances. The American Type 1 tolerances[37] ar

essentially identical to the international tolerances[43] except below 100 Bz
where the American tolerances are tighter.

1t is anticipated that frequency analyses required for regulatory action?
will not require measurements in frequency bands narrower than 1/1- or R
1/3-octaves. The international standard for band-pass filters[Lh] defines th
center frequencies and sets limits on terminating impedences, effective
bandwidth, attenuation in the pass-band, attenuation outside the pass—band’
overall tolerances, harmonic distortion, and the effects due ‘to environmental
conditions. The American standerd[45] is a rather more detsiled document
which establishes three classes of band filters, Classes I and II for octave

band filters and Classes II and IIT for half-octave and third-octave band
filters.

The choice of a filter for a given measurement is based upon the accuracy
required. The bandwidth error of a filter depends upon its transmission %055
at the band edges, the slope of the transmission loss characteristic outside

the band, and the input noise spectrum slope. Appendix B of [45] discusses

the subject and gives dats and references allowing selection of filter

characteristics which will yield measurements falling within specified error
limits at various noise spectrum slopes.

The international tolerances[il] are less restrictive than the Americald
Class 1II but somevhat more restrictive than Class IT. The American standﬁr
for determination of sound power in reverberation rooms[29] requires that 8¢
octave band or one-third octave band filter set meeting at least the

requirements for Class II filters of ANST 81.11-1966, or latest revision,
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shall be used." International stendards[10,11] and draft standards{12-14] for
sound power determination specify a band filter set meeting the requirements

of [L4].
13.5 Signal Detection and Averaging -

The electric signal from a microphone is typically comprised of the sum
3f components at many frequencies. The measuring instrumentation should
detect" the root-mean-square value of this signal, defined as

T 1/2
E =[—l J ten? dt] (39)

rms T 0

where e(t) is the time varying voltage and, T, the integration time, should be
long enough to provide adequate averaging.

Many voltmeters measure the average absolute value of the signal, defined
as

T
=1 (40)
Evg = T-/o. |e(t)| dt .

The value of E is uniquely related to E_ - for a sinusoidal signal so that
aveg

rectified average detectors are quite satisfactory for that purpose. However,
they can result in very large errors for more complex signals., Table 5
indicates the error of a rectified average meter for several types of signals.
Since typical noise signals differ considerably from pure sine waves, it is
important to specify a true rms detector. The International standard on
precision sound level meters[l3] requires that instrumentation complying with
that standard be able to measure the combination of signals of two
non-harmonic frequencies to within +#0.1 dB of the true rms value.

"Jetected", it is necessary to carry out the
integration indicated in egq. 39. Preferably, this should be done using a
"true integrator", either analog or digital. Many acoustical instruments
utilize RC-averaging in which the squared signal is the input to a low-pass
RC-filter. If the rms value of the input voltage to an RC-integrator is
changed from one value to another (e.g., the system is switched to a different
microphone or filter), the output of the integrator will vary with time as

After the signal is

e-t/RC "t/RC) . (41)

E=E + E2(1 - e 5

1

the initisl value E. decays with a time constant RC and the new value E2 is
approached asymptotically with the same time constant. In terms of the

voltage change,
E - El

E, -

.1 - e—t/RC (42)
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Table 5

Wave Form Error in reading of rectified
average meter
dB
Sine Wave 0
Sine Wave Plus 100%

Third Harmonic in Phase -0.50
Sine Wave Plus 100%

Third Harmonic out of Phase -6.52
Square Wave +0.91
Gaussian Noise -1.0L
Pulse Train: 10%

on and 90% off -9.1kL
Pulse Train: 1%

on and 99% off -19.17

Table 6
t/RC 1-¢ /RC 20 Log, ,(1-¢~*/FC)

1 0.632 -3.98 aB

2 0.865 -1.26

3 0.950 -0.u4k

b 0.982 -0.16

0.993 -0.06

6 0.998 -0.02

7 0.999 -0.01
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Table 6 shows this function for different times after the integrator input is

switched from El to EQ.

Thus if there originally was no input to the integrator, cne should wait 5

time constants for the output of the integrator to be within less than 0.1 dB
of its final value.* Similarly, if one wishes to take successive independent
readings of the same signal, an interval of several time constants should be

allowed,

For nondeterministic, or random, signals (see Section 11) the averaging
time must be sufficiently long for the statistical error to become small
enough to be acceptable. For bandwidth limited Gaussian white noise, the
standard error (normalized) in the root-mean-squere pressure (or voltage) is

8iven approximately by

where T is the averaging time and B_ is the effective bandwidth of the filter.
The 90, 95, and 99 percent confidence limits for bands of random noise are
shown in Figure 17 as functions of bandwidth and averaging time. For

additional details see [46-LT].

In the case of a deterministic process, the averaging time depends only
on the response of the filter and detector. That is, one must wait long
enough for the filter to respond to the signal and for the detector to respond
to the signal. If one defines the rise time of a filter as the time it takes
for response to rise from 10% to 90% of its final signal, then the rise time,
T is v = 0.88/B where B_ is the effective bandwidth of the filter. If an
RE—inteErator is §sed in tfe detector and & 0.1 dB error is accepted, compared
to the response to a unit step change in voltage of a true integrator, one
mst wait 5 RC time constants. The total observation time should be

=88 | spe .
Be
In most cases of concern, the rise time will be much less than 5 RC time

Constants.

13.6. Read-Out Device

If the averaging has been accomplished by a true or RC integrator, the
readout can be in analog form via a meter or a strip chart recorderz or
disitally through e digital voltmeter or a computer. If the averaging was
done digitally, the read-out would usually be via a computer.

*The squared voltage from the detector will contain a-c components}
superimposed on the mean-square value. Each frequgncy component will be
ettenuated in squared-voltage amplitude by (1/wRC)”. For small values of RC,
this can result in noticeable "ripple voltage" passing through the integrator

if there is considerable low frequency voltage present.
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Graphic level recorders are frequently used to provide a time history of
sound level. When used for such purposes, the paper speed and, especislly,
the writing speed should be selected carefully and should be reported with the
results of the measurement. When graphic level recorders are used in
conjunction with a filter to provide read-out of frequency analyses, the
writing speed should be carefully selected with regard to the frequency sweep

speed[L48,49],

It is quite common to use a slow writing speed on a graphic level
recorder in an attempt to obtain a long averaging time such as might be
indicated in reverberation room measurements. Typicelly, there is an RC
integrator, following the square-law detector, which has a low effective
averaging time T.. The writing speed of the recorder in effect acts as
another integratdr with an averaging time T2. Thus the recorded level is

A= T f 2 [—%—f 1 [e(t)]2 dt] dt . (43)
2 0 1LY

If T > T_, the system is unstable. However, if T, is chosen to be much
grea%er tgan T. and the frequencies of the fluctua%ions in the detector input
level are of the order of 1/T., the recorded signal level will be the "mean
detected value" (i.e., "mean rms"). This quantity is of dubious physical
Meaning and from a theoretical point of view it would be better to increase T,

and eliminate the second integration[h6]-

13.7. Transient Response of Instrumentation System

Although noise measurement instrumentation with different principles of
Operation may be calibrated tc yield the same results on steady-state signals,
Such may not be the case for transient effects such as motor vehicle pess-bys.
For one example of the differences amoOng various measurements of time-~varying
noise, see [50]. It is recommended that measurement standards for sources
which produce transient sounds include specific criteria for system response
to one or more well-defined transient events (e.g., & pure tone that is

amplitude-modulated in & specified manner).

13.8. Calibration and Maintenance of Instrumentation System

An acoustics]l instrumentation system can be quite complex. Accordingly,
it is necessary to calibrate the overall system frequently and nct to rely on
the system performance being acceptable simply becsuse each component of the

S¥Ystem appears satisfactory.

The American standard for the measurement of sound pressure levels[8]
includes the following statement with regard to calibration and maintenance of

instrumentation:

™he instruments used for the acoustical measurements shall be serviced
at least once every twelve months in accordance with the manufacturer's
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instructions. This shall include checking the performance of all
mechanical components and electrical circuits and replacing substandard
jtems. The date of most recent servicing shall be written on tags
attached to the instruments. To ensure that the calibration of the
equipment has not changed during a series of measurements, the
instrumentation system shall be calibrated acoustically according to the
manufacturer's instructions. A comparative calibration provided by a
sound-level calibrator or pistonphone of known sound pressure level is
usually satisfactory for this purpose. The frequency response of the
complete instrumentation system shall be checked periodically to insure
that the requirements of 5.4.2 are satisfied. For the laboratory method,
microphones shall be calibrated by comparison with reference standard
microphones which are calibrated according to American National Standard
Method for the Calibration of Microphones, S1.10-1966 (see Section 12)."

13.9. Precautions to be Taken When Selecting Instrumentation

The following is also taken from the American standard for measurement of
sound pressure levels[8]:

"5.7.1 Precautions (Field and Laboratory Methods)

5.7.1.1 Wind (Field Method Only). To perform sound pressure level
messurements in a moving air stream, a suitably designed windscreen or
nose cone shall be utilized to minimize the influence of the air stream
on the output of the microphone. No such precaution is necessary if the
wind noise is 10 or more decibels below the signal being measured in each
frequency band of interest. Corrections for changes in miecrophone
sensitivity for the windscreen or nose cone used during the measurements
shall be applied to the observed sound pressure levels.

5.7.1.2 Humidity end Temperature. High humidity or temperature
will change the sensitivity or damage many types of microphones. The
microphone manufacturer's instructions shall be carefully followed to
avoid such effects.

5.7.1.3 High Sound Pressure Levels. Many piezoelectric,
moving-coil, and capacitor microphones may be used for the geasurement of
sound pressure levels up to approximately 140 dB re 20 ulN/m~. At higher
levels, specially designed microphones with stiff diaphragms shall be
used: these shall be calibrated at the levels to be measured and, if
possible, over the entire frequency range of interest. At high sound
levels, special precautions shall be taken to ensure that "microphonics"
are not generated by the transmission of mechanical vibration to the
microphone or instrumentation. These include:

(1) Installing the microphone and instrumentation on a soft
mounting. '

(2) Removing the instrumentation from the high sound levels and
utilizing long cables: precautions are necessary to minimize cable
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noise, that is, the noise produced when the cable itself is subject to
Vibration or flexing.

(3) Installing the instrumentation behind suitable barriers or
enclosures: a mechanically soft mounting shall be used for the
low~sensitivity microphones that are utilized for the measurements of

high sound levels.

(4) Determining electrical noise and possible "microphonics"
Problems by replacing the microphone with a highly insensitive ( Qummy )

microphone.

5.7.1.4 Low Sound Pressure Levels. A microphone used to measure
low sound pressure levels must have high sensitivity and low internal
noise. When connected to suitable low-noise amplifiers, many
piezoelectric, moving-coil, and capacitor microphones are sujtable for
measurements of sound pressure levels below 20 dB re 20 pN/m™.

5.7.1.5 Low-Frequency Noise. Piezoelectric and some capacitor
microphones are suitable for measuring sound pressures at frequencies
down to fractions of & hertz. Special amplifiers are required for
measurements of low-frequency noise. The low frequency sensitivity of
a microphone may vary considerably from the mid-frequency sensitivity
due to the presence of a pressure-equalizing leak. Calibration shall

be performed over the frequency range of interest.

5.7.1.6 High-Frequency Noise. For measurements above 20000 Hz.
miniature capacitor or piezoelectric microphones usually give the most

satisfactory results.

5.7.1.7 Hum Pickup. When sound pressure levels are to be measured
near electrical equipment, & moving-coil microphone shall not be used.
The instrumentetion shall be checked to make certain there is no hum
pickup in the instruments themselves. Hum can be reduced by moving the
instruments away from the source of the magnetic field or by selecting a
proper orientation of the instruments with respect to the magnetic field.

5.7.1.8 Cables. When a cable is used between the microphone and
the ascoustical instrumentation, the system shall be calibrated according
to the manufacturer's instructions with the cable in use.

5.7.2 Precautions (Survey Method). Sound-level meters with integral
microphones are generally not suitable for a measurement program that
requires the observance of the special precautions'of 5.7.1.

5.7.3 Additional Effects on Measured Data
5.7.3.1 Effect of Observer and Meter Case on Measured Data
5.7.3.1.1 Survey Method. The sound-level meter shall be held in

front of the observer. The observer shall be oriented with' respect to
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the principal sound source so that the sound energy arrives at the
microphone from the side unless some other orientation is specified by
the instrument manufacturer.

5.7.3.2 TField and Laboratory Methods. In order to minimize the
obstacle effect caused by the insertion into the sound field of the
sound-level meter and the experimenter holding it, the microphone shall
be connected to the sound analysis equipment by means of an appropriate
cable or extension connector and mounted on a tripod or other suspension
system. The observer and all acoustical instrumentation except
microphone(s), associated preamplifiers and cables should be located
outside the test area.

5.7.3.2 Microphone Response and Orientation

5.7.3.2.1 General. The microphone calibration applied to compute
sound pressure level shall conform to the way the microphone is used in
the measurement; for example, free-field calibration at the appropriate
angle of incidence. It should be recognized that microphone calibrations
are often furnished in terms of the pressure response, which may differ
from the free-field response at high frequencies by as much as 9.5 dB for
one-inch diameter microphones.

5.7.3.2.2 Survey Method. See 5.7.3.2.1

5.7.3.2.3 Field and Laboratory Methods. The microphone shall be
oriented with respect to the source so that sound strikes the diaphragm
at the angle for which the microphone was calibrated to have the flattest
frequency response characteristic. The variation of the response with
frequency shall be taken into account in each frequency band for maximum
accuracy. It should be noted that microphones are usually most sensitive
for sound propagating perpendicular to the microphone diaphragm.
However, the angle required to obtain the flattest response vs frequency
will be a function of the microphone design. It is imperative that
reliable calibration data be used to determine the angle of operation for
the flattest response. It should be noted that a microphone may be
extremely sensitive at -high frequencies to small changes in orientation
for sound waves arriving parallel to the diaphragm. Therefore, during a
measurement of sound which contains significant high-frequency
components, it is advisable to maintain the microphone orientation to
within + 5 degrees for the survey and field methods and to within + 2
degrees for the laboratory method."
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14. Installation and Operation of Source

e The measurement standard should specify that the device under test be
located in its use configuration or alternatively the location should be
governed by the test envivonmment and the quaniity to be measured, e.g.,
source located near the center of the room for anechoie measurements of

sound power.

o The measurement standard should specify that the device under test be
mounted under conditions similar to those recommended for normal
installation. Care should be taken to ensure that (1) adequate
isolation is provided to minimize extraneous airborne noise due to
vibration excitation and (2) the process noise does not exceed the sound

of the device itself.

e The measurement standard should require the input mass and energy and
the output emergy to be brought to and removed from the source under

test without influencing the quantity being measured.

o The measurement standard should specify the number of operational modes
under which tests are to be carried out.

o The measuvement standard should specify the extent of the loading and
the manner of application of the load to the source under test so these

are similar to actual use conditions wherever possible.

The noise level produced by a specific device is not only dependent upon
the sound radiating characteristics of the machine itself but also on the way
the machine is operated and/or installed and the specific environment in
which it is used. In setting noise limits for such devices through noise
emission or labeling standards, test procedures and measurement methodology
should include such items as loading, operating speeds, installation
Tequirements, and the location and specification of needed auxiliary

equipment ,
14.1. Source Location

Sound pressure level measurements for & given device are obtained ?y
measuring at a specified distance from the source in essentially free-field
conditions. For sound power determinations, in an acoustically controlled
environment, the source is usually located near the center of the room for
anechoic measurements, near the center of the floor for hemi-anechoic
leasurements, while for reverberant measurements the source éould be located
et various locations. For devices normally mounted on or against a wall,

they should be tested in their "use configuration.'

1 source location specification, consider

As an example of a typica _ _
r-Conditioning Engineers

American Society for Heating, Refrigerating, and Al
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Standard Methods for Testing for Sound Rating Heating, Refrigerating, and
Air-Conditioning Equipment[51]:

"5.1 EQUIPMENT LOCATION

. in a
The equipment to be tested shall be placed in the sound test room in
position representative of normal usage (see Fig. 1.)

5.1.1 Equipment Used Against a Wall: Equipment normally usedom .
against a wall shall be positioned against a wall, at least 5 ft fr
corner of the room, and not on a center line of the wall.

ted
5.1.2 Equipment Used Away From a Wall: Equipment normally moufclhan
on the floor or ceiling away from a wall shall be located no closer
5> ft to any wall, and away from any position of room symmetry.

5.1.3 Equipment Mounted Through Window, Wall or Ceiling: Equ;ﬁ:,e a
ment normally mounted through a window, wall or ceiling shall be mot
through the wall or ceiling of the test room ang shall be located &

least 5 ft from any corner and away from any position of room symmetIry:

at
except that equipment normally mounteq near & corner shall be located
the normal distance from such corner.'

A = Equipment location, Par. 5:1.2

B = Equipment location, Par. 5.1.1

C = Equipment location, Par. 5.1.3

D = Diameter of circular microphone traverse

E = Length of microphone traverse (arc or
linear)

F = Location of reference sound source, Par. 5.2
X =5 ft minimum

Fig. 1 Location of Equipment in the Test Room
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Except for devices normally mounted on or against walls, the most criti-
cal requirement is that sources not be located nearer to a wall, edge, or
corner than a distance of approximately A/4, where A is the wavelength of the
lowest frequency of interest. When sources are located near reflecting

surfaces the sound power output is changed.

14.2. Source Mounting and Installation

The acoustic radiation of a device can depend on its installation. In
general, the device to be tested should be mounted under conditions similar
to those recommended by the manufacturer for normal installation. - If a given
machine is to be securely bolted to a heavy concrete floor in use, it should
be tested that way. Many times it is impractical to simulate mounting con-
ditions such as exist in the actual machine installation. In this case, the
usual alternative is to use a very resilient mounting. Since devices can
produce forces which may excite vibration in the base, floor, or surrounding
structure, and since these may in turn produce airborne noise, precautions
should be taken to ensure that adequate vibration isclation is supplied so
that extraneous airborne noises of this type are minimized.

The mounting specifications should be well-defined -- either the final
use mounting configuration or a resilient mounting should be utilized. Tests
should not be conducted using other mountings. As an example of the level of
detail needed to adequately specify the mounting/installation of the device
during test, American Society for Heating, Refrigerating, and
Air-Conditioning Engineers Standard Methods of Testing for Sound Rating
Heating, Refrigerating, and Air-Conditioning Equipment[51] is again cited.

"5.4.3 To minimize wall vibration effects, the mounting wall shall be
of heavy masonry or equivalent, or an auxiliary mounting pletform
similar to that shown in Fig. 2 shall be provided.

) - ] - T I/ Test Unit
r ' Teost Unit !
] H 1
wall wall \'
ion Vibration
:’;lonl';‘t}on \ / isolation Pad
Pad P
/ ‘‘‘‘‘‘ —( ] \ [T
Seal Seal " Plate
(Rubber or Non-
hardening Caulk- ',
ing Compound) /¢
Cancrete Test Room
Test Room Side Bilock Side )_L )H-L

N Supports /

Fig. 2 Auxiliary mountings
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5.4.4 The equipment shall be mounted according to the manufacturer's
instructions. Openings between the equipment casing and wall shall be
sealed with a gasketed sound isolation plug similar to that shown in

)
Fig. 3.
- Gasket (Foamea = [T ——
e Test Unit  Rupber or Equiv.) |
l,*-.._ Piug Filisd
wall !

r-.-r.

(Foamed Rubber)}
or Equivalent)

b T
v 4

Lo ]

e

I

— with Glass ||
‘ Fitr —_—

' |ﬂ$ue|rlti0l'\ ;‘:j‘l
’ Equivalent X
7 3

= i

I

}

I

Fig. 3 Typical sound isolation plug

Mounting problems during test are not limited to stationary equipment.
For instance, the Compressed Air and Gas Institute - Test Code for the
Measurement of Sound from Pneumatic Equipment[52] specifies that in cases
where the process noise far exceeds the sound output of the machine itself,
e.g., riveters, and it is necessary to consider the machine on its own, "it
should be run with the working tocl embedded in & shock absorbing body whose
secondary sound level 1s at least ten (10) 4B below the machines own output

in each octave band of interest. (For example, the tool is to be embedded in
or running on rubber, sand, etc.)."

For in-situ measurements, either indoors or out-of-doors, made on non-

stationary sourceg, e.g., motor vehicles, nc special provisions are usually
necessary corncerning mounting or instellation.

14.3. Auxiliary Equipment

In general, machines are governed by the conservation of energy prin-
ciple relating the balance of input/output energy. For example, the fuel
(gascline) that is used in an automcbile is converted inte power (including
noise and vibration) and heat during the combustion process, It should be
obvious that this energy flow must be accounted for during noise measurement
tests, especially those conducted in enclosed spaces such as anechoic or
reverberation rooms. If a car is to be tested in an anechoic room, the room
must be cooled to dissipate the heat produced by the combustion process, the

exhaust emissions must be removed from the room, and the power to the wheels
must be dissipated through a dynamometer.
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In the case of an automobile the output energy is the main problem. For
devices which operate on electricity, the input energy is alsoc a problem. A
good power supply is necessary to supply any piece of electrical machinery
during test. Machine noise may be influenced by irregularities in the power
supply output. Noise in alternating current motors may be influenced by
voltage unbalance and/or harmonic content; noise in direct-current motors may
be affected by ripples in the power supply.

Auxiliary equipment may also be a problem out-of-doors. The diesel
train locomotive, for instance, incorporates a diesel engine which drives an
electrical generator which in turn provides power to traction motors on each
axle of the locomotive. The diesel engine is water cooled and utilizes
water-to-air heat exchange radiators and associated cooling fans. Dynamic
braking is used on many locomotives to slow the locomotive and train at
higher speeds or on steep grades. This is accomplished by disconnecting the
traction motors from the main generator and using them as generators. The
high electrical currents that result are dissipated as heat through heavy
duty resistor grids with the use of separate cooling fans located in the roof
of the locomotive. When such a locomotive is evaluated for noise emission
utilizing a stationary test, the generator load output must be dissipated
into a resistor grid load box. This load box facility must be isolated from
the locomotive under test so that the grid cooling fan noise will not affect

the measurements.

The basic requirement is that the input mass and energy -- gasoline,
air, electricity, etc. -- and output energy -- power, heat, air emissions,
etc. -- be brought to and removed from the device under test without influ-

encing the quantity being measured.

Such requirements should be specified in the measurement standards.
American Society for Heating, Refrigerating, and Air-Conditioning Engineers
Standard Methods for Testing for Sound Rating Heating, Refrigerating, and
Air-Conditioning Equipment[51] stipulates the following requirements for

auxiliary equipment:

"5 5 AUXILIARY FACILITIES FOR SOUND TESTING AIR CONTROL & TERMINALS
(ACT) DEVICES

5.5.1 General

5.5.1.1 A quiet air system shall be provided and arranged to
absorb sound generated by the fan or duct system so that it does not
affect measurements of sound power generated by the ACT device.
Correction to sound measurements for background noise from the fan or

duct system shall not be permitted.

5.5.1.2 Background sound entering the test room through paths not
involving the ACT device are corrected per Table III, provided that the
background sound level in the test room is measured with the air duct
into the test room blanked and the exterior noise shall not exceed that
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to prevail during measurement of the sound generation of the ACT device.

5.5.1.3 Air flow control accessories (damper, deflectors,
straighteners, equalizers, etc.) normally used in conjunction with the
ACT device under test, whether an integral part of the device or not,
shall be included in the test setup. They shall be located and set in
the same manner recommended for the application of the ACT device.

5.5.1.4 ACT devices shall be tested with an outlet duct of
recommended size terminating in the test room. In addition, ACT devices
vhich are recommended to be used in combination with lined ducts, ells
or silencers shall be tested together with these with an outlet duct of
recommended size terminating in the test room.

5.5.1.5 When required, return air shall be vented from the test
room through a sound trap to prevent pressure build-up within the room.
All sound measurements of test equipment, reference sound messurements
of test equipment, reference sound source and background noise shall be

made with the return sound trap in place in a consistent manner, per
Par. 8'1‘1."

14.4. Operation of SourcevDuring Test

The range of noise levels generated by a device is dependent on the
range of operational modes. A noise emission or labeling standard should
specify tests at & sufficient number of operational modes to fully character-
ize the device. For example, & truck is characterized by two operational
modes although the vehicle can operate over a wide range of speeds under the
various loads. Low speed operation is measured by a maximum acceleration
test (engine/exhaust noise) while high speed operation ig measured by a
coastby test (tire noise). The Society of Automotive Engineers Recommended
Practice for the Exterior Sound Level for Heavy Trucks and Buses[53] defines
in great detail the operational procedure for measuring maximum noise:

"L. Procedure

L.1 Vehicle Operation - Full throttle acceleration and closed
throttle deceleration tests are to be used. A beginning engine speed
and proper gear ratio must be determined for use during measurements.

4.1.1 Select the highest rear axle and/or transmission gear
("highest gear" is used in the usual sense: it is synonymous to the
lowest numerical ratio) and an initial vehicle speed such that at

wide-open throttle the vehicle will accelerate from the acceleration
point:

(a) Starting at no more than two-thirds (66%) of maximum rated or
of governed engine speed.

(b) Reaching meximum reted or governed engine speed within the end
zone.
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(¢) Without exceeding 35 mph (56 km/h) before reaching the end point.

4,1.1.1 Should maximum rated or governed rpm not be attained
before reaching the end zone, decrease the approach rpm in 100 rpm
increments until maximum rated or governed rpm is attained within the

end zone.

4.1.1.2 Should maximum rated or governed rpm not be attained until
beyond the end zone, select the next lower gear until maximum rated or
governed rpm is attained within the end zone.

4.1.1.3 Should the lowest gear still result in reaching maximum
rated or governed rpm beyond the permissible end zone, unload the
vehicle and/or increase the approach rpm in 100 rpm increments until the
maximum rated or governed rpm is reached within the end zone.

4.1.2 For the acceleration test, approach the acceleration point
using the engine speed and gear ratio selected in paragraph 4.1.1 and at
the acceleration point rapidly establish wide-open throttle. The
vehicle reference shall be as indicated in paragraph 3.7. Acceleration
shall continue until maximum rated or governed engine speed is reached.

4.1.3 Wheel slip which affects maximum sound level must be
avoided.

4.1.4 For the deceleration test, approach the microphone point at
maximum rated or governed engine speed in the gear selected for the
acceleration test. At the microphone point, close the throttle and
allow the vehicle to decelerate to one~half of maximum rated or of
governed engine speed. The vehicle reference shall be as indicated in
paragraph 3.7. If the vehicle is equipped with an exhaust brake, this
deceleration test is to be repeated with the brake full on immediately

following closing of the throttle.

4,2 Measurements

4.2.1 The meter shall be set for "fast" response and the A-
weighted network.

4.2.2 The meter shall be observed during the period while the
vehicle is accelerating or decelerating. The applicable reading shall
be the highest sound level obtained for the run, ignoring unrelated
peeks due to extraneous ambient noises. Readings shall be taken on both

sides of the vehicle.

4.2.3 The sound level for each side of the vehicle shall be the
average of the two highest readings which are within 2 dB of each other.
Report the sound level for the side of the vehicle with the highest

reedings.”
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An operational procedure for measuring tire noise would include the vehicle
speed, load per tire, and the pavement surface on which the truck could run.

In this case the pavement surface not only has an affect on the propagation
of sound but also on the sound generation process.

Devices such as dishwashers and clothes washers operate according to a
prescribed cycle and the noise levels generated depend on the particular
operational characteristics of each individual portion of the total cycle. A
measurement during a single operational mode for such a device would be
meaningless. To fully characterize such devices, a measurement would have to

" be made during the rinse operation, the water filling operation, the
spin-drying operation, etc. This is somewhat analogous to the air emission
tests conducted on automobiles in which emission measurements are made while

the vehicle runs through a prescribed series of operations known as the
driving cycle.

The Compressed Air and Gas Institute - European Committee of Manufact-
urers of Compressed Air Equipment Code for the Measurement of Sound from
Pneumatic Equipment[52] specifies for percussive machines the working
pressure, the material to be penetrated, the depth of penetration and the
feeding force. For other pneumatic tools tests are to be run at no-load

(running free), at a rated load and speed, at governed speed under load, at
idle, at maximum performance, etc.

To accurately characterize sources having noise levels dependent on the
manner in which they are operated, operational constraints, in conjunction

with precise measurement and calibration procedures, should be incorporated
into the standard measurement procedures.

14.5. Loading of Equipment During Test

A garbage disposal obviously will produce a different noise level when
grinding bones than when grinding regular food. Likewise, a dryer with a
load of regular wash tumbling sounds very different than if several pairs of

tennis shoes are drying. For such devices there is a need for & "standard

load" so that comparisons can be made among the noise levels produced by such
equipment;,

.S?ationary tests on moving equipment require a different type of loading
specification. In such cases a dynamometer or brake may be utilized to apply

a specified load to the device under test, thus simulating the road load
characteristic of normal vehicle operation.

The static load carried by a vehicle also has an influence on the noise
generated by the vehicle. For instance the loaded vehicle weight influences

the noise generated by tires. Depending on the tread design, the influence
can be significant.

The operational procedure can be such that the loading is not important.
Tests run according to the operational procedure specified in SAE J366b[53]
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(see Sec. 1L4.4 for details) are intended to yield the same noise level
whether a tractor is tested by itself or the tractor is pulling a load of
T0,000 pounds. The operational procedure specified hopefully ensures that
the engine is loaded properly and thus the load pulled is not important.

The extent of the loading and the manner of application of the load to a
device under test are important considerations which should be gddressed.
Loading should be similar to actual use conditions wherever possible and
operational procedures should include loading requirements along with those
for speed, gear selection, and other operational parameters.
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15. Measurement Procedures

e The measurement standard should specify the location of all microphone
positions.

e The position of the source with respect to the test environment should
be defined. If (for example, in reverberation room measurements)
multiple source positions may be indicated, eriteria should be given for
ascertaining how many source positions are required in order to attain
the desired level of precision and accuracy.

e The number of observations, and the averaging time for each, necessary

for each sound level measurement should be specified in the measurement
standard.

o Criteria should be given to enable.determining whether the use of
diffusers ie indicated in reverberation room measurements.

e Procedures for determining background noise should be specified.

® Techniques and procedures for characterizing, or "qualifying"” the test
enviromment should be clearly laid out in the measurement standard.

e Instrumentation and facility ecalibration requirements and procedures
should be given.

Previcus sections of Part II have included discussions of the acoustic
quantities of concern in noise measurements, the types of acoustic
environments and how they relate to measurements of sound Pressure and
sound power, instrumentation used for acoustic measurements, and the
influence of the way the source is installed and cperated. In the present

section, these factors are incorporated into a discussion of overall
procedures for conducting acoustic measurements.

15.1, General

It is essential to keep in mind thet the sound power radiated by a given
source, and the sound pressure at any given location relative to that source,
will depend upon the acoustical properties of the enviromment in which the
source is located, the transmission path(s) between the source and the
microphone, and the properties of the environment in which the microphone is
located -~ all in addition to the properties of the source itself.

For a more complete description of sound propagation in a medium, it is
useful to introduce the particle velocity, @, in addition to the sound
pressure, p, and the density, p. If the acoustic pressure and particle

velocity can be expressed as harmonic functions, then these quantities* are
related by:

¥An underlined symbol denotes a complex quantity having, in general, both real
and imaginary parts. An arrovw over a symbol denotes s vector quantity.
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t="29Vp LY
= P> (LL)
where w = 2nf is the circular frequency, 12 = -1, and v designates the

gredient operator.

In general, p is of the form Pel¢e_lwt, where P is the amplitude and ¢
is the phase angle at t = 0. In acoust}gs it is customary to suppress the
time dependence and simply write p = Pe”'. With this convention, the

time-average power per unit area, known as the intensity, is

T = (pd), = gfe (p¥d) = ZRe (pi*) (15)
= § (p* + pi*) (k62
= P ﬁrms cos &, (b7)

where { >t designates a time average, ¥ is the phase angle between the
acoustic pressure and the particle velocity, and "rms" indicates the
root-mean-square values of pressure and velocity.

The total time-average power flow across any closed surface surrounding

the source is

where n is an outward directed unit vector perpendicular tc the elemental
surface area, dS. The integration is over the entire closed surface. In

terms of the root-mean-square pressure and velocity,

] A
W =‘S/\prms U B cos B ds. (ko)

Since W represents the total radiated power, it is independent of the size or
shape of the surface of integration, providing the medium is non-sbsorptive.
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Ideally, the total socund power emitted by a sowrce would be determined by
direct application of eq. (49). Although there have been "intensity meters”
constructed (e.g., see[55-61] and there is current interest[62] in this method
of sound power determination, intensity meters are not commercially available
and there are certain difficulties in applying eq. (49) to real-worid
situations[63].

It also is of interest to consider the energy density (or total energy per
unit volume), w, in the medium through which the sound is propagating:
_1 . p*,1 3.
w-zpc2+20u , (50)

where p° = lptz and u? = |u|®.

At sufficiently large distances from the source,

|| ~ 1;—0- (51a)
2
T P
1| - r (51b)
|T] » peu? (51c)
2 .
G i (51d)
pc?
w > pu? (51e)

The region where all of these relations hold true is known as the far
field. The particle velocity is in phase with the acoustiec pressﬁ?g—(as is
the case for a simple plane wave) and there is no reactive component of
energy density. Thus all of the energy density is radiant energy. In the
near-field region, close to the source, there is a large componené of the
particle velocity which is out of phase with the acoustic pressure
resulting in reactive energy which does not radiate outward[32]. ’

Since in§truments for direct measurement of acoustic intensity are not
ge?erally available and since, over the frequency range of interest for many
noise sources, acoustic pressure can be measured more readily than particle
velocity, it is customary to carry out determinations of the noise emission
of sources by measuring the mean-square pressure and assuming that lI\:- fpc.
Note that this assumption is often implicitly made whether or not one iﬁ
interested in computing the sound power. If one measures the sound level due
to, say, a motor vehicle passby, one wishes to be able to predict the sound

level at other distances from that measured at a N " ;
. . art —
implicitly requires that I « pB. particular distance this

If it is desired to determine the total sound
power from of
mean-square pressure, eqs. (48} and (49) are replaced by measurements
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1
WX — 2 .
pc _/S‘p 45 3 (52)

this equation involves two distinct assumptions:
~ the acoustic intensity can be accurately estimated by p2/pc.

~ the surface of integration has been selected such that the flow of radiant
power is normal to that surface at all points on the surface.

Deviations from either of these conditions will result in errors in the deter-
mination of sound power. In addition, of course, errors may result from inade-
quate sampling of the sound field over the surface of integration.

Note that it is necessary for all five conditions given in egs. (51) to Dbe
true in order to be in the far field. However, it 1s only necessary that eq. (51b)
be true in order for eq. (52) to be valid. Thus, in some cases, accurate deter-
minations of total gound power may be based on measurements of mean-square pressure
even when such measurements are not made in the true far field. An example of
this is the periodic simple source which is considered below.

Conceptually, one of the simplest sound sources is a "pulsating sphere"
from which acoustic energy is radiated uniformly in all directions into free
space. The instantaneous sound pressure due to such a source is, in complex
form,

p = _E eiw(f/c - t) , (53)

vhere P is the amplitude at unit distance from the center of the source; the
real part of eg. (53) is seen to be as given in eq. (1). Using eq. (4k), the
radial particle velocity is

_; op iwlr/c -~ t)

-i %2 _ (? + ic) P tu . (54)

£=

pw dr wr) pcr

This can also be expressed as

P JAlw(r/e = t) + 4] (55)

1= pcr cosg

Where

= c_ (56)
¢ = arctan T

is the phase angle between p and u.
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Thus the intensity is given, from eq. (47), by

-~ 2
|I 1 P

pcC 21‘2 ? (57)

at any radius. The intensity'is, of course, radially directed. The total
sound power, from either eq. (49) or eq. (52} is

1 p2?
W = 4nr ‘-EE'E;E (58)
A (59)
pc 2

which, as it must be, is independent of r.

The energy density at any radius r is given, from eq. (50), by

2 2
w=—i—-3—%+%1+° : (60)
pc2  2r? wlr?

Thus, the energy density approaches,its far-field value only when (mr/c)2
>>1, or, equivalently, when (A/2nr)“ <<l, A being the wavelength of sound at
the frequency of interest. Yet, even in the very near field, as rw/c-+0,

the intensity and sound power are given exactly by the usual "far-field
formulae", eqs. (58) and (59).

For a dipole point source (i.e., two point sources of equal strength but
opposite phase located close together) the radial intensity at radius r is
related to the mean-square pressure at the same location by[32, p. 312]

=1
[1 + c2/m2r2]

H
i
A

(61)

Thus, for a dipole source, estimates of sound power based on measurements of

mean-square sound pressure will give somewhat high results, the approximation
getting better as the distance from the source increases.

For more complicated sources, analytical expressions giving a general
description of the relations among intensity, acoustic pressure, and particle
velocity are, if attainable, frequently quite complex. Accordi;gly the
following discussion relates only to the intensity in a particular airection
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(for which a simple solution exists) rather than to the total radiated sound
powver.

Consider a rigid, circular piston of radius, a, located in an infinite
rigid baffle, as shown in Figure 18. If the piston oscillates in the

z-direction with a velocity Ue_lwt, the sound pressure on the z-axis is (see,
e.g.,[64,65])
1/2
- + z2/a? -t
= ocl {eim(z/c t) _ Jdwl@ + z%/a%) alc ]} . (62)

Utilizing eq. (UL), the particle velocity on the z-axis and in the z-direction
is

- iw(z/c - t) _ z/a iw[(1 + zz/az)llza/c - t)
(1 + z2/a%)
Using eq. (45), the axial intensity is
I, =pcl? )1+ z/a 73 sin? %% [(1 + zzla"’-)ll2 - z/a] . (64)
(1 + z2/a?)
The intensity is related to the mean-square pressure by
' 2
R Iy (i zle ). (65)
z pc (1 + z2/a2)

At z = 0, p2/pc ovgrestimates the axial intensity by a factor of two, or 3 dB.
As z/a >, Iz—u-p /pc.

Schematic representation of a rigid circular piston of radius, a,

Figure 18.
contained in an infinite baffle.

103



Figure 19 indicates the variation with distance of the axial intensity
level for three values of wa/c. It is seen that for large wa/c both the
intensity and pressure level oscillate rapidly for small z/a and do not
decrease monotonically until

z l wa_ a
2, = -2
a 21 C A

where X is the wavelength of sound at a frequency w/2n. This phenomenon
occurs because sound radisted from different regions on the piston results in
interference phenomens. The curves in Figure 19 are normalized to the
far-field on-axis levels, extrapolated back, being set equal to 0 dB at

z/a =1. The differences, in dB, between the solid curve and the dotted line
of slope -6 dB/double-distance represent the errors that would result from

predicting far~field on-axis levels from near-field on-axis levels at any
particular z/a.

The dashed line in Figure 19 indicates the intensity that would be
predicted from far-field measurements of the total radiated sound power rather
than that radiated in the z-direction. It is seen that the far-field
intensity in the axial direction is greater than the average intensity,
particularly for wa/c >> 1. This is better seen in the directivity plots
shown in Figure 20, where the far-field intensity level is shown, as a
function of angle, relative to the average intensity level (i.e.,
corresponding to the total sound power radiated into the half-space
corresponding to positive values of z) [65,66]. For large values of wa/c,
most of the sound power is radiated into a narrow beam along the z-axis.

The rapid oscillations in intensity and sound pressure levels and the
directive radiation patterns result from the fact that.the piston is a
coherent source —-- the velocities at all points on the piston have a definite
phase relationship with one another (for a rigid piston they are exactly in
phase). It is instructive to contrast this with the case where all points on
the piston radiate independently with no phase relations. For an ensemble of
incoherent point sources, each radiating uniformly in all directions, the

intensities can simply be summed and the on-axis intensity due to an
incoherent circular source is[67-68]

2 2
P _ W n 1+§._ , (66)
2 pc 21a? z2

where W is the total sound power radiated into the half-space (z positive).
This is plotted in Figure 21. It is seen that the intensity decreases
monotonically with distance away from the piston and approaches its far-field
dependence on distance very closely for all values of z/a greater than unity.

The far-field radiation from such an incoherently radiating circular source is
independent of both angle and frequency.

In order to introduce another phenomenon that is characteristic of sound
radiation, consider an infinite plate that is vibrating in flexure as

indicated in Figure 22. If the velocity of the plate normal to its surface is
described by

u(0,y) = veleG/eg - ©) (67)
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Figure 19.
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where cp is the velocity of sound for flexural (bending) waves in the plate,
the sound pressure can be shown to be [33, €9, T0];

: - a2 2 -
pcl elw[y/cB + le c /CB /: t] o sc (68a)

p(z,y) =
\jl - CZ/CBZ B
- - 2 2 _ 2 -
ipcU o wZ\IE /cB 1/c.e1w[y/cB t]’ cg < c.  (68D)

- JCZ/CBZ -1

= 0 is in phase with the velocity; when Cp < C,

When ¢, >c, the pressure at z =
the préssure and velocity at z = 0 are out of phase.
The velocity, c,, of flexural waves in an infinite plate is not constant

but is related to fregquency by

c=a\6,

B

(69)

where ¢ is a constant which is dependent upon the plats tBickness and elastic
properties. Introducing a "eritical frequency", w_ = ¢“/a°, and using eq.

(44), the particle velocities in the z- and y-direftions are

o | MEmE L, 70

vV -1
=1 __"39_/_‘;’_c___ B s W< (70b)

Vol P, all w. (71)

u -
oy pc
Using eg. (45), the corresponding intensities are
2
I = cU >0 (72a)
-z 2 - w fw ’ !
)
= 0 ’ m<m0 (72b)
2
ly_ pcy 1
2 ;;uﬁwo ";;No;(ﬂ , m>wo (733)

N

. peU 1 -20zVh fu - 1/c
- e o
2 Vjla 0, » wcw_ . (73b)
The magnitude of the intensity is
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1/2
[Iz2+ Iy2 ] (74)

Il =
QQUZ 1
2 1- wo/w ’ w>wo (75a)
2
ocl 1 2wz Vi fw - 1/c
a o] ’ w(mo .(75b)

2 Vm°7w -W/wo
I§ the case where w > W, the power is radiated as a plane wave in the
direction 6, where

11yl 1
tan & = iIzl - ;7m7wo -1 , w>w (76)

p Ag

= 1,2_ = — m ==
sin 0 = o c 3 s WA s

8o that
(77)

where, as shown in Figure 22, A is the wavelength of the radiated sound and A
is the wavelength of the flexural wave in the plate. The angle, 6, at which B
the sound is radiated must be such that the radiated wave has a "trace", or
Projection, onto the plete that is equal to the wavelength of the plate wave.

In the case where w < w_, there is a near-field intensity, parallel to

the .plate, which decays expoﬁentially with increasing z. There is no real
angle at which sound power is radiated from the plate into the far field.

The theory would indicate that at w = w_an infinite amount of power is
radiated in a direction parallel to the platé. In practice, the surrounding
air loads the plate, infinite power cannot be supplied to the plate, and real
Plates are of finite extent. Thus the radiated power, albeit large, remains

finite.

Figure 23 indicates the power radiated into the far field as a function

of w/wo and shows the direction in which it is radiated. Figure 2k
1llustPates how the near-field intensity decays with distance away from the

plate for w < wo'

In real plates, the combination of internal damping, air loading, and
finite gize results in some radistion of sound power intc the far field even

below the critical frequency.

The above discussions indicate several phenomena that should be kept in
mind when carrying out sound power measurements:

-~ there can be a reactive sound field near the source that does not
contribute to the far-field sound power
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Figure 23. Far-field intensity level (lower figure) above the critical
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the direction (relative to the plane of the plate} in which sound
is radiated.
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Figure 23.
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- coherently radiating sources are frequently highly directional and in

some cases the intensity in a given direction oscillates widely with
distence from the source

- vibrating plates have associated with them a "critical frequency' below

which very little sound energy is radiated into the far field and above
which energy is radiated very efficiently in a specific direction

When sources radiate prominent discrete tones, particular care should be taken
to ensure that microphone locations are far enough away from the source
(unless, of course, primary interest is in near-field measurements, e.g., &t
an operator location). For many practical sources, however, reliable sound

power determinations can be based on measurements made rather close to the
source [5-7].

15.2. Microphone Positions
&. Anechoic Space

If sound pressure measurements are made over & hypothetical sphere, of
radius r, surrounding a sound source, the total sound power is given by

we A5 () (78)

where<p2> is the spatial average of the time-averaged squared sound pressure
over the surface of the sphere, provided the conditions for the wvalidity of
eq. (52) are met. The total radiated sound power level can be computed from

-1 - _pc
L, = Lp + 20 log r + 10 log 47 - 10 log 755 a9

in metriec units, where I is the spatial average of the sound pressure level,

the average being taken, on a mean-square pressure basis, over the surface of
the sphere.

In carrying out sound power determinations in an anechoic chamber, it is
frequently desired to measure the directivity pattern of the noise source.
It is customary to define a directivity factor, Qg, defined as the ratio of

the intensity measured at angle 6 and distance r from the source to the
average intensity at distance r. Thus,

Qy = I,/T = py2/p2 = 10p /10

(80)
The directicnal gain, at angle 6, can be defined as
DIe = 10 log QH = Lpe - Lp . (81)

The sound pressure level at angle 8 and distance r is related to the total
sound power and the directivity index by

L = + DI, - 20 log r - 10 lo + 0c
Py Iw 9 g 4m + 10 log %00 | (82)
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The current American standard[71] and the draft international
standard[14] for determination of sound power in an anechoic chamber recommend
that the sound pressure be measured at locations corresponding to the 20
§urfaces of & regular icosahedron. Other possible microphone arrays are given
in {72-73]. 1In lieu of a stationary array of microphones, measurements can be
made along a number of continuous paths, either by moving the microphone(s) or

by rotating the source (see b., below).

The major considerations in selecting microphone locations for measure-
ments in an anechoic environment are (1) to be far enough away from the source
to be assured of being in the far field yet close enough that reflected
signals and background noise are negligible compared with the direct signal
from the source and (2) that sufficient microphone locations are used to
Obtain adequate spatial averaging, especially for directional sources.
Whenever there is any question concerning these points, it is advisable to
make measurements at additional anguler positions and/or at two or more radii.

b. Hemi-Anechoic Space

In carrying out measurements in a free field over a reflecting plane, it
may be desired to obtain the sound pressure level at one or more specific
microphone locetions (e.g., a microphone at a distance of 50 feet from the
Ceénterline of a passing vehicle) or to obtain the sound power level (with or’
without directivity informetion). In the case of sound pressure level
Mmeesurements, the microphone location(s) is(are) selected to correspond to
typical listener locations or to provide information that can be reliably
extrapolated to other locations. In the case of sound power level
determination,.measurements of sound pressure level are typically made over a
hypothetical surface surrounding the source. If a hemispherical surface is
used, eqs. (79) and (82) apply, but with Um replaced by 2m and the directivity

index computed from
DI, =1L ~-L + 3 dB, (83)
0 Py P

Where L_ is now the average over the test hemisphere. The 3 dB arises from
the facE that averaging is not carried over the space below the plane.

A number of microphone arrays corresponding to hemispherical measurement
surfaces are suggested in the literature. The current American standard[71]
endorses a 12-point array which is one of several arrays suggested in [T2].
Alternative 10-point arrays sre given in [72], in [33,13], and in [14]. One
recent investigation[7] utiiized a T73-point array. In eddition to these flxed
microphone arrays, it is common to use continuous microphone traverses (either
by moving the microphone esround the source or by holding the microphone
stationary and rotating the source) along circular paths parallel to the
reflecting plane. One such configuration is shown in Figure 25.
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Figure 25. A suggested set of continuous microphone traverges for determlnatio
of sound power in a free field above a reflecting plane[1h4].
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) Selection of microphone locations for measurements over a reflecting plane
is complicated by variestions in sound pressure with angle due to constructive
agd destructive interference between sound waves radiated directly to the
microphone and reflected waves. The type of difficulties that may be
encountered can be illustrated by considering a point source located above a
perfectly reflecting plane. Assuming the measurement locations are
sufficiently far away to be in the far field of the source and its image, the
variation of sound pressure level with angle is as shown in Figure 26, where
the three curves shown correspond to a pure tone, a 1/3-cctave band of noise,
end & 1/1-octave band of noise. Baade[73], from whom this figure was taken,

draws the following conclusions:

"(a) At low frequencies, sound reflection does not cause any significant
Qirectivity as long as the wave length is more than 10 times the distance
betweeh the source and the reflecting plane. (b) High frequency random
sound is radiated fairly uniformly in all directions except those almost
parallel to the reflecting plane. Microphone readings taken near the
reflecting plane therefore tend to have low accuracy. This low accuracy
zone shrinks with increasing freguency asnd band width. (c) At medium
frequencies, the directivity pattern is very pronounced, even for random
sound of one octave effective band width. ({d) The "valleys" in the curves
[of Figure 26] occur in regular intervals. At any given frequency and
source location, low readings will be obtained at several microphone
positions spaced in the ratio of 1:3:5:7 from the reflecting plane.

multiple spacings should therefore be avoided."

0dd

Figure 27 illustrates the errors in determining the total sound power from
& random point source & distance h above a reflecting plane, when measurements
are made in 1/3 octave band widths, for the microphone arrays indiceted. The

difference between the mean for each array (broken curves) and the true mean
(solid curve) represents the error associated with the particular array.

One way to obtain essentially perfect vertical averaging is to traverse
the microphone along a meridian as shown in Figure 28. -

The curves shown in Figures 26 and 27 were calculated for the case of a
Point source above a perfectly reflecting plane. In general, increasing the
source size will result in less variation of the gound pressure level with

angle.

Other references relevant to the effect of the reflecting plane on the
selection of appropriate microphone positions include [74-7T1.

Several recent investigations (e.g., [75, 5-7]) have found that rather
emitted by real machines can

accurate determinations of the total sound power I
1 made quité close (0.3 to 1

be made using measurements of sound pressure leve
1) to the source. Accordingly, & draft international standard[13] suggests two

arrays of microphone positions to be used for such close-in determinations of
Scund power,
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Figure 28. System for microphone traverses along meridional paths{1h].
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In the first of these, a "reference parallelepiped", as shown in Figure
29, is imagined to Just enclose the source. A measurement surface is
hypothesized to have its faces parallel to, and spaced a constant distance
(typically 1 m) from, the reference parallelepiped. Nine key microphone
locations are established, corresponding to the (approximate) centers of the
five faces, plus the four upper corners, of the measurement surface.
Procedures are given in [13] for adding additional microphone positions for
large sources.

Figure 30 shows an example of the "composed measurement surface" given in
[13]. It consists of a parallelepiped with rounded edges and corners so as to
be everywhere equidistant from the reference parallelepiped which Just
encloses the source. There are eight key microphone positions, four on the
side faces and four which usually lie on the upper curved edges of the
measurement surface. '

Holmer([7] has carried out extensive comparisons of data (on 17 portable
air compressors) obtained using the surfaces of Figures 29 and 30 with data
obtained using a T3-point hemispherical array of T m radius.

c. Reverberant Space

As stated at the beginning of Section 12.2.c, elementary reverberation
room theory is based on geometrical acoustics, in which wave phenomena are
neglected. If that assumption were true, a single microphone placed in the
reverberant field would suffice. However, wave phenomense result in local
variations in the sound pressure level, particularly for pure-tones. The
question of how best to sample the sound field in a reverberant room has been
the subject of active research over the past decade[79-103].

The sound power emitted from a source is related, as discussed in Section
12, to the sound pressure in the reverberant field averaged in space and time
on a mean-square basis. In practice, spatial averaging over a finite path
length (using a traversing microphone) or over a fixed number of microphone
positions leads only to an estimate of the true mean-square sound pressure.
Theory shows that in order to have essentially independent samples of the
sound field, microphones must be located at least (approximately) one-half
wavelength apart at each frequency of interest. In addition, interference
phenomena occur near reflecting surfaces so that microphones typically are not
located within one-half wave length of any room boundary or diffuser. For a
close-packed (hexagonal close-packed or face-centered cubic) array of
microphones located one-half wavelength from each other and at least one-half
wavelength from any wall, the number of microphones that can be accommodated
is less than

| 3

where V is the volume of the room and A is the wavelength of sound of
frequency f traveling at speed c¢. This upper limit is shown in Figure 31 as a
function of frequency for rooms of different volumes. In practice the number
of independent microphone positions which could be located in a reverberation
room would usually be significantly less than this upper limit.

119



MICROPHONE
POSITIONS

MEASUREMENT
SURFACE

/

0
o o
/ 4 o
y pRn
/ Ve
/

/
REFERENCE \
PARALLELEPIPED

Figure 29. Microphone array for a parallelepiped measurement surface[l3].
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When a reverberation room is excited by & random noise source, the
normalized variance of the mean-square sound pressure in the room is given
approximately by the following expression[84, 93, 100] provided the modal
overlap is sufficiently great (e.g., see eq. (31)) and there are no moving
diffusers in the room:

2 _ 2 1 2
\' > arctan z _;f_ln (¥+ z7) (85)

®
vhere z = BT/2.2, T being the reverberation time and B the bandwidth of the
filter. For small values of z, eq. (85) becomes

2 z2 zh 26
Vi=l-53 t35 %7 Y (86)
so that VE—*-l as BT—»0. For large values of z, eq. (85) can be written as
2 _m 2 1 1
Vi=—=== Q1+ 1n z) - + ST eees (87a)
z 52 1-3.2%  2.5.2
-1 ~1
~l2 _ BT
~ [; + 0.8] = [*6——9-i- + 0.8] , 2>>1, (87b)

so that V2—4-ﬂ/z=s 6.91/BT as z>>»1. The normalized variance, V2, computed
from eq. (85), is shown in Figure 32. The spatial variance of the mean-square
sound pressure decreases with an increase in the bandwidth of the noise signal
since the number of modes excited in the room is approximately proporticnal to
the bandwidth. As the reverberation time increases the amount of modal
overlap decreases so that the effective number of independent samples in a
given bandwidth increases. It should be emphasized that eq. (83) is only
valid for modal overlap greater than about 3 so that if the reverberation time
is too large, the behavior shown in Figure 32 can no longer be expected to be
observed.

If N independent samples of the sound field are taken, the meay valye of
the (normalized) squared sound pressure is given approximately by s =V /N.
The 95 percent confidence interval is given by *e = +1.96s. Thus the number
of independent microphone positions required in order to have 95 percent con-
fidence that the fractional error in the mean value of the squared pressure is

less than +e is 2 9
N 2 1.96
- . A (88)

As an example of the use of eq. (88), let e=.259, corresponding to 95 percent
confidence limits of +1 dB. Let B = 23 Hz (1/3-octave band centered at 100
Hz) and T = 2 s. Thus z = BT/2.2 = 20.9. From eq. (83) or Figure 32, V- =

0.132. Thus a value of N greater than (1.96/0.259)2V® = 57.3v% = 7.6 is
requiredqd.

Figure 33, which was generated using eq. (85) and (88), shows the minimum
number of microphone positions needed in order to be 95 percent confident that
for 1/3-octave bands of random noise, the spatial average of ‘the mean-square
sound pressure is known to within +1 dB. This number is shown as a function of
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the average taken over all room locations, of the mean-squared sound
pressure in a room having a reverberation time, T, and excited by
random noise of bandwidth, B. The curve corresponds to eq. (85)
which is valid for modal overlaps greater than about 3.
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Figure 33, Minimum number of microphone positions needed for 1/3-octave bands
of noise in order to have 95 percent confidence that the spatial
average of the mean-square sound pressure is known within +1 4B.
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frequency (utilizing the fact that the bandwidth of a standard 1/3-octave

filter is equal to 0.232 times the center frequency, so that z =

= fT/9.5) with
reverberation time as a parameter. This figure may be used for other

reverberation times simply by entering the abcissa at a numerical value equal

to fT and reading the minimum number of microphone positions from the curve
corresponding to T = 1s.

Suppose additional absorption had been added to a reverberation room,
lowering the reverberation time from U4s to 1s, in order to obtain a more
uniform frequency response in the room. Assuming modal overlap were high
enough in both cases for eq. (83) to be valid, it would be necessary to
increase the number of microphone positions from b to 14 in order to still have
95 percent confidence that the average sound pressure level of a 1/3-octave
band of noise was known within + 1 dB. This example illustrates that once
enough absorption has been added to achieve adequate modal overlap at the

lowest frequency of interest, it is generally inadvisable to further reduce the
reverberation time.

When a reverberation-room is excited by a number of pure tones, the
normalized variance of the mean-square sound pressure in the room, provided the

modal overlap is sufficiently great and there are no moving diffusers in the
room, is given approximately by [84, 93, 100]

where A, {(or or Am) is the mean-square sound pressure of the tone at
frequenay £, (or f and T is the reverberation time. In its complete form
this expresglon is perhaps too complex to see easily the effects of the

reverberation time and the spacing between tones. However, several special
- cases do yield considerable insight.

If the frequency separation, f, - f , between tones is large compared to

the modal bandwidth, 2.2/T, only the terms for J=k contribute significantly to
the summations and eq. (89) reduces to

, [M -2 M 2 .
Vo= A a2 =1L A
= ™ 1 o M (K)Z (90)
If, further, all the tones are of equal strength,
2 1
V-ﬁ . (91)

Thus for well-separated tones of equal strength, the normalized variance of the

mean-~square sound pressure is simply equal to the reciprocal of the number of
tones.,

If the tones are of equal stréngth but are no longer well-separated, an
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interesting special case is that where the M tones are uniformly separated by
6f Hz. With this simplification, eq. (89) reduces to

M-1 M-n

2
n=l 1 + (nTé6£/2.2)

1
M

Figure 34 illustrates the variance, computed from eq.( 92) as a function of the
number of tones, with TS8f, the product of the reverberation time and the tone
spacing, as a parameter. It is seen that when TSf is very small, so that the
room responses to the several tones are highly correlated, the variance remains
near unity, the value for & single tones, until M increases enough so that some
of the tones are far enough apart in frequency to significantly reduce this
correlation. When TSf becomes large, the variance approaches 1/M, the value
for well-separated tones (eq. (91)). If the tones are not of equal strength,
the variance will be greater than that indicated by eq. (92) and by Figure 3k
but the effect of reverberation time will be appromimately the same provided
more than one tone contribute significantly to the overall mean-square sound
Pressure., It is again seen that the reverberation time should be as large as
possible provided only that it is small enough to provide sufficient modal
overlap in order that the reverberation room have a fairly uniform frequency

response.

If the number, strength, and spacing of tones is known, the variance com-
puted from one of eqs. (89) - (92) can be used in conjunction with eg. (88) to
estimate the minimum number of microphones needed in order to determine the
mean-square sound pressure within the desired confidence limits.

Equation (8L4) and Figure 31 indicated upper 1limits on the number of
independent stationary microphone positions which can be accommodated in a
reverberation room of a given volume. It is frequently more convenient to use
& single microphone which is moved slowly over a particular path so as to
sample the sound field at a number of positions. Since the sound field at one
location can be highly correlated with the sound field at a nearby position, it

is useful to consider the equivalent number of microphone positions
corresponding to a given path. If a continuous linear microphone traverse over

& path length I is used the equivalent number of independent microphone
positions is [85-8T, 91, 93]:

f .£
2L“€ < Neq < 2L S +1 , (93)

For a circular path of circumference L [93,96],

f
1 ’ ZL'—c-<1

N =
eq P RE D) 15 3

(94)

0

At high frequencies, where adequate spatial sampling can readily be achieved,
it may be easier to use a continuous traverse. At lower frequencies, a fixed
array will usually enable more independent samples than can simply be obtained

with a continuous traverse.
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The current national(29] and international[10] standards for determination
of sound power in a reverberation room state that for broad-band sound sources,
space averaging of the sound field shall be accomplished by cne of the
following two procedures:

(1) Traversing a microphone at constant speed over a path at least 3 m in
length while the signal if being averaged on a mean-square basis.
The path may be a line, an arc as obtained by swinging the
microphone, a circle, or some other geometric figure.

(2) Using an array of at least three fixed microphones (or microphone
positions) spaced at least A/2 from each other, where X is the
wavelength of sound corresponding to the lowest frequency in the
frequency range of interest. The outputs of the microphones shall be
either scanned automatically and averaged on a mean-square basis by
the indicating device, or the average shall be computed from the
mean-square outputs of each individual microphone position.

A path length of 3 m for the traverse and three positions for the array are the
minimum requirements. It may be necessary to use a more extensive microphone
traverse or array, or use moving or stationary sound diffusers, or both, in
order to meet the requirements of the standard. '

For pure tones sources the national[29] and international[l11] standards
require the minimum number of independent microphone positions shown in the
following table:

OCTAVE BAND THIRD-OCTAVE MINIMUM
CONTAINING BAND CONTAINING NUMBER OF
DISCRETE DISCRETE INDEPENDENT
FREQUENCY FREQUENCY MICROPHONE
COMPONENT COMPONENT POSITIONS

125 Hz 100 to 160 Hz 6

250 Hz 200 to 315 Hz 12

500 Hz 400 to 630 Hz 2k
1000 Hz 800 to 1250 Hz 30
Above 1000 Hz Above 1250 Hz 30

?he corresponding approximate minimum path lengths, if e traversing microphone
;ﬁ used, follow from egs. (91) or (92). These standards([10,29] also require
at:
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The microphone traverse or array shall be within that part of the test
room where the reverberant sound field dominates and where the
contribution of the direct field to the measured mean-square pressure is
negligible. To ensure that the chosen microphone traverse or array is
within the reverberant field, the following criteria shall be met:

(1} The minimum distance between the sound source and the nearest
microphone position shall not be less than

a, =0.08 Ju/T

V = volume of test room in cubic meters
T = reverberation time in seconds

(2) ....

This criterion corresponds (see eq. (21)) to the total (direct and
reverberant) sound field not being more than 1.8 dB above the reverberant
sound field (i.e., the direct field is 3 dB below the reverberant field),
provided the source is essentially omni-directional. If the source is
directional, one should place the nearest microphone(s) still further from the
source (see eq. (21)) to assure that the direct field is at least 3 dB below
the reverberant field. 8ince typically only one or two of the several
microphone positions would be close enough to the source to be affected by the
direct field, the bias intrcduced is rather small (e.g., if only one of six
microphones is biased upwards by 1.8 dB, the estimate of the average sound

level will be biased upward by 0.3 dB; if more microphones are used, the bias
would typically be less).

15.3. Source Positions

The importance of selecting an appropriate source location, typical of
normal operation, was mentioned in Section 14.1. In carrying cut measurements
under conditions of a free fleld, or a free field over s reflecting plane,

there are no additional measurement procedures specifically concerned with
source position.

The current national[29] and internationallill] standards for
determination of sound power in a reverberation chamber give an empirical
formule for calculating the recommended number of source locations when the
source produces pure tones (see also [97]). This number depends on the
reverberation time and volume of the room and on the frequency of the tone(s).

The use of multiple source positions reduces the error due to low modal
density because the extent to which a

e given mode is excited depends on the
source position[lOk]. "The error due to incomplete space averaging is reduced
- because the total number of samples of the sound field is the product of the

number of microphone positions used for each source Position times the number
of the source positions"[29].
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15.4. Peﬁod of Observation

If the sound level at any given microphone position is steady, the
required sampling time follows directly from considerations such as those
discussed in Sec. 13. In cerrying out measurements of the noise emitted from
8 particular source, several factors can cause the sound level at a given
location to vary:

1. The noise emission from the source may be inherently variable as a
function of changes in some operating parameter (e.g., speed, load,

normal operating cycle).

2. There may be changes in the environment through which the sound
propagates. These could include wind, air turbulence, temperature

gradients, etc.

3. Some aspect of the measurement process may vary the sound level.
Typical examples would be motion of the microphone relative to the
source or modulation of the sound field in a reverberation room by a

moving diffuser.

In case 1, it is necessary to decide whether one is interested in the
noise emission during one or more specific portions of an operating cycle or
whether one is interested in an appropriate average over a complete operating
cycle. Once this decision hes been made, the appropriate period of
observation follows rather easily.

In case 2, one is probably in trouble if the situation arises and hence
one should seek a more favorable environment. However, if that is not
possible, sufficient independent data points should be taken to permit
everaging out statistical variations.

In case 3, two situations merit specific mention. If a source is being
rotated in an anechoic (or hemi-anechoic) envirorment (or if a microphone is
being moved around the source) it is important that the motion be slow enough
to permit valid sampling. This is particularly important for highly
directional sources and for sources which produce random noise. If sound power
determinations are being made in a reverberation chamber it is very common to
use a moving microphone and/or a moving diffuser. The national[29] and
international[lo, 11] stendards provide guidance on the appropriate period of

observation.
15.5. Use of Diffusers

It has been customery for many years to use fixed and/or moving
"diffusers" to affect the accuracy and precision of sound measurements carried
out in reverberation rooms. Dodd and Doek[105] have pointed out the reasons
why stationary diffusers are probably rather ineffective in improving
reverberation room determinations of sound power:
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"Also, it is perfectly clear that, whatever else they may do to
affect sound pressure level distributions in reverberant rooms, fixed
diffusers in no way reduce, or otherwise affect, the statistical spatial
and frequency fluctuations in sound pressure level described above. Thus
use of fixed diffusers will not, in general, reduce the amount of
frequency and space averaging required to give unambiguous measurements.
Fixed diffusers could, in theory, reduce eigenfrequency degeneracy and
also eigenfunction degeneracy (i.e., the tendency of eigenfunctions in
geometrically simple rooms to fall into classes having maxima or minima
at particular points). As, however, reverberant rooms are seidom
constructed in the shapes of perfect spheres, cylinders, or cubes, and
also because when used in practical measurements they usually contain at
least one scattering object, it would appear that use of fixed diffusers
contributes much more to optical aesthetics than it does to acoustics.
Of course, there is one notable exception to this remark. When
relatively large areas of absorbing material are placed in reverberation
rooms for absorption coefficient measurements -- on the floor, for
example -- the reverberant field may no longer be directionally
isotropic. In this case, it is possible that suitable fixed diffusers

can restore a measure, of directional isotropy to the field in the
neighbourhood of the area of the absorbent material."

On the other hand, it has been well established that moving diffusers can
very significantly improve the determination of the average steady-state sound
pressure level in a reverberastion room. Consider first the situation where a
diffuser is incrementally moved through a range of stationary orientations.
Each change in orientation can result in s perturbation of the standing wave
pattern in the room, with both the eigenfrequencies and the eigenfunctions
being somewhat changed. In addition, as shown by Ebbing[106], the radiation
impedance seen by the source will vary with diffuser orientation so that the
actual sound power radiated by the source also will vary. Thus, even when a
diffuser is moved very slowly, the various orientations of the diffuser lead
to an improved average for the mean-square sound Pressure in the room.

When the diffuser is moved more rapidly, there is both amplitude and fre-
quency modulation of the sound field[lOT-llO, 93, 97-100] with the result that
the sound energy from a pure tone is converted into a number of tones -—,as
seen in Section 15.2, the spatial variance due to a multitone can be much less
than that due to a single tone. In addition, the rotation of the diffuser

does not permit modes to build up to the full strength they could have if the
diffuser were stationary.

While the design of moving diffusers remains somewhat of an art, it is
recognized[110] that the major design barameters are size, shape, percent open
area, surface density, speed, number of panels, and panel’ damping. A few

general guidelines for the design of rotating diffusers are given in current
standards[29,11].

15.6. Background Noise Measurements

A general discussion of criteria for background noise was given in
Section 12.3. It is important to assure that the background noise is the same
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when it is measured as it is when the source is operated. If corrections for
background noise are to be mede, additional measurements may be necessary to
ascertain whether or not there is coherence between the source noise and the

background noise.

Peterson{111] has recently examined the uncertainties which may occur in
the background noise correction when the device noise and the background noise

are both random in character.
15.7. Characterization of Test Environment

Section 12.2 includes discussions of tlie adeguacy of various types of
test environment. In the present section, a brief summary is given of the
means for characterizing the test environment which are spelled out in current
standards.

a. Anechoic Chamber

The current draft international standard[il] for precision determinations
of sound power in anechoic rocms requires measuring the change of sound level
with distance along at least eight straight paths away from the center of an
omnidirectional sound source which is radiating a pure tone. The range of
distances and frequencies for which the measured sound levels agree, within
specified tolerances, with levels predicted by the inverse square law define
the usable volume and frequency range for the anechoic chamber.

b. Hemi-Anechoic Environment

The current draft international stendard[1lh] for precision determinations
of sound power in hemi-anechoic rooms utilizes the qualification procedure
Just deseribed but allows larger deviations than in the case of anechoic
chambers. No corrections ere permitted for the influence of the test

environment.

The current draft international standard[13] for engineering methods of
determining sound power under free-field conditions over a reflecting plane
Permits making a correction of up to 2 dB for the influence of the test
environment, Three alternative methods are given for qualifying the acoustic
environment and determining the "environmental correction':

1. Replace the device whose sound power level is being determined with
a reference sound source of known sound power output. The environ-
mental correction is then taken as the difference between the known
power level and the power level computed using the procedures of the

standard.

2. Replace the device whose sound power level is belng determined with
a broad band test source (of unknown power output). Determinations
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of the sound power of this test source are made using three measure-
ment surfaces of similar shape but different size. The
environmental correction is obtained from the differences among the
three sound power levels obtained in this manner.

3. Compute the environmental correction from measurements of the rever-
beration time of the test room.

The current draft international survey method[15)] for determinstion of sound
power levels permits environmental corrections of up to 7 dB based on the

gbsorption (estimated or computed from the reverberation time) of the test
room.

The above-described procedures are based meinly on the work of
Hibner[5-6]. Diehl[112-113] has investigated determination of environmental
corrections by the "two-surface method" in which two measurement surfaces of

different erea are utilized with the actual device under investigation (rather
then a specisal test source).

Hilbner{6] hes pointed out that none of the sbove procedures for
determining environmental corrections can account for the influence of the
acoustic impedance of the reflecting plane. The draft international
stendards[13-14] for sound power determination simply require that "the
absorption coefficient of the plane should be less than G.06 over the
frequency range of interest." In the case of outdoor measurements, whether of
sound power level or of sound pressure level at a specified location, it may
be difficult to ensure that the absorption is as low as desired. At test
sites for measuring motor vehicle noise emission, very large differences have
been observed between the acoustical absorption of sealed and unsealed
asphalt[11h]. The flatness of reflecting surfaces can also lead to
problems[115). Statistically significant differences have been observed among
results obtained at various test sites[116]. While there has been progress in
developing means to correct for the effects of the reflecting plene( e.g., see€
[76-78]), much further work is needed. At pPresent it appears that dense

concrete, sealed asphalt, or a material st least equally dense and free from
porosities should be specified for the reflecting plane.

¢. Reverberant Environment

The current national and international standards for reverberation-room

determinations of both broad-band[10, 29] and pure~tone[ll, 29] sources give
specific room qualification procedures.

In the case of broad-band sound, determinations of the apparent sound
pover level of a reference sound source are carried out for at least elght
different source locations. In order for the room to be qualified, the

stendard deviations of this set of band power levels must not exceed the
limits tabulated {as a function of frequency).

In the case of sources containing discrete-frequency compenents, two
alternative qualification procedures are given. 1In the first of these, an
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array of six microphone positions is used to estimate the spatial variance of
the mean-square pressure in the room while the device under test is emitting
noise. This information is used to enter a table which gives the minimum
number of required microphone procedures. Procedures are also given for
determining the minimum number of required source positions.

The second qualification procedure for the measurement of discrete
frequency components involves measuring the frequency response of the
reverberation room. This is done by measuring the space/time averaged sound
DPressure level at each of a specified series of frequencies. A loudspeaker,
excited by an oscillator, is used and adjustments are mede for the frequency
response of the loudspeaker and measuring instrumentation. The apparent
standard deviation of the frequency response over each frequency band must not
exceed a tabulated limit.

15.8. Calibration

A measurement standard should specify what calibration procedures are
required in conjunction with normal testing procedures and also what
calibration procedures are required (e.g., annually) in order to ensure
Proper functioning of all instrumentation.
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16. Calculation Procedures

e The measurement standard should elearly and unambiguously specify all
caleulation procedures that are required in order to carry out
measurements in accordance with the standard.

16.1. Correction for Background Noise

Corrections for background noise were discussed in Sections 12.3 and
15.6. A measurement standard should clearly indicate how much background
noise is permissible and whether or not corrections for background noise are

to be made. If corrections are to be made, the standard should clearly spell
out the correction procedure to be used.

Consider the following differences in the approach to background noise

corrections as taken in the current (draft and approved) international
standards for sound power determination:

Precision methods for anechoic and semi-anechoic rooms[1k]

The background noise must be at least 6 4B below the measured sound
pressure levels. For background noise between 6 and 15 dB down, the cor-
rections given in Table 3 (Section 12.3) are to be applied. The
corrections are rounded to the nearest 0.1 dB.

Precision methods in reverberation rooms[10,11]

Same as above except no corrections are applied when the background

noise is more than 10 dB down. (This reflects the greater uncertainty in
reverberation room measurements.)

Engineering methods for free-field conditions over a reflecting plane[l3]

For background noise that is 6 to 8 dB down, a 1.0 dB correction is

applied. For background noise that is 9 to 10 dB down, a 0.5 4B
correction is applied.

Engineering methods for special reverberation test rooms[12]

For background noise that is 4 to 5 dB down, a 2 4B correction is

applied. =~ For background noise that is 6 to 9 4B down, a 1 dB correction
is applied.

Survey method (free-field conditions over a reflecting plane)(15]

For background noise which is 3 4B down, a 3 dB correction is
applied. Otherwise, same as previous standard[12].
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Many standards require the background noise to be at least 10 dB dcwn and
permit no correction.

16.2. Correction for Test Environment

A measurement standard should clearly delineate what corrections, if any,
are to be made for the influence of such factors as:

== test room
-- reflecting planes(s)
== temperature and barometric pressure

- wind

16.3. Determination of Mean-Square Pressure -

A measurement standard should specify how individual determinations of
Sound pressure level are to be combined in order to obtain the appropriate
8verage value for the mean-square pressure or the sound pressure level. This

involves both time and spatial averaging.

Some standards permit averaging of levels, rather than of mean-square
Pressure, when the range of levels is not too large. If such 1s the case, the

allowable range should be indicated.
16.4. Calculation of Sound Power

A measurement standard should present explicit equations for calculating
Sound power level for the measured data.

16.5. Calculation of Noise Rating

If the final date (sound pressure level or sound power level as a
?Unction of frequency) are to be used to compute & single-figure rating that
1s intended to correlate with subjective response, the computation procedure

Should be clearly and unambiguously given. For example, a procedure which
involves application of a "pure tone penalty' should specify quantitatively

how the Presence and magnitude of the pure tone is to be determined.

If other documents are to be referenced, the particular issues and
relevant portions of those documents should be indicated.
16.6. Calculation of Measurement Uncertainty

"Examination of noise literature reveals & general absence of estimates
of uncertainties associated with measurement or predictive procedures or with
actual measured data. Even when such estimates are given, they frequently are

ambiguous or inadequate.

"In noise control engineering, there has been little opportunity for

137



direct comparison of datas obtained by different investigators on nominally
identical specimens. Thus, there have been few direct indications of
experimental error. Furthermore, in view of the vagaries of human response,
it has been probably Jjustifiable to take the attitude that a "few decibels"
are not of much consegquence. Perhaps for these reasons, the use of
uncertainty estimates has not evolved in noise control engineering.

"The emergence of many new and pending noise regulations has changed this
situation drastically. Enforcement of these regulations requires '
manufacturers, independent laboratories, and regulatory agencies to conduct
measurement on similar specimens. The requirement that all of them obtain
essentially the same answer creates a strong need for realistic, reliable
estirates of measurement uncertainty throughout the field of noise control
engineering. Measurement uncertainties must be known not only to enforce
equitably noise regulations but also to enable rational selection of

economical noise control solutions and to enable reliable monitoring of the
noise environment."[117]

Although little work has been done in the past toward assessment of the
uncertainty (see Appendix C for a discussion) of noise measurements, efforts
should be made in future measurement standards to incorporate specific calcu-

lation procedures for estimating the uncertainty of the final number emerging
from e noise measurement procedure.
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17. Information to Be Recorded

. The measurement standard should require the following essential
1tems to be recorded:

o The size, dimensions, destgn characteristics and noise
performance claims for the source under test.

e The location, mounting and/or installation details of the source.

e The operational and loading characteristics of the source during
the test.

o A deseription of the acoustic environmment including test
faeility, background noise levels and emvirommental conditions.

o Identification of instrumentation utilized.

e Documentation of unavoidable deviations from the prescribed test
procedures.

o 4 maintenance and calibration record to indicate the current
eqlibration status of all instrumentation. Calibration methods
and periodicity, aceuracy and traceahility of the calibration
devices need to be detailed.

o All significant data collected during the test.

e Documentation of calculation procedures utilized in transforming
the raw data into its final form.

e An indication of the aceuracy and precision of the data.
17.1. Sound Source Under Test

A complete description of the test specimen should be recorded. This
should ineclude:

(1) Size and dimensions of specimen
(2) Detailed design and construction characteristics
(3) Expected performance reguirements (manufacturer's claims).

17.2. Sound Sdurce Installation Deiails

A detailed description or a photograph of the noise source as it is
normally installed for use should be included. Following this, a
description should be given of:
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(1) Location of source
(2) How source is mounted
(3) Installation of source

Insofar as possible, the test installation should be representative of normal
use conditions. : :

17.3. Sound Source Operating Procedures

The information to be included under sound source operating procedures
is:

(1) Auxiliary equipment used to power the source (if any)
(2} How the source was operated during the test
(3) What loading, if any, was applied during the test.

A copy of the operating instructions for the noise source should be made
part of the record.

17.4. Acoustic Environment

Information on the acoustic environment should include a detailed des-
cription of the test facility or site, the nature and levels of any background

noise, and temperature, humidity, barometric pressure and wind conditions (as
pertinent).

17.5. Instrumentation

A complete list of the instrumentation utilized when conducting the tests
should be recorded, including the following:

(1) Name of instrument
(2) Menufacturer
(3) Model Number

(4) Serial Number

In addition, for each sophisticated test device there should bhe & schematic,
parts list, technical description of operation, a complete accuracy statement
(absolute error, repeatability, effect of environmental and operational
factors, etc.), and a maintenance and calibration schedule (note that, for
purchased equipment, most or all of this information may be supplied by the

manufacturer or vendor). The informstion noted above should be readily
available on request.
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17.6. Special Measurement Procedures

i Any deviations from the standard method of test.or any additional tests
which are conducted should be carefully recorded.

17.7. Calibration History

For each instrument a fully implemented calibration procedure should
Prescribe the method and periodicity of calibration and the accuracy and
traceability of calibration devices used. Al]l instruments should be assigned
an exclusive identification number and complete records maintained to indicate
Current calibration status at all times. On key instrumentation, labels
should be affixed to indicate status and next required calibration. 'In
&ddition, the calibration procedures utilized before and after each test
should be detailed, and the results of test environment qualification checks

should be referenced.

17.8. Acoustical Data and Related Information

All significant data collected during the tests should be recorded.
Also, variable settings on the equipment which have an influence on the data
should be noted (for example, gain setting on a measuring amplifier, voltage

and speed settings on recorders, etc.).
17.9. Special Calculation Procedures

If any special procedures are used to convert the data to some other
leasure (for example, converting sound pressure level readings to sound power,
Voltage readings to sound pressure level readings}, these should be
documented,

17.10 Measurement Uncertainty

An indication of the measurement uncertainty should be calculated
from the data (see Appendix C).
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18. Information to Be Reported

The measurement standard should require that the following essential
items be reported:

e A complete description of the product tested.

o A detailed description of (1) the acoustic enviromment in which the
tests are carried out and (2) how the device is operated under test.
Detailed diagrame should be utilized where appropriate.

e When unavoidable deviations from the prescribed measurement pro-

cedures are necessary, a deseription of the substituted procedures
and a Jjustification for the modification.

o A tabulation of the acoustical data in its final form plus the
notation of any factor which is thought to have influenced the data.

e A statement of measurement uncertainty including (1) the degree of
eonfidence placed on the measurement results and (2) an indication
of the repregsentativenegs of the sample tested.

Not every test report would include exactly the same information. ToO
make it a requirement that each test report contain information on X number of
attributes would not only be wasteful and unnecessary, but also detrimental to
the whole testing process. In general, however, there are five areas where

information should always appear in a test report —- these are briefly
described below.

18.1. Identification of Source -

The test report should contain a complete description of the product
which was tested. Information to be included would be the manufacturer's name
and address, model and serial numbers of the product, & description (and if
appropriate, a diagram) of the appearance of the device, its conventional

operating characteristics, and the performance claims of the manufacturer
which relate to noise.

'18.2. Source Installation and Operating Procedur.

A detailed description, witn diagrams where appropriate, of the acoustic
environment in which the tests are carried out should Be included in the-
report. As part of this description, the location of thé sound source in the
test environment, its mounting configuration, and its spatial relationship to
the measuring system should be discussed. A description of how the device is
operated under test is an essential part of the report. If the device is
operated in any manner other then its conventional operating mode, this
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operating procedure should be completely described.

18.3. Deviations from Standard Measurement Procedures

) When there are no deviations from the standard measurement procedure, it
1s sufficient in the test report to merely cite the measurement procedure
employed. If there are deviations from the measurement procedure, the
following information should be included in the test report:

(1) The section(s) of the standard test method which has (nave)
been deviated from.

(2) a complete description of the method and procedures which have
been substituted.

(3) & convincing Justification of why the standard measurement
method was not followed.

(L) An estimate of the uncertainty due to deviations from standard
megsurement procedures.

18.4. Acoustical Data and 'Related Information

A tabulation of the acoustical data in its final form (that is, if any
Conversion factors have been applied to the original data)} should appear in
the test report., If there are any factors, such as relative humidity,
barometrie pressure, wind speed and temperature, which the investigator
believes may have influenced the data, these should be accounted for in the
test report.

18.5. Measurement Uncertainty

The section on measurement uncertainty should include two parts. First,
there should be some indicator of the degree of confidence which can be
Placed in the measurement results. This could be expressed in terms of
Standarad error, confidence limits, or some cther appropriate statistical
Tactor, Secondly, there should be some statement that indicates how
Confident the testing laboratory is that the sample it has chosen and tested
1S representative of the product line. Again, this should be stated
statiStically. If a number of supposedly identical products were tested, the
Standard error and the range should be reported and an attempt made to
©Stimate how much of the variance is due to semple differences and how much

to measurement uncertainties.
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PART Il SELECTION OF MEASUREMENT METHODOLOGY
APPROPRIATE TO A SPECIFIC PRODUCT

This part of the report consists of a series of flow charts which

depict the development of appropriate procedures for measuring the
noise emission of particular classes of products. These charts are
intended to serve as reminders and check lists of the factors which
are discussed in detail in Parts I and II.

Figure 35 shows the overall development of appropriate test
procedures. The five boxes shown with heavy borders are expanded

in Figures 36-40.
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Development of sppropriate test procedure.

Figure 35.
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Figure 36. Development of appropriate classification scheme.
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Figure 37. Identification of operational modes indicative of product
usage.
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'Figure 38. Collection of noise effects data.
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Figure 39. BSelection of appropriate measurement locations.
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Appendix A.

List of Participants at Government/Industry Meetings on Noise

Measurement_Methodology for the Environmental Protection

Agency’s Noise Emission Regulations

Meeting D&te.
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Applisnce Manufacturers
(AHAM)
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the American Road

Builders Assn. (ARBA),

the Construction

Industry Manufacturers

Assn. (CIMA), and

contractors

Representative of
the General Services
Administration (GSA),
Public Building
Services

November 13, 1972

Representative of
the Acoustical and
Insulating Materials
Assn. (AIMA)

November 29, 1972

Representatives of
the U, S. Postal
Service (P. 0.)

December L, 1972
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W. Leasure, Jr. (NBS)
R. Musa (Westinghouse)
H. Phillips (AHAM)
J. Weizeorick (AHAM)

J. Benson (CIMA)

J. Codell III (Codell
Construction Co.)

R. Crowe (ARBA)

G. Diehl (Ingersoll-

Rand)

. Flynn (NBS)

. Land (Contractor)

. Larmore (CIMA)

. Leasure, Jr.( NBS)

. Miller (ARBA)

. Oman (Oman

Construetion Co.)

D. Powlson (Tennessee
Road Builders)

Gow=s@HN=s0

W. Leasure, Jr. (NBS)
R. Rice (GSA)
A. Rubin (NBS)

D. Flynn (NBS)
R. LaCosse ( AIMA)
W. Leasure, Jr. (NBS)

Cornog (P. 0.)

. Flohr (P. 0.)

Hull {P. 0.)
Leasure, Jr. (NBS)
Rubin (NBS)
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the Dept. of Trans-

portation (DOT),
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l6l
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. Bray (DOT/FRA)

Close (DOT/ONA)
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Flynn (NBS)
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. Leasure, Jr. (NBS)
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Pribramsky (General
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J. Wesler (DOT/ONA)

‘.:U'JUZWU:IZ‘—IEU

W. Bayless (Borg-
Warner)

R, Kelto (Air Temp.)

W. Leasure, Jr. (NBS)

A. Meling (ARI)

A. Rubin (NBS)

J. Schreiner (Carrier)

W. Leasure, Jr. (NBS)
H. Michener (NEMA)

R. Nims (NEMA)

R. O'Brien (NEMA)

A. Rubin (NBS)

J. Werner (NEMA)

J. Arbuckle (ISIA)

R. Croteau (Bombadier
Ltd.)

J. Giesen (Deere &
Co.)

G. Gowing (Bombadier

- Ltd.)
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Inc.) ‘
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Merine Corporation)



Representatives of

the Engine Manu-~
facturers Assn.

(EMA) and the Society
of Automotive Engineers
(s5AE)

Representatives of
the American Trucking
Assns. ( ATA)

Representatives of
the Motor Vehicle
Manufacturers Assn.
(MvMa )
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December 12, 1972

December 20, 1972
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R. Canfield (American
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W. Hamilton (Allis
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. Johnson (Caterpiliar)
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el R
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Marine)
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D. Stephenson (Out-
board Marine)
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Harvester)

T. Young (EMA)

W. Gibson (ATA)

L. Kibbee (ATA)

W. Leasure, Jr. (NBES)

A. Rubin (NBS)

R. Tilley (Sefeway
Stores)

L. Bridenstine (MVMA)
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T. Dolan {(General
Motors)
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Appendix B.
Pertinent Sections of the Noise Control Act of 1972

For the benefit of those readers not familiar with the Noise Control
Act of 1972, Public Law 92-5T4, the following summary of pertinent sections

of the Act is presented.

Sec. 6.
Sec. 8.
Sec. 17

NOISE EMISSION STANDARDS FOR PRODUCTS DISTRIBUTED IN COMMERCE

EPA is given authority to prescribe and amend standards limit-
ing noise generation characteristics for any product or class
of products which has been identified as a major source of
noise and which falls in the following categories: construc-
tion equipment, transportation equipment (including recreational
vehicles), any motor or engine, and electrical or electronic
equipment. EPA may issue regulations for products in other
categories if it is necessary to protect the public health ox
welfare. The standards must be ".....based on criteria pub-
lished under Section 5," and "requisite to protect the public
health and welfare, taking into account the magnitude and con-
ditions of use of such product (alone or in combination with
other noise sources), the degree of noise reduction achievable
through application of the best available technology, and

the cost of compliance."

The manufacturer of regulated products must warrant that its
product is designed and built so as to conform at the time of
sale with such regulation. The cost of this warranty cannot
be passed on by the manufacturer. States and political sub-
divisions are prohibited from setting noise emission levels
different from those promulgated by EPA, but remain able to
regulate use, operation or movement of products.

LABELING

For any product which (a) emits noise capable of adversely
affecting the public health or welfare, or (b) is sold wholly
or in part on the basis of its effectiveness in reducing
noise, the EPA must require the manufacturer of such product
to give notice of the noise level or its effectiveness in re-
ducing noise to the consumer. EPA's regulations must indicate
the form of such notice and the method and unit of measurement

must be prescribed.

RATLROAD NOISE EMISSION STANDARDS
After consultation with the Department of Transportation,

EPA is required to promulgate regulations for surface car-
riers engaged in interstate commerce, including regulations
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governing noise emission from the operation of equipment

and facilities of such carriers. The effective date for such
regulations must permit the development and application of

the requisite technology. The Secretary of Transportation

is charged with the responsibility of assuring compliance
with EPA's regulations. State and local governments are pro-
hibited from establishing operational noise emission limits
different from applicable federal standards, but the Adminis-
trator may allow a different standard if he determines in con-

sultation with the Secretary of Transportation that local con-
ditions necessitate such different regulations.

MOTOR CARRIER NOISE EMISSION STANDARDS

Sec. 18 The provisions of this section are nearly identical to Sec. 16
except that they apply to "a common carrier by motor vehicle,
e contract carrier by motor vehicle, and a private carrier of
property by motor vehicle as those terms sre defined in the
Interstate Commerce Act (49 U.S.C. 303(a))."
DEVELOPMENT OF LOW-NOISE EMISSION PRODUCTS
Sec. 15

Provides for Federal procurement of and public notice about
products certified as "low-noise~emission products" (defined
as: any product which emits noise in amounts significantly
below the levels specified in noise emission standards under
regulations applicable under Sec. 6 at the time of procure-
ment to that type of product). The Administrator is allowed
to establish a Low-Noise-Emission Product Advisory Committee
to assist him in determining which products qualify. Once an
application for certification is received and the product is

determined to be a low-noise-emission product, the Administrator
must certify the product as such if he determines that the pro-
duct is a suitable substitute for a type of product at that

time in use by agencies of the Federal government. Various
instructions as to when the Federsl government is required to
purchase such products and when the FPA is required to pub-

lish information asbout its determinations are given."

In setting noise emission standards for products distributed in commerce,

the Environmental Protection Agency is required (see Sec. 6 of Public Law 92-
574) to base these standards on criteria published under Sec. 5. Section 5
of the Act is summarized below:

IDENTIFICATION OF MAJOR NOISE SOURCES, NOISE CRITERIA
AND CONTROL TECHNOLOGY

Sec. 5

(1) requires EPA to publish criteria which reflect the kind
and extent of all

.identifiable effects on the public health
or welfare resulting from differing quantities and qualities
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of noise (within 9 months); (2) requires EPA to publish infor-
mation on levels of environmental noise which in defined areas
under various conditions are requisite to protect the public
health and welfare with an adequate margin of safety (within
12 months); (3) requires EPA to publish a report identifying
major sources of noise, and giving information on techniques

for control of noise (within 18 months).
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Appendix C,
Uncertainty of Measurement

If quantitative noise regulations are to be effective and equitable, it
is essential to have a good understanding of the uncertainties extant in the
associated measurements. In legal proceedings this uncertainty represents the
"shadow of doubt" associated with a measurement. A clear statement of the

factors entering into the uncertainty computation and the data on which it is
‘based should be available for "cross-examination."

In a legal proceeding (and in regulatory operations generally) a
statement as to what measurement process would be accepted as correct is a
necessity -- otherwise regulation would not be possible. The uncertainty of &
measurement should therefore be stated in terms of the results which would have
been obtained by the "accepted" process. In the case of some standards,
reference to the unit as maintained by the National Bureau of Standards msy be
appropriate. In other cases, results by a selected agency or by an average of
the measurement processes of several organizations may serve as a reference.

Two characteristics of measurements must be accounted for. TFirst, that
successive measurements of the same quantity will .disagree, and second, that
the long-run average by two difference realizations of the same method of
measurement will differ. One's model of & messurement process must therefore

be enlarged to include both the variability and possible offset of the process
from that which would be accepted as correct.

It is in the concept of a repetition of a measurement that the
uncertainty of measurement can be given operational meaning. Measurements can
be regarded as arising from a process whose properties cen be determined from
an appropriate sequence of such repetitions. It is only when one can attributé
the properties of the process to the isolated single measurement that a
defendable statement of its uncertainty can be made. To be able to do this the

process must have predictability, i.e., be in a state of statistical control at

the time of the measurement so that the use of the current values of the
process parameters is wvalid.

Limits for the Effects of Random Error

. .The crucial step in assessing the effects of random error is that of
deflnlgg.the set of repetitions over which the measurement is to apply. At the
very minimum it would involve repetitions with the same instrument-operator—

procedu?e configuration. It would include sampling variability when that is
appropriate and include a number of components of variance such as those
associated with day-to-day differences, operators, instruments, etc.

All of these factors which enter into the random error calculation coulds
in principle, be varied in repeated measurement so that their effects could be
mitigated by averaging over the set of repetitions. Those which cannot be s©
averaged out are regarded as systematic errors which accoun$ for the offset of
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one process relative to another.

To assess the possible extent of random error of the quantity, y, where y

is a specified function of random variables Xis X5 « ¢ o X and constants Cys
. .s0that y = f (X5 Xy « » « X_5 Cys Cpr + « +), let us assume that a

Ch o
s%andard deviation, s_, is available. "This standard deviation will, in
general, involve many” components of variance, the constants, c,, and will
depend on the functional form f(). To go from this standard deviation to a
bound for the random error (e.g., three standerd deviations) involves some
arbitrariness both in the assumed nature of the probability distribution

involved and the desired degree of coverage.

Offset of Measurement Process

The offset of one measurement process relative to another (or of a
process from that accepted nationally) may arise from deficiencies in the
mathematical model or in realizations of the specified process. To this one
must add systematic error in the prescribed standards, and the fact that the
corrections for environmental and other effects may not account for all the
effects of such variables on the particular measurement process.

The procedures for arriving at bounds to the possible offset of the
Process will involve direct measurement by introducing changes into the process
and observing the effect, the use of values from critical experiments run on
similar processes, and other similar techniques which have in common the fact

that they are based on observation (not Judgement).

In some cases it is possible to determine the offset of a measurement
Process by measuring a "control" in the form of some reference meter or
stendard signal. It is necessary that the reference items be similar in all
important respects to the items being measured, and that it be measured by the
same procedures used in the regular workload. When the bias correction is
made, the process would be regarded as being free from systematic errors from
the source represented by the item. The random error in’the applied correction

becomes part of the random error of the process, of course.

Control of Measurement

At some point in time one will have values for the bound, R, to the
effect of random error and a bound, E, for the possible offset of the process
relative to nationally accepted reference standards or measurement processes.
These values are used to characterize the process and these properties can be
applied to individual measurements from the process if the process remains in a

state of control.

Some evidence is therefore needed to establish that the process is "in
control." Messurements in a reference item made periodically throughout the
Yeaer are an example of the type of redundancy needed to provide the assurance
of consistency. When coupled with an independent outside check on the offset
of the process, one has evidence of the validity of the uncertainty statement.
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An out of control condition signifies that predictability has been lost
and one should therefore redetermine the process parameters to arrive at a new
uncertainty statement.

Uncertainty

The uncertainty of a reported value could, in principle be reduced to *E,
the offset or systematic error of the process, by increasing the number of
measurements to be made. Any such increase in the number of measurements would
not change the process average, of course. If one or only a few measurements
are made, then the uncertainty is increased by the random errors so that the
uncertainty* of a measurement from a process in control is

uncertainty = +(E + R)

*The modification for asymmetrical limits are obvious.

168



Appendix D.
Possible GATT Code of Conduct for Preventing Technical

Barriers for Trade

The United States and other major trading nations through the General
Agreement on Tariffs and Trade, have been investigating the international
trade problems arising from the development of different regional, national,
and local product standards and technical regulations and the various pro-
cedures for assuring conformity with them[1]. Most of these standards
barriers are side effects of efforts to protect the public welfare rather than
deliberate discrimination, &nd the GATT negotiators are trying to find a
solution that will not hamper the achievement of these objectives[2].

The following discussion on the GATT code of conduct is reprinted from
the ASTM Standsrdization News with permission of the American Society for

Testing and Materials[1].

"It was the recognition of the problems presented by standards and
the inadequacy of the GATT provisions for dealing with them that led the
contracting parties to begin the development of a standards code.
Furthermore, the United States and other countries were becoming
inecreasingly concerned about European plans to conclude regional
standards arrangements on an exclusive basis. In 1971 Working Group III
of the Committee on Trade in Industrial Products began the drafting of
such a code. The working group agreed on certain hypotheses of which
two should be noted. One was that the solution developed should take
the form of a binding code subject to a reservation that the final
product may be changed to & voluntary code or set of principles.

Another was that the GATT should not become involved in writing
standards or certifying that products conform to standards.

"The draft GATT standards code which was developed deals separately
with the preparation, adoption, and use of mandatory standards by
central and local government bodies; the preperation of voluntary
standards by centrsl and local government bodies; and the preparation of
standards by voluntary standards bodies. In each case standards are to
be formulated and spplied so as not to afford protection to domestic
production, and they are to be based upon 'appropriate’ international
There shall be active participation in international

Wherever appropriate, standards are to be
Proposed

standards.

standards organizations.
specified in terms of performance rather than design.

standards not based on international standards must be published,
consideration given to comments received, and a reagonable time allowed
for foreign suppliers to adapt to the standards (except when urgent
problems of heelth, safety, environmental protection, or national
security exist). All mandatory standards must also be published. 1In
addition, adherents of regional standards organizations shall use their
“"hbest efforts” to ensure that the standards will expedite progress
toward the preparation of international standards and that the regional
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organizations comply with the requirements Just described.

"Compliance by local government bodies is subject to 'reascnable
means' being used to ensure compliance with these requirements.

. . » . d
Similarly, standards of voluntary bodies (such as ANSI) are conditione
by a 'best efforts' stipulation.

"In determining conformity with mendatory standards, central _
governments must likewise employ methods that do not afford protection
to domestic production and test methods must be harmonized, as far as
practicable, on an international basis and be published. Procedures
should permit tests t¢ be carried out in the exporting country and
should recognize other equivalent test methods.

"Where & positive assurance 1s required that imported products

conform to a mandatory standard, whenever possible a declaration by the
supplier or by a gqualit

¥ assurance body in another member country should
be accepted.

If tests are carried out in the importing country they
should be on the same basis as tests of domestic products.

"Where quality assurance systems are operated or relied on by the
central government to assure conf

ormity with its mandatory stendards,
the code contains safeguards as to fairness and nondiscrimination. Here
a major difference of view exists, particularly when the quality .
assurance system is internstional or regional in nature. The U. S. Vleﬁ
is that participation in quelity assurance systems should be open to ald
signatories of the code from the outset ang apply equally to foreign &8
domestic suppliers. Other countries have argued that there should be
allowance to limit participation in the initial stages of the system.

hnicel assistance is to be provided to
especially the developing countries.

"Some countries have expressed reservations about the retroactive
Provisions of the draft code. This section states that if existing
standards -- mandatory or voluntary —- or gquality assurance systems
afford protection to domestic industries, then signatories shall bring
them into conformity as soon ss possible. This would have different
Consequences dependin
example,

: cult than changes in edministrati
regulations. Finalizati

ion will await completion of the
other sections of the code.

. t
eventing Technical Barriers to Trade
would be established for signatori

€S to consult on fmplementation of thé
gate complaints, and to recommend actions after
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completion of an investigation. It is also proposed that the committee
be empowered to authorize suspension of code obligations for violators
and refer serious violations to the GATT contracting parties for
eppropriate action. This question of sanctions is controversial and
some countries favor other, less severe enforcement provisions.

"Some of the drafters also have reservations about the binding
nature of the code, particularly over the difference in how it would
affect the obligation of a federal as opposed to a unitary form of
government. In the former many mendatory standards are developed by
state and local bodies which the national govermment in some cases may
not effectively control. 'In the latter all mandatory standards are
developed by the national government. A related problem is that some
countries maintain only mandatory standards while in others there are
many voluntary and so-called tquasi-voluntary' ones. (Quasi=-voluntary
standards are those that are developed in some European countries by a
cooperative effort between industry and government, but are voluntary
with the proviso that they can be made mandatory at the option of the
government.) Thus, those countries that rely mainly on mandatory
standards would assume greater obligations under the code than those
that rely on voluntary or quasi-voluntary standards. The draft code
will address these problems by placing different levels of obligations

on the signatories.

"Obviously the effects a binding international code of standards
would have cannot be fully measured until finel agreement is reached o
specific provisions; however, & few conclusions can be ventured with a
fair amount of confidence. In the first place the role of internation
standardization and the organizations which perform it will become muc

From that fact will flow greatly increased
National Standards Institute (ANSI) a

nts the U. S. interest in

more important.
responsibilities on the American

its activities, since ANSI represe
international standardization work by the nontreaty organizations such

as the ISO and IEC (the International Electrotechnical Commission),
which in fact perform much of the international standards work. ANSI
will therefore need the full support of the whole spectrum of American
industry if it is to have the strength and resources to fulfill its

task.

Mamerican industry should benefit from the code. The code will
gystems in which our industry can

to assume the responsibilities of

tion arrangements of CEN (European

) and CENELEC (European Committee for
the Coordination of Electrotechnical Standards) would have to be open
instead of restricted to Europeans as they are now. In addition the
code would place even greater pressure on the European communities to
use internstional norms in developing their regional standards and
certification systems.

encourage open certification
participate if it is willing
membership. Thus the certifica
Standards Coordinating Committee

the code mey necessitate changes in current U. S.
legislation and administrative practices of regulatory bodies. This
aspect is complex and is being carefully explored."”
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Appendix E.

Methods of Labeling
] In the development of appropriate procedures for labeling products as to
their noise emission, it is useful to distinguish among the following four
concepts:

Determination of the noise emission of machinery or equipment
invclves the actual measurements which are carried out according to

g specified test procedure.

o]

Designation of the noise emission is in terms of a particular
quentity (such as A-weighted sound power level or perceived noise
level) expressed in a particular unit (such as decibel).
Designation frequently involves combining the measured data in a
prescribed manner in order to obtain some single-figure rating,
usually one that can be expected to correlate with human response.

Classification involves systematic arrangement of designated noise
emission values into groups or categories according to established
criteria. Classification typically implies subdivision of the range
of noise emission values into a series of intervals which are large
enough that the difference between adjacent classes is
"significant", in some sense. These intervals may be of fixed,
equal size (e.g., 5 dB) or may be derived in & statistical sense
(e.g., quartiles). Classification frequently, but not always,
implies some form of coding in which a system of words, numbers,
letters, or other symbols is used to represent the several classes.
The coding system can either be "absolute", so that a given noise
emission value would always be assigned the same coding symbol, or
"relative", so that the coding symbol conveys information concerning
the relationship between the noise emission value of a particular
machine or model and the distribution of noise emission values for
the family of similar equipment. The coding may also convey
information about the particular family to which the machinery
belongs, the year to which the classification corresponds, or other

information necessary to minimize any possible confusion.

Labeling means to furnish or affix written or printed matter in
order to furnish the purchaser or user with information concerning

the noise emission of the product. This information may include the
designation of the actual noise emission and/or the classification

of the noise emission.

Voluntary standards organizations have been and are addressing the
Questions of how to designate and/or classify the noise emission of products.

A recent national standard[l] designates the noise emission of small
Stationary sources in terms of the Product Noise Rating (PNR), which is

obtained from the A-weighted sound power level, adjusted by & constant such
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that the rating is approximately equal to the space average of the A-weighted
sound pressure level at the specified rating distance (usually 1 meter).
Radiation from a sound source on a reflecting surface is assumed.

At the international level there currently is interest in expressing
noise emission directly in terms of the A-weighted sound power level, with the
unit being the bel rather than the decibel so as to reduce confusion between

sound pressure level and sound power level[2]. Such a document has just been
approved at the national level[3].

A group under the jurisdiction of ISO/TCL3 (Acoustics)/SCl (Noise) is
currently considering a possible international standard on classification and
labeling of equipment and machinery as to noise emission. In the current
draft of this proposall[l], noise emission would be designated in terms of the
A-weighted sound power level. An absolute classification scheme is proposed
in which the sound power level is rounded up to the nearest 5 dB. The
proposed relative classification scheme also uses a 5 dB class interval: Class
1 would include machinery which is "representative of the guaranteed noise
emission number to be expected from well designed machines of good workmanship
belonging to the family* in question;" Class 2 would include mschines for
which the guaranteed noise emission is 5 dB less than in Class 1l; Class 3
machines would be at least 10 dB quieter than those in Class 1, ete. It has

been suggested that the Class number be identified by showing the appropriafe
number of stars.

In considering classification or labeling schemes for noise emission it
is important to consider who is the intended user or audience. A label, or
other documentation, which conveys the noise emission designation and/or
classification should enable fair comparisons among competing products and
should assist purchasers or users in assessing the noise impact of the
product. The user, however, may be, for example, (1) an engineer who needs
to determine the effect of the product on compliance with hearing conservation
regulations, (2) a coustruction superintendent who has to comply with zoning
regulations, or (3) a private citizen who simply wants a "quiet" appliance for
his home. Both the information needs and the technicsl sophistication of

these users will vary widely and the informetion conveyed must be adequate for
the more sophisticated user while at the same time must

not be confusing to
persons with less technical backgrounds.

The acoustical consulting firm of Bolt Beranek and Newman has Just
completed, for the U. S. Environmental Protection Agency, a study of problems
and considerations involved in labeling products as to their noise emission or
control characteristics. Thus in this brief appendix there is no need to

delve very deeply into the many questions involved with establishing a viable
noise labeling program. However, there are a few key points that can
beneficially be mentioned.

¥Note: "A family of machines or equipment is a group... of a similar design or

type or meeting the same performance requirements for which it is reasonable
to establish a noise class."
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Labeling data could be provided in two ways. The label itself might be
in the form of detailed acoustic data, e.g., octave~band sound power levels
which the user could utilize in placement of the machines within the
workplace. Or there could be a "cookbook" application guide which would be
used in conjunction with the simple general public label which would allow the
burchaser to predict what sound levels could be expected at some distance from
the noise source, e.g., at the property line. There are several possible
labeling schemes which deserve consideration. They include single number
ratings, single letter ratings, color codes, actual sound level values or sets

of data.

A single number rating has, as its main value, simplicity. However,
Public education would be necessary to assure acceptance and thus success of a
single number labeling scheme. Assume that products can be labeled on a
single number scale ranging from 1-~10. The initial problem is that the
difference between adjacent numbers {(e.g., difference between a 3 and a 4)
should be acoustically significant. In other words, the public would have to
be able to discern the product improvement from one number to another without
the assistance of sophisticated instrumentation. In acoustics, it is
generally accepted that approximately a 3 dB difference must exist before the
humen ear consistently can detect any difference. This question of the
acoustic level change between adjacent numbers, letters, colors, etc., is an
inherent problem with any labeling system.

A second problem is determining what meaning the number system already
has with the public. One might naively expect that a numbering system would
work perfectly with 1 the quietest and 10 the noisiest. However, one could
think of 10 as being larger than 1; therefore, a product rated 10 would
pProvide more of something than a product rated 1. The more in this case could
either be more noise or more noise abatement. In addition, in the educational

system utilizing a numerical grading system, 100 is a perfect score.

The single letter rating, like the single number, has the advantage of
being simple. Moreover, the problem of public education might be somewhat
easier, because most people in the United States have been exposed in varying
degrees to the formal education process that traditionally utilizes an A, B, C
grading system. In all cases A is the best. Also people have been further
familiarized with this grading system since it is now applied to the grading
of meat and dairy products. Because of this, it seems that if the best
Product —- in this case the quietest —-- were labeled A and Z the noisiest,
consumers would not find this rating scheme to be inconsistent with other

grading systems with which they are familiar.

Use of a color code is enother easy method of labeling but it too
involves educational problems. There are only three colors -- red (stop),
yellow (caution), and green (go) —- whose meanings most people would recognize
immediately. Three colors are probably not enough to establish an adequate
labeling scheme. The addition of other colors to the three already mentioned
could result in & massive educational problem. Furthermore, a significant

Percentage of the population is partially color blind.
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Another alternative would be to list the noise emission {sound pressure
or sound power level) produced by the product directly on the package 1ts?lf.
This method has the advantage of giving the consumer an absolute value which
he can directly compare with the sound values of other products. It has been
stated (e.g. [5-6]) that consumers desire more specific information and are
capable of understanding more than they are usually given credit for. For
example, women's hosiery is graded according to its "gauge". The fact.that
gauge indicates how many needles are used in 1-1/2 inches of the loom is not
important to know. It is enough that the consumer knows that the higher the
gauge, generally the more durable the hosiery. The same may be true about
sound level values. It may not be necessary for a person to understand the
technical aspects of the decibel. They merely need to be told enough so that
they can interpret in an adequate wey how A-weighted sound level is a measure
of a product's "noise quality". This could probably be accomplished by
inserting a well-written article in same of the more popular magazines and

nevspapers discussing in layman's terms the meaning of the terminology and
units.

A final labeling measure which could be used is a set of data which
describes the noise emission spectrum of the product. Such a label might not
really be needed or useful for the general public; however, this type of
information might be the only label thus far mentioned that would satisfy some
of the needs of the business and industrial community. The typical plant
owner needs Information that will tell him whether the equipment he is
purchasing will violate any noise regulations under his use conditions. This
type of informaticn is necessary so that plant laycuts can be designed to
achieve minimum noise levels, utilizing natural shielding of machinery and
equipment, avoiding location of high~intensity noise sources near walls,
reflective surfaces, work stations, and aress frequented by employees. A
color code or single number or letter rating by itself will not provide the
user the kind and amount of information he needs. Any of the simple labels
coupled with an application guide in cookbook form could serve his needs if
the guide were properly designed. The decisions made by the business com-
munity can involve considerable expenditures and the purchaser could avoid a
mistake if it is possible to provide him with the necessary information.

There 1s one voluntery labeling systems which glready exists and is well
accepted in the area of acoustics. The Air-Conditioning and Refrigeration
Institute utilizes 1/3-octave band sound Power determinations in a reverberant
room as the basis for its sound labeling system. The sound power data are
converted into a single number rating {numerical classification scheme ranging
from 1421 with increasing noise level corresponding to incressing numbers =--
a change of 1 corresponds to about 3.3 dB) and an application guide that
provides the steps necessary to convert a single number into a predicted sound
level at a given distance from the source. The labeling system is primarily
aimed at the distributors and installation contractors; however, education

booklets describing the meaning of the ratings have been developed for the
consumer.
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Since this labeling scheme does presently exist and has some history of
acceptance, it will be briefly discussed to provide some additional insight
into the problems associated with the development of a labeling scheme that
will benefit and be understood by the audience for which the label is
intended.

The Air-Conditioning and Refrigeration Institute began "sound rating"
outdoor units in 1971 with publication of its first Directory of Sound=- Rated

Outdoor Unitary Equipment.

Under this voluntary program, all participating manufacturers (the models
listed in the most recent directory represent more than 90 percent of the
total U. S. output of these types of equipment) are required to rate the noise
emission of their outdoor units in accordance with specified procedures. Each
manufacturer certifies his own equipment and he must certify his entire line,
not just selected models, to be listed in the directory. Air-Conditioning and
Refrigeration Institute member laboratories have the specialized facilities
and trained msnpower to make sound power measurements in & reverberant field.

Based on an American Society for Heating, Refrigerating and Air-
Conditioning Fngineers test method, the Air-Conditioning and Refrigeration
Institute standards and the Certification Program have been developed. One
standard is for rating and certification through independent laboratory tests
of the sound-generating characteristics of air conditioning equipment and
pProvides a uniform method for assigning a single rating number to this
equipment. Most units rate between 1k and 24 on the Air-Conditioning and
Refrigeration Institute rating scale. The rating has built into it a penalty
for whines, screeches, and whistles -~ the kind of noise that is disturbing

but may not be adequately indicated by meter readings.

At random, over a 3 year period, each model of each manufacturer %s
retested by an independent laboratory to ensure the gccuracy of the noise
rating. Enforcement procedures are strict: if a unit is tested and_found to
be inaccurately rated, a manufacturer must change the. sound rating, improve
the wnit to meet the original rating, or withdraw from the di?ectory gnd thus
lose the right to display the Air-Conditioning and Refrigeration  Institute

Sound Rating Seal of Certification on his units.

The Air-Conditioning and Refrigeration Institute has also developed an
application standard which is basically a "cookbook" approach to converting
the sound rating number into an expected A-weighted sound leYel that will be
produced at given points of evaluation, e.g., the property line.

Another program that is of interest because of analogoug problegs to
noise emission labeling is the voluntary labeling program which applies to
enerar-consuming home applianceS[T—a]*- Figure 35 shows an exa.mple of the
*This program will be modified in the near future since the Energy Policy and
Conservation Act (P.L. 94-163), which was passed on 22 December 1975, mekes it
mandatc -v for many products to be labeled as to their energy consumption.

This progra.. will be carried out by the Federal Energy Administration with the
design of appropriate labels being the responsibility of the Federal Trade

Commission.

177



[ energy guide

ASDF Corp. Model 5508A10

8,000 Btu per hour

(cooling capacity)
115 volts 860 watts 1.5 amperes

EER=9.3

Energy Efficiency Ratio expressed in Btu per watt-hour

IMPORTANT. . . for units with the same cooling
capacity, higher EER means:

Lower energy consumption
Lower cost to use!

For available 7,500 to 8,500 Btu per hour 115 volt
window models the EER range is

EER 5.4 to EER 9.9

For information on cost of operation and selection
of correct cooling capacity, ask your dealer for NBS
Publication LC 1053 or write to National Bureau of
Standards, 411.00, Washington, D.C. 20234

Data on this label Tested in accordance with
for this unit certified by N o

1/
* *.g

\J
I, g
AS
k b o )

Figure l;1. Sample of the energy labels now found on many room air con-
ditioners. . '
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}abel to be affixed to a room air conditioner. The cooling capacity of a unit
1s determined, in accordance with an appropriate test procedure, in units of
Btu per hour. The electrical power requirement is determined in units of
watts. The efficiency of a unit is designated in terms of the Energy
Efficiency Ratio (EER) which is the ratio of the cooling capacity to the
electrical power requirement. The class interval is 0.1 Btu per watt-hour,
obtained simply by rounding off the calculated ratio. Thus this is an
a&bsolute classification scheme in that the number on the label directly
€Xpresses a measure of the efficiency of the unit. The performance of a
Particular unit can be judged from the range of EER values shown on the label
for available units of comparable cooling capacity. Thus this voluntary
labeling program retains the benefits of an absolute classification scheme
Wwhile at the same time giving some relative information.

Returning to noise emission, most acousticians who have been contacted by
the authors believe that as a minimum, a label, or other documentation, should
convey information as to the absolute noise emission. This can either be in
terms of the designated noise emission, to whatever precision is reasonable,
Or in terms of a simple classification scheme such as the A-weighted sound
Power level rounded up to the nearest 0.5 B or 5 dB. (Note that such a
rudimentary classification system involves division of the range of
designations into intervals of "significant" size, but does not involve
erbitrary coding). There seems to be very little reason to favor coding of an

absolute classification scheme in any way (such as Class 1, 2, 3, ... or Class
A, B, C, ...) that obscures the relationship to the actual noise emission.

There have been some proposals for relative classification schemes Dbased
0? stetistical distributions of nolse emissions for & family of equipment.
Difficulties with this type of system include the following:

& particular model cannot be classified until essentially all other
products in the same family have been measured. This makes one
manufacturer too dependent upon the time schedules of other manu-

facturers.

the classification of a product is sensitive to errors ig the noise
emission designations for other products in the same family.

the classification scheme can be "manipulated" by catalog listings
of particulsrly quiet or particularly noisy products, even though

such products are not normally sold.

-—  the classification system changes with time so that one cannot
readily compare products sold in different years.

It is recommended that serious consideration be given to a }abeling
System based on an absolute classification scheme, plus informetion on the
range of noise emissions for competing products. This would be analogous to

the energy guide label shown in Figure 35.
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