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INTRODUCTION

During the past decade more and more people have become
concerned with the problem of noise in everyday life, Manu-
facturers of home appliances, such as vacuum cleaners, mix-
ers, and washers, have found that a noisy product meets sales
resistance. Manufacturers of large industrial equipment,
such as distribution transformers that must be located in or
near residential areas, have found that care must be taken in
the construction and installation in order that noise levels do
not annoy the residents. Trucking companies receive com-
plaints when mufflers are inadequate or defective.

There is danger of permanent hearing loss when exposure
to an intense sound field is long and protective measures are
not taken. This problem has become a matter of serious con-
cern to industrial corporations, labor unions, and insurance
companies.

Lack of proper sound treatment in the classroom may lead
to excessive noise levels and reverberations, with resulting
difficulties in communication between teacher and class. The
school teacher's job may become a nightmare because a few
corners were cut to decrease, by some small fraction, the
initial cost of the classroom.

The General Radio Sound-Measuring System has been
developed to help the many people whose job it is to deter-
mine the noise output from machines, trucks, airplanes, and
appliances, or the noise environment in homes, schools, fac-
tories, and recreation centers.

In addition to the measurement of noise, this equipment has
many applications in measuring the performance of systems
transmitting music and speech, in evaluating the character-
istics of acoustic materials, in psychoacoustical studies, and
in many other fields of physical science, engineering, and the
social sciences.

To the physicist, noise is a sound, whose character can be
defined and whose properties can be measured with the same
equipment that measures other sounds. To the psychologist,
who is also interested in all types of sounds, noise is an
undesired sound, as contrasted with music and speech, which
are usually desired sounds. Whenever we study the effects of
physical phenomena on human beings, we are working in a
field where the interests of the psychologist and those of the
physicist overlap. The result is usually a happy collaboration,
and in no field has this collaboration been more fruitful than
in the measurement and evaluation of the effects of noise.

The study of mechanical vibration is closely related to that
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of sound, because sound is produced by the transfer of me-
chanical vibration to air. Hence, the process of quieting a
machine or device often includes a study of the vibrations
involved.

Conversely, high-energy acoustical noise such as gen~-
erated by powerful jet or rocket engines, can produce
vibrations that may weaken structural members of a vehicle
or cause electronic components to fail.

Other important effects of vibration include: human dis-
comfort and fatigue from excessive vibration of a vehicle,
fatigue and rupture of structural members, and increased
maintenance of machines, appliances, vehicles, and other
devices.

Vibration, then, is a source not only of noise, annoyance,
and discomfort, but often of danger as well, The present
refinement of high-speed planes, ships, and automobiles
could never have been achieved without thorough measure-
ment and study of mechanical vibration.

The instruments used in sound and vibration measurement
are mainly electronic. Furthermore, some of the concepts
and techniques developed by electronics engineers and
physicists for dealing with random or interfering signals (for
which they have borrowed the term ''noise'') are now used in
sound and vibration studies.

The purpose of this book is to help those who are faced,
possibly for the first time, with the necessity of making noise
measurements. It attempts to clarify the terminology and
definitions used in these measurements, to describe the mea-
suring instruments and their use, to aid the prospective user
in selecting the proper equipment for the measurements he
must make, and to show how these measurements can be inter-
preted to solve typical problems.

Although some may wish to read the chapters of this book
in sequence, many will find it more convenient to consult the
table of contents or the index to find the sections of immediate
interest. They then can refer to the other sections of the book
as they need further information. For example, Chapter 5
(""What Noise and Vibration Measurements Should be Made'')
could be consulted first if a specific problem is at hand. The
reader can then find further details on the instruments recom-
mended (Chapter 4) and on the techniques of use (Chapter 8).

Some sections of this book are marked by an asterisk to
indicate that they might well be omitted during an initial read-
ing, since they are highly specialized or very technical.



chapter 2

WHAT ARE NOISE AND VIBRATION?

2.1 INTRODUCTION.

When an object moves back and forth, it is said to vibrate.
This vibration disturbs the air particles near the object and
sets them vibrating, producing a variation in normal atmos-
pheric pressure. The disturbance spreads, and when the
pressure variations reach our ear drums, they too are set to
vibrating. This vibration of our ear drums is translated by
our complicated hearing mechanisms into the sensation we
call "sound."

To put it in more general terms, sound in the physical
sense is a vibration of particles either in a gas, a liquid, or
a solid. The measurement and control of air-borne sound is
the basic subject of this book. Because the chief sources of
sounds in air are vibrations of solid objects, the measure-
ment and control of vibration will also be discussed, Vibra-
tions of and in solids often have important effects other than
those classified as sound, and some of these will also be
included.

We have mentioned that a sound disturbance spreads. The
speed with which it spreads depends on the mass and on the
elastic properties of the material. In air the speed is about
1100 feet/second (about 750 miles/hour) or about 340 meters/
second; in sea water it is about 1490 meters/second. The
speed of sound has been popularized in aerodynamic concepts
of the sound barrier and the supersonic transport, and its
effects are commonly observed in echoes and in the apparent
delay between a flash of lightning and the accompanying
thunder.

The variation in normal atmospheric pressure that is a
part of a sound wave is characterized by the rate at which the
variation occurs and the extent of the variation. Thus, the
standard tone '"A'" occurs when the pressure changes through
a complete cycle 440 times per second. The frequency of this
tone is then said to be 440 hertz, or 440 cycles per second
(abbreviated '"Hz' and "c¢/s'", respectively). "Hertz'' and
"eycles per second' are synonymous terms, but most stan-
dardizing agencies have adopted "hertz'' as the preferred unit
of frequency.

Many prefixes are used with the unit of frequency, but the
one that is common in acoustics and vibrations is "kilo-,"
abbreviated "k,'" which stands for a factor of 1000. Thus,
8000 Hz or 8000 c/s becomes 8 kHz or 8 ke/s.

The extent of the variation in pressure is measured in



terms of a unit called the "microbarl," which is approximately

one-millionth of the normal atmospheric pressure (standard
atmospheric pressure = 1,013,250 microbars), or in terms of
newtons per square meter, which is 10 microbars. Actually,
these units are not often mentioned in noise measurements.
Results are stated in decibels.

2.2 THE DECIBEL — WHAT IS IT?

Although to many laymen the decibel (abbreviated "dB') is
uniquely associated with noise measurements, it is a term
borrowed from electrical communication engineering, and it
represents a relative quantity. When it is used to express
noise level, a reference quantity is implied. Usually, this
reference value is a sound pressure of 20 micronewtons per
square meter (abbreviated 20 uN/m2). For the present, the
reference level can be referred to as "0 decibels,' the start-
ing point of the scale of noise levels. This starting point is
about the level of the weakest sound that can be heard by a
person with very good hearing in an extremely quiet location.
Other typical points on this scale of noise levels are shown
in Figure 2-1. For example, the noise level in a large office
usually is between 50 and 60 decibels. Among the very loud
sounds are those produced by nearby airplanes, railroad
trains, riveting machines, thunder, and so on, which are in the
range near 100 decibels. These typical values should help the
newcomer to develop a feeling for this term ''decibel' as
applied to sound level.

For some purposes it is not essential to know more about
decibels than the above general statements. But when we need
to modify or to manipulate the measured "decibels," it is
desirable to know more specifically what the term means.
There is then less danger of misusing the measured values.
From a strictly technical standpoint, the decibel is a logarithm
of a ratio of two values of power, and equal changes in decibels
represent equal ratios.

Although we shall use decibels for giving the results of
power level calculations, the decibel is most often used in
acoustics for expressing the sound-pressure level and the
sound level. These are extensions of the original use of the
term, and all three expressions will be discussed in the follow-
ing sections. First, however, it is worthwhile to notice that
the above guantities include the word "level." Whenever
"level" is included in the name of the quantity, it can be ex-
pected that the value of this level will be given in decibels or

Here, the prefix "micro" stands for a factor of one-
millionth, and that prefix is abbreviated by the use of the Greek
letter "W" (mu). Thus "UN" stands for 0.000001 newton.
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Figure 2-1. Tuvpical A-weighted sound levels measured with
a sound-level meter. These values are taken from the lit-
erature,  Sound-level measurements give only part of the
information usually necessary to bandle noise problems, and
are often supplemented by analysis of the noise spectra.



in some related term and that a reference power, pressure,
or other quantity is stated or implied.

2.3 POWER LEVEL.

Because the range of acoustic powers that are of interest
in noise measurements is about one billion billion to one
(1018:1), it is convenient to relate these powers on the deci-
bel scale, which is logarithmic. The correspondingly smaller
range of numerical values is easier to use, and, at the same
time, some calculations are simplified.

The decibel scale can be used for expressing the ratio
between any two powers; and tables for converting from a
power ratio to decibels and vice-versa are given in Appendix
I of this book. For example, if one power is four times an-
other, the number of decibels is 6; if one power is 10,000
times another, the number is 40 decibels.

It is also convenient to express the power as a power level
with respect to a reference E:ower. Throughout this book the
reference power will be 10~ 2 watt. Then the power level
(PWL) is defined as

W
1n0-12

where W is the acoustic power in watts, the logarithm is to
the base 10, and re means referred to. This power level is
conveniently computed from

12

PWL = 10 log dB re 107 "° watt

PWL = 10 log W + 120

since 10”12 as a power ratio corresponds to =120 dB. The
quantity 10 log W, which is the number of decibels correspond-
ing to the numerical value of W watts, can be readily obtained
from the decibel tables in the Appendix. For example, 0.02
watt corresponds to a power level of

-17 + 120 = 103 dB.

Some typical power levels for various acoustic sources are
shown in Figure 2-2.

No instrument for directly measuring power level of a
source is available. Power levels can be computed from the
sound-pressure measurements described in Section 2.8.5.

2.4 SOUND-PRESSURE LEVEL.
It is also convenient to use the decibel scale to express the

ratio between any two sound pressures; tables for converting
from a pressure ratio to decibels and vice-versa are given in
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Figure 2-2. Typical power levels for various

dcoustic sources.

These levels bear no sim-

ple relation to the sound levels of Figure 2-1.

See Section 2.

8.5.



the Appendix. Since sound pressure is usually proportional to
the square root of the sound power, the sound-pressure ratio
for a given number of decibels is the square root of the
corresponding power ratio. For example, if one sound pres-
sure is twice another, the number of decibels is 6; if one
sound pressure is 100 times another, the number is 40 deci-
bels.

The sound pressure can also be expressed as a sound-
pressure level with respect to a reference sound pressure.
For air-borne sounds this reference sound pressure is gen-
erally 20 uN/m2. For some purposes a reference pressure
of one microbar (0.1 N/m?2) has been used, but throughout this
book the value of 20 uN/m? will always be used as the refer-
ence for sound-pressure level. Then the definition of sound-
pressure level (SPL) is

SPL = 20 log—ﬁ dB re 20 micronewtons/ meter squared

where P is the root-mean-square sound pressure in newtons/
meter squared for the sound in question. For example, if the
sound pressure is one N/ mz, then the corresponding sound
pressure ratio is

1
m or 50000,

From the tables, we find that the pressure level is 94 dB re
20 uN/m?2. If decibel tables are not available, the level can,
of course, be determined from a table of logarithms.

The instrument used to measure sound-pressure level con-
sists of a microphone, attenuator, amplifier, and indicating
meter. This instrument must have an over-all response that
is uniform (''flat') as a function of frequency, and the instru-
ment is calibrated in decibels according to the above equation.

The position of the selector switch of the instrument for
this measurement is often called "FLAT" or "20-KC" to
indicate the wide frequency range that is covered. The result
of a measurement of this type is also called ''overall sound-
pressure level."

2.5 SOUND LEVEL.

The apparent loudness that we attribute to a sound varies
not only with the sound pressure but also with the frequency
(or pitch) of the sound. In addition, the way it varies with fre-
quency depends on the sound pressure. This effect is taken
into account to some extent for pure tones by ''weighting'' net-
works included in an instrument designed to measure sound-
pressure level, and then the instrument is called a sound-
level meter. In order to assist in obtaining reasonable uni-
formity among different instruments of this type, the USA



Standards Institute (formerly, American Standards Associa-
tion), in collaboration with scientific and engineering societies,
has established a standard to which sound-level meters should
conform.

The current USA Standard for Sound-Level Meters (51.4,
1961) requires that three alternate frequency-response
characteristics be provided in the instrument (see Figure
2-3). These three responses are obtained by weighting net-
works designated as A, B, and C. Responses A, B, and C
selectively discriminate against low and high frequencies in
accordance with certain equal-loudness contours, which will
be described in a later section.

Whenever one of these networks is used, the reading ob-
tained should be described as in the following examples: the
”A-weiéhted sound level is 45 dB" or "sound level (A) =
45 dB."2 Note that when a weighting characteristic is used,

,5/ B AND C
c |

-15 = — —=
250 ; B FREQUENCY RESPONSES

FOR SLM WEIGHTING CHARACTERISTICS

RELATIVE RESPONSE - DECIBELS
I
[+
> \

-40 //
-45

20 50 100 200 500 1000 2000 5000 10000 20000
FREQUENCY IN CYCLES PER SECOND [Eze)

Figure 2-3. Frequency-response characleristics in the USA
Standard for Sound-Level Meters, §1.4, 1961.

2In a table, the abbreviated form "L, "' with the unit ""dB"
is suggested, or where exceptional compactness is necessary,
"dB (A)." The form "dBA' has also been used, but this nota-
tion implies that a new unit has been introduced and is there-
fore not recommended.



the reading obtained is said to be the "sound level."® Only
when the over-all frequency response of the instrument is
"flat' are sound-pressure levels measured. Since the read-
ing obtained depends on the weighting characteristic used, the
characteristic that was used must be specified or the recorded
level may be useless.

In general, it is recommended that readings on all noises
be taken with all three weighting positions. The three readings
provide some indication of the frequency distribution of the
noise. If the level is essentially the same on all three net-
works, the sound probably predominates in frequencies above
600 Hz. If the level is greater on the C network than on the A
and B networks by several decibels, much of the noise is prob-
ably below 600 Hz.

In the measurement of the noise produced by distribution
and power transformers, the difference in readings of level
with the C-weighting and A-weighting networks (Lo-Ly) is
frequently noted. This difference in decibels is czﬁ.‘le the
"harmonic index." It serves, as indicated above, to give some
idea of the frequency distribution of the noise.

2.6 COMBINING DECIBELS.

A number of possible situations require the combining of
several noise levels stated in decibels. For example, we may
want to predict the effect of adding a noisy machine in an
office where there is already a significant noise level, to cor-
rect a noise measurement for some existing background noise,
to predict the cormbined noise level of several different noise
sources, or to obtain a combined level of several levels in
different frequency bands.

In none of these situations should the numbers of decibels
be added directly. The method that is usually correct is to
combine on an energy basis. The procedure for doing this is
to convert the numbers of decibels to relative powers, to add
or subtract them, as the situation may require, and then to
convert back to the corresponding decibels. By this proce-
dure it is easy to see that a noise level of 80 decibels com-~
bined with a noise level of 80 decibels yields 83 decibels and
not 160 dB. A table showing the relation between power ratio
and decibels appears in Appendix I. A chart for combining or
subtracting different decibel levels is shown in Appendix II.

31t was customary, if a single sound-level reading was de-
sired, to select the weighting position according to level, as
follows: for levels below 55 dB, A weighting; for levels from
55 dB to 85 dB, B weighting; and for levels above 85 dB, C
weighting. Now, however, the A-weighted sound level is the
one most widely used regardless of level. See Page 57.
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2.7 ANALYSIS IN FREQUENCY BANDS.

The noises that we measure are rarely pure tones. They
are usually a jumble of sounds that may range from a low-
frequency roar to a high-frequency squeal. We react to these
sounds in different ways that depend not only on the over-all
levels, but also on the composition of the noise as a function
of frequency. In order to measure this composition, we make
a frequency analysis, which indicates how the sound energy
is distributed over the audible range of frequencies.

In this analysis, the acoustic energy is electronically
separated into various frequency bands, for example, octave
bands, each of which covers a 2-to-1 range of frequencies.
The analysis yields a series of levels, one for each band,
called "band levels,' or, for octave bands, "octave-band
levels." Here it is apparent that the band in which a reading
of level was obtained must be specified if the information is
to be of value.

2.7.1 OCTAVE BANDS. The preferred series of octave bands
for acoustic measurements cover the audible range in ten
bands. The center frequencies of these bands are 31.5, 63,
125, 250, 500, 1000, 2000, 4000, 8000, and 16,000 Hz. The
actual nominal frequency range of any one of these bands is
2-to-1; for example, the effective band for the 1000 Hz octave
band extends from 707 to 1414 Hz.

Another series of octave bands has been widely used in the
past. The older bands were a 75-Hz low-pass unit, and the
octave bands of 75 to 150, 150 to 300, 300 to 600, 600 to 1200,
1200 to 2400, 2400 to 4800, and 4800 to 9600 Hz, but these are
no longer preferred, according to USASI standards. This
older series is still specified in a number of test codes, how-
ever, and the published data obtained with this series is ex-
tensive.=

When a graph is made of the results of octave-band pres-
sure level measurements, the frequency scale is commonly
divided into equal intervals between the position designated
for each band and the position for the band adjacent to it in
frequency. The pressure level in each band is plotted as a
point on each of these positions along the other axis. Adjacent
points are then connected by straight lines. An example of a
plot of this type is given in Figure 2.4.

2.7.2 ONE-THIRD-OCTAVE BANDS. For more detailed
analysis of the distribution of sound energy as a function of

4A method for converting octave-band levels measured with
this older series to levels for the new series is given in
Appendix A of USASI S1.11-1966, USA Standard Specification
for Octave, Half-Octave, and Third-Octave Band Filter Sets.
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Figure 2-4. A plot of the octave-band analysis of noise from a calcu-
lating machine. Graph paper for plotting octave band levels is avail-
able from Codex Book Co., Inc., Norwood, Mass., as Forms 31464
and 31460 for the preferred octaves and the older series, respectively.

frequency, still narrower bands are used. The next popular
division is a split of the octave into three parts. This choice
is based partly on the fact that ten such filters can be
arranged effectively to cover a 10-to-1 frequency range. The
preferred center frequencies for such a series would be, for
example, 100, 125, 160, 200, 250, 315, 400, 500, 630, and 800
Hz. The next 10-to-1 set would start with 1000 Hz as the
center frequency and continue by multiplying each number by
10 and so on (1000, 1250, 1600, 2000 . . .). Similarly, lower
preferred frequencies are obtained by a division of 10, 100,
ete. For practical reasons the usual span of third octaves for
acoustic noise analysis runs from 25 to 10,000 Hz.

The actual effective band for a one-third-octave filter at
1000 Hz extends from about 891 to 1122 Hz. That is, the band-
width is about 23% of the center frequency.

2.7.3 NARROWER BANDS. Still narrower bands are essential
for some purposes, and this will be apparent later. Frequency
analyzers with one-tenth-octave bands, about 7% in width, and
another with 1% bands are also available., Another type of
analyzer divides the frequency range into bands that are a
constant number of hertz (e.g. 10 Hz or 50 Hz) wide. None of
these narrower band systems is standardized, but they are
often essential for use in noise and vibration control.

These highly selective systems are usually built so that the
center frequency of the band can be set to any frequency

12
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within the audio range and not just in discrete steps. This
feature is often helpful for tracking down sources of noise and
vibration,

2.7.4 SPECTRUM LEVEL. The spectrum level of a noise is
the level that would be measured if an analyzer had an ideal
response characteristic with a bandwidth of 1 Hz. The main
uses of this concept are comparing data taken with analyzers
of different band widths and checking compliance with speci-
fications given in terms of spectrum level. Charts for
converting to this spectrum level from the band levels obtain-
ed with the octave- and third-octave-band analyzers are given
in the accompanying table and in Figure 2-6.

The corrections for spectrum level for a constant-band-
width analyzer are independent of the center frequency to which
it is tuned but do depend on the bandwidth used. For a 3-Hz
band subtract 3.7 dB; 10-Hz, subtract 9 dB; 50-Hz, subtract
15.9 dB to obtain the spectrum level. (These correction num-
bers take into account average-type metering characteristics
as well as the bandwidth.)

This conversion has meaning only if the spectrum of the
noise is continuous within the measured band and if the noise
does not contain prominent pure-tone components. For this
reason the results of this conversion should be interpreted
with great care to avoid drawing false conclusions.

The sloping characteristic given for the third-octave
analyzer in Figure 2-6 results from the fact that the analyzer

13
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Figure 2-6. Plot showing number of decibels to be subtracted [rom
Type 1564-A readings to obtain spectrum level. The '"Narrow Band"
is about 7% wide, the ''1/3 octave®' is about 23% wide.

2.8 SOUND FIELDS.

In order to describe some of the important characteristics
of the sound fields that noise sources produce, we shall begin
with a discussion of a simple source under idealized condi-
tions. Then we shall point out various factors that alter the
idealized conditions and discuss in general what the important
effects are.

2.8.1 SIMPLE SOURCE IN FREE FIELD.

2.8.1.1 Point Source. Any vibrating object will radiate sound
into the air. The amount of sound radiated depends on (1) the
amplitude of vibration of each vibrating part, (2) the area of
each part, and (3) the time pattern of the vibrations, including
the relative time pattern compared with that of the other
parts.

The simplest form of source is a sphere that vibrates uni-
formly over its entire surface. We can think of this source as
a round balloon with air in it. We periodically pump some
more air into it and then let the same amount of air out. If

15



the surface of the balloon then expanded and contracted uni-
formly, the balloon would be a simple, spherical source.
This source radiates sound equally in all directions from an
ap'?arent center, which is the center of the balloon. It then is
a "point" source, insofar as sound radiation is concerned.

2.8.1,2 Free Field. If such a point (or spherical) source is in
the air far from any other objects, including the ground, the
sound pressure produced by the source is the same in every
direction at equal distances from the point source. Further-
more, the sound pressure is halved for each doubling of dis-
tance from the point. This change is usually expressed as a
decrease in sound-pressure level of 6 dB. The sound field
produced under these idealized conditions is called a free
sound field or, simply a free field because it is uniform, it is
free from all bounding surfaces, and it is undisturbed by other
sources of sound,

2.8.1.3 Power Level in Free Field. Under free-field condi-
tions, a single measurement! of the sound-pressure level at a
known distance from a Qcoint source is enough to tell us all
about the sound field radiated by the source. For example, we
can then predict the level at any other point, since the sound
pressure varies inversely as the distance from the source.
We can also compute the total sound power radiated by the
point source. This calculation is usually made in terms of
the power level re 10712 watt (PWL) of the source (Section
2.3). Then the required relation to the sound-pressure level
(SPL) is:

PWL = SPL + 20 logr + 0.5dB (r in feet)

where r is the distance in feet from the point source to the
point where the sound-pressure level is measured. This re-
lation is correct for a point source in a free field at normal
room temperature and barometric pressure, that is, 20°C and
1013 millibars. At other temperatures and pressures, the
correction shown in the graph of Figure 2-T applies. This
correction is usually unimportant.

As an example, suppose that we measure a sound-pressure
level of 73.5 dB re 20 uN/m? at a distance of 20 feet from a
point source. Then

PWL = 73.5+ 20 log 20 + 0.5 = 100 dB re 10”12 watt.

IThe concept of a point source is an idealized one. It is
not reasonable to assume that an actual source is a true point
source, so that one should never be content with a single
measurement (refer to Section 2.8.2).
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idealized behavior is upset by the effects of variation in ter-
rain, atmospheric conditions, and the interference of nearby
objects.

*2.8.2.3 Near Field and Far Field. We can also see that at
locations close to the transformer the sound-level contours
are different in shape from those at a distance. Furthermore,
there is no apparent center from which one finds the 6-dB
drop for each doubling of distance. Consequently, this ''near
field" behavior cannot readily be used to predict the behavior
at a distance, The differences between the ''near field" and
"far field" can be described in part as follows: Assume we
have a source in which one part moves outwardly while an-
other moves inwardly and vice versa. The air pushed away
by one part will then tend to move over to compensate for the
decrease in air pressure at the inward moving part. If the
air can move over quickly enough, there will be considerable
motion of air between the two parts, without contributing much
to radiation of sound away from the source. The time factor
in this motion of air can be expressed as a relation between
the distance to be covered and the wavelength of the sound in
air. The wavelength, A, at normal temperature is as follows:

L= 21‘3_0 feet = if%i meters

where f is the freguency in hertz and 1130 feet per second is
the speed of sound. Then, in order that the "near field" effect
should not be very important, one should be at least one wave-
length away from the source. This dimension should be de-
termined on the basis of the lowest frequency of interest. For
the example of the 60-Hz transformer, the lowest frequency of
sound is 120 Hz, which corresponds to a wavelength of about
10 feet.

Another factor that enters into the differences between the
"near field" and 'far field" behavior is the way the sound
waves spread out from a source. The sound waves from a
large source vary with distance differently from waves pro-
duced by a small source. But at a distance of several (3 to 4)
times the largest dimension of the radiating source, "spheri-
cal spreading' is said to exist, and the behavior is then es-
sentially independent of the size of the source.

%2.8.2.4 Directivity Factor. When we are interested in sound-
pressure levels beyond the immediate vicinity of the source,
any sound can be treated as a point source provided we intro-
duce a directivity factor. This factor takes into account the
variation in sound-pressure level with direction to the source.
This directivity factor, which is a function of direction and
frequency, is usually labeled @. It can be expressed as the
ratio of two acoustic powers. One of these powers is that
which would be radiated by a point source in order to produce
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the observed sound-pressure level in the specified direction,
The other power is the total acoustic power radiated by the
actual source.

*2.8.2.5 Sound-Pressure Level for a Directional Source, When
we know this directivity factor for the direction of interest, we
can use it, in the earlier equation for a point source, as a
multiplying factor on the power. Expressed in terms of level
the new equation is as follows:

SPL = PWL+ 10 log Q =20 log r -0.5 dB  (r in feet)

This equation relates the power level of the source, the sound-
pressure level in a given direction at a distance r feet from
the source, and the directivity factor for that direction. (This
equation is also subject to the minor corrections for tempera-
ture and pressure shown in Figure 2-7.)

For example, let us assume that an auto horn whose mea-
sured power level is 104 dB is sounded. We are interested in
the sound-pressure level at a distance of 20 feet in the hori-
zontal plane of the horn, but at an angle of 20° from the prin-
cipal axis of the horn. Along this direction of 20°from the
axis the directivity factor is 5, say. Then we have

SPL = 104 + 10 log 5 -20 log 20 -0.5 = 84,5 dB
at 20 feet in the required direction.

2.8.3 SIMULATED FREE FIELD. The free-field condition
does not occur in practice, because of the effects of sound
reflected from the ground or floor, from nearby objects, and
from walls and ceiling. The result of these reflections is that
the sound-pressure level measured at a distance from the
source is different from that predicted by the free-field equa-
tions. The reflections can be reduced by acoustic absorbing
materials applied to the reflecting surfaces. By the proper
design and application of this treatment, one can produce in a
room a limited space having the essential characteristics of a
free field over a wide frequency range. Many such rooms,
called "anechoic' or "free-field" rooms, have been built and
are described in the literature. When accurate measurements
of the radiated sound power and directivity are required, the
measurements should be made in such an environment.

2.8.4 EFFECT OF REFLECTIONS IN ROOM. The sound that
a noise source radiates in a room is reflected by the walls,
floor, and ceiling. The reflected sound will again be reflected
when it strikes another boundary, with some absorption of
energy at each reflection. The net result is that the intensity
of the sound is different from what it would be if these re-
flecting surfaces were not there,
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Close to the source of sound there is little effect from these
reflections, since the direct sound dominates. Butfar from
the source, unless the boundaries are very absorbing, the re-
flected sound dominates, and this region is called the rever-
berant field. The sound-pressure level in this region depends
on the acoustic power radiated, the gize of the room, and the
acoustic absorption characteristics of the materials in the
room. These factors and the directivity characteristics of the
source also determine the region over which the transition
between reverberant and direct sound occurs.

A second effect of reflected sound is that measured sound
does not necessarily decrease steadily as the measuring posi-
tion is moved away from the source. At certain frequencies
in a room with hard walls, marked patterns of variations of
sound pressure with position may be observed. Variations of
up to 10 dB are common and, in particular situations, much
more may be found. These variations are usually of the fol-
lowing form: As the measuring microphone is moved away
from the source, the measured sound pressure decreases to a
minimum, rises again to a maximum, decreases to a mini-
mum again, etc. These patterns are called standing waves.
They are noticeable mainly when the sound source has strong
frequency components in the vieinity of one of the very many
possible resonances of the room. They also are more likely
to be observed when a frequency analysis is made; and the
narrower the bandwidth of the analyzer, the more marked
these variations will be.

In a room, the spacing from one minimum in sound pres-
sure to another is on the average greater than one-half wave-
length.

2.8.4.1 Reverberation Room. If a room has very little sound
absorption, the room is said to be "live' or reverberant.
Sound from a source in such a room will be reflected many
times as it bounces back and forth on the surfaces of the
room. At any one point in this room the sound will have ar-
rived there from many directions because of the many re-
flections. If the room dimensions are properly proportioned
and certain other design features are included, the flow of
sound energy in all directions can be made nearly equally
probable, and the field is then said to be diffuse. This type of
room is called a reverberation room, and it is widely used
for the measurement of the sound absorption of materials,
as well as for sound power measurements when the direc-
tivity characteristics are not required.

2.8.4.2 Additional Room Characteristics. As described ear-
lier, at a distance from a source in a free field the sound-
pressure level tends to decrease 6 dB for each doubling of
the distance. In contrast, in a well designed reverberation
room, the sound-pressure level on the average does not vary
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much about the room except right near the source. Most other
rooms have characteristics that fall between these extremes.
In flat rooms (i.e., rooms whose ceilings are low relative to
room length and width), the sound pressure level, at a distance
from the source, tends to decrease a fixed amount, but less
than 6 dB, for each doubling of distance. The decrease de-
pends on the sound absorption in the room. In very long rooms
or halls the sound-pressure level tends to decrease a fixed
number of decibels for a constant increment in the distance
from the source.

2.8.5 MEASUREMENT OF ACOUSTIC POWER. A noise rating
is often intended to make possible the prediction of the noise
level that the apparatus will produce when installed. In order
for the rating to be adequate for this purpose, the total acou-
stic power radiated by the source and the acoustic directivity
pattern of the source should be included as part of the rating.
We shall explain in this section how the power and directivity
can be determined, but first we shall discuss the limitations
of the usual method of noise rating.

For example, an air compressor may be rated by the manu-
facturer as producing a noise level of 85 dB at a distance of
five feet. This level may have been calculated by an averag-
ing of a few sound level readings five feet from the compres-
sor. When it is installed and the level is measured, the new
level may be, say, 90 dB at five feet. Naturally, the purchaser
feels that he should complain because the machine was incor-
rectly rated; perhaps he returns the compressor, or he de~
cides that he can no longer trust the manufacturer. Actually,
the manufacturer may have been entirely correct in his noise
measurements, but the rating was inadequate. The difference
of 5 dB may have been caused by incorrect installation, but
usually such a difference is a result of the acoustical charac=-
teristics of the factory space. By the use of an adequate rat-
ing system and a knowledge of acoustical room characteristics,
it would have been possible to predict this effect.

Another part of this problem is the prediction of levels at
places in the factory other than at the measurement distance.
For example, the nearest worker may be 20 feet away, and
the level at a distance of 20 feet is then more important than
at 5 feet. Apgain, a knowledge of the acoustic power radiated
and the acoustical characteristics of the factory space will be
needed to predict the probable level at this distance.

2y, Ogawa, "The Applicable Limit of Beranek's Formula
and Ishii's Formula of Sound Pressure Level Distribution in a
Room," Journal of the Acoustical Society of Japan, Vol. 21,
No. 3, May 1965, pp. 137-140. H. J. Gober & E, Liibcke, ''Sound
Field in Very Wide and Long Rooms, "Journal of the Acoustical
Society of America, Vol. 39, No. 6, June 1966, p. 1266.
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made to obtain an accurate picture of the directivity pattern,
the extent of the variation can be noted. Then, provided the
variation is less than 6 dB, the average level can be used as a
representative value for the area.

*2.8.5.2.2 Uniformly Distributed Measuring Points. The cal-
culations for the radiated power are simpﬂfﬂiea if the measur-
ing points are uniformly distributed on the surface of the
sphere. Because of the nature of the geometric pattern, only
six such sets of points are possible. These six sets have 2,
4, 6, 8, 12, and 20 uniformly distributed points. The locations
for the sets of 8, 12, and 20 points are shown in Figures 2-9,
2-10, and 2-11. The particular orientation of the points shown
was first published in the 1953 edition of this handbook; these
are now generally used, although a different orientation with
respect to the ground plane may be found desirable for some
particular applications. The areas associated with the sets
of 8, 12, and 20 points are regular spherical triangles, regu-
lar spherical pentagons, and regular spherical triangles,
respectively.

Other sets of points that may be useful are those that cor-
respond to the vertices of an Archimedean semiregular poly-
hedron. The most interesting of these have 24 (see R. M.
Robinson, "Arrangement of 24 Points on a Sphere," Math.
Annalen, 144, 17-48 (1961)), 48, and 60 points. Although these
points are not uniformly distibuted, they are all of equal im-
portance, because the distribution of points around any one
point is the same for all points,

*2.8.5.2.3 Hemispherical Measurements. When the device to
be tested is normally mounted on a concrete foundation or on
the ground, it is often desirable to test it while it is so mounted.
Then the sound-pressure level measurements should be made
at points on a hypothetical hemisphere surrounding the source.
The sets of points that lead to simple calculations of power
level are now modified. A set of four points (half the set of
eight) can be properly used, and a set of six points (half the
set of 12) can be used even though the distribution is not ex-
actly uniform, A set of 12 can also be used, but then four of
the set must be weighted by a factor of one-half (or, 3 dB is
subtracted from the levels at these four points). (See Figure
2=1is)

By a rotation of the set of 20 points shown in Figure 2-11, a
set of 10 points can be selected from this set with all the
points above the plane. This procedure avoids the problems
associated with the points in a plane. This new set is shown
in Figure 2-12.

When the hemisphere is used, the procedure for calculating
power is the same as that described for the sphere (paragraph
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Figure 2-9. Plan view of
eight points uniformly dis-
tributed on a sphere of
unit radius. Coordinates
are given in terms of dis-
tances from center along
three mutually perpendic-
wlar axes (x, y, z). The
"4 refers to the exis-
tence of two poinls, one
above the x-y reference
plane and one below.
When measurements are to
be made on a bemisphere,
only the four points above
the plane are used.

Figure 2-10. Plan view
of 12 points uniformly
distributed on a sphere
of unit radius. Coordi-
nates are given as in the
previous figure. When
medsurements dare lo be
made on a hemisphere,
only the six points above
the x-y reference plane
(positive wvalues of Z)
are used.

Figure 2-11. Plan view
of 20 points uniformly
distributed on a sphere
of unit radius. Coordi-
rnates are given as in
Figure 2-9. When mea-
surements are to be made
on a hemisphere, 12
points are used. eight
above the reference plane
and four in plane (Z = 0,
shown encircled). The
four in the plane are
weighted by a f[actor of
1/2 in power (see text).
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Figure 2-12. Plan view of 10 points distributed on a
hemisphere of unit radius.

2.8.5.3). But 3 dB should be subtracted from the power level
finally obtained, because the area of the hemisphere is just
one-half that of the sphere.

*2.8.5.2.4 Rotation of Source. Another way of simplifying the
calculations is to rotate the source, with the microphones
placed on the surface of a hypothetical sphere surrounding the
source, so that the projections of their positions on the axis
of rotation are uniformly distributed. A variation of this
method, practiced by the Bell Telephone Laboratories, calls
for the rotation of a set of microphones about a stationary
source.
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#2.8.5.3 Calculation of Power Level. If exploration shows that
the basic set of points yields representative data, the calcula-
tions of the power level and directivity factor can be made.
For a uniformly distributed set of points, first calculate the
average level on a power basis. If the total range of sound-
pressure levels is less than 6 dB, a simple arithmetical aver-
age is usually adequate. The accurate method for any situa-
tion is as follows: Convert the decibel readings at each of the
points of measurement to power ratios by using the tables in
the Appendix, add these power ratios, and convert back to a
decibel level. Then subtract the decibel value corresponding
to a power ratio numerically equal to the number of levels used
(for 8, 12, and 20 readings subtract 9, 10.8, and 13 dB respec-
tively). The result is then the average level, which we shall
call SPL. Provided free-field conditions exist, the power level
is then calculated from the equation:

PWL = SPL + 20 log r + 0.5 dB

where r is the radius, in feet, of the measuring sphere. When
the rotating source or rotating microphones are used as de-
scribed in paragraph 2.8.5.2.4, the average energy during a
complete rotation as well as for all the microphone positions
should be taken, and the corresponding average sound-pressure
level used in the above formula.

*2.8.5.4 culation of Directivity Factor. After the average
sound-pressure level, SPL, has been determined, the direc-
tivity factor can also be calculated. If it is desired for a
particular direction, the sound-pressure level on the measur-
ing sphere corresponding to that direction, SPLy, is measured.
The difference between this level and the average level is
called the directional gain, DG]_. Thus,

To determine the directivity factor, Q, convert the DG
value in decibels into a power ratio by using the decibel tables
in the Appendix. Thus, a directional gain of -2 dB corre-
sponds to a directivity factor of 0.63.

*2.8,5.5 Effect of Room on Measurements. The space in which
power level and directivity are to be determined must be
carefully considered. As explained previously and in para-
graph 2.8.5.5.1, the measurement should ordinarly be made in
an anechoic chamber. Sometimes the measurement can be
made outdoors, far from other objects. If the device under
test is normally mounted on the ground, this outdoor measure-
ment may be ideal, provided that the location is free from
interfering objects and the background noise level is low
enough.
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*2.8.5.5.1 Requirements on Room Characteristics. If the
measurement is to be made in a room, it should be a large
room, with extensive acoustic treatment. The measurement
points should not be closer to the acoustic treatment than one-
fourth wavelength at the center frequency for the lowest re-
quired band (approximately 5 feet for the lowest standard
octave). Large acoustic absorption is particularly important
if the directivity characteristics must be accurately deter-
mined. In order to obtain satisfactory results in moderate-
sized rooms, extra-ordinarily good acoustic treatment must
be used. Many of these special anechoic chambers have been
built,4 and some of them have been described in the Journal of
the Acoustical Society of America.

*2.8.5.6 Sound Source in a Reverberant Room®. All sources
that radiate sound as discrete tones or as very narrow-band
components and all sources whose directivity must be deter-
mined can be measured only by the above "free-field" pro-
cedure. The total power radiated by a source whose sound
energy is distributed over a wide band of frequencies can,
however, be determined in a reverberant room — that is, a
room with hard walls, floor, and ceiling.

*2.8.5.6.1 Measurements in a Reverberant Room. Ina rever-
berant room, sound power can be determined from measure-
ments of average sound pressure in the room and of the total
absorption. The absorption is determined from a measure-
ment of the rate at which a transient sound in the room de-
cays. The procedure is as follows: The sound source in the
room is turned on and the sound is allowed to reach a steady
value. The sound is picked up by the mierophone of a sound-
level meter whose output is recorded on a graphic level re-
corder. The sound source is abruptly turned off, the sound
in the room decays, and this decay is plotted by the graphic
level recorder. The initial slope of the decay curve in dB per
second is the rate of decay, D.

4Anechoic chambers of various sizes are manufactured by,
for example, The Eckel Corporation, 155 Fawcett Street,
Cambridge, Mass.

5The procedures given in Sections 2.8.5.6 and 2.8.5.7 are
based to a great extent on R. W. Young, "Sabine Reverberation
Equation and Sound Power Calculations'', Journal Acoust Soc
Am, Vol 31, No. 7, July, 1959, pp 912-921; H. C, Hardy,
TStandard Mechanical Noise Sources,'' Noise Control, Vol 5,
No. 3, May, 1959, pp 22-25; R. J. Wells and F. M. Wiener,
'""On the Determination of the Acoustic Power of a Source of
Sound in Semi-Reverberant Spaces'', Noise Control, Vol 7,
No. 1, Jan-Feb, 1961, pp 21-29, and on the work of Am Stds
Assoc Committee S1-W-25, F. M. Wiener, Chairman
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For a highly reverberant room, that is, where D is small
(say 50 dB/sec or less), the sound power level of the source
is then given by the following expression.

PWL = SPL + 10 log V + 10 log D -47.3

where V is the volume of the room in cubic feet and SPL is
the average sound-pressure level in the reverberant field.
The numerical value of 47.3 in the above formula varies with
atmospheric pressure, as shown in Figure 2-13. For most
measurements at sea level the value of 47.3 can be used.

¥2.8.5.6.2 Room Requirements. In order for the measurement
to be accurate, the room must satisfy the following conditions:

1. If the source has a broad spectrum and the measurements
are made in octave bands, the smallest dimension of the room
should be at least equal to a wavelength at the center frequency
of the lowest octave band of interest.

2. No two dimensions of the room should be alike. A ratio
of 1:\3/ 2 : /4 for the height, width, and length is often recom-
mended.

3. The walls of the room should be hard and smooth. Large,
hard objects should be near the boundaries of the room to help
diffuse the sound.

4., The absorption should be small so that the decay rate is
less than about 50 dB/sec for a room of 1000 cubic feet, and
less than about 30 dB/sec for a room of 10,000 cubic feet. For
the lowest frequency band, these decay rates may be doubled.

5. The source should be mounted on the floor or other sur-
face if normally used that way. Otherwise, it may be sus-
pended in the room, but not in the center, at least one-fourth
wavelength from the walls. No large surface of the source
should be parallel to any nearby wall.
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*2.8.5.6.3 Sampling and Averaging Procedure. The desired
sound-pressure level is an average en at several positions
about the source but at a distance from the source at least
equal to the largest dimension of the source and yet not closer
to any wall than one-fourth wavelength. The measurement
positions should also be at least one-half wavelength apart.
The average sound-pressure level should be determined on an
energy basis, as described in paragraph 2.8.5.3.

The initial decay rates at the same set of measurement
positions should be averaged for each measured band. If the
ultimate measurements are to be in octave bands, an octave-
band noise source should be used; for instance, a random
noise generator, filtered by an octave-band analyzer, may be
used as the source. The decay rate for a given set of room
conditions will remain constant over a considerable time,
except at the high audio frequencies where air absorption is
critically dependent on relative humidity.

In a well designed reverberation room fewer measurement
points are needed than for the free-field measurement. If the
source is not highly directional, and if large rotating vanes
are used to alter the standing-wave pattern during the mea-
surement, one microphone position may be adequate for the
measurement. This procedure in effect averages the sound-
pressure level over a large area. The single-microphone
method is not recommended, however, unless extensive ex-
perience has shown that the results are the same as those
obtained with several microphone positions.

Another method of exploring the sound field to obtain an
average is to swing the microphone around a wide area. Still
another is to rotate the source.

*2.8.5.7 Comparison Method. The procedures given above re-
quire special rooms for the measurement of radiated power.
When such measurements must be made in an ordinary room,
a different technique has been proposed by Hardy, Wiener,
Wells, and others. This is a comparison method, in which a
standard source similar to-that to be measured is used as a
reference. The radiated power of this standard source must
have been determined by one of the preceding techniques.

*2.8.5.7.1 Measurement Procedure. The measurement pro-
cedure is as follows:

1. The standard source is turned on in the room. Sound-
pressure level is measured at several places around the
source at a distance from the source eqgual to at least the
maximum dimension of the source. The measurements are
usually made in octave bands. The measured levels are aver-
aged on an energy basis for each band.
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2. The unknown source is operated in place of the stand-
ard source. The sound-pressure levels are measured at the
same points as before and averaged for each octave band.

3. For each octave band the difference in average level
between the standard and the unknown is applied to the known
power level of the standard source.

*2.8.5.7.2 Requirements for Standard Source. The standard
source should produce a stable and reproducible sound. Such
sources have been developed for the Compressed Air and Gas
Institute and for the fan and blower industry. The spectrum
and directional properties of the standard source should be
nearly the same as those of the unknown source.

*2.8.5.7.3 Requirements for Room. The measurement room
should be large, and its characteristics should approach those
of a reverberant room. No obstructing object should be in the
immediate vicinity of the source or the microphone positions.

*2.8.6 PREDICTING NOISE LEVELS. When the acoustic power
output and the directivity pattern of a device are known, the
noise levels that it will produce under a variety of conditions
can be predicted on the average with fair accuracy. These
predictions are based on the principles discussed earlier in
this chapter.

If a noisy device is placed in a room that is not anechoie,
it is desirable to measure the decay rate of sound, D, in the
room; and then the following formula, adapted from one by
Young, can be used to predict the average level of sound in
that part of the room where the reverberant field dominates:

SPL = PWL — 101log V — 10 log D + 47.8

where V is the volume of the room in cubic feet. PWL is the
source power level, and the constant 47.8 varies with atmos~
pheric pressure (to determine the variation add 0.5 dB to the
values shown in Figure 2-13).

Close to the source the level is almost as if free-field
conditions existed. The level decreases with increasing dis-
tance from the source and the average approaches the rever-
berant field level. Here standing waves will exist, and it is
only the average level that can ordinarily be predicted. At
points less than one-fourth wavelength from a hard wall, the
level will be higher than the average in the reverberant field.
Very near a hard wall the increase may be as much as 3 dB;
very close to an edge, 6 dB; and right at the vertex of a
corner, 9 dB.

When the decay rate in the room cannot be measured, it
can be estimated from a detailed knowledge of the room and
its surface conditions. The procedures are given in books on
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architectural acoustics. There the calculation procedure is
normally given for reverberation time, T. The decay rate, D,
is then easily obtained as follows:
60
D = —T‘-

The sound-pressure level produced by the source is also
affected by its position in the room—that is, if it is suspended
in the middle of the room, or mounted on the floor, wall, or
ceiling, or in a carneré It is often very difficult to predict the
exact effect, however.? Ordinarily the level is higher where
the source is very near a hard surface than when it is in the
middle of the room, and, as explained earlier, if the source is
generally mounted on a hard surface it should be measured
that way so that the effect on the source is taken into account.
Then the levels in another room can be predicted with better
accuracy.

2.9 VIBRATION.

Vibration is the term used to describe continuing or steady-
state periodic motion. The motion may be simple harmonic
motion like that of a pendulum, or it may be complex like a
ride in the "whip' at an amusement park. The motion may
involve tiny air particles that produce sound when the rate of
vibration is in the audible frequency range (20 to 20,000 Hz),
or it may involve, wholly or in part, structures found in
vacuum tubes, bridges, or battleships. Usually the word vi-
bration is used to describe motions of the latter types, and is
classed as solid-borne, or mechanical, vibration. "

Many important mechanical vibrations lie in the frequency
range of 1 or 2 to 2,000 Hz (corresponding to rotational speeds
of 60 to 120,000 rpm). In some specialized fields, however,
both lower and higher frequencies are important. For ex-
ample, in seismological work, vibration studies may extend
down to a small fraction of a Hz, while in loudspeaker cone
design, vibrations up to 20,000 Hz must be studied.

2.9.1 NATURE OF VIBRATORY MOTION, Vibration problems
occur in so many devices and operations that a listing of these
would be impractical. Rather, we shall give a classification
on the basis of the vibratory motion together with numerous
examples of where that motion occurs to show the practical
application. The classes of vibratory motion that have been

6R. V. Waterhouse and R. K. Cook, "Interference Patterns
in Reverberant Sound Fields II," Journal of the Acoustical
Society of America, Vol. 37, No. 3, March, 1965, pp. 424-428.
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gselected are given in Table 2-1. They are not mutually exclu=
sive, and, furthermore, most devices and cperations involve
more than one class of vibratory motion.

2.9.2 VIBRATION TERMS: DISPLACEMENT, VELOCITY,
ACCELERATION, AND JERK. Vibration can be measured in
terms of displacement, velocity, acceleration and jerk. The
easiest measurement to understand is that of displacement,
or the magnitude of motion of the body being studied. When
the rate of motion (frequency of vibration) is low enough, the
displacement can be measured directly with the dial gauge
micrometer. When the motion of the body is great enough,
its displacement can be measured with the common scale.

In its simplest case, displacement may be considered as
simple harmonic motion, like that of the bob of a pendulum,
that is, a sinusoidal function having the form

x = A sinwt (1)

where A is a constant, w is 2m times the frequency, and t is the
time, as shown in Figure 2-14, The maximum peak-to-peak
displacement, also called double amplitude, (a quantity indicated
by a dial gauge) is 2A, and the rms’ displacement is A//2
(=0.707A). The average (full-wave rectified average) value of
the displacement is 2A/m (=0.636A), while the "average double
amplitude" (a term occasionally encountered) would be 4A/n
(=1.272A). Displacement measurements are significant in the
study of deformation and bending of structures.

In many practical problems, however, displacement is not
the important property of the vibration. A vibrating mechan-
ical part will radiate sound in much the same way as does a
loudspeaker. In general, velocities of the radiating part
(which corresponds to the cone of the loudspeaker) and the air
next to it will be the same, and if the distance from the front
of the part to the back is large compared with one-half of the
wavelength of the sound in air, the actual sound pressure in
air will be proportional to the velocity of the vibration. The
sound energy radiated by the vibrating surface is the product
of the velocity squared and the resistive component of the air
load. Under these conditions it is the velocity of the vibrating
part and not its displacement that is of greatest importance.

Velocity has also been shown by practical experience to be
the best single criterion for use in preventive maintenance of
rotating machinery. Peak-to-peak displacement has been
widely used for this purpose, but then the amplitude selected
as a desirable upper limit varies markedly with rotational
speed.

7root-mean-square
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- Table 2-1 - Nature of Vibratory Motion

1. Torsional or twisting vibration 4, Translational, axial, or rigid-body vibration
Examples: Examples:

Reciprocating devices rocating devices
Gasoline and diesel engines Gasoline and diesel engines
Valves Compressors
Compressors Air hammers
Pumps Tamping machines

devices Shakers
Electric motors Punch presses
Fans Autos
Turbines Motors
Gears Devices on vibration mounts
Turntables
Pulleys Extensional and shear vibration
Fropailers Examples:
Transformer hum
2. Bending yihrution Hum in electric motors and generators
Examples: Moving tapes
Shafts in motors, engines Belts
String instruments Punch presses
Springs Tamping machines
Belts
Chains 6. Intermittent vibration including impacting, explo-
;ape in recorders sive and seismic motion (mechanical shock)
pes .
Bridges Ssumglesc <
Propellers Gun shots
Transmission lines Ea AEKa
Aircraft wings Dr:g’?ws
l;:fgs on reed instruments Heels impacting floors
Washing machines gfgegters
3. Flexural and plate-mode vibration g?;vi:gm;gmmm g
Examples: Autos
Aircraft Catapults
Circular saws Planers
Loudspeaker cones Shapers
Sounding boards Chipping hammers
Ship hulls and decks Riveters
Turbine blades ° Impact wrenches
Gears
Bridges 7. Random and miscellaneous motions
Floors E ples:
Walls Combustion
Ocean waves
Tides
Tumblers
Turbulence
Earthquakes

34

Gas and fluid motion and their interaction

with mechanisms






It is proportional to the displacement and to the square of the
frequency or to the velocity and the frequency.

Jerk is the time rate of change of acceleration. At low fre-
quencies this change is related to riding comfort of autos and
elevators. It is also important for determining load tiedown
in planes, trains, and trucks.

2.9.3 ACCELERATION AND VELOCITY LEVEL. Some use

is now being made of "acceleration level' and ''velocity level,"
which, as the names imply, express the acceleration and ve-
locity in decibels with respect to a reference acceleration and
velocity. The reference value of 10~8m/s (10~6cm/s) for
velocity and 10~5m/s2 (10-3cm/s2) for acceleration are now
being used, although other references have been proposed.

The selection of suitable standard reference values for accel-
eration, velocity, and displacement is now being studied.

2.9.4 NONSINUSOIDAL VIBRATIONS. Egquations (1), (2), and
(3) represent only sinusoidal vibrations, but as with other
complex waves, complex periodic vibrations can also be re-
presented as a Fourier series of sinusoidal vibrations. These
simple equations may therefore be expanded to include as
many terms as desirable in order to express any particular
type of vibration. For a given sinusoidal displacement, velo-
city is proportional to frequency and acceleration is pro-
portional to the square of the frequency, so that the higher-
frequency components in a vibration are progressively more
important in velocity and acceleration measurements than in
displacement readings.

2.0 SUMMARY.

2.10.1 SOUND. Reference levels and relations presented in
this chapter included the following:

Reference sound pressure: 20 micronewtons/square
meter (20 uN/m?2)*

Reference power: 10712 watt %k
Power level (PWL):

w -12
PWL = 10 1o dB re 10 watt.
W g To-12 LA

where W is the acoustic power in watts.
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Sound-pressure level (SPL):

P 2
50003 4B e 20 uN/m

where P is the root-mean-square sound pressure
in newfons/square meter.

SPL = 20 log

(Logarithms are taken to the base 10 in both PWL and SPL
calculations.) ==

Important concepts that aid in interpreting noise measure-
ment results can be summarized as follows:

To measure sound level, use a sound-level meter with one
or more of its frequency response weightings (A, B, and C).

To measure sound-pressure level, use a sound-level meter
with the controls set for as uniform a frequency response as
possible.

Decibels are usually combined on an energy basis, not
added directly.
Speed of sound in air:

at 0°C is 1087 ft/s or 331.4 m/s
at 20°C is 1127 ft/s or 343.4 m/s

Pressure Level

Pressure re 20 uN/m
1 Newton/m? 94 dB
1 microbar T4 dB
1 pound/ ft.2 127.6 dB
1 pound/in.2 170.8 dB
1 atmosphere 194.1 dB

*At one time the reference for a sound-level meter was
taken as 10-16 watt/square centimeter or 10-12 watt/square
meter. For most practical purposes, this reference is equiv-
alent to the presently used pressure. This earlier reference
value is not a reference for power, since it is power divided
by an aréa. The pressure 20 uN/m? is also expressed as
2 x 1079 newton/square meter, 0.0002 microbar, or 0.0002
dyne /em?,

#% A reference power of 10-13 watt is also used in the USA,
and has been used in very early editions of this handbook, but
the reference power of 10-12 watt is used here because of its
increasing acceptance internationally.

Note: The reference pressure and the reference power have
been selected independently because they are not uniquely re-
lated.
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The preferred octave-band series* is the following:

Effective Band
hertz

Center Frequency

hertz

31.5
63
125
250
500
1000
2000
4000
8000

*USASI, S1.6 = 1960

22.1 to
44.2 to
88.4 to
177 to
354 to
707 to
1414 to
2828 to

44.2
88.4
1l
354
707
1414
2828
5657

5657 to 11314

Band No.

The preferred center frequencies* in one~-third-octave

steps are:
No. | hertz
10 10
11 12.5
12 16
13 20
14 25
15 31,56
16 40
17 50
18 63
19 80

No.

20
21
22
23
24
25
26
217
28
29

hertz

100
125
160
200
250
315
400
500
630
800

p hertz

1000
1250
1600
2000
2500
3150
4000
5000
6300
8000

etc.

*These values are rounded off for simplicity of reference.
The actual values used for filter design differ slightly from

these except for 10, 100, 1000, etc., which ar
actual values are derived from the series 101

2.10.2 VIBRATION.

Displacement is magnitude of the motion.

e exact.

The

IlD’ where n
takes on all integer values, and n is the number assigned to
the band.

Velocity is the time rate of change of displacement.

Acceleration is the time rate of change of velocity.

Jerk is the time rate of change of acceleration.

Reference quantities:

Velocity: 10~8 meters/second (1076 cm/s)

Acceleration:
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chapter 3

WHAT NOISE AND VIBRATION DO
AND HOW MUCH IS ACCEPTABLE

3.1 WHY WE MEASURE NOISE.

That we are annoyed by a noisy device and a noisy environ-
ment, that noise may interfere with our sleep, our work, and
our recreation, or that very intense noise may cause hearing
loss is frequently the basic fact that leads to noise measure-
ments and attempts at quieting. In order to make the most
significant measurements and to do the job of quieting most
efficiently, it is clearly necessary to learn about these effects
of noise. We seek to estimate from these effects what levels
of noise are acceptable, and thus establish suitable noise
criteria. Then if we measure the existing noise level, the
difference between this level and the acceptable level is the
noise reduction necessary.

Unfortunately, not all the factors involved in annoyance,
interference, and hearing loss are known at present. Nor are
we yet sure how the known factors can best be used. But a
brief discussion of our reactions to sounds will serve to show
some of the factors and their relative significance. This in-
formation will be useful as a guide for selecting electronic
equipment to make the most significant measurements for the
problem at hand.

3.2 PSYCHOACOUSTICAL EXPERIMENTS.

Scientists and engineers have investigated many aspects of
man's reactions to sounds. For example, they have measured
the levels of the weakest sounds that various observers could
just hear in a very quiet room (threshold of hearing), they have
measured the levels of the sounds that are sufficiently high in
level to cause pain (threshold of pain), and they have measured
the least change in level and in frequency that various ob~-
servers could detect (differential threshold). These experi-
menters have also asked various observers to set the levels
of sume sounds so that they are judged equal in loudness to
reference sounds (equal loudness), and they have asked the
observers to rate sounds for loudness on a numerical scale.

In order to get reliable measures of these reactions, the
experimenters have to simplify the conditions under which
people react to sounds. This simplification is mainly one of
maintaining unchanged as many conditions as possible while
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a relatively few characteristics of the sound are varied. Some
of the conditions that have to be controlled and specified are
the following: the physical environment of the observer, par-
ticularly the background or ambient level; the method of pre-
senting the changing signals, including the order of presenta-
tion, duration, frequency, and intensity; the selection of the
observers; the instructions to the observers; the experience
of the observers in the specific test procedure: the normal
hearing characteristics of the observers; the method of getting
the responses; and the method of handling the data.

Variations in the conditions of the measurement will affect
the result. Such interaction is the reason for requiring con-
trolled and specified conditions. It is desirable to know,
however, how much the various conditions do affect the result.
For example, small changes in room temperature are usually
of little significance. But if the observer is exposed to a
noise of even moderate level just before a threshold measure-
ment, the measured threshold level will, temporarily, be
significantly higher than normal.

The basic method used by the observer to present his re-
action to the signals is also important in the end result. Nu-
merous methods have been developed for this presentation.
Three of these psychophysical methods are as follows: 1. In
the method of adjustment the observer sets an adjustable con-
trol to the level he judges suitable for the test. 2. In the
method of the just noticeable difference the observer states
when two signals differ sufficiently so that he can tell they
are different. 3. In the method of constant stimuli the ob~
server states whether two signals are the same, or which is
the greater, if they seem to differ,

When psychoacoustical experiments are performed, the
resultant data show variability in the judgments of a given ob-
server as well as variability in the judgments of a group of
observers. The data must then be handled by statistical
methods to obtain an average result as well as a measure of
the deviations from the average. In general it is the average
result that is of most interest, but the extent of the devia-
tions is also of value, and in some experiments these devia-
tions are of major interest.

The deviations are not usually shown on graphs of averaged
psychoacoustical data, but they should be kept in mind. To
picture these deviations one might think of the curves as if
they were drawn with a wide brush instead of a fine pen.

The measured psychoacoustical responses also have a cer-
tain degree of stability, although it is not the degree of stability
that we find in physical measurements. In the normal course
of events, if one's threshold of hearing is measured today, a
similar measurement tomorirow should give the same thres-
hold level within a few decibels.

In the process of standardizing the measurement conditions
for the sake of reliability and stability, the experiments have
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been controlled to the point where they do not duplicate the
conditions encountered in actual practice. They are then use-
ful mainly as a guide in interpreting objective measurements
in subjective terms, provided one allows for those conditions
that seriously affect the result. As a general rule, the trend
of human reactions to changes in the sound is all that can be
estimated with validity. A conservative approach in using
psychoacoustical data with some margin as an engineering
gsafety factor is usually essential in actual practice.

3.3 THRESHOLDS OF HEARING AND TOLERANCE.

Many experimenters have made measurements of the
threshold of hearing of various observers. When young per-
sons with good hearing are tested, a characteristic similar
to that labeled MAF (minimum audible field) in Figure 3-1 is
usually obtained. This shows the level of the simple tone that
can just be heard in an exceptionally quiet location under free-
field conditions (see Section 2.8,1 for an explanation of "free-
field'"') as a function of the frequency of the tone. For example,
if a simple tone having a frequency of 250 Hz (about the same
as the fundamental frequency of middle C) is sounded in a
very quiet location, and if its sound-pressure level is greater
than 12 dB re 20 uN/m?2 at the ear of the listener, it will
usually be heard by a young person. In addition to the restric-
tions mentioned above there are a number of other factors that
need careful attention. For example, what is meant by "can
just be heard' needs definition. References on these experi-
ments can be found in the bibliography at the end of this hand-
book. (See also Figure 3-3.)

Some variation in the threshold of a person can be expected
even if the experiments are carefully controlled. Threshold
determinations made in rapid succession may possibly differ
by as much as 5 dB, and with longer intervals more variation
between particular values is possible. But the average of a
number of threshold measurements will generally be consis-
tent with the average of another set to within less than 5 dB.

The variability among individuals is, of course, much
greater than the day-to-day variability of a single individual.
For example, the sensitivity of some young people is slightly
better than that shown in Fig. 3-1 as the minimum audible
field, and, at the other extreme, some people have no usable
hearing. Most noise-quieting problems, however, involve
people whose hearing characteristics, on the average, are only
somewhat poorer than shown in Fig. 3-1.

The threshold curve (Figure 3-1) shows that at low frequen-
cies the sound-pressure level must be comparatively high be-
fore the tone can be heard. In contrast we can hear tones in
the frequency range from 200 to 10,000 Hz even though the
levels are very low. This variation in acuity of hearing with
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Figure 3-1. Thresholds of hearing and tolerance.

frequency is one of the reasons that in most noise problems
it is essential to know the frequency composition of the noise.
For example, is it made up of a number of components all
below 100 Hz? Or are they all between 1000 and 5000 Hz ?
The importance of a given sound-pressure level is signifi-
cantly different in those two examples.

The upper limit of frequency at which we can hear air-
borne sounds depends primarily on the condition of our hear-
ing and on the intensity of the sound. This upper limit is
usually quoted as being somewhere between 16,000 and 20,000
Hz. For most practical purposes the actual figure is not
important. It is important, however, to realize that it is in
this upper frequency region where we can expect to lose
sensitivity as we grow older,

The aging effect (called "presbycusis') has been deter-
mined by statistical analysis of hearing threshold measure-
ments on many people. A recent analysis of such data* has
given the results shown in Figure 3-2, This set of curves
shows, for a number of simple tones of differing frequencies,

*American Standards Association Subcommittee Z24-X-2,
The Relations of Hearing Loss to Noise Exposure, January,
1954, New York.
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Figure 3-2. Presbycusis curves [or women and men. These sets of
curves show the average shifts with age of the threshold of bearing
for pure tones (ASA Subcommittee Z24-X-2, ""The Relations of Hear-
ing Loss to Noise Exposure,” New York, 1954, pp 16-17),

the extent of the shift in threshold that we can expect, on the
average, as we grow older.

Many threshold measurements are made by otologists and
other hearing specialists in the process of analyzing the con-
dition of a person's hearing. An instrument known as an
audiometer is used for this purpose. Its calibration is made
with respect to a "normal' threshold. This 'normal' level is
somewhat different from the curve labeled MAF in Figure 3-1.
The difference between the audiometer threshold and the
minimum audible field can be ascribed to the differences in
technique used in the tests, to the selection of a different
sample of observers, and to generally prevailing ambient noise
conditions during audiometer tests.

When a sound is very high in level, one can feel very un-
comfortable listening to it. The "Discomfort Threshold" (Sil-
verman) shown in Figure 3-1 is drawn in to show the general
level at which such a reaction is to be expected. At still
higher levels the sound may become painful, and the order of
magnitude of these levels (Silverman) is also shown in Figure
3=

3.4 "WHAT NOISE ANNOYS AN OYSTER?"
No adequate measures of the annoyance levels of noises
have yet been devised. Various aspects of the problem have

been investigated, but the psychological difficulties in making
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these investigations are very great. For example, the extent
of our annoyance depends greatly on what we are trying to do
at the moment, it depends on our previous conditioning, and it
depends on the character of the noise,

The annoyance level of a noise is sometimes assumed to be
related directly to the loudness level of the noise. Although
not completely justifiable, this assumption is sometimes help-
ful because a loud sound is usually more annoying than one of
similar character that is not so loud.

Psychologists have found that high-frequency sounds (above
about 2000 Hz) are usually more annoying than are lower-
frequency sounds of the same sound-pressure level., There-
fore, when it is determined, by methods to be explained later,
that a significant portion of the noise is in the higher frequency
bands, considerable effort at reducing these levels from the
viewpoint of annoyance may be justified.

A further effect concerns localization of sound. When a
large office has acoustically hard walls, floor, and ceiling, the
room is "live," reverberant. The noise from any office ma-
chinery then is reflected back and forth, and the workers are
immersed in the noise with the feeling that it comes from
everywhere. If the office is heavily treated with absorbing
material, the reflected sound is reduced, and the workers then
feel that the noise is coming directly from the machine. This
localized noise seems to be less annoying. While no adequate
measures of this effect have been developed, the general prin-
ciple discussed here seems to be accepted by many who are
experienced in noise problems.

3.5 RATING THE LOUDNESS OF A SOUND.

Many psychoacoustical experiments have been made in
which listeners have been asked to rate the loudness of a
sound. As a result of these experiments involving all sorts of
sounds in various arrangements much has been learned about
the concept of loudness in laboratory situations. The way in
which the judgment of loudness has been obtained seems to
affect the results sufficiently, however, so that it seems un-
wise at the present time to try to scale the sounds of everyday
life on an absolute basis. In particular, it does not seem pos=
sible to give a numerical value to the loudness ratio of two
sounds and have this ratio be reasonably independent of the
conditions of comparison. It does seem possible, however, to
rank a sound with satisfactory reliability according to its loud-
ness. For example, if sound A is judged louder than sound B
and if sound B is judged louder than sound C, then, in general,
sound A will also be judged louder than sound C.

3.5.1 EQUAL-LOUDNESS CONTOURS AND LOUDNESS LEVEL.
One step in the direction of rating the loudness of a sound has
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tone is equal in loudness to a 51~-dB 1000-Hz tone, The corre-
sponding sound-pressure level in dB for the 1000-Hz tone has
been defined as the loudness level in phons. Therefore, a 100-
Hz tone at a sound-pressure level of 60 dB has a loudness
level of 51 phons.

The weighting networks for the standard sound-level meter
are based on similar contours, developed much earlier by
Fletcher and Munson. The "A" and "B" weighting character-
istics are in accordance with the 40- and 70-phon Fletcher-
Munson contours, but with modifications to take into account
the usually random nature of the sound field in a room.

A set of equal-loudness contours (Pollack) for bands of
random noise is shown in Figure 3-4. Random noise is a
common type of noise that occurs in ventilating systems, jets,
blowers, combustion chambers, etc. It does not have a well
defined pitch, such as characterizes a tone with the energy
concentrated in components of definite frequencies. Rather,
random noise has energy distributed over a band of frequen-
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Figure 3-4. Equal-loudness contours f[or relatively narrow
bands of random noise. The center frequency of the band
is shown as the abscissa, and the numbers on the curves
are phons (Irwin Pollack, '"*The Loudness of Bands of
Noise," Journal of the Acoustical Society of America, Vol
24, Sept. 1952, pp 533-538).
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cies. If the noise energy is uniform over a wide range, it is
called "white noise,' being analogous in spectrum character-
istics to white hght When the energy is distributed over a
very wide band, it is a sort of hishing sound. When the broad-
band noise has little energy at low frequencies, it is more of
a hissing sound. When it is concentrated in narrower bands,
the sound takes on some aspects of pitch. For example, low-
frequency random noise may be a sort of roar.

The contours shown in Figure 3-4 are for relatively nar-
row bands of noise, such that 11 bands cover the range from
B0 to 5800 Hz. They are distributeduniformly on a scale of
pitch for simple tones (see Section 3.9:2). The numbers on the
curves are phons, that is, the sound-pressure levels of equally
loud 1000-Hz tones, and the levels are plotted according to the
centers of the bands. For example, one band covers the range
from 350 to 700-Hz. From the curves we can see that when
the sound—pressure level of the noise in that band is 43 dB re
20 u.N/m the indicated loudness level is about 34 phons.

3.5.4 LOUDNESS AND LOUDNESS LEVEL. Although we may
remark that some sounds are louder than others, we do not
ordinarily rate sounds for loudness on a numerical basis. Ex-
perimenters have asked observers to make judgments of the
loudness ratio of sounds, that is, to state when one sound is
twice, four times, one-half, etc., as loud as another. The re-
sultant judgments depend to a considerable extent on how the
problem is presented to the observer. But on the basis of
such judgments several scales of loudness have been devised,
which rate sounds from "soft' to "loud" in units of sones. As
a reference, the loudness of a 1000-Hz tone with a sound-
pressure level of 40 dB re 20 uN/m?2 (a loudness level of 40
hons) is taken to be 1 sone. A tone that sounds twice as loud

s a loudness of 2 sones. This scale is shown on the vertical
axis of Figure 3-5, and the horizontal scale is the sound-
pressure level of the sound in decibels. The curve shown in
this figure relates the loudness in sones to the sound-pressure
level for a 1000-Hz simple tone. This relation was developed
as a useful engineering approximation by Stevens as a result of
his analysis of the data reported by many experimenters, who
used a wide variety of techniques, He also performed a series
of experiments in which the loudness estimates were made on
an unusually direct basis, and these experiments confirmed the
relation shown. Robinson has also suggested this relation,
which is published as a Recommendation of the International
Standards Organization. See Appendix III.

Incidenta]ly, the relation shown in Fig. 3-5 tends to refute
the point of view that the decibel is used in acoustics because
we respond to sound pressure in a logarithmic manner. Ac-
tually, the loudness is approximately proportional to the sound
pressure raised to the 0.6 power.
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3.5.3 LOUDNESS LEVEL CALCULATIONS FROM MEASURE-
MENTS. If the sound to be measured is known to be a simple
tone, the procedure for determination of loudness level is rel-
atively easy. The sound-pressure level and the frequency of
the tone are determined, and the equal-loudness contours of
Figure 3-3 then indicate the loudness level. Since the weight-
ing networks on a sound-level meter approximate two of the
equal-loudness contours, a determination of the weighted level
(sound level) can be used to give an estimate of the loudness
level of a simple tone.

For any other type of sound, however, the measured sound
level will be lower than the loudness level. The error in es-
timating loudness level will depend on the type of sound and
for many noises will be more than 10 phons. For example, if
we have a uniform wide-band noise from 20 to 6000 Hz of 80
dB sound-pressure level, the B-weighted sound level would be
about 79 dB and the A-weighted sound level would be about
80 dB, whereas the actual loudness level of such a noise is
about 95 phons. Here we see that the sound level is not only
misleading, but is no nearer the loudness level than is the
sound-pressure level. This result, for most noises, illustrates
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the fact that we need to know more about a sound than just its
sound-pressure level or its sound level. If we know how the
energy in a sound is distributed as a function of frequency we
can make a more useful estimate of its probable subjective
effect than we can by knowing just its sound-pressure level.
One of the ways such knowledge is used is in the calculation
of loudness level.

A number of workers in noise measurements have found it
useful to translate their noise measurements into such loud-
ness terms. Then they can say the measured sound is for
example, about equal in loudness to another, more familiar,
gsound, To some groups, such as excecutive and lay clients,
this type of statement is seemingly more meaningful than
levels quoted in decibels.

For steady, wide-band noises, a technique developed by
Stevens has been found to give good results. The sound is
divided by an analyzer into frequency bands covering the audio
spectrum. The loudness level is then calculated according to
the procedure given in the next section.

*3 5.4 PROCEDURE FOR CALCULATING LOUDNESS, Table
3-1 is used to calculate the loudness from octave-band levels
of the preferred series, The procedure is as follows:

1. From the table find the proper loudness index for each
band level.

2. Add all the loudness indexes (IS).

3. Multiply this sum by 0.3

4, Add this product to 0.7 of the index for that band that
has the largest index. (0.3 £S + 0.7 S;,,,) This value
is the total loudness in sones.

5. This total loudness is then converted to loudness level
in phons by the relation shown in the two columns at the
right of the table.

The calculated loudness is labeled sones (OD) and the loud-
ness level is labeled phons (OD) to designate that they have been
calculated from octave-band levels (O) and for a diffuse field (D).

A similar calculation can be made for third-octave bands,
and they are labeled (TD),

For steady noises having a broad frequency spectrum, the
loudness calculated by means of the tables, which are based
on Stevens's! method agrees reasonably well with direct
assessments made by loudness balances against a 1000-Hz
tone.

1The method used here is that given in S. S. Stevens,
"Procedure for Calculating Loudness: Mark VI,'" Journal of
the Acoustical Society of America, Vol. 33, No. 11, November,
1961, pp. 1577-1585. Chart paper No. 31460-A (Codex Book
Company, Norwood, Massachusetts 02062) is available for
this calculation when the older series of octave bands is used,
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Table 3-1

Band Loudness Index Loudness

135 250 500 1000 | 2000 | 4000 | 8OO0 Sones

.18 .30 A5 .61 25

.22 .35 .50 67 27

07 26 .40 .55 73 .29

12 30 .45 61 80 31

16 35 .50 BT 87 33

21 40 .55 8 94 35

26 45 .81 BO| 1,02 38

31 50 BT 87| 1.10 41

.07 .37 55 13 94| 1.18 44

12 43 61 801 1.02] 1.27 47

.16 49 67 87| 1.10[ 1.35 50

21 55 73 .84] 1.18| 1.44 54

.26 61 80| 1.02| 1.27| 1,54 57

31 67 87| 1.10] 1.35] 1.64 62

07 a7 73 84| 1.18| 1.44| 1.75 .66

12 .43 BO [ 1.02] 1.27| 1.54| 1.87 71

16 .49 87 | 1.10( 1.35| 1.64| 1.99 76

21 ;55 94 | 1.18]| 1.44| 1.75]| 2,11 81

26 62 1.02 | 1.27] 1.54| 1.B7| 2.24 .87

.31 .69 1,10 | 1.35f 1.64] 1.99| 2.38 .93

37 i 1.18 | 1.44| 1.75] 2.11] 2.53 1.00

43 .B5 1.27 | 1.54| 1.87| 2.24| 2.68 1.07

48 .94 1.35 | 1.64| 1.99| 2.38| 2.84 1.15

55| 1.04 1.44 | 1.75]| 2.11| 2.53]| 3.0 1.23

62| 1.13 1.54 | 1.87| 2.24| 2.68| 3.2 1.32

.68 1.23 1.64 | 1,98| 2.38| 2.B4| 3.4 1.41

71 1.33 1.75 | 2.11| 2,63 3.0 3.6 1.52

85| 1.44 1.87 | 2.24| 2.68| 3.2 3.8 1.62

84| 1.56 1.00 | 2.38| 2.84| 3.4 4.1 1.74

1.04] 1.68 2,11 ] 2.53] 3.0 3.6 4.3 1.87

1.13| 1,82 2,24 | 2.68| 3.2 3.8 | 4.8 2.00

1.23| 1.96 238 | 2.84)| 3.4 | 4.1 | 4.8 2.14

133) 2.11 2.53 | 3.0 3.6 4.3 5.2 2.30

1.44| 2.24 | 2.68 ) 3.2 3.8 4.6 5.5 2.46

1.58| 2.38 284134 ] 4.1 4.9 5.8 | 2.64

1.69| 2.53 3.0 3.6 4.3 5.2 6.2 2.83

1.82| 2,68 3.2 3.8 4.6 5.5 6.6 3.03

1.06] 2.84 | 3.4 | 4.1 4.9 5.8 7.0 3.25

2,11} 3.0 3.8 4.3 5.2 6.2 | 7.4 3.48

2,271 3.2 3.8 4.6 5.5 6.6 7.8 3.78

2.44| 3.4 4.1 4.9 o.8 .U B.3 4.00

2.62| 3.6 4.3 5.2 6.2 7.4 8.8 4,29

2.81| 3.8 4.6 5.5 B.6 7.8 9.3 4.59

3.0 4.1 4.9 5.8 7.0 8.3 8.8 4.92

3.2 4.3 5.2 6.2 7.4 8.8 |10.5 5.28

3.5 4.6 5.5 6.6 7.8 0.3 |11.1 5.66

2,441 3.7 4.9 5.8 7.0 B.3 8.8 | 11.8 6.06

262 4.0 5,2 6.2 7.4 8.8 |10.5 |12.6 6.50

2.81| 4.3 5.5 6.6 7.8 B.3 |11.1 |13.5 6.96

3.0 4.7 5.8 7.0 8.3 8.9 |11.8 |14.4 7.46

3.2 5.0 6.2 7.4 8.8 |10.5 |126 |[15.3 8.00
3.5 5.4 6.6 7.8 9.3 |11.1 |13.6 |16.4 8.6
3.7 5.8 7.0 8.3 9.9 |11.8 |14.4 |17.5 9.2

4.0 6.2 T.4 8.8 (10.5 |12.8 |15.3 |18.7 9.8
43 |86 | 78 | 83 J11.1 |13.5 [16.4 |200 || 10.8
3.0 4.7 7.0 8.3 | 9.9 |11.8 |14.4 |[17.5 |21.4 11.3
3.2 5.0 7.4 8.8 10.5 |12.6 |15.3 |18.7 |23.0 12,1
3.5 5.4 7.8 9.3 11.1 |13.5 |[1B6.4 | 20.0 | 24,7 13.0
8.7 5.8 8.3 9.9 11.8 [14.4 |17.5 |21.4 |26.5 13.9
4.0 6.2 B.8 |10.5 12.6 [15.3 |18.7 |23.0 |28.5 14.9
4.3 6.7 8.3 |11.1 13.5 [16.4 |20.0 |24.7T [30.5 16.0
4.7 7.2 8.9 |11.8 14,4 |17.5 (21.4 |26.5 |32.9 17.1
5.0 7.7 |10.5 |12.6 15.3 |1B.7 |23.0 |2B.5 |35.3 18.4
5.4 8.2 [11.1 [13.5 16.4 (20.0 |24.7 |30.5 38 19.7
5.8 8.8 |11.8 |14.4 17.5 |21.4 |28.,5 |32.9 41 21.1
6.2 8.4 12,6 |15.3 18.7 |23.0 |2B.5 |35.3 44 22.8




Table 3-1 (Continued)

Band Loudness
Level Band Loudness Index Loudness Level
dB |31.5| 63 125 250 500 | 1000 2000 | 4000 | 8000 Sones Phons
86 6.7]10.1 | 13.5 | 16.4 20.0 | 24.7 | 30.5 38 48 24.3 B6
87 | 7.2|10.8 | 14.4 | 17.5 21.4 | 26.5 | 32.9 41 52 26.0 87
88 TN ILTT | A58 | 18i7 23.0| 28.5 | 35.3 44 56 27.9 88
89 | 8.2|12.6 | 16.4 | 20.0 24.7 | 30.5 | 38 48 61 20.9 89
90 8.8/13.6 | 17.5 | 21.4 26.5 | 32.9 | 41 83 66 32.0 90
a1 9.4[14.8 | 18.7 | 23.0 | 28,5 | 35.3 | 44 56 71 34.3 91
82 | 10.1|16.0 | 20.0 | 24.7 30.5 38 48 61 N 36.8 92
83 |10,9|17.3 | 21.4 | 26.5 32.8 41 b2 66 a3 39.4 93
84 | 11.7|18.7 | 23.0 | 28.5 35.3 44 56 71 g0 42.2 94
96 |12.6|20.0 | 24.7 | 30.5 38 48 61 i 4 97 45.3 95
96 | 13.6(21.4 | 26.5 | 32.9 41 52 66 83 105 48.5 96
97 | 14.8(23.0 | 28.5 | 35.3 44 56 71 20 113 52.0 a7
9B | 16.0|24.7 | 30.5 38 48 61 7 a7 121 55.7 o8
99 |17.3|26.5 | 32.9 41 52 66 B3 |105 | 130 59.7 89
100 | 18.7]128.5 | 35.3 44 56 1 90 1113 1139 64.0 100
101 | 20.3 | 30.5 38 48 61 7 a7 12X 149 68.6 101
102 | 22,1|32.,9 41 52 66 83 105 130 160 73.5 102
103 | 24.0|35.3 44 56 71 80 113 139 171 78.8 103
104 | 26.1| 38 48 61 71 97 | 121 |149 | 184 B4.4 104
105 | 28.5]| 41 52 66 83 105 130 160 197 90.5 105
106 | 31.0| 44 56 71 20 113 139 171 211 a7 106
107 | 33.9| 48 61 17 a7 121 149 184 226 104 107
108 | 38.9| 52 66 83 105 130 160 197 242 111 108
108 | 40.3| b6 71 a0 113 139 171 211 260 118 108
110 44 61 77 97 121 149 184 226 278 128 110
111 49 66 83 105 130 160 197 242 288 137 111
112 54 21 90 113 139 371 211 260 320 147 112
113 59 i a7 121 149 184 226 278 343 158 113
114 65 83 105 130 160 197 242 298 367 169 114
1156 T 80 113 139 171 211 260 320 181 115
116 7 a7 121 149 184 226 278 343 194 116
117 83 | 1086 130 160 187 242 298 367 208 117
118 90 | 113 139 171 211 260 320 223 118
118 a7 | 121 149 184 226 278 343 239 118
120 | 105 | 130 | 160 | 187 242 | 298 | 367 2586 120
121 {113 | 139 1T 211 260 320 274 121
122 | 121 | 149 184 226 278 343 204 122
123 | 130 | 180 187 242 298 367 315 123
124 | 139 | 171 211 260 320 338 124
125 | 149 | 184 226 278 343 362 125
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To illustrate this procedure, consider the following calcu-
lations based on octave-band measurements of the noise in a
factory:

Octave Octave Band Band
Band Band Level Loudness
No. Hz dB Index
18 31.5 78 4
18 63 76 5
21 125 78 8
24 250 82 13
27 500 81 14
30 1000 80 16
33 2000 80 20
36 4000 73 15
39 8000 65 11
©S = Sum of Band Loudness Indexes = 106
Sy = Maximum Band Loudness Index = 20
0.3ES = 31.8
0.7 8, = 14

0.3 25 +0.78,, = 46 sones (OD)*
or computed loudness level = 95 phons (OD)*

*0OD = Octave Diffuse (an octave-band analysis for a diffuse
field).

For a quick check to find which band contributes most to
the loudness, add 3 dB to the band level in the second octave,
6 dB to the third, 9 dB to the fourth, and so on. Then the
highest shifted level is usually the dominant band. This check
will often be all that is needed to tell where to start in a noise
reduction program, if one doesn't have the loudness calcula-
tion charts at hand. This check is not reliable if the levels
are low and the low frequency bands dominate.

Another and more elaborate loudness calculation procedure
has been developed by Zwicker? for third-octave analysis.

It is not at all clear, however, that this more difficult calcula-
tion results in a calculated loudness that is in better agree-
ment with subjective data.

2E. Zwicker, "Ein Verfahrer zur Berechning der Laut-
stiarke," Acustida, Vol. 10, No. 1, 1960, pp. 304-308.

52



3.6 PERCEIVED NOISE LEVEL.

Kryter3 and his co-workers have followed a procedure
similar to that used for loudness, but they asked the observer
to compare noises on the basis of their acceptability or their
"noisiness." The resulting judgments were found to be
similar to those for loudness, but enough difference was
noticed to give a somewhat different rating for various sounds.
On the basis of these results, Kryter has set up a calculation
procedure for 'perceived noise level,'" PNL in dB, also
called "PNdB." The procedure is basically the same as that
recommended by Stevens for loudness. The corresponding
"noisiness'' is given in units called ''Noys."

Ratings in terms of perceived noise level are now widely
used for aircraft noise, particularly for aircraft flying over-
head.

Table 3-2 is used to calculate the perceived noise level
from octave-band levels of the preferred series.® Proceed
as follows:

1. From the table find the proper NOYS value for each
band level.

2. Add all the NOYS values (IN).

3. Multiply this sum by 0.3.

4, Add this product to 0.7 of the NOYS value for that band
that has the largest NOYS value (0.3 TN + 0.7 Npja%)-

5. Convert this summed NOYS value to PNL in dB, using
the 1000~-Hz NOYS-to-dB column,

3K. D. Kryter and K. S, Pearsons, "'Some Effects of Spec-
tral Content and Duration on Perceived Noise Level," Journal
of the Acoustical Society of America, Vol. 35, No. 6, June,
1963, pp. 866-883.

4For calculations from the older series of octave-band
levels, use the table provided by K. D. Kryter and K. S. Pear-
sons, Journal of the Acoustical Society of America, Vol, 36,
No. 2, February, 1964, p. 397. The table given here has been
extrapolated from the data of Kryter and Pearsons, loc. cit.,
to obtain the values for the 31.5-Hz band by the use of equal-
loudness contours, and a number of values have been smoothed.
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Table 3-2

Perceived Noize (NOYS)
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Table 3-2 (Continued)

Perceived Noise (NOYS)

Band
Level Octave Band .
dB 31.5 63 125 250 500 1000 2000 4000 8000
85 3.1 8.9 14,8 18.7 226 22.8 38.1 48 34.2
88 3.5 10.8 16.0 21.1 24.3 24.3 42 51 36.6
87 3.8 11.7 17.2 22.6 26.0 26.0 45 55 39.1
a8 4.4 12.7 18.4 24.3 27.9 27.9 48 58 42
89 4.9 13.7 19.7 26.0 29.9 29.9 51 62 45
90 5.5 14.7 21.1 27.9 32.0 32.0 55 67 48
a1 6.2 15,9 22.6 29.9 34.3 34.3 58 71 51
92 6.9 17.1 24.3 32.0 36.8 36.8 62 76 55
838 Y £ 18.3 26.0 34.3 39.4 39.4 67 82 58
04 8.6 ] 197 27.9 36.8 42.2 42.2 L 88 82
95 9.5 21.1 29.9 39.4 45.3 45.3 76 94 87
86 10.6 22.6 32.0 42 48.5 48.5 B2 100 71
a7 11.7 24,3 34.3 45 52 52 a8 107 76
8 12.9 26.0 36.8 48 56 56 94 115 82
99 14.1 27.9 39.4 52 60 60 100 123 88
100 15.5 28.9 42 56 G4 64 107 132 24
101 16.8 32.0 45 60 69 69 115 142 100
102 18.4 34.3 48 64 74 T4 123 152 107
103 19.9 36.8 52 68 79 79 132 163 115
104 21.5 30.4 56 T4 B84 84 142 174 123
105 23.2 42 60 79 a1 91 152 187 132
106 25.1 45 64 84 27 97 163 200 142
107 27.0 48 69 91 104 104 174 215 152
108 29.0 52 T4 a7 111 111 187 230 163
109 31.2 56 198 104 119 118 200 247 174
110 33.8 60 84 111 128 128 215 264 187
! 111 36.1 64 a1 118 137 137 230 283 200
| 112 39 69 27 128 147 147 247 304 215
113 42 T4 104 137 158 158 264 325 230
114 45 79 111 147 169 169 283 349 2417
115 49 84 119 158 181 181 304 374 264
116 52 81 128 168 194 194 325 401 283
117 57 a7 137 181 208 208 349 428 304
118 61 104 147 194 223 223 a4 460 325
119 66 111 158 208 238 239 401 403 349
120 71 119 169 223 256 256 429 529 374
121 76 128 181 238 274 274 460 567 401
122 a2 137 184 256 284 284 453 607 429
123 88 147 208 274 315 315 529 651 460
124 94 158 223 284 338 338 567 6588 4493
125 101 169 239 315 362 362 607 748 529
126 108 181 256 338 388 388 651 801 567
127 117 184 274 362 416 416 698 859 607
128 125 208 284 388 446 446 748 921 651
129 135 223 315 416 478 478 801 987 688
130 145 239 338 446 512 bl 859 1057 T48
131 156 256 362 478 548 548 821 1133 801
132 168 274 388 512 588 588 087 1215 859
133 180 294 416 548 630 630 1057 1302 821
134 193 315 446 588 676 16 1133 | 1395 987
135 207 338 478 630 T24 T24 1215 14985 1057
136 223 352 512 676 776 776 1302 1603 1133
| 137 239 388 549 T24 832 B3z 1385 1720 1215
138 256 416 588 776 891 891 1495 1840 1302
139 274 446 630 832 855 855 1603 1870 1385
140 204 478 876 891 1024 1024 1720 2110 1495
141 315 512 724 855 1088 1098 1840 1600
142 338 549 776 1024 1176 1176 1870 1720
143 362 588 832 1088 1261 1261 | 2110 1840
144 388 630 891 11768 1351 1351 1970
145 416 676 €55 1261 1448 1448 2110
146 446 724 1024 1351 1552 1552
147 478 776 1098 1448 1663 1663
148 513 832 1176 1552 1783 1783
149 548 891 1261 1663 1811 1911
150 588 955 1351 1783 2048 2048
|
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Here is a sample calculation for the factory noise used
previously for a loudness calculation:

Octave Band Band
Center Band Level Noisiness

Hz dB NOYS

31.5 78 1.3

63 76 4.5
125 78 9
250 82 16

500 81 K e |
1000 80 16

2000 80 27.9

4000 73 21.2

8000 65 8.7

IN = 121.7

0.3 x 121.7T = 36.5

0.7Tx28 = 19.6

56.1

56 NOYS corresponds to 98 dB perceived noise level.

The calculations outlined for PNL are valid only for broad-
band noises that do not have strong pure-tone components.
The effects of such components have been studied, but a pro-
cedure for calculating these effects is not yet adequately
proven.

3.7 NOISE AND NUMBER INDEX.

Another rating for aircraft noise, called NNI, noise and
number index, is based on perceived noise levels. It was
developed in Great Britain” and takes into account the effect
of the number of aircraft per day on the annoyance. It is
defined by the following relation:

NNI = (Average Peak Perceived Noise Level) + 15(logjg N)-80

where N is the number of aircraft per day or night. The value
"80" is subtracted to bring the index to about 0 for conditions
of no annoyance.

The '""Average Peak Perceived Noise Level'' is obtained in
the following way. The peak perceived noise level that occurs
during the passage of each airplane is noted. These peak
levels are then converted into equivalent power and averaged

S'Noise-Final Report of the Committee on the Problem of
Noise," CMND. 2056, Her Majesty's Stationery Office, London,
1963.
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(Section 2.6). This average value is then converted back into
a level and used in the equation.

If the perceived noise level is approximated by the use of
A-weighted sound levels, the average A-level is obtained in a
gimilar fashion, the 80 is reduced to about 67, and we have
NNI = (Average Peak A-Level) + 15(logyy N)-67.

3.8 A-WEIGHTED SOUND LEVEL AS A SINGLE-NUMBER
RATING FOR NOISE.

For simple ratings or screenings of similar devices, the
A=-weighted sound level at a specified distance is now widely
used. This measurement is mainly useful for relatively
nondirectional sources that are outdoors and where the effect
of the noise also occurs outdoors and nearby. It is also use-
ful in preliminary ratings of similar ambient noises for the
human reactions that may occur.

A number of analyses of the usefulness of A-weighted
gound levels for single-number ratings have been made.
Some of these have shown excellent agreement between the
A-level and subjective effects, while others show relatively
wide discrepancies. Those that show the wide discrepancies
usually include comparisons of high-level narrow-band noise
or pure tones with broad-band noises. The most consistent
results are found when the noises that are being compared
are similar in character, as, for example, in ratings of the
objectionableness of noises from a large number of automo-
biles. Expressed differently, the fact that similar devices
produce noises with similar energy-vs-frequency distribu-
tions makes a simple A-weighted sound level useful in ranking
sounds for subjective effects.

A number of investigators have determined the approxi-
mate relation between the A-weighted sound level of a noise
and the calculated loudness level or perceived noise level of
that noise. For example,7 values for perceived noise level
(PNL) minus dB (A) have been guoted as about 12 dB for jet
aircraft and 14 dB for propeller aircraft, except during
approaches for which an average figure of 16 dB is given.

For office noise the difference has been found to be about
13 dBS. Similarly, the difference between loudness level and
the A-weighted sound level for office noise is about 13.3 dB;

GR. W. Young, "Single-Number Criteria for Room Noise,'
Journal of the Acoustical Society of America, Vol. 36, No. 2,
February, 1964, pp. 289-295.

D. W. Robinson, J. J. Bowsher, and W. C. Copeland, ''On
Judging the Noise From Aircraft in Flight," Acustica, Vol. 13,
No. 5, 1963, pp. 324-336.

8R. W, Young, loc, cit,

!
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Table 3-3 (Continued)

Older Series of Octave Bands

Octave Band Weighting Used for Original Analysis
Hz Flat c

18.75 = 37.5 -43.4 -39.3
B7:5 = ' 'Th =29.2 -28.0
75 ~ 1150 -18.3 -18.0
150 =300 -10.3 -10.3
300 - 600 -4.4 -4.4
600 - 1200 =05 0.5
1200 - 2400 +1.0 21 G |
2400 - 4800 +1.1 +r7
4800 - 9600 -0.4 +1.9

Here is an example of these calculations for the factory
noise used previously.

Octave ‘
Band Band Correction
Center Level for Corrected Relative
Hz dB A-wtng. Level Power/ 108
315 78 -39 39 .01
63 76 -26 50 |
125 78 -16 62 1.6
250 82 -9 73 20.0
500 81 -3 78 63.1
1000 80 0 80 100
2000 80 +1 81 125:9
4000 73 +1 74 25.1
8000 65 -1 64 2:5
338.3

338 x 10° corresponds to 85.3 dB(A)

3.9 ADDITIONAL HEARING CHARACTERISTICS.

In addition to the characteristics already described, numer-
ous others have been investigated, and a few of these are of
interest in noise-measurement problems. Therefore, we
shall discuss briefly differential sensitivity for intensity and
the pitch scale.

3.9.1 DIFFERENTIAL SENSITIVITY FOR INTENSITY. One
question that comes up in quieting a noisy place or device is:
"Just how little a change in level is worth bothering with? Is
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a one-decibel change significant, or does it need to be twenty
decibels?" This question is partially answered in the section
on loudness, but there is additional help in the following psy-
choacoustical evidence. Psychologists have devised various
experiments to determine what change in level will usually be
noticed, When two different levels are presented to the ob-
server under laboratory conditions with little delay between
them, the observer can notice as small a difference as 1/4 dB
for a 1000-Hz tone at high levels. This sensitivity to change
varies with level and the frequency, but over the range of
most interest, this differential sensitivity is about 1/4 to 1 dB.
For a wideband random noise (a hishing sound) a similar test
gives a value of about 1/2 dB for sound-pressure levels of 30
to 100 dB (re 20 uN/m2). Under everyday conditions, a 1-dB
change in level is likely to be the minimum detectable by an
average observer. On the basis of these tests, we can con-
clude that 1-dB total change in level is hardly worth much,
although 6 is usually significant. It should be remembered,
however, that many noise problems are solved by a number of
small reductions in level, There is also the importance of a
change in character of the noise. For example, the high-fre-
quency level of a noise may be reduced markedly by acoustic
treatment, but, because of strong low-frequency components,
the over-all level may not change appreciably. Nevertheless,
the resultant effect may be very much worth while. This ex-
ample illustrates one reason for making a frequency analysis
of a noise before drawing conclusions about the noise.

3.9.2 PITCH AND MELS. Just as they have done for loudness,
psychologists have experimentally determined a scale for
pitch. The unit for this scale is the "mel" (from ""melody"),
and a 1000-Hz tone at a level of 40 dB is said to have a pitch
of 1000 mels. In terms of frequency, this pitch scale is

found to be approximately linear below 1000-Hz and approxi-
mately logarithmic above 1000-Hz. Some people have sug-
gested that a frequency analysis with bands of equal width in
mels would be more efficient for some types of noise analysis
than would one with bands of other widths, At present no com-
mercial analyzers of this type are available, but some work
has been done using such an analysis. In addition, the pitch
scale has been found useful for some types of charts.

310 MASKING.

It is common experience to have one sound completely
drowned out when another, louder noise occurs. For example,
during the early evening when a fluorescent light is on, the
ballast noise may not be heard, because of the usual back-
ground noise level in the evening. But late at night when there
is much less activity and correspondingly less noise, the

60



a one-decibel change significant, or does it need to be twenty
decibels?" This question is partially answered in the section
on loudness, but there is additional help in the following psy-
choacoustical evidence. Psychologists have devised various
experiments to determine what change in level will usually be
noticed, When two different levels are presented to the ob-
server under laboratory conditions with little delay between
them, the observer can notice as small a difference as 1/4 dB
for a 1000-Hz tone at high levels. This sensitivity to change
varies with level and the frequency, but over the range of
most interest, this differential sensitivity is about 1/4 to 1 dB.
For a wideband random noise (a hishing sound) a similar test
gives a value of about 1/2 dB for sound-pressure levels of 30
to 100 dB (re 20 uN/m2). Under everyday conditions, a 1-dB
change in level is likely to be the minimum detectable by an
average observer. On the basis of these tests, we can con-
clude that 1-dB total change in level is hardly worth much,
although 6 is usually significant. It should be remembered,
however, that many noise problems are solved by a number of
small reductions in level, There is also the importance of a
change in character of the noise. For example, the high-fre-
quency level of a noise may be reduced markedly by acoustic
treatment, but, because of strong low-frequency components,
the over-all level may not change appreciably. Nevertheless,
the resultant effect may be very much worth while. This ex-
ample illustrates one reason for making a frequency analysis
of a noise before drawing conclusions about the noise.

3.9.2 PITCH AND MELS. Just as they have done for loudness,
psychologists have experimentally determined a scale for
pitch. The unit for this scale is the "mel" (from ""melody"),
and a 1000-Hz tone at a level of 40 dB is said to have a pitch
of 1000 mels. In terms of frequency, this pitch scale is

found to be approximately linear below 1000-Hz and approxi-
mately logarithmic above 1000-Hz. Some people have sug-
gested that a frequency analysis with bands of equal width in
mels would be more efficient for some types of noise analysis
than would one with bands of other widths, At present no com-
mercial analyzers of this type are available, but some work
has been done using such an analysis. In addition, the pitch
scale has been found useful for some types of charts.

310 MASKING.

It is common experience to have one sound completely
drowned out when another, louder noise occurs. For example,
during the early evening when a fluorescent light is on, the
ballast noise may not be heard, because of the usual back-
ground noise level in the evening. But late at night when there
is much less activity and correspondingly less noise, the

60



ballast noise may become relatively very loud and annoying.
Actually, the noise level produced by the ballast may be the
same in the two instances. But psychologically the noise is
louder at night, because there is less of the masking noise
that reduces its apparent loudness.

Experimenters have found that the masking effect of a
sound is greatest upon those sounds close to it in frequency.
At low levels the masking effect covers a relatively narrow
region of frequencies, At higher levels, above 60 dB, say,
the masking effect spreads out to cover a wide range, mainly
for frequencies above the frequencies of the dominating com-
ponents. In other words, the masking effect is asymmetrical
with respect to frequency. Noises that include a wide range
of frequencies will correspondingly be effective in masking
over a wide-frequency range.

3.10.1 SPEECH-INTERFERENCE LEVEL. Most of us have
been in locations where it was impossible to hear over a tele-
phone because the noise level was too high; and, in order to
hear, production machinery had to be turned off; resulting

in time and money lost. Even direct discussions can be
difficult and tiring because of excessive noise. Excessive
noise may make it impossible to give danger warnings by
shouting or to give directions to workers.

In a large classroom with heavy acoustical treatment,
particularly in the ceiling, the attenuation may be so great
that the teacher at one end can be but poorly heard through
the background noise at the other end, even though the noise
is not very great.

Incidentally, other factors also affect speech intelligibility.
In a live room, speech syllables are smeared by reflected
sound, and the intelligibility is consequently reduced.

Because of the annoyance of interference with speech and
also because noise interferes with work where speech com-
munication is necessary, a noise rating based on the speech-
interference level is frequently useful. We should know how
to improve speech communication in a noisy place. In order
to effect this improvement we shall find it useful to evaluate
the speech-intereference level of a noise. How thig can be
done will appear from a consideration of how noise interferes
with speech.

Noise interference with speech is usually a masking pro-
cess., The background noise increases our threshold of hear-
ing, and, as a result, we may hear only a few or perhaps none
of the sounds necessary for satisfactory intelligibility.

The consonants contain most of the information in speech,
but, unfortunately, they are more readily masked than vowels,
because they are weaker than vowels. Noise of a certain level
may mask some speech sounds and not others, depending on
the talking level, the particular sound, and the relative fre-
quency distribution of the sound and of the noise.
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The energy of the various speech sounds is distributed
over the frequency range from below 100 to above 10,000 Hz.
The actual instantaneous distribution depends on the particu-
lar speech sound. For example, the ''s' sound has its energy
broadly distributed in the range from 4000 to beyond 8000 Hz.
In contrast, most of the energy in the "ee' sound of "speech'
is distributed in fairly definite groups (called 'formants'') be-
low 4000 Hz. All the frequency range of speech sounds is not
necessary, however, for complete intelligibility. A number of
experimenters have shown that nearly all the information in
speech is contained in the frequency region from 200 to 6000 Hz.

In any frequency subdivision that we may make of this range,
the sound-pressure levels vary over a range of about 30 dB as
successive sounds occur. Tests on the intelligibility of speech
show that if we can hear the full 30-dB range in each of the
frequency bands into which speech is divided, the contribution
to intelligibility by that band will be 100 percent. If, however,
noise limits the range that can be heard to only 15 dB, the
contribution will be about 50 percent, and so forth. Further-
more, if the range between 20010 6000 Hz is divided into a
large number of frequency bands of equal importance to speech
intelligibility, the total contribution to speech intelligibility is
equal to the average of the contributions from the individual
bands. This quantity is called the articulation index, because
it is a measure of the percentage of the total possible informa-
tion which we might have perceived of importance to speech
intelligibility.

For many noises the measurement and calculation can be
simplified even further by the use of a three-band analysis.
The bands chosen are the octave bands centered on 500, 1000,
and 2000 Hz.® The arithmetic average of the sound-pressure
levels in these three bands gives the quantity called the speech-
interference level (SIL). One can use this level for determining
when speech communication or telephone use is easy, difficult,
or impossible, and one can determine what changes in level
are necessary to shift from one order of difficulty to a lower
order.

3.10.1.1 Face-To-Face Communication. For satisfactory intel-
ligibility of difficuit speech material, maximum permissible
values of speech-interference levels for men with average
voice strengths are given in Table 3-4,

9The bands used before the shift to the currently preferred
series were 600-1200, 1200-2400, and 2400-4800 Hz, or those
three bands plus the band from 300 to 600 Hz. The results
of the two measures are similar, but some shift in the refer-
ence values is necessary. (J. C. Webster, Journal of the Acou-
stical Societyof America, Vol. 37, No. 4, April 1965, pp.692-699).
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Table 3-4
Speech-interference levels (in dB re 20 uN/mz) should be
less than the values given below in order to have reliable con-
versation at the distances and voice levels shown,

Voice Level

Distance Very
(Feet) Normal Raised Loud Shouting
1 70 76 82 88
3 60 66 72 78
6 54 60 66 72
12 48 54 60 66

It is assumed in this table that there are no reflecting sur-
faces nearby, that the speaker is facing the listener, and that
the spoken material is not already familiar to the listener.
For example, the speech-interference level of the factory
noise in paragraph 3.5.4 is 80.3 which is high, and the chart
indicates that shouting is usually necessary and that the two
people must be closer to each other than two feet in order
to be understood satisfactorily. If the words spoken are
carefully selected and limited in number, intelligible speech
will be possible at greater distances.

If a number of conversations are to be held in the same
reverberant room, the procedure is more complicated. This
chart cannot be used on the basis of the background noise
level before the conversations are in progress, because a
given conversation will be subject to interference from the
noise produced by all the other conversations. The general
procedure for calculating a speech-interference level under
those conditions has not been completely worked out.

3.10.12 TELEPHONE USABILITY IN NOISY AREAS. The
speech-interference level can also be used to predict the
expected usability of a telephone under given noise conditions.
The following schedule has been found generally satisfactory,
when the F~1 Western Electric handset is used for long~
distance or suburban calls.

Speech-Interference Level Telephone Use
less than 65 dB Satisfactory
65 to 80 dB Difficult
above 80 dB Impossible

For calls within a single exchange, the permissible speech-
interference levels are 5 dB greater than those shown in the
table.
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3.10.1.3 Criteria For Indoor Noise Levels. A suggested rating
system for olfices, based on a number of psychological and
acoustical tests, is shown in Figure 3-6. The curves on this
graph relate the measured speech-interference level of the
background noise and the subjective rating of the noise rang-
ing from ''very quite' to "intolerably loud.'" The two different
rating curves illustrate that the environment influences the
subjective rating. In order to be rated "noisy' the noise level
must be appreciably higher in a large office than in a private
office.

It can be expected that the probability of receiving com~
Plaints about noise will be high for subjective ratings above
'moderately noisy' and low for subjective ratings below
"moderately noisy.'! Furthermore, because of direct inter-
ference with transferring information, efficiency may be
reduced for levels appreciably above the criterion points
marked A and B.

Suggested criteria for noise control in terms of maximum
permissible speech-interference level (SIL), measured when

TELEPHONE TELEPHONE USE
TELEPHONE USE SATISFACTORY USE DiFRICULS UNSATISEACTORY
T T T T . T =] =17 .= =1
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Figure 3-6. Rating chart for office noises. Dala were determined by
an octave-band analysis and correlated with subjective tests. (Cour-
tesy Beranek and Newman, but modified for preferred bands).
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the room is not in use, are given in the following table:

Table 3-5
Criteria for Noise Control

Maximum Permissible SIL
(measured when room

Type of Room is not in use)
Small Private Office 45
Conference Room for 20 35
Conference Room for 50 30
Movie Theatre 35
Theatres for Drama

(500 seats, no amplification) 30
Coliseum for Sports Only (Amplification) 55
Concert Halls (No amplification) 25
Secretarial Offices (Typing) 60
Homes (Sleeping Areas) 30
Assembly Halls (No amplification) 30
School Rooms 30

The purpose of these criteria will be shown by the following
example. Assume that we are to put a small conference
room in a factory space. We measure the speech-interference
level at that location and find it to be 69 dB, whereas the
suggested speech-interference level criterion for a small con-
ference room is 35 dB. The room must then be designed to
attenuate the noise from the factory space by about 34 dB in
order to have a conference room that will be satisfactory as
far as background noise level is concerned (such an attenuation
is provided by a double-plastered, three- or four-inch thick
stud wall, or by a hollow-tile wall plastered on one gide).

A similar but more extensive set of such criteria for noise
control, based on A-weighted sound levels, is given in ASHRAE
Guide and Data Book - Fundamentals and Equipment, 1965-1966,
Chapter 14, Table 4, (American Society of Heating, Refriger-
ating and Air-Conditioning Engineers.)

3.11 RESIDENTIAL NOISE LEVELS.

Some factories, recreation halls, electrical substations,
trucks, and airplanes are so noisy that they annoy people liv-
ing near them. The reactions of those that are annoyed may
range from mild remarks to legal action. Those that are re-
sponsible for the noise would naturally like to avoid the
expense of court action; in order to maintain the good will of
the neighborhood, they are often willing to put considerable
effort into controlling the noise so as to avoid anything but
mild annoyance.
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In order to put this noise control on a systematic basis, a
number of engineering groups have analyzed the experiences
obtained in many different situations.10 They have found that
reactions of annoyance cannot be successfully predicted on the
basis of a single measurement, or even of computed loudness
ratings, but that many factors enter into the problem. In
addition to the range of reactions to be expected from differ-
ent individuals, some other factors are the following: The
level and spectrum of the noise; whether or not there are
strong, pure-tone components; the time pattern of the noise,
including the rate of repetition and the actual time of occur-
rence during the day; and the general background noise level
in the residential area affected. So far the data that is avail-
able is limited primarily to the reactions of people in resi-
dential areas of single-family houses surrounding industrial
plants. We can expect that, because of the conditioning to
noises that occur in multiple-family dwellings, the reactions
of the people there would be modified.

3.12 HEARING LOSS FROM NOISE EXPOSURE."

Exposure to intense noises may lead to a loss in hearing,
which will appear as a shift in the hearing threshold. Some
of the loss is usually temporary with partial or complete re-
covery in some minutes, hours, or days Any remammg
hearing loss that persists indefinitely is called ''permanent."
The extent of the permanent loss will depend on many factors:
the susceptibility of the individual; the duration of the expo-
sure, including the time patterns; the intensity of the noise;
the spectrum of the noise; the type of noise (impact, random,
or simple-tone); and the nature of the ear protection used, if
any.

Because of the many complicating factors, it is not possible
to set up a single, simple relation between hearing loss and

10w. A. Rosenblith and K. N. Stevens, Handbook of Acoustic
Noise Control, Vol II, Noise and Man, WADC Technical Report
52~204, PB 111274, Office of Technical Services, Department
of Commerce, Washington 25, D. C., June, 1953, pp 181-200.
L. L, Beranek, Acoustics, McGraw-Hill: New York, 1954, Part
XXXII.

K. N. Stevens, W. A, Rosenblith, and R. H, Bolt, ''A Com-
munity's Reaction to Noise: Can It Be Forecast?', Noise
Control, Vol 1, No. 1, January, 1955, pp 63-71.

ommittee on the Problem of Noise, Noise, Final Report,
Her Majesty's Stationery Office, London, 1964, Appendix XV.

11ASA Subcommittee Z24-X-2, The Relations of Hearing
Loss to Noise Exposure, January, 1954, USA Standards Insti-
tute, 70 East 45th St., New York.
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exposure to noise, Furthermore, adequate cata regarding
comparative audiograms and a complete history of exposure
including noise levels, type of noise, time pattern, and fre-
guency characteristics are not available. It should be re-
membered also that noise is not the only cause of permanent
hearing loss. There is the normal loss of hearing with age
(refer to Section 3.3), and some types of infection may pro-
duce permanent hearing loss.

Nevertheless, because of the importance of the problem,
many tentative ratings have been proposed. These suggested
ratings have been revised as more information has become
available.

For those concerned with the problem of noise-induced
hearing loss, we recommend that they request the latest in-
formation on this subject from the Research Center, Sub-
committee on Noise of the Committee on Conservation of
Hearing of the American Academy of Ophthalmology and
Otolaryngology, Dr. Aram Glorig, Director, 3819 Maple Ave.,
Dallas, Texas 75219.

One suggested preliminary test is based on an A-weighted
sound level. The reading is taken where the operator's ears
would normally be, but without the operator present, if pos-
sible. An A-weighted sound level above 90 dB indicates that
the noise may be unsafe for everyday exposures, at least for
some people, and further measurements are then necessary
to determine if noise reduction or ear protection is neces-
sary. In most instances when the A-weighted sound level is
as high as 90 dB, noise reduction is desirable for other rea-
sons as well.

A report for CHABA12, the Committee on Hearing, Bio-
acoustics, and Biomechanics of the National Academy of
Science and the National Research Council, sets hearing dam-
age risk levels for bands of noise for various exposure times
per day for periods of ten years or more.

Some of the risk contour leyvels from that report, converted
into tabular form, are given in Table 3-6. These levels apply
for bands of noise and one exposure per day of the duration
indicated., The table illustrates clearly the advantage to be
gained from limited exposures.

These risk levels have been set so that, on the average,
persons will not suffer serious hearing losses if the levels for
the exposure durations are less than those indicated. Some
susceptible persons may suffer significant losses, however, so
that it is wise to reduce the noise level or provide ear protec-
tion if the levels approach those shown in the table.

'2g. D. Kryter, W, D. Ward, J. D. Miller, and D. H, El-
‘dredge, 'Hazardous Exposure to Intermittent and Steady-State
~ Noise,' Journal of the Acoustical Society of America, Vol 38,
No., 3, March 1966, pp 451-464.
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Table 3-6

Damage Risk Levels
dB re 20 uN/m?2

Octave Band Center - Hz

Duration -
/day 125 250 500 1000 2000 4000 7000
8 hours 96 92 88 86 85 85 86
4 hours 103 96 91 88 86 85 87
2 hours 110 101 94 91 B8 87 90
1 hour 118 107 99 95 91 20 95
30 min. 126 114 105 100 95 93 99
15 min. 135 122 112 106 99 98 104

7 min. 135 135 122 114 105 104 111
3 min. 135 135 134 124 113 111 120
<1.5 min. 135 135 135 134 124 121 130

If the level in any one octave band exceeds that in the two
adjacent bands by more than 5 dB, the indicated damage-risk
level for that band should be reduced by 5 dB. This rule is used
to account for noises that have sharp peaks in the spectra.

The CHABA report also has risk criteria for multiple ex-
posures per day and for pure tones. The report should be
consulted for these when necessary.

The noise=-level ratings given here apply only to exposure
during a regular working day for a number of years and to
steady noises, not to impact or impulsive sounds, such as
gunfire, for which the information regarding hearing damage
is not yet adequate to provide risk criteria.

Some industrial and governmental organizationf have set
up a program that includes periodic hearing tests 3 and
records of noise exposure of their employees. The noise-
exposure records give the octave-band analysis of the noise
to which the particular employee is exposed, the duration of
the exposure, and the protective devices — such as ear pro-
tection — used. Such a systematic approach is recommended
for organizations having employees exposed to high-level
noise.

13A guide for Conservation of Hearing in Industry,
obtainable from Subcommittee on Noise of the Committee
on Conservation of Hearing, American Academy of
Opthalmology and Otolaryngology. 3819 Maple Ave., Dallas,
Texas, 75219. See also ‘‘Threshold Limit Values of
Physical Agents Adopted by ACGIH,"" obtainable from Sec'y-
Treas., Amer. Conf. Gov't.-Indust. Hygenists, 1014 B'way,
Cincinnati,O., 45202.
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3.13 EFFECTS OF NOISE ON WORK OUTPUT.

Noise can influence work output in many ways; there is the
obvious interference with communication (paragraph 3.10),
the occasional condition where noise is useful as a means of
masking distracting conversations, and the deterioration in
quality of work output that can occur when the background
noise level is above 90 dB.

Broadbentl4 and others have found that the effects of noise
on work output depend greatly upon the nature of the work; a
long-term job requiring constant vigilance is especially sus-
ceptible. The effect of noise is more likely to be a higher
rate of errors and accidents than an actual reduction in total
output. This result and other findings lead to the interpreta-
tion that attention wanders from the work at hand more often
as the noise level increases.

From the standpoint of noise reduction, two findings are
worth noting: first, noise is more likely to lead to increased
errors in susceptible tasks if it is above 90 dB; and second,
high-frequency audible noise seems more harmful in this
respect than does low-frequency noise.

3.14 WHAT VIBRATION DOES.

Vibration related problems can be classified as follows:

1. Effect on man

Injury

Fatigue

Annoyance

Interference with performance
2. Mechanical failure

Excessgive stress

Fatigue

Destructive impacts
3. Excessive wear
4, Excessive noise
5. Inadequate performance of device
6. Failure to satisfy vibration specifications.

These problems will be discussed in the following sections
n the effects on man, maintenance, vibration specifications.
and other effects. The problem of excessive noise has
already been reviewed.

MED. E. Broadbent, Perception and Communication, Per-
‘gamon Press: London, 1958,
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3.14,1 EFFECTS OF VIBRATION ON MAN, The published
work on the effects of vibration on man has recently been re-
viewed comprehensively by D. E. Goldman and H. E. von
Gierke in the report, S3-W-38, The Effects of Shock and
Vibration on Man,15 This excellent review, which covers the
injurious levels of vibration as well as subjective aspects, is
recommended to those concerned with these problems. The
subjective response is important to those concerned with
passenger or operator comfort in automobiles, planes, boats,
trains, and other vehicles. Vibration levels that are struc-
turally safe for a vehicle are often uncomfortable, annoying,
or even dangerous for the occupant. In military vehicles it
may not be very important that the occupant be comfortable,
but it is certainly important that excessive vibration does
not cause fatigue and reduce sharply the efficiency of per-
sonnel. In order to study this problem the U. S. Naval Medi-
cal Center at Bethesda, Maryland, has built a large displace-
ment-amplitude vibration machine, designed for a maximum
load of 200 1b. at any combination of displacement (0 to 4
inches) and frequencies (2 to 50 Hz) not exceeding 15 g peak
acceleration. (In the words of one reporter, ''the engineer-
ing principle involved likens this project to a number of units
currently being Operated in New York City. In New York
they call them subways.") But there are no curves that pre-
sent the human responses to vibration as completely as do
the Robinson-Dadson curves for human responses to simple
tones of sound.

As an example of the criteria available, usm% only data
collected by Meisterl6 and Reiher and Meisterl?, Janewayl8

15This report is available from USA Standards Institute,
10 East 40th Street, New York, N. Y, 10016, and is closely
parallel to D. E. Goldman and H. E. von Gierke, "Effects of
Shock and Vibration on Man," Chapter 44, Shock and Vibra-
tion Handbook, edited by C. M. Harris and C. E. Crede,
McGraw-Hill, New York, 1961.

See also J. C, Guignard, ""Effects of Vibration on Man,"
Journal of the Environmental Science, Vol. 9, No. 4, August,
1966; pp. 29- 32

VDI 2057, ""Beurteilung der Einwirkung mechanischer
Schwingungen auf der Menschen,' October, 1963.

16Melster, F. J., "Sensitivity of Human Beings to Vibra-
tion," Forschung (V.D.1. Berlin), May-June, 1935,

Relher, H. and Melster F. J., "'Sensitivity of Human
Beings to Vibration," Forschung (V D.I. Berlin), February,
1931

Janeway, R N., "Vertical Vibration Limits for Pas-
senger Comfort" in Ride and Vibration Data, a set of refer-
ence charts. Society of Automotive Engineers, Inc., Special
Publications Department (SP-6),
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has prepared a chart giving recommended limits of vertical
vibration for passenger comfort in automobiles. Janeway
limited his analysis to data obtained for vertical sinusoidal
vibration at a single frequency, with subjects standing or
sitting on a hard seat, The recommended characteristic
congists of three simple relations, each of which covers a
portion of the frequency range. In the low-frequency range
from 1 to 6 Hz the recommended limit is a fixed value of
jerk. The corresponding maximum comfortable displacement
(a) at any frequen 37 between 1 and 6 Hz is 2 divided by the
frequency cubed (f2). Over the frequency range from 6 to 20
Hz the recommended limit is a constant acceleration. The
corresponding displacement is 1/3f2. From 20 to 60 Hz the
recommended limit is a constant velocity, and the corre-
sponding displacement is 1/60f.

Litte work has been done on the effects of nonsinusoidal
yvibration, except for sudden acceleration and deceleration,
such as occur in accidents and space travel. Apparently no
technique has been evolved for predicting the effects of broad-
band or multicomponent vibration (such as has been developed
for loudness). In short, this remains an important area of
research for further investigation.

3.14.2 MAINTENANCE, It is widely recognized that exces-
sive vibration leads to high costs for machinery maintenance.
Periodic measurement of machinery vibration has become an
important preventive maintenance procedure in many factories.
If such a program is pursued, some acceptable limits of vi-
‘bration must be set to make possible a decision as to when
corrective measures must be taken. Numerous criteria have
been proposed. Among those who have propcsed criteria,

T, C. Rathbonel9 was a pioneer in synthesizing the available

~ experience in this area. The chart that he prepared in 1939
. has been the basis for many subseqguent specifications. This

chart showed the maximum allowable peak-to-peak displace-

~ ment as a function of rotation speed with ratmgs varying

from ''Very Smooth'' to ""Too Rough to Operate."
One of the important points to be gained from such charts
is that a simple specification of displacement or even of

.f -acceleration is not adequate for a rating, although many have

- assumed from physical reasoning that one of those parameters
- ghould be specified. Actually, velocity happens to be a better
parameter to use for a relatively wide range of shaft speeds.

~ For example, Rathbone has recently recommended some

1 lemphﬁed upper limits of vibration which can be specified in

~ terms of velocity for vibration frequencies above 20 Hz (1200

19'1‘ C. Rathbone, Power Plant Engineering, Vol. 43, No,
‘.I.I November, 1939, pp. 721-124,




cycles per minute). The limits that he recommends20 are:
For power machinery, electric motors, large fans, turbines,
pumps, dishwashers, dryers, vacuum cleaners, mixers, etc.,
the velocity should be less than 0,13 in/s peak (110 dB re
10-8 m/s peak®!). For hand tools, small fans, and room air
conditioning equipment, the velocity should be less than 0.1
in/s peak (108 dB re 108 m/s peak). For precision ma-
chinery and business machines, the velocity should be less
than 0.063 in/s peak (104 dB re 10-8 m/s peak).

These values should be used only as a guide. Consider-
able variation in significance can be expected for several
reasons. For example, the relation between the actual
spindle or shaft vibration and the vibration measured on the
associated bearing housings is complex and would not neces-
sarily be the same for machines of the same type but of
different design. Furthermore, the vibration at a bearing
housing may vary significantly around the housing because of
components of different phase being introduced external to
the bearing. The nature of the vibration, that is, if it is
rough or random or of an impact type rather than a simple
sinusoidal motion also affects the value that is significant.

Even if no element of human reaction is involved different
criteria may be set up for the same application, Thus the
manufacturer of a compressor may select a velocity of 0.5
in/s peak22, (122 dB re 10-8 m/s peak) measured on the
bearing housings, as a safe upper limit, but the user may
prefer to have the vibration kept to 0.1 in/s peak (108 dB re
108 m/s peak) or less for best performance and low main-
tenance costs (cf. POWER, Vol. 109, May 1965, pp. 162-164.)

The manufacturer is influenced by what can be competi-
tively produced and still have a reasonable life, but the user
should be willing to pay more for a unit with the reduced
maintenance costs that usually accompany lower vibration
levels.

Another valuable procedure for setting up a reference
criterion is to measure the vibration on a machine when it is
first installed and operating properly. If a detailed record of
these measurements is kept on file, a comparison with

20T, C. Rathbone, ""A Proposal for Standard Vibration
Limits," PRODUCT ENGINEERING, Vol. 34, March 4, 1963,
pp. 68f.

2lpor the equivalent rms value (re 108 m/s rms) subtract
3 dB, for average values (re 108 m/s avg), subtract 4 dB.

22The ratings in terms of rms values of sinusoidal vibra-

tion as measured on some vibration meters will be about 0.7
of these peak values; for average values (actually "average
absolute'') use 0.6 of the peak values.
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subsequent measurements will then serve as a basis for
judging the condition of the machine, and it will help in track-
ing down worn or loose elements.

These early measurements should include the vibration at
the various bearing housings in all three directions, vertical
and the two horizontal axes. They should be measured for
the different operating conditions made possible by the vari-
ous clutches and speed-changing systems on the machine.
Incidentally, these early checks may occasionally reveal a
faulty, new machine that should be rejected and returned to
the manufacturer.

3.14. 3 VIBRATION SPECIFICATIONS. Limits on vibration
on many machines have been set for a variety of reasons,
generally on the basis of experience. For example, on a good
lathe one may find a specification such as:

"Vibration to 1200 rpm (20 Hz) should not exceed 0.0005"
on bed and 0.0003" at spindle." These are peak-to-peak

measurements and the corresponding peak velocity mea-
surements at 1200 rpm are 0.03''/s and 0.018"/s.

Such a specification should help to insure both high quality of
work and low maintenance. But it is strange to find that many
manufacturers and users of precision rotating machinery
neglect such an important specification.

Much machinery intended for military uses now must meet
specifications that include vibration tests., For example,
MIL-STD-740B (SHIPS) includes a vibration acceptance level
as shown in Figure 3-7. This figure has been converted to
velocity in Figure 3-8, so that the specified level can be
readily compared with those cited here in other sections.

3.14.4 OTHER EFFECTS. Many of the useful effects of vibra-
tion in chemical, biological, and physical processes are

23R. H. Nittinger, ""Vibration Analysis Can Keep Your Plant
Humming," CHEMICAL ENGINEERING, Vol. 71, August 17,
1964, pp. 152-158.

R. Y. Chapman, "Recommended Prescribed Vibration and
Noise Limits for Auxiliary Machinery Aboard Submarines
Using the GR 1551-A Sound Level Meter and Probe," Acou-
stical Research and Development Division, Engineer and Re-
pair Department, USNSB, New London, Conn. Tech. Report
#213-62, October 1, 1962.
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discussed by Hueter and Bolt24, Crawford2%, and Berg‘manzs.
The effects of machine-tool vibration have been reviewed by
S. A. Tobias28, and metallic fatigue has been covered by
Harris27, Many of the effects of vibration are discussed
briefly in books and trade journals for the particular specialty
in which the effect occurs. The handbook edited by Harris

and Crede28 is, however, remarkably comprehensive in its
coverage of the many problem areas of shock and vibration.

247 ¥, Hueter and R. H. Bolt, Sonics, John Wiley; New
ork, 1955,

257, E. Crawford, Ultrasonic Engineering, Academic
Press, New York, 1955.

261, Bergman, Der Ultraschall, S. Hirzel Verlag, Stuttgart,
1954 (Sixth Edition).

2Tw. J. Harris, Metallic Fatigue, Pergamon Press, New
York, 1961,

28C, M. Harris and C. E. Crede, Op Cit, Chapter 40.
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chapter 4

INSTRUMENTATION FOR NOISE
AND VIBRATION MEASUREMENT

4.) GENERAL.

Sound measuring systems use a microphone (as a more
general term, a transducer) to transform the sound-pressure
variations into a corresponding electrical signal. This signal
is amplified, measured and analyzed by electronic instru-
ments.

A remarkably wide variety of systems is used to measure
vibration.! When the vibratory motion is slow and large, the
measurement can sometimes be made with a scale. If the
motion is slow but small, a measuring microscope may be
used. For rapid motion, a stroboscope can be used to produce
an apparent slow-motion replica of the rapid motion for opti-
cal measurement. This technique is discussed in more detail
later in this handbook.

The measuring system may be entirely mechanical or a
mixture of mechanical, electrical, and optical elements, Many
of these systems have been described in the literature.l Of
the many possible systems, the one particularly adaptable to
a broad range of applications uses a vibration pickup (also
called a transducer) to transform the mechanical motion into
a corresponding electrical signal. As for sound measure-
ments, this signal is amplified, measured, and analyzed by
electronic instruments.

The most commonly used vibration pickup is a piezoelec-
tric accelerometer, in which a piezoelectric element is de-
flected by its own inertia when the pickup is subjected to
vibration. The voltage generated is proportional to the ac-
celeration. This type of pickup has the advantages of small
size, light weight, and wide frequency range, and it does not
require a fixed frame of reference for the measurement.

We shall describe the two types of transducers, micro-
phones and vibration pickups, and then the electronic equip-

1Cyril Harris and Charles Crede, Shock and Vibration
Handbook, McGraw-Hill Book Co., New York, 18961, Chapters
12 through 17.

J. Ormondroyd, R. B. Allnutt, ¥. Mintz, and R. D. Specht,
""Motion Measurements,' Handbook of Experimental Stress
Analysis, Edited by M. Hetenyi, John Wiley: New York, 1950,
Chapter 8, pp. 301-389.
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ment. The functional relations between the transducers and
the various instruments are shown in Figure 4-1.

4.2 TRANSDUCERS - MICROPHONES AND
VIBRATION PICKUPS.

Two different types of microphones are widely used for
sound measurements. They are the piezoelectric-ceramic
type and the condenser type.

4.2.1 CERAMIC MICROPHONES, The ceramic microphone
uses a piezoelectric ceramic (lead-titanate, lead-zirconate)
as the voltage-generating element. (The term ''piezoelectric"
indicates that the material produces a voltage when it is
strained.) A diaphragm fastened to the ceramic transfers

the sound-pressure variations into a corresponding varying
force that bends the ceramic element.

This stable and rugged microphone has a smooth frequency
response and is relatively unaffected by normal temperature
and humidity changes. It is regularly supplied with the latest
sound-level meters and is available for use with other mea-
suring instruments. It can be mounted directly on the instru-
ment or separately with connection by extension cable when
it is necessary to avoid the effects of the observer and the
instrument case on the acoustical measurement. Because of
its good characteristics and ease of use, this type of micro-
phone is generally preferred for most sound-measurement
applications.

Figure 4-2. General Radio
Ceramic Micropbones.
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Figure 4-7. The Type
1553 Vibration Meter.
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Figure 4-6. The Type
1551-C Sound-Level Me-
ter.













Three such pickup systems are available, The Type 1560-
P11B Vibration Pickup System is a low=-cost unit for general
use, the Type 1560-P13 is for high-frequency measurements,
and the Type 1560-P14 is for very low-vibration-level
measurements.

4.6 PREAMPLIFIER.

The preamplifier shown in Figure 4-13 is a high-input-
impedance, low-noise amplifier for amplifying the output of
microphones and vibration pickups and for driving long con-
necting cables without loss in signal voltage. The gain of
20 dB (10:1) is also helpful in increasing the ultimate sensi-
tivity of analyzers for low-level measurements.

Figure 4-13. The General Radio Preamplifier and accessories.

4.7 ANALYZERS.

Even if a sound-level meter were perfect (i.e. fit with no
tolerance all the design objectives of the USASI Standards),
the reading obtained by it in any given noise field is inadequate
for a complete understanding of the problem. The number of
decibels indicated by a sound-level meter tells nothing about
the frequency distribution of the noise. It is true that by
judicious use of the weighting networks in a sound-level meter
one can learn something about the frequencies present, but
this knowledge is only qualitative. For most important prob-
lems it is necessary to use some type of frequency analyzer
to determine the noise spectrum.

The vibration meter measures the displacement, velocity,
acceleration, or jerk of a vibration. Unless the waveform is
substantially sinusoidal, however, the vibration meter by it-
self gives little information about the frequencies of the
individual vibration components. An analyzer, therefore, is
desirable and often is a necessity. As with noise, the analysis
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Figure 4-15. Octave-band [ilter characteristics of the Type 1558-BP,

Two models are available. The octave bands of the Type
1558-BP Octave-Band Noise Analyzer are centered on the
standardized preferred frequencies, 31.5, 683, 125, 250, 500,
1000, 2000, 4000, 8000, and 16,000 Hz, It also includes an
A-weighted response. The filter selectivity characteristics
are shown in Figure 4-15. These filters meet the require-
ments of USASI S1.11-1966, Class 1II, Type E,

The filters included in the Type 1558-A are a 75-Hz low-
pass filter and octave filters having effective bands from
18.75 to 37.5, 37.5 to 75, 75 to 150, 150 to 300, 300 to 600,
600 to 1200, 1200 to 2400, 2400 to 4800, 4800 to 8600, and
9600 to 19,200 Hz, This set includes all those specified in the
older American standard, Z24.10-1953, on octave-band filter
sets.

4.7.2 THIRD-OCTAVE-BANDWIDTH ANALYZER. For more
detailed analysis of noise, a third-octave-band analyzer, such
as that shown in Figure 4-16 is often used. In addition to the
third-octave band, this instrument also has a one-tenth-octave
band. A typical selectivity characteristic for these two bands
is shown in Figure 4-17. This instrument can be tuned to any
center frequency between 2.5 and 25,000 Hz, and the shape of
the selectivity curve is constant in terms of percentage of

the resonant frequency over the entire range.

The meter scale is calibrated in decibels for use in sound
measurements and in linear units for vibration measurements.
The direct-reading range for sound-pressure levels with a
microphone attached is 44 to 150 dB and with the Type 1560~
P40 Preamplifier the minimum is extended to 24 dB and long
cables can be used without loss in sensitivity.

This analyzer can be operated from the power line or
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bandwidth that is constant in Hz. The spectrum level of a
noise is then readily determined from the chart by subtraction
of a fixed correction independent of the center frequency.

The linear frequency scale also shows readily the modulation
of one frequency component by another, such as occurs in
gear trains.

4.9 MAGNETIC TAPE RECORDER.

The magnetic tape recorder, shown in Figure 4-26, has
become a very useful tool for the acoustical engineer both in
research and in development. It stores a signal as variations
in the magnetic state of the particles on the tape, The time
scale then becomes a length scale on the tape.

The signal to be stored must be supplied to the recorder
as an electrical signal; and, for recording noise as a function
of time, this electrical signal is usually obtained from a high-
quality microphone. When measurements are to be made on
the stored signal, the recorded tape is played back on the re-
corder and measurements are made on the electrical output
signal,

The magnetic tape recorder is being used to perform the
following functions in the field of noise measurements:

1. To keep reproducible records of progressive changes
in a sound. These changes may be a result of the application
of successive noise control procedures, for example.

2. To record a noise for analysis by a number of tech-
niques, when the particular approach to be used is not at
first obvious and it is not convenient to use the original
source repeatedly.

Figure 4-26. The General Radio Type 1525-A Data Recorder.
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3. To record a noise in the field for detailed study in the
laboratory, where complex instrumentation systems can be
used.

4. To record a sound that varies with time. Samples can
then be selected from the recording for analysis to obtain the
change in spectrum as a function of time.

5. To record a short-duration sound, which can then be
played back repetitively to simplify analysis.

6. To monitor over long periods to catch intermittent
sounds, which can then be separated out for analysis.

7. To record noises that are erratic or intermittent,
possibly by binaural techniques, to aid in tracking down
sources.

8. To record a noise to permit a 2-to-1 frequency trans-
lation for convenience in analysis.

9. To record a transient noise in order to change the
time scale by a factor of 2 or to invert the time scale for
ease of graphic recording,

10. To permit subjective or objective comparison among
sounds recorded at different times. The subjective judgment
can then be made by groups listening under similar condi-
tions.

11. To permit observation of the subjective effects of
altering a signal, for example, by filtering, clipping, or add-
ing noise.

12. As a measurement system with a recorded signal as
the source and a recording channel as the detector, for ex-
ample, in the measurement of reverberation characteristics.

These applications have been stated for acoustic signals,
but most of them apply to vibration signals as well,

In order to perform these functions the tape recorder
shown includes the characteristics of a sound-level meter, a
variety of weighting networks, an accurate step attenuator, an
amplifier with high gain and high input impedance, a transient
overload indicator, two-channel recording, simultaneous play-
back on recording, good response down to 15 Hz, and tape
loop guides.

The tape recorder supplies power for the Type 1560-P40
Preamplifier so that microphones and vibration pickups can
be used with long cables for best signal-to-noise ratio,
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ing the response of earphones and the characteristics of
audiometers. The measurement microphone is connected to
a sound-level meter or an analyzer for quantitative measure-
ments.

4.14 OSCILLOSCOPE.

A cathode-ray oscilloscope is a useful means of observing
the waveform of a sound or vibration signal from a sound-
level meter or a vibration meter. It can be used to measure
the peak amplitude of a wave, and after some experience the
observer can, by adjusting the sweep frequency, tell some-
thing about frequency components by looking at the waveform.
In addition, the oscilloscope makes possible the study of the
instantaneous values of a vibratory motion. In contrast with
the vibration analyzer and other wave analyzers that present
information in terms of frequency, the oscilloscope presents
information as a function of time. This time representation is
often of great assistance in the solution of vibration problems.
Because the oscilloscope presents information instantly and
continuously and because its frequency response is not a
limiting factor it is useful in the study of any vibration wave-
form.

For sound and vibration measurements an oscilloscope
with slow sweep rates, long-persistence screen, and dc am-
plifier is recommended. Many oscilloscopes have provision
for the addition of a camera, which makes possible the per-
manent record of the wave shape being studied.

415 CALIBRATORS.

Much is to be gained from the use of an accurately cali-
brated acoustical or vibration measurement system. When an
accurate calibration is made, the consistency of compari~-
son measurements can be improved, a closer approach to an
allowed performance specification is possible, and careful
attention to measurement techniques will be repaid by more
accurate measurements.

4.15.1 MICROPHONE RECIPROCITY CALIBRATOR, Fre-
quent, accurate calibrations, even in the field of acoustical
systems, are now possible by the use of the microphone
reciprocity calibrator shown in Figure 4-32. This instru-
ment uses the reciprocity technique, which is widely pre-
ferred for the absolute calibration of standard microphones,
to calibrate the General Radio ceramic microphones and to
make an over-all calibration of the system used with them,
This microphone reciprocity calibrator uses a small acou-
stic cavity as an acoustic impedance reference and an accurate
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Figure 4-32. The Type
1559-B Microphone Re-
ciprocity Calibrator,

electrical capacitor as the electrical impedance reference.
The calculations necessary to determine microphone sensi-
tivity are automatically performed by an analog computer, so
that microphone sensitivity can be read from a dial on the
panel after four simple adjustments are made at any one fre-
quency.

This calibrator can be operated from an oscillator that
supplies at least 5 volts into a 600-ohm load. A sound-level
meter can be used as the detector.

4.15.2 SOUND-LEVEL CALIBRATOR. When an over=-all
acoustical check of a system at several frequencies is de-
sired, the sound-level calibrator can be used. It comprises

a small, stabilized, and rugged loudspeaker mounted in an
enclosure which fits over the microphone of the sound-level
meter. The chamber is so designed that the acoustic coupling
between loudspeaker and microphone is fixed and can readily
be repeated. The level is high enough so that readings are
unaffected by normal background noises.

The calibrator shown in Figure 4-33 includes its own
battery-operated oscillator to drive the transducer which
supplies a known level at 125, 250, 500, 1000, and 2000 Hz to
a General Radio microphone. This device permits a quick
check of the performance of an acoustic measurement system
over the most important frequency range for acoustical mea-
surements. It is also invaluable for calibrating a measurement
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photo record processors for paper oscillograms and other
rolled-paper photo records. The units require no darkroom
for operation and can be used at the testing site without con-
nection to an external source of water. In addition, at least
two companies have introduced light-beam-type recorders
using a high-intensity light source and specially sensitized
paper to produce a trace that becomes visible almost
immediately.

4.17 VIBRATION SHAKERS.

As noted in Section 2.9, several types of vibration shakers
are widely used. One of the most versatile is the electrody-
namic shaker. These shakers, produced in a wide range of
sizes, are used by vibration engineers in many ways to help
evaluate performance of instruments, components, and struc-
tures. Typical uses are: endurance or fatigue testing of
electrical and mechanical structures, testing of resilient or
shock mounts, shake testing of electrical components such as
switches, relays, or amplifiers, determination of damping
characteristics of materials, and calibration of vibration
pickups.

Some tests use sine-wave motion, with the frequency either
set at a resonance of the device under test or swept over a
specified band. Random motion is becoming widely accepted
in vibration testing, with a random-noise generator (see Sec-
tion 4.11) used as the signal source, and an adjustable band-
pass filter used to shape the noise spectrum.

4.18 STROBOSCOPES.

The stroboscope is valuable in many vibration studies be-
cause it permits rotating or reciprocating objects to be viewed
intermittently and produces the optical effect of slowing down
or stopping motion. For instance, an electric fan revolving at
1800 rpm will apparently stand still if viewed under a light
that flashes uniformly 1800 times per minute. At 1799 flashes
per minute the fan will appear to revolve at 1 rpm, and at 1801
flashes per minute it will appear to rotate backwards at 1 rpm.
Because the eye retains images for an appreciable fraction of
a second, no flicker is seen except at very low speeds. The
apparent slow motion is an exact replica of the higher-speed
motion, so that the motion of the high speed machine can be
analyzed with the stroboscope under normal operating condi-
tions. This type of instrument can be used to measure the
speeds where vibrations occui in most rotating or reciprocat-
ing machines. Displacements in vibrating parts can often be
measured accurately with the aid of a microscope if a fine
reference line is scribed on the part. This technique has been
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used to confirm the calibration of vibration calibrators, and
automotive engineers have used it to measure crankshaft
whip and vibration.

4.18.1 STROBOTAC® ELECTRONIC STROBOSCOPE. The
Strobotac® electronic stroboscope, shown in Figure 4-35,
is a small, portable stroboscope calibrated to read speed
directly in revolutions per minute. The light source is a
strobotron tube, mounted in a parabolic reflector. The fre-
quency of an internal electronic pulse generator determines
the flashing speed, which can be adjusted by means of a
direct-reading dial. Normal flashing range is from 110 to
25,000 rpm. Another model of the Strobotac® is available
for flashing rates up to 150,000 per minute, and that model
can be operated from rechargeable battery. Speeds above
and below this range can be measured by use of flashing
rates that are simple multiples or submultiples of the speed
to be measured. As the flashing rate of the Strobotac is de-
creased below 600 per minute, the flicker becomes pronounced
due to the inability of the human eye to retain successive
images long enough to give the illusion of continuous motion.
Of especial use in vibration measurements is the provision
for connecting an external synchronizing signal to the Strobo-
tac. Thus the light flashes can be triggered directly by any
of several devices. These include two stroboscope accessor-
ies, the Type 1535-B Contactor, a mechanical coupling which

Figure 4-35. Type 1531 Strobotac® electronic stroboscope (left),
Type 1531-P2 Flash Delay (attached to stroboscope), and Type
1536-A Photoelectric Pickoff.
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permits synchronization of the stroboscope with a rotating
shaft, and the Type 1536-A Photoelectric Pickoff, which uses
a photocell to synchronize the stroboscope with repetitive
mechanical motion. A major advantage of the latter is that it
requires no attachment to the device being observed, and thus
can be used effectively with low-torque devices. The output of
the photoelectric pickoff requires amplification to trigger the
stroboscope; this is provided by the Type 1531-P2 Flash
Delay Unit, which also permits observation of the vibration at
any point in its cycle.

The stroboscope can also be flashed by the output from one
of the vibration pickup systems described earlier. For in-
stance, a vibration pickup can be used with a sound-level
meter or vibration meter to send triggering impulses to the
stroboscope. Filtering is necessary between the measuring
instrument and the stroboscope. An octave-band or a narrow-
band analyzer can be used to provide such filtering.

4,18.2 STROBOLUME (TYPE 1532-D). The Strobolume is a
source of very bright light that is triggered by an external
device, such as the Type 1531 Strobotac electronic strobo-
scope or the Type 1535-B Contactor. It is useful where the
ambient light level is high or where large areas must be
illuminated., The Strobolume produces brilliant white flashes
continuously at rates up to 60 per minute or for short periods
at rates up to 1200 per minute. It also produces flashes of
shorter duration (and of about the same intensity as those
produced by the Strobotac) up to 3000 per minute,

4,18.3 MOTION ANALYSIS SET. The Type 1539-Z Motion
Analysis and Photography Set is arranged for visual analysis
of a repetitive motion or inspection of a process where the
independent flashing rate setting of the Strobotac is not re-
quired and for high-speed photography with conventional
cameras, The major application areas for the motion analy-
sis are in machinery and metal working, including packaging,
printing, textile, earthmoving machinery, metal products,
shipbuilding, automotive manufacturing, ordnance, chemical
processing and aerospace.

4.18.4 STROBOSCOPIC APPLICATIONS. Stroboscopic tech-
niques are widely used for visual observation of vibration,
The high-speed performance of fans, propellers, and other
rotating devices can be studied by means of the slow-motion
effect of the stroboscope, and sources of vibration and noise
due to misadjustments, misalignment, and wear can be readily
detected. The vibratory modes of turbine blades are checked
as they are driven electromagnetically, and the mode shapes
are observed with the aid of an optical magnifier under strobo-
scopic illumination. Similarly, the flapping of the blades of a
model helicopter rotor has been observed in slow motion by
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stroboscopic illumination.

The stroboscope can also be used to observe the motion of
apparatus being tested on a shaker. If the flashing rate is
just slightly offset from the frequency of the shaker, a slow-
motion replica of the high-speed vibration will result, so that
the displacement can readily be observed. The form of the
motion can be seen, and one can often tell what section needs
to be strengthened and how damping material and damping
devices can best be applied.

When a rotating or reciprocating machine is brought up to
speed or is a variable speed device, there may be resonant
vibration modes of various parts at certain speeds, known as
critical speeds. If these parts are visible and can be illumi-
nated by a stroboscope, it is often possible to use the slow=-
motion feature to check on the actual behavior of the part at
resonance., One can see if it is a fundamental resonance or a
multiple resonance with various sections going in phase and
others in phase opposition. This type of observation can be of
great assistance in the determination of the proper treatment
to reduce the resonant vibration.

For further details on the stroboscope and its uses consult
F. T. Van Veen, Handbook of Stroboscopy, General Radio
Company, West Concord, Mass., 1966.
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chapter 5

WHAT NOISE AND VIBRATION
MEASUREMENTS SHOULD BE MADE?

5.1 INTRODUCTION.

The previous chapters have reviewed many of the noise
and vibration measurements that can be made. They range
from a simple measurement of sound level to a detailed
vibration analysis showing hundreds of components of a com-
plex vibration. Confronted with so many possible choices,
one might well ask, ''What measurements should we make and
what instruments do we need for our job?"

The answer to this question depends of course on what the
job is. If the problem is one of checking compliance with a
certain noise and vibration specification, the specification is
usually set up so that the particular measurement required
is reasonably clear and only some guidance as to choice of
instruments and their use is needed. But if we are trying to
reduce the noise produced by an appliance, the situation is
more complex and extensive discussion is necessary.

In all these applications careful attention to the acoustic
environment is essential. That is, if the background noise is
serious or if reflected sound is significant, you may be paying
a significant penalty because the measured noise is higher
than it would be under ideal conditions. These problems are
discussed in the next chapter.

In order to organize the many possible answers to the
basic question in a manner that will make the information
readily usable, this chapter is arranged on the basis of the
application. The next step for vou is to find the field that fits
your job in the following list and then look up the referenced
section.

Devices that are Noisy or Vibrate Excessively (5.2)
Product Noise and Test Codes (5.2.1)
Production-Line Testing (5.2.2)
Pf'oduc‘;-Developrnent Noise and Vibration Reduction

5.2:3
Machinery Maintenance (5.2.4)

Environmental Noise (5.3)

Hearing Loss from Noise Exposure (5.3.1)
Local Noise Ordinances (5.3.2)
Neighborhood Noise (5.3.3)

Noise Ratings (5.3.4)

Motor Vehicle Noise (5.3.5)
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Architectural Acoustics (5.4)
Sound Absorption (5.4.1)
Sound Transmission Loss (5.4.2)
Reverberation Time or Decay Rate (5.4.3)
Response Testing (5.4.4)
Tone-Burst Testing for Echoes (5.4.5)
Site Selection (5.4.6)

5.2 DEVICES THAT ARE NOISY OR VIBRATE EXCESSIVELY.

5.2.1 PRODUCT NOISE AND TEST CODES. Specifications of
acceptable noise limits for products are becoming relatively
common. These specifications are usually given as maxi-
mum sound levels or maximum octave-band levels or some-
times third-octave band levels at certain measuring points.
Some specifications also include the measurement of radiated
acoustic power,

Various engineering groups and trade associations have
standardized test codes for measuring the noise from cer-
tain devices, for example, transformers, cooling towers,
electric motors, fans and blowers, etc. These codes are often
referenced as a part of a specification in order to standardize
the measurement procedure to be used in checking for com-
pliance to a maximum noise requirement. A representative
list of test codes is given in the reference section of the
Appendix.

5.2.1.1 A-Weighted Sound Levels. A simple example of noise
testing is the check for compliance by a manufacturer for a
customer who requires that the A-weighted sound level at 3
feet from any major surface of a motor be less than, say,

55 dB. He may also specify that the motor be mounted on a
hard reflecting surface in an essentially anechoic space.
Here the A-weighted sound level needs to be measured, and
a sound-level meter with a microphone will do the job.

The Type 1565-A Sound-Level Meter is adequate for this
test and it is generally wise to include a Type 1562-A Sound-
Level Calibrator as part of the measurement system. If
measurements below 44 dB may be required, the 1551-C
Sound Level Meter should be substituted.
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An enclosure with hard walls can also be used in some
instances. Here the design should be such as to make it a
reverberation room (see Sections 2.8.4.1 and 2.8.5.6).

A much simpler technique is sometimes satisfactory for
production-line screening of noisy devices, This approach
depends on a vibration measurement that has been corre-
lated with the acoustic noise. For example, acoustic
measurements of a number of samples may show that the
noisy ones are invariably noisy in one or two octave bands,
say the bands at 500 and 1000 Hz. Then a measurement of
the vibration of these samples may show what vibration
levels are acceptable in these bands. Some exploration of
the vibration of the various surfaces of the device will be
necessary to find the critical areas. Usually the major sur-
faces should be tried first. In production, the tests should
be made with the device resting on a very thick, resilient
pad or mounted in soft mounts that help isolate against am-
bient vibration.

CAL
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Figure 5-5. Alternate production-line testing setup.

5.2.3 PRODUCT DEVELOPMENT - NOISE AND VIBRATION
REDUCTION. In a program for the reduction of noise and
vibration, the tape recorder is a key instrument. It permits
one to store in reproducible form a record of the results of
successive noise and vibration control measures. Such a
series of records may be particularly useful for demonstrat-
ing to a consultant's client or to the management of a plant
what has been accomplished in reducing noise. From an
engineering viewpoint, these recordings are also valuable
when a change in plans requires a change in analysis pro-
cedure,

Some sounds vary significantly in level and character with
time. Applicances that go through a cycle of different oper-
ations (dishwashers and clothes washers, for example) pro-
duce such sounds. Although an appliance can be programmed
to stay in the same phase of the cycle for long periods, it is
usually more convenient to make a recording of each phase.
Sections can then be separated out for detailed analysis.

Some devices, for example a gas engine, drift slowly but
significantly in speed. As a result, the basic noise pattern
changes, and the drift is often serious enough to preclude
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The basic procedure is to measure the decay rate of
sound, which is a band of noise, in the room with and without
the acoustical material in the room. These two measurements
permit one to calculate the sound absorption of the specimen.

5.4.2 SOUND TRANSMISSION LOSS. The American Society for
Testing and Materials ES0-66T gives the recommended prac-
tice for the Laboratory Measurement of Airborne Sound Trans-
mission Loss of Building Floors and Walls. Here two
reverberant rooms with a common wall, the wall under test,
are required. A diffuse noise field is set up and measured in
one room and is also measured in the other. From these two
measurements and a measurement of the sound absorption in
the second room (see paragraph 5.4.1) the transmission loss
can be calculated.

One possible arrangement of instruments is a noise gen-
erator supplying a third-octave filter followed by a power
amplifier, which drives some loudspeakers in the first room.
A microphone in each room is connected by means of cables
to a third-octave analyzer so that the level in each room can
be monitored. A sound-level calibrator is essential in order
to compare the sensitivities of the two microphone systems.

DIFFUSING VANES
) A\

/X § X
POWER
ANMPLIFIER TEST
TERIAL
nna E *g Rw\
7] [ \

1560-P5 TEST ROOMS |560-PA0K

= ]

1562-4 I564-A

Figure 5-18. A system [or sound transmission measuremenls.

5.4.3 REVERBERATION TIME OR DECAY RATE. The rate
at which sound decays in an auditorium has been found to be a
useful quantity in rating an auditorium. If sound decays too
rapidly, the room sounds "dead,' and an organ, for example,
played in a dead hall loses much of its appeal. A very live
room, that is, one in which the sound decays slowly, may be
useless as a lecture hall, because the individual syllables of
speech are obscured by the persisting sounds of previous
syllables.

The more common name for the characteristic that rates
sound decay is ''reverberation time," which is the time taken
for the sound to decay 60 dB after the source has stopped.
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procedure may give useful information with relatively short
testing time. The hall is excited by means of a broad-band of
"pink" noise (noise whose spectrum level decreases with in-
creasing frequency to yield constant energy per octave of
bandwidth,) The sound in the hall is recorded on the tape re-
corder with the noise on and during the decay period when the
noise is suddenly switched off. Later, in the laboratory, this
recorded signal is played back through a third-octave analyzer
and a graphic level recorder., This recording is repeated for
the full range of the desired settings of frequency of the ana-
lyzer. In this way a complete picture of the decay rate as a
function of frequency can be obtained with only one "exposure"
at the hall. Some of the detail, particularly at lower levels,
may be obscured, however, by the background noise in the hall.

5.4.4 RESPONSE TESTING. The equalization of a sound sys-
tem to obtain good uniformity of response with frequency can
improve the performance of the system. The suggested pro-
cedure for measuring the response is as follows: The sound
system is driven by broad-band pink noise. The sound pro-

duced is then analyzed by a recording third-octave analyzer.
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milliseconds duration. The resulting sound is then picked up
and displayed on an oscilloscope as a function of time. The
pattern on the oscilloscope can often be interpreted in terms
of the principal reflections that occur and it may point the way
to significant improvements in the hall. Ideally, this study
should be made over the audio-frequency range.

5.4.6 SITE SELECTION. Noise and vibration are obvious
factors to consider in the selection of a building site. Build-
ings for certain purposes (for example, concert halls and
sound studios) may be much more expensive to design and
build if they must be placed in a noisy environment and at the
same time have low background noise. A careful study of the
sound and vibration conditions at a site is essential for a
proper estimate of a suitable design for such buildings, Some
useful information can be obtained with a sound-level meter
and with a vibration meter. But an octave-band analysis of
the sound and vibration is much more useful, because the
cost of isolating against low frequency noise is much greater
than that of isolating high-frequency noise, and the knowledge
of the level of low-frequency sounds and vibrations may be
an essential element in cost studies.

A related problem is that of locating a studio within an
existing building. Here a careful survey of possible locations
may lead to a significant saving in construction costs.
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chapter 6

TECHNIQUES, PRECAUTIONS, AND
CALIBRATIONS FOR NOISE AND
VIBRATION MEASUREMENT SYSTEMS

6.1 SOUND MEASUREMENTS.

Most of the applications discussed in the previous chapter
require a measurement of either sound-pressure level as a
function of frequency or of sound level. These quantities are
measured at a single point or at a number of points that are
determined by the conditions of the application. The method
of measuring these quantities is discussed in this chapter.
The procedure for determining from the measured data the
calculated loudness level, the perceived noise level, the
speech-interference level, and the possibility of hearing
damage is given in Chapter 3.

The basic procedure for measuring the sound level or the
sound-pressure level at a given point is to locate the sound-
level-meter microphone at that point and to note the reading
of the sound-level meter. Some preliminary exploration of
the sound field is usually necessary to determine that the
point selected is the correct one, and this exploration is dis-
cussed later in this chapter. Other practical details regard-
ing this measurement are also given in this chapter, but the
actual manipulation of the individual instrument controls is
discussed in the instruction books that are furnished with the
instruments.

We shall discuss the choice of microphone and auxiliary
apparatus, the effects of extraneous influences, the recording
of adequate data, the calibration of the instruments, and the
interpretation of the data. Much of this discussion is neces-
sary because no ideal instrument or combination of instru-
ments and accessories is available that would be suitable for
all conditions.

6.1.1 CHOICE AND USE OF MICROPHONE. The microphones
supplied with modern sound-level meters are suitable for
most sound measurements. For very high sound levels
(above 150 dB for the ceramic microphone), for high temp-
erature applications, and for accurate sound measurements
near and above the limits of hearing (say 12,000 Hz), special
microphones need to be used. The performance of these
modern microphones as well as their limitations is reviewed
here. In addition, some of the problems encountered with the
use of microphones supplied on earlier instruments are dis-
cussed briefly.
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6.1.1.1 Low Sound Levels. A microphone used to measure low
sound levels must have low ''self-noise,' and it must produce
an output voltage sufficient to override the circuit noise of

the amplifier in the sound-level meter. The type of micro-
phone supplied with the sound-level meter is very good in this
respect, and sound levels down to about 24 dB can be mea-
sured with it. The Type 1551-P1L Condenser Microphone
System is not suitable because even under the best conditions
its self noise is equivalent to about 40-dB gound-pressure
level.

When a sound is analyzed, the minimum measurable sound-
pressure band level is even lower than 24 dB with the Type
1560-P5 microphone, because the equivalent internal noise in
a selected band is less tHan the over-all noise.

When microphone cables are used, a preamplifier must be
placed at the microphone if one must preserve the ability to
measure low sound-pressure levels. (See Section 4.6 and
6.1.1.8:)

6.1.1.2 High Sound Levels. The sound-level meter microphone
and the Type 1551-P1L Condenser Microphone System are
well suited for the measurement of sound pressure levels up
to 150 dB. The Type 1551-P1H System can be used up to 170
dB. Certain blast microphones (such as those made by
Atlantic Research Corporation, Alexandria, Va.; Chesapeake
Instrument Corporation, Shadyside, Md., and Massa Labora-
tories, Hingham, Mass.) can be used directly with the sound-
level meter for sound-pressure levels up to about 190 dB.

6.1.1.3 Low-Frequency Noise. The ceramic and condenser-
type microphones are well suited for measuring low-frequency
noise. In fact, with either of these microphones, measure-
ments may be made down to only a few Hz if special ampli-
fiers, such as that provided by the Type 1553-A Vibration
Meter, are used. The Type 1551-C Sound-Level Meter is
designed to cover the frequency range down to 20 Hz and even
at 10 Hz the response is down only 10 dB. This 20 Hz limit

is adequate for almost all types of low-frequency noise.

6.1.1.4 High-Frequency Noise. The primary requirements on
the microphone for accurate measurement of high-frequency
sounds are small size and uniform frequency response at

high frequencies. For measuring over-all sound levels the
high-frequency characteristic is not so important because
most machinery noises do not include strong high-frequency
components. Even for those sounds that do include significant
energy at the high-frequency end, the decrease in response
required at high frequencies, for the standard weightings
means that the important noise energy is generally well with-
in the range of the regular microphone furnished on the sound-
level meter,
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If these noises are to be analyzed and accurate measure-
ment of band-pressure levels at high frequencies is important,
the microphone performance must be good or accurately
known (see Section 6,1,3.5). If the microphone calibration is
available, corrections can be applied for the frequency re-
sponse as described in paragraph 6.1.3.5.5.

The typical frequency responses of the ceramic micro-
phone made by General Radio and the Type 1551-P1 Con-
denser Microphone Systems are shown in Figure 6-1.

The condenser microphone system can be used for mea-
surements up to 18,000 Hz and measurements rarely need
to be made on air-borne sounds at frequencies higher than
this. For some research investigations much higher fre-
quencies have been measured by use of microphones specially
designed for the purpose.

6.1.1.,5 Humidity., Long exposure of any microphone to very
high or very low humidity should be avoided. The ceramic
microphones, however, are not damaged by extremes of
humidity. The chemical Rochelle salt, which is used in
microphones furnished with the earlier Types 1551-A, 1551-
B, and 759-B Sound-Level Meters and in the Type 1555-A
Sound-Survey Meter, however, gradually dissolves if the
humidity is too high (above about 84 percent). The Rochelle-
salt crystal unit in the microphone, however, is protected by
a coating so that it is relatively unaffected by high humidity.
Nevertheless, it is wise to avoid unnecessary exposure. A
Rochelle-salt microphone should not be stored for long
periods in a very dry atmosphere, since it can dry out.

Note: Rochelle-salt-crystal microphones are no longer
supplied by General Radio Company.

The coridenser microphone on the Type 1551-P1 Conden-
ser Microphone System is not damaged by exposure to high
humidity, but its operation may be seriously affected unless
proper precautions are taken. For proper operation it is
essential that very little electrical leakage occur across the
microphone., The exposed insulating surface in the micro-
phone has been specially treated to maintain this low leakage
even under conditions of high humidity. In spite of this pre-
caution, the leakage may become excessive under some con-
ditions. Then it may be advisable to keep the microphone at a
temperature higher than the ambient temperature to reduce
the leakage. In climates where the humidity is normally high,
it is recommended that the microphone itself be stored in a
small jar containing silica gel,

6.1.1.6 High or Varying Temperature. Although most noise
measurements are made indoors at average room tempera-
tures, some measurement conditions expose the microphone
to much higher or lower temperatures. When these conditions
are encountered, it is essential to know the temperature
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Figure 6-1. Typical response curves for two different microphones
when used with the Type 1551-C Sound-Level Meter. (a) Ceramic
microphone assembly supplied with the Type 1551-C; (b) the Type
1551-P1L Condenser Microphone, Random response assumes that
the mictophone is placed in a diffuse sound field.
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limitations of the equipment.

The microphone supplied with the Type 1551-C Sound-
Level Meter and the Type 1560-P6 Microphone Assembly will
withstand temperatures of -30 to +85° C without damage. In
contrast, the maximum safe operating temperature for
Rochelle-salt crystal microphones formerly furnished with
some sound-level meters is about 45°C (113°F). At 55.6°C
(132° F) the Rochelle-salt crystal is permanently changed. It
is, therefore, not safe to put a Rochelle-salt microphone in
the trunk or back of a car that is to be left standing in the sun.

The maximum safe operating temperature for the micro-
phone probe of the Type 1551-P1 Condenser Microphone Sys-
tem is about 100° C (212°F).

Fortunately, it is usually possible {o keep the sound-level
meter itself at more reasonable temperatures, Its behavior
at extreme temperatures is limited by the batteries. Temp-
eratures of even 130°F will result in much-shortened battery
life. Operation below -10° F is not ordinarily possible without
special low-temperature batteries,

Microphones are usually calibrated at normal room temp-
eratures. If a microphone is operated at other temperatures,
its 'sensitivity will be somewhat different, and a correction
should be applied. The correction for sensitivity for the
ceramic microphone is only about -0.01 dB per degree Cel-
sius, so that for most purposes the correction can be
neglected.

The condenser microphone used on the Type 1551-P1 Con-
denser Microphone System has a temperature coefficient of
sensitivity of about -0.04 dB/°C.

6.1.1.7 Hum Pickup. Dynamic microphones are sometimes
used for measurement purposes because they are readily used
with long cables. The development of modern preamplifiers,
such as the Type 1560-P40 Preamplifier, makes the use of
dynamic microphones unnecessary. But if they are used, care
must be taken to avoid hum pickup, which is the induction of
undesired electrical signals from the external magnetic field
of equipment such as transformers, motors, and generators.
Ceramic and condenser microphones are relatively free from
this undesirable effect.

6.1.1,8 Long Cables. For the most accurate sound measure-
ments, only the microphone should be put into the sound field,
and the measuring instruments and the observers should not
be near the point where the sound-pressure is to be mea-
sured, For this reason and also for the situations when it is
impossible or impractical for the observer to be near the
microphone, an extension cable is ordinarily used to connect
the microphone to the instruments. If the microphone is
attached directly to a preamplifier, long cables can be used
without any deleterious effects.
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A correction for loss in sensitivity is necessary, however,
when a ceramic microphone is used directly with an exten-
sion cable. This correction is readily determined by the use
of a Type 1562-A Sound-Level Calibrator. (See paragraph
6.1.3.5.2.) The correction is about 7 dB when a 25-foot cable
(650 pF) is used between the microphone and the instrument,
so that 7 dB should be added to the indicated level to obtain
the level at the microphone. For longer cables the correction
is greater. For Rochelle-salt microphones the correction is
a function of the temperature of the microphone; values are
given in the instruction manuals for instruments using
Rochelle-salt microphones.

The Type 1551-P1 Condenser Microphone System includes
a 10-foot cable between the microphone base and the power
supply. If more separation between the microphone and the
sound-level meter is required, another cable, such as the
Type 1560-P73 Extension Cable, should be used between the
Type 1551-P1 Power Supply and the sound-level meter. The
use of this cable will result in a slight reduction in sensitivity
at high frequencies as explained in the instruction book for
the condenser microphone system.

6.1.1.9 Wind Effects. The microphone should also be kept out
of any appreciable wind, if possible. Wind on the microphone
produces a noise, which is mainly of low frequency. This
added noise may seriously upset the measurement, particu-
larly when the microphone has a good low-frequency response.
If it is not possible to avoid wind on the microphone, a wind
screen should be used. This screen can be made of a single
layer of silk cloth on a wire frame that encloses the micro-~
phone. The frame should be much larger than the microphone,
A fine-mesh silk cloth (80 mesh per inch), if made into a
screen at least 6 inches in diameter, will not have a serious
effect on the frequency response of the microphone, and it
will attenuate wind noise by some 20 dB.*

6.1.1.10 Direction of Arrival of Sound at the Microphone.
Some microphones are designed to be directional at all fre-
quencies. That is, the response of the microphone depends
on the direction of arrival of the sound wave. Most of the
microphones used for sound measurements, however, are
essentially omnidirectional at low frequencies (below about
1 kHz), At frequencies so high that the size of the micro-
phone is comparable to the wavelength of the sound in air,
even these microphones will show directional effects, This

IO Bleazey, ''Experimental Determination of the Effec-
tiveness of Microphone Wind Screens,' Journal of the Audio
Engineering Society, Vol. 9, November I, January, 1961,
pPp. 48-54,
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variation in response with direction should be considered in
positioning the microphone for a measurement. The extent

of these variations is shown by the frequency response
characteristics of the different microphones (see Figure 6-1).
The microphone is usually positioned so that the response

to the incident sound is as uniform as possible,

When sound-pressure level is measured in a reverberant
room at a point that is not close to a noise source, the
sound arrives at the microphone from many different direc-
tions. Then the orientation of the microphone is not critical,
and the response is assumed to be that labeled "RANDOM"
incidence. Under these conditions, nevertheless, it is
usually desirable to avoid having the microphone pointing at
a nearby hard surface from which high- frequency sounds
could be reflected to arrive perpendicular (0° incidence) to
the plane of the diaphragm. (For all the microphones used in
the General Radio Sound Measurement System this perpendic-
ular incidence is along the axis of cylmdncal symmetry of the
microphone. This axis is used as the 0° reference line.) If
this condition cannol be avoided, the possibility for errors
from this effect can be reduced by some acoustic absorbing
material placed on the reflecting surface.

When measurements are made in a reverberant room at
varying distances from a noise source, the microphone should
generally be oriented so that a line oming the microphone and
the source is at an angle of about 70° from the axis of the
microphone. When the microphone is near the source most of
the sound comes directly from the source, and a 70° incidence
response applies. On the other hand, near the boundaries of
the room the incidence is more nearly random, and the ran-
dom-incidence response applies. These two response curves
are nearly the same so that there is little change in the
effective response characteristic as the microphone is moved
about the room. This desirable result would not be obtained
if the microphone were pointed at the noise source.

6.1,1.11 Position of Microphone. In previous sections of this
chapter some comments have been made on various aspects
of the problem of placing the microphene in the most satis-
factory position for making the noise measurement. In general,
the location is determined by the type of measurement to be
made. For example, the noise of a machine is usually mea-
sured with the microphore placed near the machine according
to the rules of a test code, or if its characteristics as a noise
source are desired, a comparatively large number of mea-
surements are made according to the methods and the place-
ment given in Section 2.8.5.

It is important to explore the noise field before deciding on
a definite location (see Section 2.8.4) for the microphone.

Many measurement locations may be necessary for specify-
ing the noise field, particularly if the apparatus produces a
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noise that is highly directional. Further discussion of direc~
tionality is given in Section 2.8.2.

If the noise level is measured for calculation of the speech-
interference level or loudness level or for determination of
deafness risk, it is important to explore the noise field to
make sure that the measurement made is representative,

The possible effects of obstacles in upsetting the distribution
of sound, particularly at high frequencies, should be kept in
mind during this exploration.

At first thought, it seems logical, when measurements re-
garding noise exposure are made, to mount the microphone at
the operator's ear. Actually, because of the variables intro-
duced by the effect of the operator's head being close to the
microphone, this technique is not used, except in certain
scientific tests with special probe microphones. All ratings
of speech-interference, loudness, and deafness risk are based
on a measurement with no person in the immediate vicinity
of the microphone. The microphone should, however, be about
where the operator's ear would normally be.

6.1.2 EFFECTS OF ROOM AND NEARBY OBJECTS.

6.1.2.1 Effect of Observer and Meter Case On Measured Data.
As mentioned in the previous section, the observer can aifect
the measured data if he is close to the microphone. When
measurements are made in a live room and not close to a
source, the effect is usually not important. But if measure-
ments are made near a source, it is advisable for the ob-
server to stand well to the side of the direct path between the
source and the microphone. For precise measurements in a
very dead room, such as an anechoic chamber, the instruments
and thé observer should be in another room with only the
source, the microphone, the extension cable, and a minimum
of supporting structure in the dead room.

For many measurements, however, it is most convenient to
be able to carry the sound-level meter around. When held in
the hand, the sound-level meter should be held in front of the
observer with the sound coming in from the side. The magni~
tude of the error that can be caused by the way the instrument
is held can be evaluated from the data shown in Figure 6-2.
These data show the difference between the readings of the
meter with and without the observer present, as a function of
frequency. Two locations are shown: (1) the sound-level
meter is between the observer and the noise source, (2) the
noise source is located to one side of the observer, and the
sound-level meter is held in front of the observer, It is
apparent that if the instrument is held properly, little error
in reading of the over-all level will occur for most noises.

(For additional information on this subject, refer to R. W,
Young, ''Can Accurate Measurements be Made With a Sound-
Level Meter Held in Hand?," Sound, Vol 1, No. 1, pp 17-24,
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distance from the source or with the directivity pattern of the
source.

Objects in the room reflect the sound waves just as do the
walls of the room. Consequently, all unnecessary objects
should be removed from the measurement room. In general,
no objects, including the observer, should be close to the
microphone. If it is impractical to follow this principle, the
objects should usually be treated with absorbing material.

One troublesome but not frequent effect of nearby objects
results from sympathetic vibrations. A large, thin metal
panel if undamped can readily be set into vibration at certain
frequencies. If one of these frequency components is present
in the noise, this panel can be set into motion either by air-
borne sound or by vibration transmitted through the structure.
This panel vibration can seriously upset the noise field in its
vicinity. One way of checking that this effect is not present
to any important degree is to measure the sound field as'a
function of the radial distance from the source. The sound
should decrease, when not very close to the source, about
6 dB as the distance is doubled. This procedure alse checks
for reflections in general.

When the acoustical environment is being measured, no
change should be made in the usual location of equipment, but
the sound field should be carefully explored to make sure
that the selected location for the microphone is not in an
acoustic shadow cast by a nearby object or is not in a mini-
mum of the directivity pattern of the noise source.

6.1.2.3 Effect of Background Noise. Ideally, when a noise
source is measured, the measurement should determine only
the direct air-borne sound from the source, without any
appreciable contribution from noise produced by other sources.
In order to ensure isolation from other sources, the measure-
ment room may need to be isolated from external noise and
vibration. As a test to determine that this requirement has
been met, the USA Standard-Method for the Physical Measure-
ment of Sound, S1.2, specifies the following:

"If the increase in the sound pressure level in any given

band, with the sound source operating, compared to the

ambient sound pressure level alone is 10 dB or more,

the sound pressure level due to both the sound source

and ambient sound is essentially the sound pressure

level due to the sound source. This is the preferred

criterion."

If the background noise level and the apparatus noise level
are steady, a correction may be applied to the measured data
according to the graph of Figure 6-3. The procedure is as
follows: After the test position has been selected according
to the test code and after exploration of the field as outlined
in paragraph 6.1.2.2, the background noise level is measured
in the test position. Then the sound level is measured with
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doors and windows if the source is in the room, The third
step is to improve the difference by the method of measure-
ment. It may be possible to select a point closer to the
apparatus, or an exploration of the background noise field
may show that the measuring position can be shifted to a
minimum of this noise. The latter possibility is more likely
when an analysis is being made and the background level in a
particular band is unusually high. It may also be possible to
point the microphone at the apparatus to obtain an improve-
ment at high frequencies (see Figure 6-1); it may be necessary
to use a directional microphone; or it may be desirable to use
a vibration pickup (see Section 5.2.2).

6.1.3 INSTRUMENT PRECAUTIONS.

6.1.3.1 Low Noise Levels - Effect of Circuit Noise. When low
noise levels are to be measured, the inherent circuit noise
may contribute to the measured level. This effect is usually
noticeable in the range below 40 dB when the Type 1551-P1
Microphone System is used or a ceramic microphone is used
on the end of a very long cable. If the microphone is directly
on the sound-level meter, the level at which this effect may
be important is below 30 dB if the C weighting is used or even
lower if the A or B weighting is used, To measure the cir-
cuit noise the microphone may be replaced by a well-shielded
capacitor of 6 picofarads for the Type 1551-P1 or of 400
picofarads for the ceramic microphone on the Type 1551-C.
A correction can then be made for this noise, if necessary,
by the same procedure as outlined for background noise in
paragraph 6.1,2.3. If the circuit noise is comparable to the
noise being measured, some improvement in the measurement
can usually be obtained by use of an octave-band analyzer.
The circuit noise in each band should be checked also to see
if correction is necessary.

Whenever low noise levels must be measured and extension
cables are used, the Type 1560-P40 Preamplifier should be
used at the microphone.

6.1.3.2 Hum Pickup. When noise is measured near electrical
equipment, a checﬁ should be made that there is no appreciable
pickup of electromagnetic field in the sound-measuring sys-
tem. The procedure depends on the directional character of
the field, The orientation of the instruments should be changed
to see if there is any significant change in level. If an analy-
zer is used, it should be tuned to the power-supply frequency,
usually 60 Hz, which would be the 63 Hz band for the octave-
band analyzer, when this test is made. If no analyzer is in-
cluded, the C-weighting should be used in this test to make

the effect of hum most noticeable, and a good quality pair of
earphones with tight-fitting ear cushions should be used to
listen to the output of the sound-level meter.
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If a dynamic microphone is used, tests should be made
with different orientations of the microphone, with the micro-
phone disconnected, and with the sound-level meter discon-
nected from the analyzer. If there is pickup in the micro-
phone, proper orientation may be adequate to make a
measurement possible, or electromagnetic shielding may be
necessary.

If the hum pickup is in the instruments, they can usually
be moved away from the source of the electromagnetic field,
or, alternatively, a proper orientation is usually sufficient to
reduce the pickup to a negligible value.

When ac-operated instruments are used as part of the
measuring setup, a check should be made for 120-Hz as well
as 60-Hz hum. This hum may be in the instruments, or it
may appear as a result of the interconnection of different
instruments. These two possibilities may be distinguished by
a check of the instruments individually. If each is separately
essentially free from hum, different methods of grounding,
balancing, or shielding should be tried. Sometimes reversal
of the power-plug connection to the line helps to reduce the
hum.

6.1.3.3 High Sound Levels - Microphonics. All vacuum tubes
and some transistors are affected by mechanical vibration.
Those used in the sound-measuring equipment have been
selected to be less sensitive to vibration than the usual types.
But at sufficiently high sound levels, even these can be vi-
brated to such an extent that they contribute an undesired
signal to the output. Trouble from this effect, which is called
microphonics, is not usually experienced until the sound
levels are well above 100 dB, unless the instruments are
placed on supports that carry vibrations directly to the instru-
ments.

The usual test for microphonics is to disconnect the
microphone and observe whether or not the residual signal
is appreciably lower than the signal with the microphone
connected. For the octave-band analyzer, the input cord can
be disconnected to see if the indicated level comes from the
input signal or if it is generated within the instrument. The
instruments can also be lifted up from the support on which
they have been placed to see whether or not the vibrations are
transmitted through the supports or if it is the air-borne
sound that is causing the vibration.

Possible remedies for microphonic troubles are as follows:
1. Place the instruments on soft rubber pads. 2. Remove the
instruments from the strong field to another room and inter-
connect with long cables. 3. Put in deadened sound barriers
between the instruments and the sound source.

Mechanical vibration also affects the microphone itself, in
that the output of the microphone is dependent on the air-borne
and solid-borne vibrations that are impressed upon it, The
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effects of the solid-borne vibrations are not usually important
in the standard, sensitive microphones because of the type of
construction used; but these vibrations are usually of great
importance for the low-sensitivity microphones used in the
measurement of high sound levels. A mechanically soft
mounting should generally be used for such a microphone in
order to avoid trouble from these vibrations. Often merely
suspending the microphone by means of its connecting cable
is adequate.

*6.1.3.4 Interpretation of the Behavior of the Meter Pointer.
Twa ballistic characteristics are provided for the meter on
the sound-level meter: The "FAST" position is normally
used. It will be noticed, however, that most sounds do not
give a constant level reading. The reading fluctuates often
over a range of a few decibels and sometimes over a range
of many decibels, particularly in analysis at low frequencies.
The maximum and minimum readings should usually be noted.
These levels can be entered on the data sheet as, say, 85-91
dB or 88 + 3 dB.

When an average sound-pressure level is desired and the
fluctuations are less than 6 dB, a simple average of the
maximum and minimum levels is usually taken. If the range
of fluctuation is greater than 6 dB, the average sound-pres-
sure level is usually taken to be three decibels below the
maximum level. In selecting this maximum level, it is also
customary to ignore any unusually high levels that occur
infrequently.

The "SLOW'' meter speed should be used to obtain an aver-
age reading when the fluctuations on the "FAST' position are
more than 3 or 4 dB. On steady sounds the reading of the
meter will be the same for either the "SLOW'" or "FAST"
position, while on fluctuating sounds the '"SLOW'' position
provides a long-time average reading.

A more detailed discussion of this problem is given in
succeeding paragraphs.

*6.1.3.4.1 Tones and Beats. The indicated sound level of a
constant-amplitude pure tone is steady, and so is that of a
mixture of tones, unless at least two components are close
together in frequency. Examples of sounds that have a con-
stant indicated sound level are transformer hum and noise
from some rotating electrical machinery. When the com-
bined noise of several machines is measured, the indicated
level is also constant, unless the speed of the machines is
such that some of the major noise components are only a few
cycles apart in frequency. In this situation an audible beat, a
periodic rise and fall in amplitude, occurs, and the indicated
level also rises and falls.

*6.1.3.4.2 Varying-Speed Sources. Machinery that operates at
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a varying speed usually produces a noise that fluctuates in
level. If the speed varies periodically, the level will also
vary periodically. This variation results because the noise
produced by the machine varies with speed, because the re-
sponse of the room in which the measurement is made varies
with frequency, and, if an analyzer is used, because the re-
sponse of the measurement system varies with frequency.

If the machine speed varies erratically, the noise level
will also vary erratically, and the behavior may be similar
to that of random noise.

*6.1.3.4.3 Random Noise. The indicated sound level of a ran-
dom noige, such as that produced by jets, blowers, combus~
tion chambers, ventilating systems, etc., is not steady. In
fact, all sounds contain some random noise energy, and most
have enough sc that the indicated level fluctuates noticeably.
The extent of this fluctuation is a clue to the nature of the
sound.

The fluctuations in level are ordinarily not a result of er-
ratic behavior of the measuring equipment, but rather reflect
the irregularities in the process of noise production. This
process can often be considered as a combination of many
sources that produce sound at random time intervals. The
measurement of such noises can be treated on a simplified
statistical basis that is satisfactory for almost all sounds.

*6.1.3.4.4 Average Energy Level of a Random Noise. When a
random noise is measured, the first important result that is
desired is the long-time average energy level. This concept
leads to taking the average of the fluctuating pointer reading,
If the fluctuations are less than about 2 dB, this average can
be easily and confidently estimated to a fraction of a decibel.
If the fluctuations cover a range of 10 or more decibels, the
average is much less certain.

The extent of the meter fluctuation depends on the meter
characteristic. The slower the movement, the smaller are
the fluctuations. Thus, if the fluctuations exceed 3 or 4 dB
for the "FAST" meter position, the "'SLOW'" meter position
should be used.

*6.1,3.4.5 Effect of Bandwidth. If an analyzer is used, the ex-
tent of the fluctuations also depends on the bandwidth. The
narrower the band, the greater are the fluctuations, and the
longer is the meter averaging time required for a satisfactory
estimate of the level.

A relatively simple principle is involved here. The nar-
row band is used to get fineness of detail, The finer the detail
that is desired, the more time is needed to obtain the result to
a certain degree of confidence. This idea can be expressed in
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guantitative terms by the use of statistical nheory.l-z

¥6.1.3.4.6 Example of Random-Noise Measurement. To illus-
trate by an actual numerical example the type of behavior
that occurs, some measurements were made of an arbitrary
level of a random-noise generator in the octave band from
150 to 300 Hz. With the FAST meter speed, the average of
the fluctuating levels indicated on the meter was estimated
to be about +5 dB, where in a period of 30 seconds the level
fluctuated from a minimum of +3.3 dB to a maximum of
+6.5 dB, a range of 3.2 dB. In the SLOW position the esti-
mated level was +4,7 dB, and the level fluctuated over a three-
minute period from a minimum of +3.8, to a maximum of +5.7,
a range of 1.8 dB. Some sample readings were as follows:
FAST position: 4.8, 4.1, 5.3, 3.7, 5.8, 4.9, 5.3, 5.2, 6.2, 4.5;
SLOW position: 4.4, 5.1, 3.9, 4.9, 4.2, 5.0, 4.7, 4.1, 4.3, 4.9.
(These sample readings were taken with the help of a strobo-
scope, to avoid observer bias in selecting readings and to
make it possible to take definite readings on the rapidly mov-
ing pointer in the FAST position.) One hundred samples were
taken for each position. The average value for SLOW was
+4.72, with the lowest reading +3.8 and the highest +5.8. The
average for FAST was +4.74, with a low reading of +3.1 and
a high reading of +6.2.

Taking such a set of readings is not the usual way to obtain
the indicated level; rather, one estimates a value by observing
the pointer fluctuations. But these discrete samples permit
one to describe statistically the behavior that can be expected,

For the FAST position one would expect only 1 in 1000 read-
ings to differ from the average by more than about -3 dB or
+2.4 dB, a range of 5.4 dB. The corresponding extremes for
one chance in 100 is about -2.3 dB or +1.9 dB, a range of 4.2
dB; for 1 in 10, about -1.4 to +1.2, a range of 2,6 dB. Note
that the range is not symmetrical,

These statements about variability can be expressed in an-
other way, which is the converse of that above. If any reading
is taken in the FAST position, the chances are only 1 in 100
that the long-time average value of the noise is below the ob-
served value by more than 1.9 dB or above the observed value
by more than 2.3 dB. These limits are called the 99% confi-
dence limits.

#6.1.3.4.7 Confidence Limits for Octave Bands. A chart of the
99% confidence Iimits for octave bands for random noise
measurement is given below:

IR. B. Blackman and J. W. Tukey, The Measurement of
Power Spectra, Dover, New York, 1958.

2T. P. Rona, "Instrumentation for Random Vibration Analy-
sis," pp 7-27 to 7-30 in Random Vibration, edited by S. H. Cran-
dall, Technology Press, Cambridge, Massachusetts, 1958.
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99% Confidence Limits in dB

Center Freq Meter Speed

Hz FAST SLOW
31.5 -4.2, +7.0 -2.5, +3.3
63 =3.2, +4.7 -1.8, +2.2
125 -2.4, ¥3.1 ‘ =1.3, +1.5
250 =1.7, 42.1 -1.0, 1.1
500 -1.2, +1:4 =0.7, +0.7
1000 -0.9, +1.0 =0, 5, 0.5
2000 -0.6, +0.7 -f}.3, 40,3
4000 -0.5, 40,5 -0.2, +0.2
8000 =03, +0,3 -0.2, +0.2
16000 -0.:2, +90.2 -0.1, +0.1

99% Confidence Limits in dB

Octave Band Meter Speed
Hz FAST SLOW

1875~ 3735 -4.5, +8.0 -2.6, +3.5
37.5" = 75 -3.4, +5.0 -1.9, +2.4

T4 =" 150 -2.5, +3.4 -1.4, +1.%
150 «~ 300 =1.9, +2.3 -1.0, +1.1
300 - 600 -1.4, +1.6 =075 #0.8
600 = 1200 -1.0, +1.1 -0.5, +0.5
1200 - 2400 -0.7, +0.8 -0.4, +0.4
2400 - 4800 -0.5, +0.5 -0.3, +0.3
4800 - 9600 -03; 0.3 -0,2, +0.2

These ranges of uncertainty can be reduced by the use of
the average of a number of independent readings. The reduc-
tion in the range is approximately inversely proportional to
the square root of the number of independent observations.
Thus, the average of four observations would reduce the un-
certainty to about one-half that shown.

The range of uncertainty is sometimes called the statis-
tical error.

*6.1.3.4.8 Averaging By Observation. When one observes the
fluctuations for a time and estimates an average, the extent of
the reduction of the uncertainty is limited by the fact that all
the observations are not independent, and one can remember
and use only a small portion of the total observed behavior.
The observations are not independent because of the finite
time required for the pointer to assume a new value. In the
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FAST position of the meter one should allow about a half sec~
ond between observations; in the SLOW position, an interval
of one to two seconds is desirable.

*6.1.3.4.9 Averaging By Circuit Time Constants. The smooth-
ing or reduction in fluctuations achieved by the electrical cir-
cuit is often characterized by an equivalent time constant.

The averaging time constant required to reduce fluctuations of

a rectified noise signal to a desired amount for a given band-
width of noise is approximately:
. 1250

Afo2

where T is the averaging time

Af is the bandwidth of the noise in Hz.

o is the standard deviation of the fluctuations at the output
of a linear detector in percent.

seconds

*6.1.3.4.10 Duration of a Sample. The uncertainty that results
from the limited observation time in comparison with the de-
tail desired in the frequency domain occurs for other time
limitations as well. Moreover, some of these may not be
under the control of the operator. Thus, the sound source may
not perform uniformly over anextended periodof time; for
example, a rocket may run for only a fraction of a minute,
During launch, the time available for observing a rocket may
be only a few seconds or less.

When a noise signal, recorded on a magnetic tape recorder,
is to be studied, it is customary to take short samples for
analysis. These samples are cut from the full recording and
formed into loops that can be run continuously in the recorder.
This procedure directly limits the fineness of detail possible
in the analysis and also limits the accuracy with which one
can determine the actual level in a band.

This limitation of accuracy results from the fact that the
maximum time during which independent information can be
obtained is the sample duration. If the noise is sufficiently
uniform with time, a longer sample can be used to obtain in-
creased accuracy, or measurements on a number of samples
can be averaged.

Because of the inherent variability of random noise, analy-
ses of distinct samples of the same noise will not yield
identical results. The expected spread in values predicted by
statistical theory can be used as a guide in judging whether
the results of such analyses agree well enough to be useful.
Unless this inherent variability is appreciated, one can be
led into rejecting useful data, rejecting a useful analysis
system, or placing too much reliance on a particular mea-
surement.
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*6.1.3.4.11 Fluctuations Produced in Practice, The table of
values shown for the octave bands 1s based on the analysis of
noise that is uniform in energy per hertz throughout the band.
In the wider bands the values shown are misleading for acou=-
stical signals, because the energy is not uniformly distributed.
One should expect from such values that when the full range
of a sound-level meter is used, the fluctuations would be a
small fraction of a decibel. As a matter of fact, one can find
many examples of an over-all sound level that fluctuates over
many decibels.

One example is the background noise of private offices.
Here, for C weighting in the SLOW meter position, one can
commonly find fluctuations of three or more decibels. The
fluctuation corresponds to a band that is only tens of hertz
wide rather than 8000 to 10,000 hertz wide, such as that of
the response of the sound-level meter. This is because the
energy in the sound is concentrated in the low frequencies over
a relatively narrow band. The fluctuations reflect only the
relation between the equivalent frequency band of the signal
applied to the metering circuit and the averaging time of the
circuit., Whether the energy is concentrated in a narrow band
by means of an electrical analyzer or by the source and path
to the microphone is immaterial.

*6.1.3.4.12 Interpretation of the Fluctuations. One can conclude,
then, that if the observed fluctuations are significantly greater
than would be expected, an important part of the random-noise
energy is concentrated in a band or bands that are narrower
than the pass band of the measuring system. (Another possi-
bility is that the type of noise is sufficiently different from
normal that the fluctuations for a given bandwidth are inher-
ently excessive. This behavior is possible for a tone whose
frequency varies in a region where the response of the mea-
suring system varies markedly with frequency.)

It is also clear that if the fluctuations are significantly
smaller than would be expected, the noise very likely includes
some discrete tones that have significant amounts of energy.

6.1.3.5 Calibration and Corrections, Satisfactory noise mea-
surements-depend on the use of measuring equipment that is
kept in proper operating condition. Although the instruments
are reliable and stable, in time the performance of the instru-
ments may change. In order to insure that any important
changes will be discovered and corrected, certain simple
checks have been provided for the General Radio line of sound-
level equipment, and these will be discussed in this section.
These checks can be made as routine maintenance checks,
and some of them (paragraphs 6.1.3.5.1 and 6.1.3.5.2) should
usually be made before and after any set of noise measure-
ments.,

In addition to these routine checks, more complete calibra-
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tion of the system may be desirable for accurate measure-
ments, particularly above 1000 Hz. These calibrations are
also discussed in this section.

6.1.3.5.1 Electrical Circuit Calibration. The Type 1551-C
Sound-Level Meter and the analyzers have built-in calibration
circuits for checking amplifier gain. In each case the gain of
the amplifier is compared with the attenuation of a stable,
resistive attenuator.

This test does not check the sensitivity of the microphone
and the indicating instrument; these tests are discussed in
the next section. The indicating instrument is rugged and
relatively unaffected by temperature changes.- Its tempera-
ture coefficient is about -0.02 dB/°F.

6.1.3.5.2 Acoustical Calibration at Preferred Frequencies.
The Type 1562 Sound-Level Calibrator provides an over=-all
system calibration at 125, 250, 500, 1000, and 2000 Hz. If the
calibration of a microphone as a function of frequency is re-
corded any significant change in the relative calibration is
readily noticed. If such a change occurs, the microphone and
the calibration should be checked as soon as possible., Here
it is useful to have more than one microphone on hand so that
a second microphone can be used if the first is damaged; at
the same time a consistency check on its calibration can help
to ensure that the calibrator has not been damaged.

In the interests of maintaining accuracy in sound measure-
ments, another calibration service is provided for owners of
General Radio instruments. If these instruments are brought
in to one of the General Radio offices, the level will be checked
by means of an acoustic calibrator. This calibration will
usually show if the instrument is operating correctly. If there
is a serious discrepancy, the situation will have to be handled
as a regular service problem.

The calibrator can also be used to measure the microphone
cable correction (see paragraph 6.1.1.8). The procedure is as
follows: 1. After the noise measurement has been made, the
calibrator is put on the microphone with the microphone at the
end of the cable, and a level reading is taken on the sound-
level meter. 2. The microphone is removed from the end of
the cable and put directly on the sound-level meter. The
calibrator is put on the microphone at the sound-level meter,
and a second level reading is taken. 3. The difference be-
tween these two level readings is the cable correction.

For high accuracy, it is usually essential to have a cali-
bration of the microphone response characteristic as a func-
tion of frequency. When this calibration is available and an
analysis of a noise is made, correction can be made for the
microphone frequency-response characteristic. This correc-
tion can be applied only if the noise is analyzed or if the
sound is dominated by a component of known frequency, as,

143




for example, in the measurement of loudspeaker response.
Otherwise, one must check the uniformity of response of a sys-
tem to be sure that the measured level of a noise is correct.

6.1.3.5.3 Acoustical Calibration From 20 to 8000 Hertz, A
more accurate over-all calibration is possible by the use of
the microphone reciprocity calibrator. With an auxiliary
oscillator, this instrument permits, at any frequency from

20 to 8000 Hz, a rapid and accurate calibration of the General
Radio ceramic microphone and the associated equipment.

For the most accurate noise measurement, the measure-
ment system should be calibrated by means of the microphone
reciprocity calibrator either before or after the measurement
is made. Unless the system is already known to be operating
properly, it may be desirable to' make a preliminary check by
using the microphone reciprocity calibrator as a sound-level
calibrator. Then, after the noise measurement, the complete
reciprocity calibration should be made at the frequencies of
interest. These frequencies should be those at which the im-
portant energy is concentrated, as indicated by analysis of the
noise. Of course, it is wise to check the calibration at a num-
ber of points over the full range of interest to make certain
that any apparent lack of energy at low or high frequencies is
not a result of loss in sensitivity at those frequencies.

When there is no other indication of what is necessary, a
more general calibration along the following lines is sug-
gested: (1) Set the microphone reciproeity calibrator to
operate as a simple calibrator. Sweep the frequency of the
source oscillator from 20 to 2000 Hz and note the variation in
response of the system under calibration. Unless intentional
weighting or filtering is introduced, this response should be
reasonably uniform and calibration at only a few frequencies
in this range is necessary. (2) If this response is nearly uni-
form, calibrate at the extremes of the range and a few points
between to check the uniformity, for example, at 20, 100, 400,
1000, and 2000 Hz. If the response below 1kHz is faulty,
calibrate the microphone at a number of frequencies and com-
pare the results with previous calibrations. Next, check the
response of the various other elements. By proceeding in
this way one can track down the reason for the faulty behavior. ‘
(3) Above 2kHz, calibrate the system at the ASA preferred
frequencies, 2000, 2500, 3150, 4000, 5000, 6300, and 8000 Hz. ‘

Any laboratory that attempts to make accurate acoustical
measurements should calibrate its microphones periodically
by means of the microphone reciprocity calibrator. These ’
calibrations should be kept on file, so that it will be readily
apparent if a microphone has been damaged by rough treat-
ment,

6.1.3.5.4 Calibration At High Frequencies. The accurate cali-
bration of a microphone at high frequencies in terms of
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sensitivity vs frequency requires elaborate facilities. Only a
few laboratories (e.g., The National Bureau of Standards) offer
such calibration as a regular service. General Radio Company
will calibrate response vs frequency only for those micro-
phones that it supplies. Such calibration is less expensive if
included in the original order for the microphone than if the
microphone is returned for calibration. (The frequency-re-
sponse characteristic of the Type 1551-P1 Condenser Micro-
phone is supplied with the microphone, at no additional cost.)

At General Radio, a free-field perpendicular-incidence
calibration is made by comparison with laboratory-standard
condenser microphones (USA Standard Specification for
Laboratory Standard Pressure Microphones, Z24.8-1949),
according to the methods given in S1.10-1966, Calibration of
Microphones. The working standard microphones are period-
ically compared with a condenser microphone that has been
calibrated at the National Bureau of Standards. They are also
periodically calibrated on an absolute basis by the reciprocity
method.

Since the sound-level-meter standard is based on a random-
incidence specification, data for converting the perpendicular-
incidence calibration to random incidence and to grazing
incidence are included with calibrations supplied by General
Radio.

6.1.3.5.5 Correction For Frequency-Response Characteristic.
It is customary to set the calibration of an acoustical mea-
surement system to indicate the correct level at 400 or 500 Hz.
At other frequencies, the differences between true and indi-
cated levels, as determined by means of the microphone
reciprocity calibrator, can be applied as corrections to the
results of a noise measurement. At frequencies above 1000 Hz
the directional characteristic of the microphone should be taken
into account. The Type 15659-B Microphone Reciprocity Cali-
brator is designed to provide the random-incidence calibration
of the microphone. If the microphone is used under conditions
where a different response applies, for example, perpendicular-
incidence response; the difference between perpendicular-
incidence and random-incidence response must be included in
the correction to the results of the noise measurement.

6.1.3.5.6 Comparison Tests Among Different Sound-Level
Meters. When measurements are made on the same noise with
two different sound-level meters, it is commonly found that
the readings differ by a significant amount. The preceding
material in this chapter should indicate most of the possible
sources of discrepancy between the two. Differences in the
microphone characteristics are usually the chief cause of

this discrepancy. For example, if one sound-level meter

uses a dynamic microphone and the other uses a ceramic
microphone and if the noise contains strong low-frequency
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components, large differences can occur because of the gen-
erally poorer low-frequency response of the dynamic micro-
phone. When these effects are understood, most of the
discrepancies are readily explained.

Another factor that can contribute to this discrepancy con-
cerns the average level. For purposes of meeting certain
tolerances the average level of an instrument made by one
manufacturer may be sct slightly differently from that made
by another.

If the instruments are not operating properly or if stand-
ing waves are not averaged out, serious discrepancies can,
of course, be expected.

In order to set an upper limit to these differences among
sound-level meters, the ''USA Standard Specification for
General-Purpose Sound Level Meters," S1.4, 1961, sets cer-
tain tolerances on the prescribed frequency characteristics.
Representative values for C weighting are as follows:

Frequency - Hz Tolerances, dB
25 +2, -2.5
40 1 e
50 tc 800 =1
1000 +1.5
1600 +2
2000 +2.5
2500 +3.5, -3
4000 +5, -4
6300 #boe=b
8000 +6

Incidentally, these tolerances should be considered when
one is reviewing the results of an initial calibration of a
microphone and sound-level meter made with a Type 1562
Sound-Level Calibrator or a reciprocity calibrator.

6.1.3.5.7 Effect of C Weighting On Band lL.evels. In principle,
the response of the equipment supplying an analyzer should

be as uniform as possible to obtain true pressure levels. It
has been customary, however, to use the ''C" weighting for
octave-band measurements. If this is done, for instruments
meeting the latest USA and International standards there will
be small differences in level at the low- and high-frequency
ends compared with the levels that would be obtained with a
more nearly uniform response, because of the specified roll-
offs in response for the C weighting. Thus, the C-weighted
octave-band level is less by about 3 dB for the bands centered
at 31.5 and 8000 Hz and 0.8 dB for the bands at 63 and 4000 Hz
than with the uniform response weighting (FLAT). The shifts
in level for the bands in between are too small to be significant.
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6.1.3.5.8 Check On Over-All Level. When an octave-band
analysis has been made, it is good practice to check that the
sum of the individual band levels (see Appendix II) is equal
within 1 or 2 dB to the over-all level, If this result is not
obtained, an error exists, either in the summing or the mea-
surement procedure, because of faulty or incorrectly used
equipment, or because the noise is of an impact type. Im-
pact-type noises sometimes give over=-all levels appreciably
less than the sum of the levels in the individual bands even
when the "FAST'" position of the meter switch is used. This
result is obtained because of the inability of the meter to
indicate the instantaneous levels occurring in very short in-
tervals. The narrow-band levels at low frequencies tend to
be nearer the peak value in those bands, while the over-all
and high-frequency bands are significantly less than the peak
value. When this type of discrepancy is noted, the Type
1556-B Impact-Noise Analyzer should be used.

6.1.3.6 Earphones and Stethoscope. A pair of high-quality ear-
phones with tight-fitting earphone cushions is a useful acces-
sory for noise measurements, and high-impedance dynamic or
crystal-type phones are recommended. Good earphone cushions
are essential to improve the low-frequency response and to
help reduce the leakage of external noise under the earphone.

When a measurement system is being set up, the earphones
should be plugged into the output of the sound-level meter.
Then a listening test should be made to determine that the
noise heard in the earphones is the same type of noise heard
without the earphones. It is possible to detect trouble from
microphonics (usually a ringing sound) or stray pickup in this
fashion.

When the noise level is high, say, 90 dB or higher, the leak-
age of external noise under the earphone may be sufficient to
mask the sound from the earphones. Then the earphone cu-
shions should be checked for tightness of fit. In addition, the
signal from the earphones can be increased by use of an
attenuator setting on the sound-level meter 10 dB lower than
that required for a satisfactory reading on the meter. This
change of 10 dB is usually not enough to overload the output, but
a larger change should be avoided. It may also be desirable
to have a long cord available so that it is possible to listen to
the output of the earphones far from the noise source.

The earphones can also be used on the output of the analy-
zer to detect troubles from microphonics and stray pickup.

In addition, a listening test may help one to determine which
frequency bands contain the noise that is most objectionable
in a given situation.

When the noise level is very high, the earphones on the
sound-level meter may be useful in improving speech com-
munication between observers during a measurement run.

One observer wears the earphones, then the other observer
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shouts into the socund-level meter microphone. A definite im-
provement in speech communication usually results.

A similar procedure using a nonelectrical, medical stetho-
scope is also possible. One observer has the ear tips in place,
and the other speaks into the receiver of the stethoscope.

6.1.4 MOUNTING OF THE DEVICE UNDER TEST. It is often
noticed that the noise level produced by a machine is highly
dependent on its mounting. A loose mounting may lead to
loud rattles and buzzes, and contact to large resonant sur=-
faces of wood or sheet metal may lead to a sounding-board
emphasis of various noise components. For these reasons
particular care should be given to the method of mounting. In
general, the mounting should be as close to the method of
final use as possible. If the machine is to be securely bolted
to a heavy concrete floor, it should be tested that way. If the
actual conditions of use cannot be duplicated, the noise mea-
surements may not be sufficient to predict the expected be-
havior, because of the difference in transmission of noise
energy through the supports. The usual alternative is to use
a very resilient mounting so that the transmission of energy
to the support is negligible.

6.1.5 EFFECTS OF ATMOSPHERIC PRESSURE. Some acou-
stical measurements are affected by atmospheric pressure
and temperature. The output of the Type 1562-A Calibrator,
for instance, varies somewhat with pressure, and the rated
reference level occurs at a standard atmospheric pressure of
1013 millibars. If the pressure when the calibrator is used
is significantly different from 1013 millibars, a correction
should be made. The altitude where the calibrator is used is
usually the most significant factor in determining the average
atmospheric pressure, and a chart for correcting for this
effect is included in the calibrator instruction book. Since the
output of most other sound sources is affected by the pres-
sure, a chart relating height to average pressure is included
here. The actual variation in output with pressure for prac-
tical sources is usually between that shown by the corre-
sponding decibel scale on the right and one-half that value.
Thus, for altitudes up to 2 kilometers (6560 feet), the change
in output with altitude is generally less than 2 dB.

The variation of atmospheric pressure at a given location
from day to day is usually less important, but for careful
measurements where fractions of a decibel are being con-
sidered, the actual atmospheric pressure should be noted.
The pressure can be obtained from the local weather bureau,
and a correction for the difference in altitude between the
point where the acoustical measurements are made and the
weather bureau may be necessary. This correction is readily
estimated from the chart.
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6.1.6 RECORD OF MEASUREMENTS. One important part of
any measurement problem is obtaining sufficient data. The use
of data sheets designed specifically for a noise problem helps
to make sure that the desired data will be taken and recorded,
and a sample data sheet is shown in Figure 6-5. The following

list of

important items may be found helpful in preparing data

sheets of this type:

Ly

12.
13.
14.

Wh

Description of space in which measurements were
made. Nature and dimensions of floor, walls, and
ceiling. Description and location of nearby objects
and personnel.

Description of device under test (primary noise source).
Dimensions, name=-plate data and other pertinent facts
including speed and power rating. Kinds of operations
and operating conditions. Location of device and type
of mounting.

Description of secondary noise sources. Location

and types. Kinds of operations.

Type and serial numbers on all microphones, sound-
level meters and analyzers used. Length and type of
microphone cable.

Positions of observer.

Pogitions of microphone. Direction of arrival of sound
with respect to microphone orientation. Tests of
standing-wave patterns and decay of sound level with
distance.

Temperature of microphone.

Results of maintenance and calibration tests.
Weighting network and meter speed used.

Measured over=all and band levels at each microphone
position. Extent of meter fluctuation.

Background over-all and band levels at each micro-
phone position. Device under test not operating.

Cable and microphone corrections.

Date and time.

Name of observer.

en the measurement is being made to determine the ex-

tent of noise exposure of personnel, the following items are

also o

La
2.
3.
4,
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f interest:

Personnel exposed—directly and indirectly.

Time pattern of the exposure.

Attempts at noise control and personnel protection.
Audiometric examinations. Method of making exami-
nations. Keeping of records.






6.2 VIBRATION MEASUREMENT TECHNIQUES.

6.2.1 INTRODUCTION. The reason for measuring vibration
usually determines both the quantity to be measured and the
point or points at which the vibration pickup should be placed.
Sometimes, however, the correct pickup location is not ob-
vious, and some exploration of the vibration pattern of the
device being studied is necessary. Furthermore, the pickup
must be correctly oriented, and this too sometimes requires
exploration.

Fastening a pickup to a device is usually simple if the de-
vice is much larger than the pickup and if the important vi-
bration frequencies are below 1000 Hz. Otherwise, difficulties
may arise because of the mechanical problem of fastening the
pickup at the desired point, because the pickup seriously af-
fects the motion to be measured, or because the method of
attachment affects the performance of the pickup.

6.2.2 CHOICE AND USE OF PICKUP

6.2.2.1 Range of L.evels. A very wide range of vibration levels
can be covered by the pickups available. The most sensitive
pickup can be used with the vibration meter or the control box
and sound-level meter to measure down to 0,01 in/s? or
0.0003 m/s2. At the other extreme the Type 1560-P53 pickup
can be used up to 1000 g. Special pickups are manufactured
for even higher accelerations.

In order to show the limits of measurement for velocity,
jerk, and displacement, charts are displayed in the Appendix
for the ranges of the vibration meter.

6.2.2.2 Frequency Range. The Type 1560-P52 Pickup is
particularly well suited for low-frequency vibration measure-
ments. When connected to the Type 1553 Vibration Meter,
this pickup can be used at frequencies down to 1 Hz; with the
Type 1564 Sound and Vibration Analyzer it can be used down
to 2.5 Hz. The other pickups can also be used down to 2.5 Hz
if they are connected to a Type 1560-P40 Preamplifier.

The Type 1560-P53 Pickup has a resonance at about
28,000 Hz, which imposes a practical limit of about 20,000 Hz.
The other pickups in the General Radio line are limited to
about 2000 Hz.

6.2.2.3 Orientation of Pickup. The piezoelectric accelero-
meters used in General Radio vibration-measuring instru-
ments are most sensitive to vibrations in the direction
perpendicular to the largest flat surface on the pickup. This
direction is the one for which the rated sensitivity applies.
The sensitivity in other directions varies approximately as
the cosine of the angle with respect to this rated direction,
with a minimum of about 5 percent or less of rated sensitivity
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when vibrated in a direction perpendicular to the rated one.

For accurate results, the pickup must be properly oriented
with respect to the direction of motion. In practice, this
orientation is usually not critical, however, because sensitivity
changes slowly with direction, there being a drop of only about
2 percent for a 10-degree change in orientation.

The direction of maximum vibration at a point is often ob-
vious from the structure that is vibrating. That is, it is
usually in the direction of least stiffness. But this rule is
sometimes misleading, because of the many possible resonant
modes of vibration, some of which are perpendicular to the
obvious direction of least stiffness. Such a mode can be
strongly excited if close to the frequency of a component of
the driving force. Furthermore, the nature of the motion may
favor one mode of vibration rather than another.

When it is important to be certain of the direction of motion,
one can measure the motion along three mutually perpendicu-
lar axes. Often one can select these so that only one of these
components of motion is significant, and that will determine
the choice of direction. Otherwise, they must be combined
vectorially to yield a resultant total; then one needs to know
the relative phase of the components. Teo determine phase,
sums and differences can be measured with two pickups, as
explained later, or another set of three measurements can be
made along mutually perpendicular axes that are rotated from
the first step. With two sets of measurements, one can sort
out the possible combinations and calculate the direction of
the total motion. Often it is simple to obtain the direction of
the maximum motion by experiment.

Except for simple harmonic motions, this resultant direc-
tion is of significance only as a function of frequency. Then
an analyzer is essential so that one can determine the motion
for the individual components.

When one attempts to measure vibration in a direction that
is not the direction of the total vibration at the point of mea-
surement, the orientation is more critical, because the vibra-
tion in the other directions will provide some signal in the
output. It is often impractical to measure a directional com-
ponent that is less than 5 percent of the total vibration at a
point.

The above procedure does not lead to a measurement of the
rotational vibration about a point. This type of measurement
can be made with a torsional vibration pickup or by the tech-
nique discussed in paragraph 6.2.5.

6.2.2.4 Hand-Held Pickup. When one must explore a vibration
pattern or make a quick check of the vibration amplitude, one
is tempted to hold the pickup against the device being mea-
sured by hand. If the device is massive and is vibrating with
a significant amplitude, this technique can be useful for fre-
quencies below about 1000 Hz. There are enough serious
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limitations to this technique, however, so that it should not
generally be expected to yield accurate or highly reproducible
results.

When the pickup is held by hand, a test probe, a pointed
metal rod, is fastened to the pickup to facilitate applying the
probe to the desired point. The motion is transmitted along
the rod to the pickup, and the motion in the direction of the
rod actuates the pickup.

Because the test probe adds another element to the pickup,
the response is different from that of the pickup alone.
Typical relative frequency response characteristics are
shown for two types of probe in Figures 6-6 and 6-7. More
than one response run is shown to indicate the variability that
can occur, Note resonance in the range from 1400 to 2000 Hz
introduced by the long (6 3/8-inch) probe and the one above
2000 Hz for the probe with the short conical tip.

Unless the device being tested is massive, the force, mass,
resilience, and damping introduced by the hand may seriously
alter the motion, and another method of applying the pickup
should be tried.

Some vibration is applied to the pickup by tremor of the
hand. This vibration is made up chiefly of components below
20 Hz, and the peak-to-peak order of magnitude is 5 in./s?2
acceleration, 0.2 in./s velocity, and 10 mils displacement,
when the pickup is held against a relatively stationary sur-
face. These values will be appreciably attenuated by a low-
frequency cutoff at 20 Hz, such as is obtained on the '""DISP-
20 CUTOFF" position of the vibration meter. Then the ob-
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Figure 6-6. Frequency response of vibration pickup mounted on
band-beld long (6 3/8-inch) probe. Several sample responses are
shown. The curve labeled REFERENCE is the [requency response
of the pickup without the probe.
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be careful to use only a thin layer, so that the elastic charac-
teristics of the bonding cement will not affect the behavior of
the pickup.

For maintenance tests it is often convenient to fasten a very
smooth flat iron disk to bearing housings with a very hard
epoxy cement. The disk should be pressed as tight as possible
against the housing. Then a magnetic attachment can be used,
again with a thin film of silicone grease or petroleum jelly to
ensure good contact.

The fastening should be rigid, so that the pickup does not
move significantly with respect to the surface to which it is
fastened. Any rocking motion or looseness that might lead to
chattering should be prevented. If the fastening alone is not
adequate to prevent this looseness, the use of some plasticene
in addition may be helpful. When fastening, even by bolts, the
use of a lubricant or petroleum jelly is advisable to ensure
close contact between the pickup and the fastening surface
without putting undue strain on the pickup.

When the surface is not smooth or flat, the pickup is some-
times mounted on a bracket. For low vibration frequencies
(below a few hundred hertz), the bracket can readily be made
stiff enough so that it does not seriously affect the behavior of
the pickup.

The procedure for obtaining a good connection between the
pickup and the vibrating surface is illustrated by the specifi-
cations of MIL-STD-T40B (SHIPS).

"Transducers shall be attached as follows:

"{a) Transducers shall be attached to blocks, which are to
be brazed or welded to equipment, or subbase, as close
as possible to the mounting points of the equipment to
be tested.

"(b) The blocks shall be made of steel and shall be as small
as possible. The block surfaces on which transducers
are mounted shall be plane and shall have a surface
finish of 125 micro-inches rms or better and be mu-
tually perpendicular within one degree.

"(c) Three holes in the mounting blocks shall be drilled and
tapped to a depth of at least 1/4 inch with 10-32 NF
threads to accommodate triaxial arrays of transducers
which shall be attached to the blocks with insulated
steel studs. The holes shall be perpendicular to the
finished surfaces within plus or minus 1 degree.

'""{d) Just before transducers are mounted on a block, all
mating surfaces shall be cleaned of all dirt, grease,
and other foreign matter in preparation for mounting.
The surfaces of the attachment area and the studs shall
be lightly covered with clean oil or grease,
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"(e) The mounting blocks shall not be removed and shall be
preserved with a rust inhibiting coating after comple-
tion of testing.

"(f) If brazing or welding cannot be accomplished, the
mounting blocks shall be attached to the location with a
thin layer of epoxy resin cement. Blocks attached by
cement shall be removed upon completion of test. The
transducers may be attached directly to the equipment
being tested only where there is msufflcxent space to
accommodate the mounting block.'

The pickup is calibrated in terms of the motion of the flat
contacting surface of the pickup. Because of the resilience of
the fastener and the mass of the pickup, this surface of the
pickup will not move exactly as the surface being measured
moves. At low frequencies this difference is easily made in-
significant by the relatively simple techniques discussed. But
at high frequencies care must be used in fastening to keep this
effect small.

The mass of the Type 1560-P52 Vibration Pickup is suffi-
ciently small that simple temporary fastenings are adequate
even to frequencies beyond the normal resonance at about
3200 Hz. This fact is illustrated by the response-vs-frequency
characteristics shown in Figure 6-8 and 6-5. In each instance
the pickup was driven at a constant acceleration. The refer-
ence condition is the response for the vibration pickup wrung
to the smooth, flat surface of the driver with petroleum jelly
lubricant. The acceleration was 0.002 g.

25
20
5
m
5 . \
z j’ \ 3M YS0IO
TRANSFER TAPE
- 7N 1
2 - f
g o - 3 Y400
\OOUBLE FaCED
& = - TAPE
7 \:/
=if REFERENCE.
RESPONSE
15

200 500 1000 2000 5000 10000 20000
FREQUENCY IN HERTZ

Figure 6-8. Frequency response of vibration pickup attached by
means of Minnesota Mining Types Y9010 and Y400 tapes.
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Figure 6-9. Frequency response of vibralion pickup atiached by
means of 1/16-inch-thick layer of plasticene.

The effect of fastening by means of double-sided tape was

generally less than 10-percent deviation from the reference
condition at all frequencies up to the resonance at 3200 Hz.
In some instances the deviation over the range to 3200 Hz was
only about 2 percent. The variability was probably a result of
changes in contact adhesion obtained with different samples of
the tape.

Plasticene as a fastening means, even as thick as 1/16 inch,
showed very good reproduction of the reference performance,
being within 2 to 5 percent up to 4000 Hz. In one instance a
marked departure from the reference performance was found
even at 500 Hz, and this was quickly traced to the fact that the
pickup had come lcose from the plasticene, This example il-
lustrates the importance of careful inspection of the fastening
during a test, particularly when one cannot check the perform-
ance independently.

The response of the pickup when held to a smooth, flat,
steel plate by means of the Type 1560-P35 Permanent Magnet
Clamp is shown in Figure 6-10. Up to 5 kHz, the response is
very similar to the reference response. One should fasten the
pickup carefully to the magnet so that no rocking motion is
possible, and the magnet itself should be placed on a smooth
surface so that it, too, will not rock; otherwise serious errors
may result.

6.2.3 STRAY EFFECTS,

6.2.3.1 Effect of the Pickup On the Vibration. The mass added
by the pickup to the vibrating surface being measured changes
the motion of that surface. If the added mass is much smaller
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Figure 6-10. Frequency response of wvibration pickup attached by
Type 1560-P35 Permanent-Magnet Clamp.

than that of the vibrating surface or is closely coupled to it,
the effect is small except near resonant modes. Thus, it is
important to have a lightweight pickup.

One can often judge the effect of adding the mass of a
pickup by noting the difference in behavior with the pickup
fastened and with another mass equal to that of the pickup in
addition to the pickup. If the difference is negligible for these
two conditions, the effect of the pickup is usually unimportant.
Under certain conditions near the resonant vibration fre-
guency of the device under test, even a small mass can shift
the resonance enough to affect the motion at the original re-
sonant frequency by a large amount.

When it is possible to change the excitation rate or fre-
quency so that resonance with the pickup in place is re-
established, the behavior at the new resonant point will often
be sufficiently similar to the resonance behavior without the
pickup that the resonant condition can be satisfactorily mea-
sured.

When stroboscopic observation of the motion is possible,
the effect of the mass of a pickup on the motion can often be
judged by direct observation of the behavior with and without
the pickup present.

6.2.3.2 Mounting of the Device Under Test. The actual vibra-
tion that a device experiences will depend on the way in which
it is mounted. If it is rigidly mounted to a massive concrete
structure, the vibration may be much less than if it is mounted
with a very resilient mount. For many tests the very resilient
mounting is preferred in order to obtain the maximum motion.
But often the proper procedure is to mount the device for a
vibration test just as it will be mounted in actual use.
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6.2.3.3 Background Vibration. Some background vibration is
always present. If a motor is put on a factory floor for a
vibration test, it will be possible to measure motor vibration
even when it isn't running. This background vibration must
be considered as a lower limit to the vibration that can be
measured, But, of course, one can do something about this
lower limit. Often placing the device on a thick felt or foam
pad will isolate it sufficiently from the background, but then
the mounting is no longer rigid. Another approach is to use
a separate, massive concrete block as a table on which to
mount the device in any way desired. The block is suspended
by resilient mounts. The natural vibration frequency of the
block on its mounts should be made significantly lower than
any frequency of interest in the test. (See also 6.2.2.4.)

6.2,3.4 Peak Versus RMS or Average. Although a few appli-
cations of vibration measurements require the use of the
peak or peak-to-peak amplitude, most experimenters specify
these values only because they are traditional. When vibra-
tion signals are analyzed to find the individual components,
however, the rms or rectified average values are more use-
ful. This usefulness depends on two facts. First, rms com-
ponent values can be summed on an energy basis to give the
over-all rms value. For many wave shapes thig result is
also essentially true for the rectified average values. But
the result of combinations of peak values of components can be
misleading and confusing, particularly for coherent periodic
signals, which are relatively common in vibration work. The
second fact is that if the signal is random in amplitude dis-
tribution, there is an additional inconsistency among peak
values. As a result, if you measure a peak value of a vibra-
tion signal, it is also wise to note the rms or average value.

6.2.4 CALIBRATION OF VIBRATION MEASUREMENT SYS-
TEMS. In order to ensure that one can make satisfactory
vibration measurements, the instruments used must be kept
in proper operating condition. The vibration meter itself can
be checked electrically very simply by the built-in calibration
system, and the instrument should be checked at the start of a
test, after the instrument has been on and allowed to stabilize
for a few minutes.

The vibration calibrator should also be used regularly to
check the complete measurement system. If the acceleration
produced by the calibrator reads between 340 and 430 rms
(or 950 to 1220, peak-to-peak) in/s? on an electrically cali-
brated vibration meter, there is reasonable assurance that the
pickup and the meter are operating correctly. If the agree-
ment is not satisfactory, one should first check that the correct
pickup for the vibration meter is being used, and that the
internal reference dial in the meter is set to the correct
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pickup sensitivity. If these are all checked and agreement is
still unsatisfactory, another pickup ghould be tried (with the
internal reference dial set to its nominal sensitivity). The
next step would be to have the pickup and the calibrator
checked at the General Radio Company.

Vibration pickups are rugged and stable, but they can be
damaged. Although a damaged pickup will ordinarily be de-
tected by the check at 100 Hz provided by the vibration cali-
brator, it is possible, but most unusual, for the sensitivity at
other frequencies far from 100 Hz to be affected when that at
100 Hz is not. Therefore, the frequency response of pickups
should be verified periodically by calibration at the National
Bureau of Standards or at the General Radio Company.

6.2.5 A SIMPLE TWO-PICKUP METHOD FOR DETERMINING
THE ROTATIONAL VIBRATION OF ROTATING MACHINERY.!
When analysis of rotational vibration must be made on an
existing installation and a torsional pickup cannot readily be
used, the following technique may be useful. Two vibration
pickups and a summing network are required in addition to

the vibration meter. One must assume that the engine behaves
like a rigid mass and that its center of gravity is equidistant
from all four mounting posts.

A simple summing circuit is shown in Figure 6-11, The
voltages e; and eg represent the output signals of two vibra-
tion pickups, and the voltage e, represents the signal fed into
the input of the vibration meter. If the three resistors R are
equal, e, will be 1/3 (e; + eg). A practical arrangement of
this circuit is shown in Figure 6-12. Only two resistors are
shown, since the third resistor is in the input circuit of the
vibration meter. One pickup is connected to input No. 1 and
the other pickup is connected to input No. 2. The output of
the summing circuit is connected to the input of the vibration
meter. When switch S-1 is at position 1, one third of the out-
put of pickup No. 1 is applied to the input of the vibration
meter. When 5-1 is set at position 2, one third of the output
of pickup No. 2 is applied to the input of the vibration meter.
When S-1 is at position 3, one third of the sum of the outputs
from the two pickups is applied to the input of the vibration
meter,

Example:

The top view of a typical engine and its mounting is outlined
in Figure 6-13. A and B represent the forward engine mounts
while C and D represent the rear engine mounts. With the two
pickups (oriented for vertical-displacement measurement)

IThis method was suggested by Mr. George Kamperman of
Bolt, Beranek and Newman, Inc., Cambridge, Mass. He has
used this technigue on numerous occasions with gratifying
results.
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chapter7

NOISE AND VIBRATION CONTROL

7.1 INTRODUCTION.

When we want to reduce noise or vibration, we usually be-
gin by measuring the spectrum of the noise or vibration to
obtain the quantitative information that is helpful in doing
something about the problem. We compare the measured
levels with the acceptable levels, which are often estimated
by use of one of the criteria given in Chapter 3. The differ-
ence between these two levels is then the reduction necessary.

The next step is to find out how this reduction can be
achieved most satisfactorily. A complete discussion of this
problem is not possible in this handbook. But since many of
those using this book are just beginning to work on noise and
vibration problems, a few introductory statements on the sub-
ject will be made. Useful information on this subject will be
found in books on noise control and architectural acoustics,
in books on mechanical vibrations, in some books on acous-
tics in general, in some articles in the Journal of the Acous-
tical Society of America, and in articles in various trade
journals. We shall discuss noise control first.

The general approach to noise reduction can be divided
into two major parts as follows:

(1) Reduction of noise at its source.
(2) Reduction of noise level at the ear of the listener by
changes in the path from the source.

7.2 NOISE CONTROL AT THE SOURCE.

It is usually wise to see first if the noise can be reduced at
the source. A different type of source might be selected. For
example, a process might be changed so that parts are welded
instead of riveted together. A source of different basic con-
struction but of a similar type might be used. For example, a
slower fan of many blades can sometimes be substituted for a
high-speed two-bladed fan. Or, the construction of the partic-
ular source at hand might be modified, and this procedure
will be discussed briefly.

When modification of a source is attempted, a decrease in
the radiated power is usually the most important change that
can be made. This usually means a reduction of vibration am-
plitudes and of the radiation of sound produced by the vibra-
tion. We can separate this problem into three sections:
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(1) Decrease the energy available for driving the vibrating
system.

(2) Change the coupling between this energy and the acous-
tical radiating system.

(3) Change the structure that radiates the sound so that less
is radiated.

In each of these sections it is usually helpful to track down
the important sources of noise and the path of transmission
by using frequency analysis of the sound and vibration. The
effects of changes in the source (for example, speed, struc-
ture, and mounting) on the spectrum should also help in find-
ing the important elements.

The reduction of the vibration that produces noise is dis-
cussed later in this chapter.

Change in the coupling system frequently means the use of
vibration isolation mounts. It may also mean decreased or
even increased stiffness in some members transmitting the
vibration. Or it may mean better fastening of some parts to
massive, rigid members. Resonant structures are often
troublesome coupling members. The resonance may be in
the mechanical structure or in an air chamber. In either
situation it is usually possible to shift the resonance by
changes in the structure or to damp the resonance by adding
absorbing material. Mufflers may be needed on exhaust or
intake systems.

Changing the radiating structure often means nothing more
than reducing the external surface areas of the vibrating parts
as much as possible. It may be possible to put holes in the
radiating member to reduce the efficiency of radiation. Less
stiffness of the part may help to reduce radiated sound by
permitting sections to vibrate in different time patterns.
Large surfaces near the vibrating parts should also be avoided,
since these surfaces may increase the radiating efficiency of
the vibrating parts.

Another possible way of modifying the source to improve
the noise situation is to change the directivity pattern of the
radiated sound. When streams of air or other gases come out
of an opening, they radiate sound that may be highly directional
at high frequencies. Changing the direction of flow can shift
this pattern. It may be possible to direct it in such a way that
noise in certain directions is considerably reduced.

7.3 CONTROL OF THE PATH OF SOUND.

The control of the noise by changes in the path of the sound
can be analyzed into three sections:

(1) Change in relative position of source and listener.

(2) Change in acoustic environment.
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(3) Introduction of attenuating structures between source
and listener.

7.3.1 CHANGES IN POSITION, Increasing the distance be-
tween the noise source and the listener is often a practical
method of noise control. Furthermore, merely rotating the
source of noise may permit one to decrease the level if a
change to a direction of low directivity factor is achieved.
Both these procedures are effective only in the region where
approximately free-field conditions exist.

7.3.2 CHANGE IN ENVIRONMENT. The most obvious change
that can be made in a room to reduce the noise level is to add
acoustical absorbing material. A wide variety of commercial
acoustical materials is available., These materials are often
of great value in a noise reduction program, but the limita-
tions of this treatment should be realized. These materials
are mainly useful in the room where the noise originates, and
there they help mainly to reduce the noise level at some dis-
tance from the source. But at the same time not much reduc-
tion is obtained at a distance of 2 feet, say, which is a common
distance between a machine and the operator's ear.

7.3.3 ATTENUATING STRUCTURES. A number of different
types of attenuating structures are used for reducing the noise
level for the listener. One of these is an ear defender, which
may be an ear plug, waxed cotton, or earmuffs. Others are
walls, barriers, and total enclosures. Almost any degree of
reduction of air-borne sound can be achieved by a total en-
closure or a combination of several enclosures. But as the
required attenuation increases so does the complexity, weight,
and cost. In addition, great care must be taken that the atten-
uation gained by the enclosure is not lost by sound transmis-
sion through a ventilating duct or by solid-borne vibration.
Because of this possible flanking transmission in ventilating
systems, total enclosures frequently require carefully de-
signed ventilating systems with ducts lined with absorbing
material. These lined ducts are essentially mufflers for the
air stream.

When a door is required in a total enclosure, it should be
built with air-tight seals at all joints. A refrigerator-type
door is usually satisfactory when it can be used., A total en-
closure should also be lined at least on part of the inside
walls with absorbing material. This lining helps to keep the
noise at the walls of the enclosure at the lowest practical
level.

A barrier is not as effective as a total enclosure, but it
does help to shield high-frequency sound. Little attenuation
of low-frequency sound is obtained unless the barriers are
very large, and the attenuation of high-frequency sound is
usually only a few decibels unless the opening that remains
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is relatively small. Here, too, absorbing material should
cover the barrier to avoid exaggerating the level by reflec-
tions from the barrier.

7.3.4 ILLUSTRATIVE EXAMPLE, In order to illustrate the
possible noise reduction achieved by use of vibration isola-
tion, barriers, enclosures, and acoustic treatment, an ex-
ample made up for the purpose is shown in a series of
figures, Figures 7-1 to 7-8. We intend to show here only the
general nature of the noise reduction obtainable as given by
changes in the octave-band spectrum and the speech-
interference level. Actual results will vary in detail, and
situations do occur where the results differ materially from
those shown because of factors not considered here. But, in
general, the noise reduction shown in the figures can be
considered typical.

Figure 7-1 shows the octave-band analysis of the noise
from the assumed machine. The speech-interference level is
also shown. This machine is a noisy one with a spectrum that
shows appreciable noise energy all over the audible range.
All the noise measurements are assumed to be made in the
relative position shown for the microphone, designated M on
the figures.

The use of yibration isolation mounts may be an important
step in noise control. As shown in Figure 7-2, the initial re-
sult, however, is often only a moderate reduction of the low~-
frequency noise. The machine itself usually radiates most of
the high-frequency noise directly to the air, and the amount
radiated by the floor is small. A reduction in the vibration
level at the floor only is then not important at high frequen-
cies. At low frequencies, however, the machine may be too
small to be effective in radiating sound, and then the floor
may act as a sounding board to contribute materially to low-
frequency sound radiation.

It is even possible to increase the noise as a result of the
use of vibration mounts. This result is usually found when
the stiffness of the mounting is of such a value that some
vibration mode is exaggerated by resonance, but resonance
can be avoided by proper design of the mounting. In the
illustrative example it is assumed that the mounting is suf-
ficiently soft that the basic vibration resonance of the machine
on the mounting system is below 20 Hz. In this particular
example no significant change in the speech-interference level
is shown as a result of the use of vibration isolation mounts
alone,

The results shown in Figure 7-3 illustrate that a barrier
is mainly effective at high frequencies, and there it produces
only a moderate reduction in noise level.

The novice in this field sometimes assumes that the ma-
terials used for sound absorption can also be used alone for
sound isolation. If we build an enclosure solely of these
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materials mounted on a light framework, we would typically
find the result shown in Figure 7-4, Only at high frequencies
do we have a noticeable reduction in level, and even there it
is a small reduction.

A more satisfactory enclosure is built of more massive
and rigid constructional materials, Assume that we enclose
the machine by a well-sealed, heavy, plasterboard structure.
Then we might observe the result shown in Figure 7-5. Here
an appreciable reduction is obtained over the middle- and
high-frequency range. The enclosure is not as effective as it
might be, however, because two important factors limit the
reduction obtained. First, the vibration of the machine is
carried by the supports to the floor and then to the whole
enclosure. This vibration then may result in appreciable
noise radiation. Second, the side walls of the enclosure ab-
sorb only a small percentage of the sound energy.

The addition of a suitable vibration isolation mounting will
reduce the noise transmitted by solid-borne vibration. This
effect is illustrated in Figure 7-8. Here we see a noticeable
improvement over most of the audio spectrum.

When the sound abgorption within an enclosure is small,
the noise energy from the machine produces a high level
within the enclosure. Then the attenuation of the enclosure
operates from this initial high level. The level within the
enclosure can usually be reduced by the addition of some
sound-absorbing material within the enclosure, with the re-
sult that the level outside the enclosure is also reduced. This
effect is shown in Figure 7-7, which should be compared with
Figure 7-6.

If even more noise reduction is required than that obtained
by the one enclosure, a second, lined, well-sealed enclosure
can be built around the first. The first enclosure is supported
within the second on soft vibration mounts. Then a noise re-
duction of the magnitude shown in Figure 7-8 can be obtained.

7.4 SUMMARY OF NOISE REDUCTION PROCEDURES.

The approach to a noise reduction problem can be summed
up as follows:
(1) Consider the source.
Can a quieter machine be substituted?
Can the noise energy be reduced?
Can a useful change be made in the directivity pattern?
Are resilient mounts of any use here?
Can a muffler be used?
(2) Consider the path from the source to the listener.
Can the source or the listener be readily moved to
reduce the level?
Is acoustic treatment a useful solution?
Should barriers be erected?
Is a total enclosure required?
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7.5 VIBRATION REDUCTION.

The basic procedure for vibration reduction will be des-
cribed briefly. Many specialized techniques have been
developed also, and a complete summary of these is imprac-
tical here. More extensive information on vibration reduc-
tion will be found in the references.

The approach to reducing vibration is summarized in Table

TABLE 7-1

The general approach to vibration reduction can be divided
into two major parts as follows:

1. Change source or coupling to vibrational driving force.
a. Reduce its strength.
b. Eliminate it by substitution, or otherwise.
c. Isolate it.
d. Change its character, frequency (speed).
2, Reduce response to driving force.
a. Insert isolating members.
b. Damp vibrating elements.
c. Detune resonant systems.

d. Change mass. Increase mass of stationary elements
or reduce mass of moving elements.

e. Change stiffness.

f. Add auxiliary mass damping or resonant absorbers.

7.5.1 CHANGING THE DRIVING FORCE, In order lo see how
the driving force can be changed, it is useful to review the
many ways that a vibratory force is developed. Here there are
two basic processes involved. Either mechanical energy of
some type is coupled into mechanical vibratory energy by one
or more methods, or energy in some other form is transformed
into mechanical vibratory energy, as outlined in Table 7-2,
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TABLE 7-2
Sources of vibrational forces and coupling systems:

1. Mechanical
Unbalanced rotating masses.
Reciprocating masses.
Fluctuating mechanical forces or torques.
Fluctuating loads.
Fluctuating mass or stiffness.
Poorly formed moving components.
Mechanical looseness.

Misalignment.

2. Transformation from another form of energy.
Varying electrical fields.
Varying hydraulic forces.
Aerodynamic forces.
Acoustic excitation.
Varying thermal conditions.

Sometimes the source of the vibratory force is readily
apparent or well known from experience. At other times use
of some measuring instruments can be invaluable in tracking
down sources.

Here are some examples:

Stroboscopic observation of a cam and follower showed
that above a certain speed the follower did not remain in con-

tact with the cam during certain parts of the cycle. When the
cam periodically came into contact with the follower after the
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Figure 7-9. Sequence of photographs shows misbebaving cam
and follower. The cam is rotating at 2000 rpm. The photo-
graphs were taken with stroboscopic illumination at different
phases of the cam cycle to show the bouncing action when
the cam rotates above a critical speed.






change rapidly even though the electrical forces are changed
abruptly.

When a device can be driven at varying speeds, the effect
of changed speeds on the frequencies and amplitudes of the
various important components can be an important clue in
tracking down the sources of those components. Here the
changes in shaft speeds and mesh frequencies can be related
to changing or steady frequencies. This technique is particu-
larly helpful if the relative speeds of some parts can be
changed or if a clutch can be used to deactivate some sections.

When the indication on the meter of a yibration meter or of
a broad-band analyzer fluctuates erratically over a range of
2 to 1 (6 dB) or more, the vibration is usually random in
character, and the source is then probably to be found in some
rattle, friction-induced vibration, turbulence, poor ball bear-
ings, gases or liquids in motion, or combustion processes.
The relative value of a peak and average reading also serves
to differentiate this type of vibration from the simpler har-
monic motion of rotating unbalanced masses. For simple
harmonic motion the peak value will be about 1.5 times the
average value (and the peak-to-peak, about 3 times). For
random signals the ratio is usually much higher, that is 3 to
4 times (or 6 to 8 times for peak-to-peak).

Listening by means of a pair of earphones to the signal
picked up by the vibration pickup can be helpful in determining
the cause of a vibration, particularly if the source is defective
ball or needle bearings or air leaks, which give a rough quality
to the sound. The earphones should have a good pair of ear
cushions or muffs to keep out extraneous sound.

Once the mechanism producing the vibratory force is
recognized, a review of the possible means for reducing the
force is in order. Thus, balancing techniques can be applied,
better gears or bearings can be substituted, proper lubrica-
tion can be applied, the mechanical structure can be improved
(for example by lightening the moving members and increas-
ing the weight of stationary members), and gas or liquid
velocities can be reduced.

7.5.2 BALANCING ROTATING MACHINERY, Unbalance in
rotating devices is one of the chief causes of excessive vibra-
tion. This singlé cause is so important that extensive discus-
sions of it will be found in the books cited earlier in this
section. Some possible procedures for balancing are also
described there,

Criteria for balancing have been recommended by the
Association of German Engineers (VDI 2060 - October 1966),
and some of their recommendations are given in Figure 7-11.
Their rating is in terms of the unbalance in gram-millimeters
divided by the weight of the rotor. This normalized unbalance
for a given type of device is then required to be inversely
proportional to the rotor speed®. Subject to this requirement
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different degrees of unbalance are given guality numbers (Q)

ranging from 0.4 to 1600.

Quality
Q

630

250

100

40

16

6.3

2.5

0.4

Rotary parts of rigidly mounted 4-cycle engines.
Rotary parts of resiliently mounted ship diesel engines.

Rotary parts of rigidly mounted, high-speed 4-cyl-
inder diesel engines.

Rotary parts of rigidly mounted, high-speed diesels
with 6 or more cylinders.

Rotary parts of resiliently mounted, high-speed
4-cycle engines with 6 or more cylinders.
Autowheels and rims.

Drive shafts with special requirements.
Parts of crushing and agricultural machinery.

Centrifugal drums, blowers, flywheels, centrifugal
pumps, machine and machine-tool parts, regular
motor armatures, crankshafts with special
requirements.

Rotors of jet engines, steam and gas turbines, blower
turbines, turbogenerators; machine tool drives;
medium and large motor armatures with special
requirements, small motor armatures; turbine-
driven pumps.

Tape recorder drums and hi-fi turntables; drives
for grinders, small motor armatures with special
requirements,

High-precision grinding spindles and pulleys, gyros.

*This requirement is equivalent to the velocity amplitude
of the periodic motion of the center of gravity being constant.
Again this requirement shows the practical significance of
rating in terms of velocity.
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As shown by the listing of rotary devices the degree of
balance required depends on the device and its applications.
Thus the residual unbalance for the rotor of a small electric
motor running at 3600 rpm should be less than .004 oz-in,/
pound of rotor weight.

7.5.3 REDUCING RESPONSE TO DRIVING FORCE. A further
important step in the process of vibration reduction is to re-
duce the response to the driving force. Here, too, measure-
ment techniques can be valuable in guiding the approach to
reducing the response. For example, exploring for maxima
in vibration level may show up resonant modes of vibrations
of plates and other structural members. It can show where
damping may be most effective or where resonant absorbers
can be added. It may also show where detuning can be used.

7.5.3.1 Resonance Effects. The phenomenon of resonant
vibration occurs frequently; for example, resonant vibration
is essential to the operation of most musical instruments.
The undesired resonances in some automobiles at certain
speeds can be very annoying.

The effects of resonant vibration in rotating machinery
can be so serious that the design of these devices includes
the calculation of the critical speeds (resonant frequencies).
These calculations are used to make certain that whenever
possible, the critical speeds are not included in the normal
operating range of the device,

The resonant or natural modes of vibration for many types
of simple structures have been calculated. Some of these are
beams, shafts, plates, and stretched wires. The frequencies
of the resonant modes depend, for example, on the shape,
dimensions, stresses, mounting, and material characteristics.
The frequencies can also be affected by coupling to other
structures,

The nature of resonance is readily illustrated by vibration
of a table on which a mass is flexibly mounted with the table
driven at a constant amplitude but at different frequencies. At
a certain critical frequency the motion of the mass will be
greater than for frequencies just slightly higher and slightly
lower. This frequency at which a maximum in vibration
occurs is a resonant frequency. If the structure being shaken
is relatively complex, many such maxima can be observed.
(It is often helpful to use a stroboscopic technique to make
this motion visible at a slowed-down rate.) Minima of motion
may also be due to resonances.

In an actual operating device, resonant conditions may be
obvious because of excessive noise or observed vibration at
certain speeds. Exploring by means of a vibration pickup for
the points at which vibration is much larger than for other
places on the device will often locate the resonant elements.
The resonances may be of the simple type where a mass is
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Figure 7-12. An electronic stroboscope arranged for trigger-
ing from a photoelectric pickoff with an adjustable delay.
These instruments were used lo obtain the photographs of
the cam and follower.

mounted on a flexible support, or they may be of the plate-
mode type where the mass and flexibility of a plate or sheet
are in resonance so that different parts of the plate are mov-
ing differently. In this latter instance very complicated
motions may result.

Unless there is some significant dissipation of energy
(damping) as the system vibrates, the resonant amplitude of
motion may become very large even with a relatively small
driving force. These large amplitudes must ordinarily be
avoided. The two principal ways of reducing these amplitudes
are detuning and damping. If the driving force is at a rela-
tively fixed frequency, it may be relatively easy to move the
frequency of resonance out of the operating range by a change
of the resonant-element mass or stiffness or both. The use
of damping devices or highly damped materials is the other
important possibility.

Many techniques for damping vibration have been developed.
They ‘include dashpots and other viscous absorbing systems,
mastic coatings, sandwich-type dissipative materials,
inherently dissipative plastics or metals, electromagnetic
damping, frictional rubbing devices, and dynamic absorbers.

Measurements of the vibration levels at various parts of
the device under study can help to show where damping de-
vices can be applied most effectively. Thus if a resonant
condition is to be damped, an analyzer tuned to the frequency
of resonance should be used on the output of a pickup. Then
when the measurements are made at different points on the

178






7.5.3.2 Oscillating Conditions. In most instances resonance is
exhibited when the natural-mode frequency of a vibrating
member coincides with, or is very close to, one of the compo-
nent frequencies of the driving force. Certain unstable systems,
however, do not require this coincidence when the conditions
make the system self-oscillatory. They require what is es-
sentially a reasonably steady driving force. Galloping trans-
mission lines and some forms of machine-tool chatter, elec-
trical brush squeal and automobile shimmy are examples of

this type of excitation,

The galloping and torsional oscillations in some suspension
bridges are aerodynamically induced forms of vibration. Such
torsional oscillations destroyed the first Tacoma Narrows
Bridge on November 7, 1840, The proper aerodynamic design
of such a structure can essentially eliminate this vibration3,

The Mackinac Bridge as a matter of fact is a classic ex-
ample of the possible tremendous value that can accrue from
careful control of vibration. In its design the vibratory driv-
ing force produced by wind was made essentially zero by the
particular open structure used. This new design also made
possible great savings in the structure. As an additional pre-
caution the deck openings and roadway are arranged to damp
any vibration that may occur.

7.5.3.3 Variation of Parameters. In any of these procedures
for tracking down vibration troubles, it is often helpful to
change some element, for example the mass, and observe how
the change affects the vibration levels. This technique can be
classed as the method of variation of parameters. In other
words, change things and see what happens. The way of ''see-
ing" is, of course, to use measurements that will give a good
basis for judging what has changed and by how much. In gen-
eral, one follows a logical guessing procedure. The results
of the experiments help one to eliminate or confirm the vari-
ous possible sources of vibration effects.

7.5.4 VIBRATION ISOLATION. The reduction of the effects of
vibration by isolation is widely used?, This isolation technique

3D. B. Steinman, "The Design of the Mackinac Bridge for
Aerodynamic Stability," JOURNAL OF THE FRANKLIN INSTI-
TUTE, Vol. 262, No. 6, December, 1956, pp. 453-468,

&o, B, Crede, VIBRATION AND SHOCK ISOLATION, John
Wiley: New York, 1951.

J. P. Den Hartag, MECHANICAL VIBRATION, McGraw-
Hill: New York, 19856,

1. Vigness, ''Vibration Isolation,'" PHYSICS TODAY, Vol.
18, No. 7, July, 1965, pp. 42-48.

SAE Committee G-5: Aerospace Shock and Vibration,
DESIGN OF VIBRATION ISOLATION SYSTEMS, Society of
Automotive Engineers: New York, 1962.
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is usually illustrated with a vibrating device mounted on a
foundation by means of soft springs or other resilient devices.
If the isolation system is properly designed, the vibratory
force transmitted to the foundation will be less when the springs
are used than when the device is clamped directly to a founda-
tion. The device itself, however, will ordinarily vibrate with a
greater amplitude when mounted on a soft mount. Thus it is
essential to realize that the isolation is working in only one
direction, that is, the original source of vibratory force is

not reduced by this isolation. Of course, if the foundation is
vibrating as a result of some other driving force, one can re-
duce the effects of the vibration on a device by suspending it
on a suitable soft mount. Some scientific instruments must

be isolated in this way from building vibrations in order to
operate satisfactorily.

Many commercial vibration isolators, or shock mounts,
are available, and the manufacturers of these mounts usually
supply information for their proper use. It is most important
in applying isolators to avoid having the natural frequency of
the mass of the device and the resilient suspension be nearly
the same as the frequency of the driving force. When such a
condition occurs, the transmitted vibration may be greater
with the use of isolators than without. A frequency analysis
of the vibration, which gives the component frequencies of
the driving force, and a knowledge of the mechanical constants
should make it possible to avoid this simple resonance effect.

Supports should be located to avoid cross coupling from
one mode of vibration to another. Such a requirement ordi-
narily means that the line of action of the support should pass
through the center of gravity of the device being supported.

The foundation, the isolating suspension system, and the
supported structure will have, individually and in combination,
resonant modes at frequencies higher than the first natural
resonance. Sometimes these higher modes cause trouble,
because the isolation is reduced from that normally ex-
pecteds.

The usual commercial vibration isolators include suf-
ficient damping so that effects of the higher order reson-
ances in the isolator are not serious. But the isolation is
usually significantly less at high frequencies than one would
expect on the basis of the simple idea of a weight supported
on a spring.

Torsional vibration is isolated by the use of flexible coup-
lings, flexible shafts, and belts. These, too, include some
damping, and they also introduce resonant modes of torsional
vibration in conjunction with the rotational inertia of the
coupled system,

SR. Plunkett, "Interaction Between a Vibratory Machine
and Its Foundation,'" NOISE CONTROL, Vol. 4, No. 1,
January, 1958, pp. 18-22,
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Multiple isolators need careful design in order to be effec-
tive. When two isolator units are used in cascade, serious
effects that interfere with satisfactory isolation may occur®.

7.5.5 MAINTENANCE. When maintenance of proper perform-
ance or acceptable noise and vibration levels is the goal,
symptoms are used as a guide to discover the source of any
trouble that may develop and to decide on the remedy. Before
these symptoms are reviewed, it is also helpful to keep in
mind the many ways that machine performance is affected by
changes that occur with time. A systematic classification of
the sources of these changes should serve to point up the many
possibilities that exist (see Table 7-3).

TABLE 7-3

The changes in machinery that produce changes in vibra-
tion level are countless, and they include or are a result of
the following:

1. Wear
2. Erosion
3. Corrosion
4. Apging
Curing
Crystalization and fatigue
Solidifying of grease or packing
Loss of adhesion or bonding
5. Inelastic behavior
Parts stressed out of shape
Bent parts
Increased tolerances
Loosening of fastenings
Broken or damaged parts
Incorrect or inadequate lubrication
Foreign matter
Dirt, chips, dust, grit
Contaminants
Humidity
Ice accumulation
Paint and other finishes
10. Environmental changes
Temperature
Humidity
Pressure
11. Chemical changes in materials

Co~am

6E. Skudrzyk, "Theory of Noise and Vibration Insulation of
a System with Many Resonances,' JOURNAL OF THE ACOUS-
TICAL SOCIETY, OF AMERICA, Vol. 31, No, 1, January, 1959,
pp. 68-T4.
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The existence of a vibration problem may be first noticed
in a routine survey of the vibration levels on the machines in
a plant, or it may become evident the performance of a
machine may be obviously not so good as it should be. In
either situation the usual first step in tracking down the trouble
is to locate the point or area where the vibration level is the
highest. - Inspection at this point may show the real source of
the trouble. It is important to remember, however, that vi-
bration is transmitted very readily by metal, and occasionally
the point at which the trouble is best corrected is some dis-
tance from the point of maximum vibration.

The next step in the search is often a study of the charac-
ter of the vibration signal, that is, the dominant frequency
(low or high), whether it is a tone, random in nature (a rough,
rushing or roaring noise in the earphones at the output of a
vibration meter), or an impact-type vibration.

The measurement of displacement tends to emphasize low-
frequency vibration, and acceleration emphagizes high-fre-
quency vibration. Thus a vibration meter that can measure
both these quantities in addition to veloeity is helpful in
diagnosis. When high-frequency vibration or impact vibra-
tion is significant, listening to the character of the vibration
signal can often provide an additional clue. For example,
poor ball bearings have a characteristic rough tone that may
wax and wane.

The nature of the vibration can be classified into three
broad classes with a host of possible faults. By the use of the
position information and the possible pertinent faults listed in
the following classification, one may be able to track down the
specific fault in a given case. Or at most only a few possi-
bilities need to be considered and a process of elimination
used. For a specific machine, the following list, if not per-
tinent, at least, may suggest the possibilities that must be
considered.

TABLE 7-4

Vibration Characteristics and Their Causes

Low-frequency vibration (frequency of order of shaft or belt
speeds)

Unbalanced rotor (worn, eroded, broken, or corroded parts)
Misalignment (induces significant axial vibration)

Eccentric shafts

Slipping clutches

Mechanical looseness

Loose foundation bolts

Oil whirl or whip (1/2 or less times shaft speed)

Worn belts

Belts and pulleys out of adjustment
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TABLE 7-4 (Continued)

Aerodynamically driven galloping and twisting
Changed reciprocating elements that introduce added
torsional vibration.

High-frequency vibration

Defective bearings (random or rough vibration)
Inadequate lubrication

Poor gears

Slipping clutches

Rubbing or binding parts

Air leaks

Hydraulic leaks

Impact vibration and rattles

Parts colliding

Broken or loose pieces
Electromagnetically driven loose pieces
Water hammer

Surge

In addition to position, frequency, and charater of the vi-
bration, timing may also furnish an important clue to the
nature of the difficulty. Here, stroboscopic observation with
a photoelectric pickoff to trigger the stroboscope can be
helpful, as illustrated by the cam and follower study pre-
viously mentioned.

When stroboscopic observation is not possible, the vibration
signal may be observed on an oscilloscope with timing supplied
by the photoelectric pickoff.

7.5.6 CONCLUSION. Finally, all vibration problems should be
approached to see first if a common-sense, simple, quick
solution is available. For example, the whole device that is
causing the trouble may be avoided by the use of a totally dif-
ferent kind of device. But if a simple solution is not obvious,
the quantitative results of measurements are often essential
elements in the efficient analysis and solution of the problem.
As various control procedures are used, vibration measure-
ments can show the progress being made and when the attack
on the vibration problem must be shifted from one form or
place to another.
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chapter 8

SOME CASE HISTORIES

In order to illustrate some of the procedures given in this
book, we shall describe in this chapter how some industrial
noise problems might be handled. They are taken from actual
experience, and where instruments are mentioned, the latest
equipment is named, although some of the instruments actually
used were earlier models. The principles and techniques
illustrated remain unchanged, and the slight departure from
authenticity is made up for by the greater usefulness of refer-
ence to a current instrument,

8.1 NOISE FROM AN AIR COMPRESSOR.

Engineers in a group of offices were annoyed by an intense
low-frequency noise whenever an air compressor in another
part of the same building was running. The noise was most
intense when the office windows were open; the air intake for
the compressor was about 50 feet away on the near side of
the building. Furthermore, the noise level varied markedly
in the office; that is, in the middle of the office the noise was
hardly noticeable, but near the windows or the door on the
opposite wall the noise was loudest. This standing-wave
pattern was confirmed by a quick check on a sound-level
meter, with weighting control in the flat position, to show that
the maxima were about 162 inches apart. When the windows
were closed, the maxima were not obvious because of other
background noises. With one or more windows open, the pat-
tern was relatively unaffected by opening or closing the door.

The obvious explanation of this behavior was that the pulses
produced at the air intake were propagated through the win-
dows and excited a resonant mode of the office. But one of
the engineers suggested that the result might be produced in
a different fashion. He suggested that the driving force could
be a vibration transmitted through the building and that the
windows needed to be open in order for the room resonance to
coincide with the frequency of the driving force. (He admitted
this explanation was far fetched.)

In order to decide what to do about the problem, some
simple measurements were made. Since the annoying noise
was low in frequency, it was decided to use the combination of
a Type 1560-P40K Freamplifier and Microphone Set driving a
Type 1564-A Sound and Vibration Analyzer, which could mea-
sure noise components at frequencies as low as 2.5 Hz. A
Type 1562-A Sound-Level Calibrator was used to set the level
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it was easy to design a proper filter. Thirty feet of pipe was
already being used from the air intake to the compressor, and
calculations showed that it could form part of the filter. An
air tank was added at the center of this pipe, and the noise
was so reduced that it was no longer troublesome. The noise
analysis in the office after this change is shown in Figure 8-3,

8.2 BRAIDING-MACHINE NOISE.

When a manufacturer introduced a process of putting a
braided nylon sheath around a cable of wires, the employees
in the vicinity of the braiding machine complained about the
noise it made. In common with other machines of this type,
this was a broad-band noise source, and the obvious instru-
ment to use was an octave-band analyzer.

The Type 1558-BP Octave-Band Noise Analyzer with a
Type 1560-P6 Microphone Assembly was calibrated with a
Type 1562 Sound-Level Calibrator. This equipment was used
to analyze the noise at a number of places around the machine,
Some of the results are shown in Figure 8-4,

A study of the machine indicated that it would be very diffi-
cult to modify it to reduce the level at the operators' ears
without reducing the production rate. It was decided there-
fore to supply protective earmuffs for the operators, since
the levels were in the hazardous regions. To protect the other
workers, the machine was put in a separate room heavily
treated with acoustical tile. In addition, to avoid troubles
from open windows in the summer bypassing the wall barriers,
the room was air-conditioned. The air conditioning made it
unnecessary to open the windows, and it made it possible to
wear the earmuffs with comfort even in the summer.

8.3 REDUCTION OF FLUTTER IN A TAPE RECORDER.

Measurements of the flutter (variations in tape speed) of a
tape recorder showed strong components at 15, 30, and 75 Hz
and other minor components. Although it was expected that
eccentricities in the drive produced some of this flutter, a
check on the effects of vibration was made.

A Type 1560-P54 Vibration Pickup was mounted on the
tape deck and connected through a Type 1560-P40 Preampli-
fier to a Type 1564-A Sound and Vibration Analyzer. The
analyzed vibration showed strong components at 30 and 75 Hz,
but very little at 15 Hz. The 30 Hz component corresponded
to the motor speed. Although the motor and attached fly-
wheel had been balanced before being mounted, the vibration
was easily reduced by rebalancing of these in place, After
balancing, the flutter component at 30 Hz was negligible, and
the 75 Hz component was markedly reduced also,
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The 15 Hz component corresponded to the capstan speed,
and it was the largest remaining component. The fact that
there was no appreciable vibration at this frequency seemed
surprising at first. The flutter could be reduced significantly
by the placing of eccentric weights on the capstan flywheel;
but then the vibration of the tape deck increased markedly at
15 Hz. Obviously, this flutter component was caused by ec~
centricity in the capstan, and the vibration introduced was
canceling the effects of eccentricity.

Measurements at the capstan bearing showed that the vi-
bration at 75 Hz was a maximum there., What was happening
here, apparently, was that the capstan flywheel and shaft
structure had a vibration resonance at 75 Hz that was excited
either by the fifth harmonic of the capstan rotation frequency
or, more likely, by a combination of a multiple of the motor
rotation frequency and the capstan rotation frequency. Be-
cause of the resonance, very little energy was required to
produce a significant vibration. This mode could be reduced
significantly by a change in the resonant frequency, but the
balancing of the motor and flywheel had already reduced it so
that the 15 Hz component was the only significant one remain-
ing.

8.4 AN OIL-PUMP PROBLEM.

An oil pump, used in a production setup to supply oil at
high pressure to a number of hydraulic presses, was so noisy
that the workmen objected to using it, This pump had been
installed to speed up production with new presses, but the men
preferred to use an earlier production method because it was
not then necessary to use the noisy pump. The problem was
to find out what should be done to make the noise less objec-
tionable.

In this example, it was assumed that the pump itself could
not be modified to reduce the noise, since correcting basic
design faults would be a major problem. Errors in alignment
or looseness of mounting, as the source of the high noise
levels, however, should be taken into consideration. On that
basis, the apparent procedure was to investigate these possi-
bilities, to measure the noise produced by the machine, to
measure the background noise level, and then to decide what
recommendations should be made.

The following instruments were chosen to take to the fac-
tory:
Type 1562-A Sound-Level Calibrator,

Type 1558-A Octave Band Noise Analyzer with Type 1560-
P6 Microphone.

Type 1568-A Wave Analyzer.

Type 1560-P11B Vibration Pickup System, comprising
Type 1560-P52 Vibration Pickup and Type 1560-P21B
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Control Box.
Pair of high-fidelity earphones.
Two sponge-rubber pads.

Before going to the factory each instrument was given a
maintenance check to see that it was operating properly,
since it is easier to correct any faults at the home office than
it is to correct them in a noisy factory where service facili-
ties are limited. The procedure was as follows:

1. All equipment was turned on.

2. Batteries were checked,

3. The analyzers were calibrated by means of their own
built-in calibration circuits.

4, A Type 1562 Sound-Level Calibrator was used to check
the calibration of the octave-band analyzer.

The instruments were taken in an automobile to the factory,
where they were loaded on a rubber-tired cart and taken to
the noisy pump on the ground floor. Incidentally, this type of
cart is a convenient support for instruments during measure-
ments. At the pump, the obvious data were recorded. It was
rated at 5 gallons per minute at 3000 psi, and it was 6 inches
long and 5 1/2 inches in diameter with seven knobs projecting
from the outer cylinder. These knobs apparently corresponded
to the seven cams of the pump. The pump was driven through
a three-pronged flexible coupling by a 10-hp, 60 Hz, 1730-rpm
induction motor. This motor was air-cooled. The oil stor-
age and heat exchanger tank was about 25 inches long and 15
inches in diameter. These three main items, the pump, the
motor, and the tank, as well as a mounting board, some gages
and a line switch, were mounted on a 37-inch-square, heavy,
steel base. Steel I-beams were welded underneath as a part
of this base and these were securely bolted to the floor, which
was a reinforced cement slab. Four heavy, brass, pipe lines
were connected to the storage tank. Two of these were for
water cooling, and the other two were for the oil. These
lines ran directly to the heavy masonry wall nearby, and they
were securely anchored in many places to the wall as they
ran to the different presses.

The factory itself was of heavy reinforced concrete con-
struction with no acoustical treatment. Numerous small ma-
chines, benches, storage racks, cartons, and other items
were arranged in orderly fashion throughout the large fac-
tory space where this pump was located.

When the pump was turned on, it was clear why the men
complained. It was very noisy. There were no obvious rat-
tles from loose pieces, however, and there seemed to be no
mounting troubles. The floor did not seem to be transmitting
vibration, and this conclusion was verified later. The vibra-
tion in the oil lines could be felt by touch, but they did not
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seem to be an important source of noise. For example, a
check using Octave~-Band Analyzer in the All-Pass position
carried along near the lines showed that the noise level
dropped noticeably as one went away from the pump. The
units mounted on the steel frame appeared to be the main
source of noise, and listening nearby indicated that the pump
itself was the major source.

A preliminary survey around and over the structure but
some 5 feet away was made using the octave-band analyzer.
As expected, there was no obvious directional pattern.

The first measurement was made close to the pump. The
microphone, only 16 inches from the pump shaft was on the
octave-band analyzer, which in turn was set on an empty
cardboard packing case on the concrete flcor. This first
position was selected at this point to make certain that the
background noise from other machines would not obscure
any significant components.

With the pump turned on, the output from the analyzer was
monitored by the pair of earphones. Listening to the output
of the various bands showed that the noise in the 600 to 1200
and 1200 to 2400 Hz bands was the dominating part of the
annoying, loud noise heard from the machine,

The complete analysis was made at this point as shown in
the data sheet of Figure 8-5. Then the pump was turned off,
and the background noise was analyzed. In all frequency
bands but the lowest (20-75 Hz), this background noise was so
low that it could be neglected. It was obvious from this
analysis that most of the noise was in the range from 150 to
2400 Hz.

There were no apparent characteristic, pitched sounds in
the noise heard from the machine, but it could be expected
that some would be present. Just fo make sure that nothing
important would be overlooked, an analysis of the noise was
also made with the Type 1568-A Wave Analyzer on the output
of the octave-band analyzer. The only discrete components
(definite peaks in response as the analyzer was tuned) that
were observed are listed on the data sheet. Of these com-
ponents, the one at 205 Hz was the basic pumping rate of
seven times the rotational speed. A comparison of the levels
from this analysis with that in octave-bands showed that most
of the energy in the range from 150 to 600 Hz was from dis-
crete components, but above that the noise was generally
unpitched.

The next step was to use a vibration test to find out if the
mounting was satisfactory. The vibration pickup and control
box were connected to the octave-band analyzer. Exploration
with the pickup and the analyzer showed the following behavior.
The pump itself was vibrating most strongly; the high-fre-
quency components and the low-frequency ones were all
present. The driving motor was not vibrating seriously. The
storage tank vibrated most strongly at low frequencies. As
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the probe was moved about the mounting base toward the con-
crete floor the amplitude of motion decreased. At the floor
the motion was insignificant. This vibration test confirmed
that the mounting was not faulty.

The final measurements were octave-band analyses at a
number of points 5 feet from the pump and one point 12 feet
away. The results of these analyses are shown in the data
sheet of Figure 8-6.

The nearest workmen were about 7 feet from the pump, so
that the levels at 5 feet were nearly representative of the con-
ditions they encountered. A comparison of the levels from
the pump with the background data and with the speech-inter-
ference criteria given in Chapter 8 indicated that a 20-dB
reduction in noise level in the bands from 300 to 2400 Hz
would have been desirable.

Therefore, as a solution to the problem, the following
suggestions were made:

One possible solution is to use a different pump based on a
principle of operation that produces less noise as a byproduct.

Another possible solution is to enclose the whole pump in a
tight housing with lined ducts for air ventilation. The housing
should be treated on the inside with acoustic absorbing ma-
terials.

A third solution is to move the pump to another location
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was excessive. Replacement of these mounts by a much
thicker felt mount reduced the vibration amplitudes in the
floor to about 1/10 the previous values in the important fre-
quency range of 75 to 600 Hz.

As an example of detection of resonant modes of vibration,
Austen and Priede? found excessive vibration of the valve
cover and the timing cover of a Diesel engine. They found, by
exploring with a vibration pickup and by making a narrow-
band analysis of the vibration signal, that the valve cover was
vibrating strongly at 1150 Hz, while the timing cover had
strong components of vibration at 760, 1350, and 2800 Hz.
Replacing the cast aluminum covers by '""deadened" covers
eliminated this excessive vibration,

Feinberg3 analyzes an interesting example of a gyrocom-
pass mounted in a conventional vibration isolation system.
The performance of the gyrocompass was unsatisfactory
when subjected to vibration in the frequency range from 220
to 350 Hz. The criterion for acceptable vibration levels was
determined by vibrating the gyrocompass as a function of
frequency and observing the level at which the performance
became unacceptable. This vibration tolerance showed a
minimum of 2 cm/s2 rms (66 dB re 10-2 m/s2 rms) in the
frequency range from 240 to 350 Hz. In order to achieve the
required low vibration level in this frequency range a tuned
two-degrees-of-freedom filter was designed. Compared to
the original simple isolation system, the resulting vibration
levels at frequencies below 150 Hz were generally higher, but
the criterion level was not exceeded, and the levels in the
sensitive region from 240 to 350 Hz were, with the new sys-
tem, sufficiently low that the criterion was satisfied every-
where,

2A. E. W. Austen and T. Priede, "Origins of Diesel Engine
Noise," PROCEEDINGS OF THE SYMPOSIUM ON ENGINE
NOISE AND NOISE SUPPRESSION, London, Institution of
Mechanical Engineers, 24 October 1958, pp. 19-32.

3M. Feinberg, "New Methods Simplify Analysis of Vibration-
Isolation Systems,'' Part 1, MACHINE DESIGN, Vol. 37, No.
18, August 5, 1965, pp. 142-148.
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Example — Given: 49.2 dB
49.2 dB - 20 dB - 20 dB = 9.2 dB
Pressure ratio: 9.2 dB —
2.884 x 10 x 10 = 288.4
Power ratio: 9.2 dB -
8.318 x 100 x 100 = 83180

Number of decibels negative (-): Add +20 decibels succes=
sively to the given number of decibels until the sum falls with-
in the range of Table I. For the pressure ratio, divide the
value from the left-hand pressure-ratio column by 10 for each
time you added 20 dB. For the power ratio, divided the value
from the left-hand power-ratio column by 100 for each time
you added 20 dB.

Example — Given: -49.2 dB
-49.2 dB + 20 dB + 20 dB = -9.2 dB
Pressure ratio: -9.2 dB —
.3467 x 1/10 x 1/10 = .003467
Power ratio: -9.2 dB -
.1202 x 1/100 x 1/100 - .00001202

TABLE II: PRESSURE RATIOS TO DECIBELS

For ratios smaller than those in table — Multiply the given
ratio by 10 successively until the product can be found in the
table. From the number of decibels thus found, subtract +20
decibels for each time you multiplied by 10.

Example — Given: Pressure ratio = .0131
.0131 x 10 x 10 = 1.31
From Table II, 1.31 -
2,34 dB - 20dB - 20 dB = -37.66 dB

For ratios greater than those in table — Divide the given
ratio by 10 successively until the remainder can be found in
the table. To the number of decibels thus found, add +20 dB
for each time you divided by 10.

Example — Given: Pressure ratio = 712
7122 110 % 110 = 7.12
From Table II, 7.12 =
17.05 dB + 20 dB + 20 dB = 57.05 dB

USE OF DECIBEL TABLES TO CONVERT
VIBRATION READINGS

These decibel tables offer a convenient means of convert-
ing decibel vibration readings obtained with the sound-level
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meter and vibration pickup into displacement in inches, velo-
city in inches per second, and acceleration in inches per
second per second.

Each control box nameplate is inscribed with a conversion
table, which applies when that control box is used with the
pickup and sound-level meter indicated on the nameplate. The
conversion figures appearing on the nameplate of the Type
1560-P21B Control Box are:

Displacement 120 dB ~ 1 in. rms

Velocity 90 dB - 1 in. per second

Acceleration 50 dB ~ 1 in. per second
per second rms

N.B. For Types 759-P36 and 1560-P21 Control Boxes, the
conversion figures are different from the above. When these
control boxes are used, substitute values given on the name-
plate for those used below to obtain correct conversion.

NOTE: In Tables I and II, the term ''pressure ratio" is
equivalent to the term ''voltage ratio" as used in the following
instructions.

TO CONVERT DB SOUND-LEVEL METER READINGS
INTO RMS AMPLITUDE IN INCHES

1. Note decibel readings of sound-level meter when vibra-
tion pickup is in contact with vibrating surface and control
box switch is set at DISPlacement.

2. If reading for Step 1 is below 120 dB: Subtract +20 dB
successively from 120 minus dB reading until the remainder
falls within the range of Table I of decibel tables. To deter-
mine rms amplitude in inches, multiply the voltage ratio (left-
hand column) corresponding to the dB remainder by 0.1 for
each time you subtracted 20 dB. Figures obtained are ex-
pressed directly in inches rms amplitude.

If reading for Step 1 is above 120 dB: Subtract +20 dB suc-
cessively from dB reading minus 120 dB until the remainder
falls within the range of Table I. To determine amplitude in
inches, multiply the voltage ratio (right-hand voltage ratio
column) corresponding to the dB remainder by 10 for each
time you subtracted 20 dB. Figures obtained are expressed
directly in inches rms amplitude,

TO CONVERT DB SOUND-LEVEL METER READINGS
INTO RMS VELOCITY IN INCHES PER SECOND

1. Note dB reading of sound-level meter with vibration
pickup in contact with vibrating surface and control box switch
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set at VELocity.

2. If reading for Step 1 is below 90 dB: Subtract +20 dB
successively from 90 minus dB reading until the remainder
falls within the range of Table I of decibel tables. To deter-
mine rms velocity in inches per second, multiply the voltage
ratio (left-hand voltage ratio column) corresponding to the dB
remainder by 0.1 for each time you subtracted 20 dB. The
value obtained is velocity expressed directly in inches per
second rms.

If reading for Step 1 is above 90 dB: Subtract +20 dB suc-
cessively from dB reading minus 90 until the remainder falls
within the range of Table I. To determine rms velocity in
inches per second, multiply the voltage ratio (right-hand volt-
age ratio column) corresponding to the dB remainder by 10
for each time you subtracted 20 dB. The value obtained is
velocity expressed in inches per second rms.

TO CONVERT DB SOUND-LEVEL METER READINGS
INTO RMS ACCELERATION
IN INCHES PER SECOND PER SECOND

1. Note dB reading of sound-level meter with vibration
pickup in contact with vibrating surface and control box switch
gset at ACCeleration.

2. If reading of Step 1 is below 50 dB: The value obtained
from the left-hand ratio column corresponding to 50 minus dB
reading is acceleration expressed directly in inches per sec-
ond per second rms.

If reading for Step 1 is above 50 dB (maximum 132 dB):
Subtract +20 dB successively from dB reading minus 50 until
the remainder falls within the range of Table I. To determine
rms acceleration in inches per second per second, multiply
the voltage ratio (right-hand voltage ratio column) correspond=-
ing to the dB remainder by 10 for each time you subtracted 20
dB. The value obtained is acceleration expressed directly in
inches per second per second rms.

Example:

With the vibration pickup placed in contact with some vi-
brating surface and the control box switch, let us say, on DIS-
Placement, a reading of 54 dB is obtained, Then, following
outlined procedure:

1. dB reading = 54 dB.
2. 120 - 54 = 66 dB.
66 - (+20) - (+20) - (+20) = 6 dB remainder.

Voltage ratios corresponding to 6 dB (left-hand column)
equal 0.5012; 20 dB was subtracted from 66 dB three times;
therefore 0.5012 should be multiplied by 0.1 three times.

Result = 0.0005012 or (to 2 significant figures) 0.00050 inch
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rms amplitude.
Like procedure should be followed for the calculation of
velocity or acceleration.

Acceleration and Velocity Level

In order to convert the readings obtained with the sound-
level meter and vibration pickup system into acceleration level
re 10-3 cm/sec2 (often called adB) or velocity level re
70-6 cm/sec (often called vdB), proceed as follows:

When the conversion figures on the nameplate are:

Velocity 90 dB
Acceleration 50 dB

1 in./sec
1 in./sec?

add 38.1 dB to sound-level meter reading to get velocity level
when the control box is set to velocity, and add 18.1 dB to
sound-level meter reading to get acceleration level when the
control box is set to acceleration.
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TABLE |
GIVEN: Decibels TO FIND: Power and Pressure Ratios

TO ACCOUNTFOR THE SIGN OF THE DECIBEL
For positive (1) values of the decibel — Both  For negative (—) values of the decibel—Both
ure and power ratios are greater than unity. pressure and power ratios are less than unity. Use

E}ae the two right-hand columns. the two left-hand columns.

Power | Preasure
Ratia Ratio
+0.1dB | 8.128 2.851
—0.1d4D | 0.1230 | 0.3508

Example—Gipen: +9.1dB. Find:

~-dB+ —dB+
-+~ - -+

Pressure| Power Pressure | Power Pressure |  Power Pressure | Power
Ratio | Ratio | 48 | Ratio | Ratio Ratio | Ratio | @B | Ratic | Ratio
1.0 0 1.000 1.000 56 3162 5.0 1.778 3.162
9886 D772 1 1.012 1028 55569 .8090 5.1 1798 3.236
0772 8550 2 1.023 1.047 5495 3020 5.2 1.8%20 3.311

9661 9333 3 1.085 1.072 5433 2051 5.8 1.841 3.
9550 8180 4 1.096 53870 2884 5.4 1.862 3.467
9441 8918 5 1.059 1122 5809 2818 5.5 1.8B4 3.548
9333 A710 .6 1.072 1,148 5248 2754 5,6 1005 | 3.681
26 8511 X 1.084 L1175 L5188 2692 6.7 1.928 3716
9120 L8318 8 1096 1.202 5129 2630 5.8 1.950 3.802
0016 8128 R 1.108 1.230 5070 2570 5.9 1.972 3.890
L8913 | 7943 Lo | 1122 | 1.259 5012 2512 6.0 | 1995 | 3.981

8810 762 1.1 1.18 1.288 4055 2455 6.1 2.018 4.
8710 L7586 1.2 1 1.518 4808 2399 6.2 2.042 4.160
8410 7413 1.8 1.161 1.849 4842 2944 6.3 2.085 4.266

8511 7244 1.4 11756 1.880 4786 2291 6.4 2.089

8414 J079 1.5 1.189 1.413 4732 2239 6.5 2.113 4.407
18 6918 1.6 1.202 1.445 4877 6.6 2,138 4.571
822¢ L6761 L7 1.216 1.479 40624 2138 6.7 2.163 4.677
8128 L6607 1.8 1.230 1.514 4671 2089 6.8 2.188 4.786
8085 6457 1.9 1.245 1.549 4519 2042 6.9 2.213 4.808
27943 | 6310 2.0 | 1.259 | 1.585 4467 1995 7.0 | 2239 | 5.012
7852 6166 2.1 1.274 1.622 4416 1950 i 2.265 5.129
762 6026 2.2 1.288 1.660 4365 1905 7.2 2.291 5.248
7674 .G5888 2.3 1.303 1.698 4315 1862 7.3 2.317 5.8370
T686 5754 2.4 1.518 1.738 4260 1820 7.4 2.944 5.495
7499 5623 2.5 1.334 1778 4217 1778 7.6 2.871 5.623
7413 5405 2.6 1.349 1.820 4169 1738 7.6 2,309 5.754
7388 5870 2.7 1.365 1.862 4121 1688 7.9 2,427 5.888
T244 5248 2.8 1.880 1805 4074 1660 7.8 2.455 6.026
7161 | .5129 29 1.806 1.950 4027 1622 7.9 2.483 6.166
7079 | 5012 3.0 | 1.413 | 1.995 3981 1585 8.0 | 2512 6.310
6098 ABOR 8.1 1.429 2.042 3036 1549 B.1 £.541 6.457
L6918 ATHE 9.2 1.445 089 L3800 1514 8.2 2.570 6.607
6839 AGTT 3.3 1.462 2.188 3840 1479 8.3 2,600 6.761
6761 4571 3.4 1.470 2.188 .S802 1445 B.4 2.630 6.918
6683 4467 3.5 1.490 2.239 8758 1418 B.5 2.661 7.078
6607 43 3.6 1.514 2.291 8715 L1880 8.6 2.692 7.244
531 A266 8.7 1.581 2.944 3673 L1349 B.7 2.723 7.418
68457 4169 3.8 1.540 2.3909 5631 1318 8.8 2.754 7.586
.6383 4074 3.0 1.567 5 3589 1288 8.9 2.7886 ‘ 7.762
6310 3981 4.0 1.585 | 2.512 3548 1259 9.0 | 2818 | 7.943
8237 3880 4.1 1.603 2.570 8508 1230 9.1 2.851 8.128
L6166 36802 4.2 1.022 £.630 8467 1202 9.2 2.HR4 8.918
D5 3715 4.9 1.641 2.692 3428 1175 0.3 2.917 8.511
6026 3651 4.4 1.680 2.754 3388 1148 8.4 2.951 8.710
5057 L8548 4.5 1.679 2.818 335 1122 9.5 2.085 8.913
5888 3467 4.6 1.608 2.884 3311 1096 8.9 3.020 9.120
6821 8388 47 1718 2.951 3273 1072 0.7 8.055 5.338
L6754 | 8811 4.8 1,788 8.020 3286 1047 0.8 8.000 9,650
5680 828 4.8 1758 8.000 31989 1023 9.9 3.126 8.772
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TABLE Il

GIVEN: { Pressure | Retio TO FIND: Decibels
POWER RATIOS
To find the number of decibels one-half of the number of decibels thus
corresponding to a glven power found.

ratlo— Assume the given power ratio
to ba 8 guwm ratio snd find the

nding number of decibels from
the le. The desired result is exactly

Example—Gicen: a pawer ratioof 8.41.
Find: 8.41 in the table:

8.41—-10.855 dB X }4 = 5.328 dB

Pressure
Ratio .00 01 02 .08 04 05 j o6 | .07 .08 .00
1.0 000 086 A72 257 341 A24 506 588 668 J49
1.1 828 806 084 1.062 1.188 1.214 1,289 1.364 1.488 1.511
1.2 1.584 1.656 1.727 1.798 1.868 1.858 2.007 2,076 2.144 2.212
1.8 2.270 2.345 2.411 2,477 2.542 | 2.607 2,671 2.7%4 2,708 2,860
14 2,928 2.984 8.046 8.107 8.187 3.207 3.287 3.346 3.408 3.464
L5 3.522 3.580 3.687 8.604 8.750 3.807 3.862 5.018 3.078 4.028
1.6 4.082 4.187 4.180 4.244 4.207 4.350 4.402 4.454 4.500 4.558
1.7 4.009 4,880 4.7T11 | 4.761 4.811 | 4.861 4.910 4.050 5.008 5.057
1.8 5.105 5.154 5.201 5.249 5.206 5.848 5.800 5.487 5.488 5.529
1.9 5.575 5.621 5.6606 5711 5756 5.801 5.845 5.889 5.938 5.977
2.0 65.021 6.064 | 6.107 6.150 6.193 | 6.235 | 6.277 6.319 6.361 6.403
2.1 6.444 6.486 6.527 6.568 6.608 | 6.649 6.689 6,728 8.769 6.809
2.2 6.848 6.888 6.927 6.068 7.008 T7.044 7.082 T.121 T7.150 7.107
2.8 T.285 7.272 7.810 | 7.347 7.984 7.421 T7.458 T7.405 7.582 7.568
2.4 7.604 7.640 7.676 7.712 7.748 7.788 7.819 7.854 7.880 7.90%
2.5 7.959 7.003 8.028 | B.082 8.097 8.181 | B.165 B.199 8.282 B.266
2.8 B.2090 8.383 8.886 8.809 8.432 8.485 8.408 B.580 B.563 B.585
.7 B.627 8.650 B.601 B.7238 B8.755 | B.787 8.818 B.850 8.881 8,012
2.8 8.948 8.974 0.005 9.088 9.086 9.097 9.127 9.158 9.188 9.218
29 0.248 9.278 9,308 9.887 9.887 | 9.808 9.426 0.455 9.484 9.518
3.0 9.542 | 9.571 9.600 | 9.629 9.657 9.686 | 9.714 | 9.743 | 9.771 9.799
31 9,827 9.855 9.888 8.911 9.939 9.966 5.004 | 10.021 | 10,049 | 10.076
32 10,108 | 10.180 | 10.157 | 10.184 | 10.211 | 10.238 | 10.264 | 10.201 | 10.817 | 10.544
33 10.870 | 10.8307 | 10.423 | 10.449 | 10.475 | 10.501 | 10.527 | 10.553 | 10.578 | 10.604
3.4 10.680 | 10.655 | 10.681 | 10.706 | 10.781 | 10.766 | 10.782 | 10.807 | 10.882 | 10.857
3.5 10.881 10.904 | 10.981 | 10.855 | 10,8080 | 11.005 | 11.026 | 11.058 | 11.078 | 11.102
3.6 11.126 | 11,150 | 11.174 | 11.198 | 11.222 | 11.246 | 11.270 | 11.208 | 11.817 | 11.341
3.7 11.864 | 11.887 | 11.411 | 11.454 | 11.457 | 11.481 | 11.604 | 11.527 | 11.550 | 11.578
3.8 11.586 | 11.618 | 11.641 | 11.664 | 11.687 | 11.709 | 11.782 | 11,754 | 11.777 | 1L.709
3.9 11,821 | 11.844 | 11.860 | 11.888 | 11.010 | 11,982 | 11,854 | 11.076 | 11.988 | 12.019
490 12.041 | 12.063 | 12.085 | 12.106 | 12.128 | 12,149 | 12.171 | 12.192 | 12,213 | 12.234
4.1 12.256 | 12.277 | 12.208 | 12,819 | 12,840 | 12.561 | 12.882 | 12,408 | 12.424 | 12.444
4.2 12,465 | 12.486 | 12.506 | 12.527 | 12.547 | 12.508 | 12.5688 | 12.600 | 12.620 | 12.649
4.3 12.660 | 12.600 | 12.710 | 12.780 | 12.750 | 12770 | 12.900 | 12.810 | 12.820 | 12.849
4.4 12.860 | 12,880 | 12.808 | 12028 | 12.948 | 12.967 | 12.087 | 18.006 | 15.026 | 13.045
4.5 | 13.064 | 18.024 | 15,103 | 18.122 | 18.141 | 18,160 | 18.179 | 18.198 | 13.217 | 15.236
4.6 13.255 | 18.274 | 13,208 | 13.8312 | 18.830 | 139.340 | 13.868 | 15,586 | 13.405 | 13.4238
4.7 18442 | 18.460 | 18.479 | 13.497 | 18.516 | 18.584 | 18.552 | 18,570 | 18.588 | 18.607
48 18.625 | 13.643 | 185.661 | 13.679 | 18.687 | 18.715 | 15.788 | 18.751 | 13.768 | 18.786
4.9 18,804 | 18.822 | 18.839 | 18.857 | 185.875 | 19.802 | 15.910 | 18.927 | 13.945 | 15.962
5.0 13.979 | 13.997 | 14.014 | 14.031 | 14.049 | 14.066 | 14.083 | 14.100 | 14,117 | 14.134
5.1 14,151 | 14,168 | 14.185 | 14.202 | 14.210 | 14.2506 | 14.253 | 14.270 | 14.287 | 14,808
52 14,320 | 14.887 | 14.853 | 14.370 | 14.387 | 14.408 | 14.420 | 14,450 | 14.453 | 14.400
5.3 14,486 | 14.502 | 14,518 | 14.585 | 14.551 14,567 | 14.583 | 14,500 | 14.610 | 14.652
5.4 14.648 | 14.664 | 14.680 | 14,606 | 14.712 | 14,728 | 14,744 | 14.760 | 14.776 | 14.791
5.5 14,807 | 14.823 | 14.830 | 14.855 | 14.870 | 14.886 | 14.002 | 14.917 | 14,955 | 14.948
5.6 14.964 | 14.979 | 14,995 | 15.010 | 15.026 | 15041 | 15.056 | 15.072 | 15.087 | 15.102
5.7 15.117 | 15,133 | 15.148 | 15,168 | 15.178 | 15,193 | 15208 | 15.224 | 15.230 | 15.254
5.8 15.260 | 15.284 | 15208 | 15.8318 | 15.328 | 156.843 | 15358 | 15.378 | 15.3868 | 15.40%
59 15417 | 15.482 | 15.446 | 15461 | 15476 | 15,400 | 15.505 | 15,519 | 15.584 | 15.540
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TABLE

Il (continued)

Pressure
in 00 .01 .02 .03 .04 .05 .06 07 .08 .00
6.0 15.563 | 15.577 | 15.592 | 15.606 | 15.621 | 15.635 | 15.649 | 15.664 | 15.678 | 15.692
6.1 15.707 | 15.721 | 15.785 | 15.749 | 15768 | 15.778 | 15.792 | 15808 | 15.820 | 15.884
6.2 15,848 | 15.862 | 15.876 | 15.800 | 15904 | 15.018 | 15.081 | 15.9045 | 15.950 | 15.978
6.3 15.987 | 16.001 | 16.014 | 16.028 | 16.042 | 16,055 | 16.060 | 16.083 | 18.006 | 16,110
6.4 16.124 | 16.187 | 16,151 | 16,164 | 16,178 | 16.191 | 16.205 | 16.218 | 16.282 | 16.245
6.5 16.258 | 16,272 | 16,285 | 16.208 | 16.812 | 16.325 | 16.988 | 16.851 | 16.365 | 16.878
6.6 16.891 16,404 | 16.417 | 16.430 | 16,448 | 16.456 | 16,468 | 16,483 | 16.496 | 16.500
6.7 16.521 16.584 | 16.547 | 16.560 | 16.578 | 16.586 | 16.599 | 16.612 | 16.625 | 16.637
6.8 16.650 | 16.663 | 16.676 | 16.688 | 16,701 16.714 | 16.726 | 16.739 | 16.752 | 16.764
6.9 16.777 | 16.790 | 16.802 | 16.815 | 16.827 | 16.840 | 16,852 | 16.865 | 16.877 | 16.890
7.0 16.902 | 16.914 | 16.927 | 16.939 | 16.951 | 16.964 | 16.976 | 16,988 | 17.001 | 17.013
7:1 17.025 | 17.087 | 17,060 | 17,062 | 17.074 | 17.088 | 17.088 | 17.110 | 17.122 | 17.185
7.2 17,147 | 17.160 | 17.171 | 17.188 | 17.185 | 17.207 | 17.219 | 17.281 | 17.248 | 17.255
7.8 17.260 | 17.278 | 17.290 | 17.802 | 17.814 | 17.8¢0 | 17.938 | 17.849 | 17.361 17.878
T.4 17,385 | 17.306 | 17.408 | 17.420 | 17,481 | 17.448 | 17.455 | 17.466 | 17.478 | 17.400
7.5 17.501 | 17.518 | 17.524 | 17.586 | 17.547 | 17.580 | 17.570 | 17.582 | 17,598 | 17.605
7.8 17.616 | 17.628 | 17.680 | 17.650 | 17.862 | 17.673 | 17.685 | 17.606 | 17.707 | 17.719
7.7 17.730 | 17.741 | 17.752 | 17.764 | 17,775 | 17.780 | 17.797 | 17.808 | 17.820 | 17.881
7.8 17.842 | 17.858 | 17.864 | 17.875 | 17.886 | 17.807 | 17.008 | 17.010 | 17.981 | 17.942
7.9 17.053 | 17.964 | 17.975 | 17.985 | 17.996 | 18,007 | 18.018 | 18.029 | 18,040 | 18.051
8.0 18.062 | 18.073 | 18.083 | 18.094 | 18,105 | 18.116 | 18.127 | 18.137 | 18.148 | 18.159
8.1 16.170 | 18.180 | 18,191 | 18.202 | 18.212 | 18.228 | 18.254 | 18B.244 | 18.255 | 18.266
8.2 18.276 | 18.287 | 18,207 | 18,308 | 18.319 | 18,820 | 18,540 | 18.850 | 18.361 18.371
B.3 18,382 | 18,802 | 18.402 | 18.418 | 18.425 | 78.454 | 18.444 | 18.455 | 18.465 | 18.475
B.4 1B.486 | 18.496 | 18.506 | 18,517 | 18.627 | 18.687 | 18.547 | 18.568 | 18.568 | 18.578
B.5 1B.588 | 18.509 | 18.609 | 18,619 | 18,620 | 18.650 | 18.649 | 18.660 | 18,670 | 18.8680
8.6 18.600 | 18.700 | 18.710 | 18.720 | 1B.780 | 18.740 | 18,750 | 18.760 | 18.770 | 18,780
B.7 1B.780 18800 18.810 18,820 | 18.830 18.840 18.850 18.860 18,870 18.880
8.8 18.800 | 18.800 | 18.908 | 18,910 | 18.929 | 18.939 | 18.040 | 18.958 | 18.968 | 18.978
B.9 18,888 | 18,808 | 19.007 | 19,017 | 19,027 | 19.086 | 10.046 | 10.056 | 19,086 | 19.075
9.0 19.085 | 19.094 | 19.104 | 19,114 | 19.123 | 19.133 | 19.143 | 19,152 | 19.162 | 19.171
a.1 19.181 | 19.190 | 19.200 | 19.209 | 19.219 | 10.228 | 10,238 | 19.247 | 10.257 19,266
9.2 10.276 | 19.285 | 19.205 | 10.3904 | 19,813 | 19.8328 | 10.832 | 19.342 | 10.351 10.360
9.5 19,370 | 19.879 | 19.888 | 19.398 | 19.4 10416 | 19,426 | 10.485 | 10.444 | 19.458
2.4 10.463 | 19,472 | 10.481 | 19.480 | 19,400 | 19.500 | 19.518 | 19.527 | 10.536 | 19.545
9.5 19.554 | 19.564 | 19,578 | 19.582 | 19,501 19.600 | 19.808 | 19.618 | 10.627 | 10.636
9.6 10.645 | 10.654 | 19.664 | 19.678 | 19,682 | 19.601 | 19,700 | 19.709 | 10718 | 19.726
9.7 19.785 | 19.744 | 10.758 | 19.762 | 19771 | 19.780 | 10.789 | 10.708 | 19.807 | 19.816
9.8 19.825 | 10.833 | 19.842 | 19,851 | 19.860 | 19.86% | 10,878 | 19.88G | 19.895 | 19.904
9.9 19.913 | 19,821 19.930 | 19.080 | 10.848 | 19.956 | 19965 | 19.974 | 19.983 | 19.991
Pressure
Ratio 0 1 2 3 4 & 6 T 8 g
10 20.000 | 20.828 | 21.584 | 22.279 | 22,923 | 23.522 | 24.082 | 24.609 | 25.105 | 25.575
20 26.021 | 20,444 | 26,848 | 27.285 | 27.604 | 27.950 | 2B.200 | €8.627 | 28,045 | 20.248
30 20.542 | 20.827 | 80,108 | 80,370 | 80,650 | $0.881 | 31.126 | $1.864 | 81,596 | 31.821
40 32,041 | 32,256 | 92.465 | S2.660 | 92.860 | 83.064 | 35.265 | 95.442 | 93,625 | 33.804
50 83.979 | S4.151 | 34.320 | 34.486 | S4.648 | 34.807 | 34.964 | 35117 | 35269 | 35.417
ial] 35.563 | 35707 | 85.848 | 85.987 | 86.124 | 96.258 | 36.891 | 30.521 | 86.650 | 36.777
70 36.902 | 37.025 | 87.147 | 37.266 | 37.385 | 37.501 | 87.616 | 37.780 | 37.842 | 37.95%
80 38,062 | 38,170 | 38,276 | 88.382 | 38,486 | 95.585 | S8.600 | $8.790 | 38.800 | 88.088
90 39.085 | 80.181 39.2768 | 89.370 | 39.463 | 89.554 | 89.045 | 39.735 | 39.825 | $0.918
100 40.000 — — — — — — — —
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appendix Il

CHART FOR COMBINING LEVELS™
OF UNCORRELATED NOISE SIGNALS

TO ADD LEVELS

Enter the chart with the NUMERICAL DIFFERENCE BE-
TWEEN TWO LEVELS BEING ADDED. Follow the line cor-
responding to this value to its intersection with the curved
line, then left to read the NUMERICAL DIFFERENCE BE-
TWEEN TOTAL AND LARGER LEVEL, Add this value to the
larger level to determine the total.

Example: Combine 75 dB and 80 dB. The difference is
5 dB, The 5-dB line intersects the curved line at 1.2 dB on
the vertical scale. Thus the total value is 80 + 1.2 or 81.2 dB.

TO SUBTRACT LEVELS

Enter the chart with the NUMERICAL DIFFERENCE BE-
TWEEN TOTAL AND LARGER LEVELS if this value is less
than 3 dB. Enter the chart with the NUMERICAL DIFFER-
ENCE BETWEEN TOTAL AND SMALLER LEVELS if this
value is between 3 and 14 dB. Follow the line corresponding
to this value to its intersection with the curved line, then
either left or down to read the NUMERICAL DIFFERENCE
BETWEEN TOTAL AND LARGER (SMALLER) LEVELS.
Subtract this value from the total level to determine the un-
known level.

Example: Subtract 81 dB from 90 dB. The difference is
9 dB. The 9-dB vertical line intersects the curved line at
0.6 dB on the vertical scale. Thus the unknown level is 90 -
0.6 or 89.4 dB.

*This chart is based on one developed by R. Musa.

208



NUMERICAL DIFFERENCE BETWEEN TOTAL

AND LARGER LEVEL

DECIBELS

3 o o,ﬁpe
3 ey,
Ce
| 06}
s oM
Crn WV
2 { § "8, N
Y %
8 €,
9 S
IW( ’O 66/4,
| h\ﬁ}\ // 4006
a8 ‘s g
3 Y fs
||'|"r-
0 U — g I"I[rlr}]
3 4 5 g L 7 LURNMEEREGE F T 2 1314

DECIBELS

NUMERICAL DIFFERENCE BETWEEN TOTAL AND SMALLER LEVELS

209



appendix Il

TABLE FOR CONVERTING LOUDNESS
TO LOUDNESS LEVEL

A simplified relation between the loudness in sones and the
loudness level in phons has been standardized internationally
(ISO/R131-1959). This relation is a good approximation to the
psychoacoustical data and is useful for engineering purposes,
but it should not be expected to be accurate enough for re-
search on the subjective aspecis of hearing.

The relation is :

where S is the loudness in sones and P is the loudness level in
phons,

A table of loudness in sones for loudness levels ranging
from 20 to 130 phons in increments of 1 phon, calculated from
the above relation, is given below.

Examples:

Given - loudness level of 72 phons.
Find - in table under "+2'" in the "70" row - 9.2 sones.

LOUDNESS IN SONES

Phons 0 +1] +2 +3 +4 A<y +6 +7 +8 +9

20 225 J2T| 29| 31| .33 35| 88| 41| 44| .47

30 ;90| 54| .97 [ w62} .66 FL| e 8L BT .93

40 11107 115[1,23(1.32|1.41 1,52 2.62|1.74| 1.87

50 212.14) 2.30|2.46| 2.64|2.83|3.03|3.25(3.48|3.73
60 4)4.29|14.59(4.92(5.28|5.66|6.06(6.50|6.9677.46
70 8|86 (9.2 |9.8 |10.6(11..3]12,1113.0]13.8| 14,9

80 16| 17.1| 18.4(19.7|21.1|22.6 [24.3| 26.0|27.9( 29.9

90 32| 34.3| 36.8)| 39.4( 42.2|45.3|48.5|52.0|55.7| 59.7

100 64| 68.6| 73.5|78.8|84.4(90.5[97 104 | 111 | 118

110 128 | 137 | 147 | 158 | 168 | 181 [194 | 208 |223 | 239

120 256 | 274 | 294 | 315 | 338 | 362 | 388 | 416 | 446 | 478
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appendix IV

VIBRATION CONVERSION CHARTS

The charts on the following pages illustrate the relationship
between frequency, velocity, acceleration, displacement, and
jerk (refer to Chapter 2).

Figures IV-1 and IV-2 are general conversion charts for
frequency, displacement, velocity, and acceleration. Enter the
chart with any two of these parameters to solve for the other
two. In Figure IV-1, displacement, velocity, and acceleration
are given in inches, inches/second, and inches/second?, re-
spectively, while Figure IV-2 uses metric units.

Figures IV-3 through IV-9 show the direct-reading ranges
of the Type 1553-A (inch) and Type 1553-AK (metric) Vibra-
tion Meters. Each of these figures is merely a portion of
Figure IV-1 or IV-2, expanded and configured to show the
range of displacement, velocity, acceleration, or jerk over
the frequency range of the instrument.
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appendix V

DEFINITIONS

‘This section on definitions includes most of the fechinical
terms used in this handbook. Most of the definitions are se-
lected from the American Standard Acoustical Terminology
cs; 1= 1860}, and those deﬂ.ntl\oral are macked with Ll alllﬂlk.

‘The others haye been ad ially for this

A number of these daf s are very technical in order
to be precise. Some readers may then find it camier to refer
to the discussion in the main teat of thia handbook for obtain-
ing & general uncerstanding of some of these terms.

ACCELERATION*
Accelerntion I8 4 vector that specifies the time rate of
change of velocity.

(1) By the use of a spherical integrator
(2) By numerical ﬁ:um!wn ntt n mmc[em number of di=
ractivii 8, OF

Note 1: Varibus self-explanatory modifiers such gs peak,
average, rms are often used, The time {nteryal must be

ty p p
{3 By mtnmuon ofnnc or twa du'uunnll. patterns when-
ever the pnhm of the transducer is known to possess
adequate symm:

indicated over which the nveng; (for éxample) was taken,

Note 2: Acceleration may be (1} osclatory, in which case II.R M\. GAIN (D.IBECT!WTY INDE?W‘

it may be defined by the acceleration am hnla {4 simple 1 gain of & o in decibels, is
harmonic) ar the rma acceleration (if random), or (2] | o= mun the lognrithm fo the base 10 af the directivity Ih:mr.
oacillatory, in which case It ls designated "austained" or DISPLACEMENT*

“translent” acceleration,
ANALYZER
An apalyzer |8 a combination of a filter system and & sya=
tem for indicating the relative energy that (5 passed
the filter system. The filter is usually adjustable 40 that vector or
the gignal applied to the filter can be measuread in terms EARFHJCINB (mvzal‘
of the relative energy passed through the filier ua » function An earphone is 4 i ded to
of the adjustment of nw filter rnpem-va frequency char- be closely uuuplﬂi nwuatlnully to the ear.
acteristic, This measurement le usually interpreted as Note: The term "receiver’ should be avoided whan there
g“tng the distribution af energy of uu- lpp‘u-u #ignal a8 o o risk af ambiguity,
ction af rmﬂumey. EFFECTIVE SOUND PRESSURE
ANECHOIC ROOM (FREE-FIELD ROOM)® (EM-HEAN SQUARE SOUND FRESSURE)
An anechoje room {& one whase boupdaries absorb effec- The affective sound pressure at & point is the root-mean=
1ively all the sound incident therson, thershy affording ea- sgliare valu# of the instantaneoud SOUAM PECREUFEN, DVEr &
sentlally free-field conditions, time interyal at the point ander sonsideration. In the case
AUDIOGRAM (THRESHOLD AUDIOGRAM!*¢ of periodic sound pressures, the interval must be an Inte-
A audiogram 18 & graph showing hearing loss neg & function gral oumber of periods or an interval long compared to a

is @ veclor fles the change
of pasition of a body ar particle und in usually measured
from the mean position or position of reat. In genesal, it
wan be rumlanuﬁ by a rotation vector or translation

aof frequeancy, ;:umm In the cese of non-periodic sound pressures, the
AUDIOMETER* rval should be long ulnuy\ to make uw value obtained
An audiometer 15 an instrument for meaguring hearing of small in the length of
sensitivity the interval.
BAFFLE* Note: The term “effective aound pressure’’ is [requently
A baffle Is o shielding siructure or partitions vaed to in- d to "sound p
crease the elfective length of the external fransmission FILTER

path betwees two polate in an acoustic system ak, for ex-
amgle, between the (ront and back of An electrodeountic
transdicer.

CONFIDENCE LIMITS
Confidence litnits are the upper and lower yaliea of the
range over which a gleen percent prublbl.lny applies. !'or
lnstance, i the chances are 59 out of 100 that u sam
les between 10 and 12, the 98% confidence limits are n[d
it be 10 and 12,

CRITICAL SPEED*
Critical apeed 15 a speed of & rotaling systém thst corre-
spoods 10 a resooance fre y of the system.

DEAD ROOM* (Ber also ANE C ROOM)
A dERd room (4 6 rosm that 15 CNaFIctEriRed bY Ea uh-

usunlily large smount of soand shscrption.
DECAY RlTB (Ser RATE OF DECAY)
DECIEEL*

A filter is & device for s=parating cumponanh of n upnl
on the basis of their freg It allow:
opne or more fre bands o pass rehlxvvl,y m\a&nm:-
ated, and it attenuates components (n other frequency bands:

FREE SOUND FIELD (FREE FIELD)*

A free sound {leld is a field (n a homogeneous, lsotropic
medium free from boundaries, In practice | is a flold in
which the effects of the boundaries are negligible over the
region of interest,

Note: The wuul prcanu-e impinging on an objset le.g.,

) placed in an otherwise free
sound feld will lm‘n from the pressure which would exist
at that point with the object removed, unless the acoustie
ifpédance of the object matclies the adoustic impédance of
the medium,

FREQUENCY (IN CYCLES PER SECOND OR HERTZ)
Frequency ia the time rate of repetition of a periodic phe-

The decibel (s ope=tenth of & bel, Thus, the decliel is &
urilt of level when the bane of the logarithm is the tenth
root of ten, and the guantities concerned are propartional
to power.
Note |: Examples of quantities that qualily are power (any
form), sound pressure aquared, particle velocity sguared,
wound tntensity, sound energy denaity, voltage squared.
Thus the deelbel is 8 tnit of saund-pregsure-squared level;
it is commaon practice, however, to shorten this fo sound
presaure level because ordinarily no ambiguity results
from 8o deing.
Note ¥: The logarithm to the base the tenth root of 10 s
the same as ten times the 1;-r1thm tothe bue 10 e,
for a number x4, logyo0-1 %2 = 10 logype® = 20 logyye.
’n-.u 1ast rmtmmblu 18 the oae srdiracily ueed to n!.l!lhlllly
language in definitions of sound pregsure level, etc,

ME&.CTIVIT\’ FACTOR®*

(1) The directivity lctor of & transducer uned for gound
emisaion 1x the ratio of the sound pressure squared, at
same lixed distance and specified direction, Lo the mean-
e soupd pressure at the same distance gvergged over
directions from the transducer, The distance muat be
great encugh g0 that the sound appears fo diverge spheric-
ally from the effective acoustic center of the sources. Un-
less otherwise specified, the reference direction (& under—
stood to be that of maximum reaponse.
(2) The dicectivity lactor of o transducer used for sound
reception is the ratio of the square of the apen-cireuit
vollage produced io response to sound waves arriving ina
specified direction to the mean-sguare volrage that would
be produced in 5 perfectly diffused sound fleld of the same
frequency and mean-agdare sound pressure.
Note 1 i delinition may be extended to cover the case
of finite frequency bands whose spectrum may be specified,
Note 2: The average free-fleld response may be oblained,
for example,

pomenon. The [requency is the reciprocal of the period.
The quantity "g" s the acceleration produced by the force
of gravity, which varies with the latitude lﬂd elevalion of
the paint o By int agr the
valis 980,665 em/s3 = 388,087 in,/s4 = 32,1720 fr,/32
has been chosén as the standard acceleration of gravity.
HEARING LOSS (HEARING LEVEL)

(HEARING-THRESHOLD LEVEL)*
The hearing loss of an ear at 4 specified freguency ia the
amount, ln decibels, by which the threshold of audibility lor
that enr éxceeds a standurd audiometric threshold.
Note Lt See American Standard Speclfication for Audio-
meters lor General Diagnostio Parposes, Z24.5-1951, or
the Latest approved rovinion.
Note &5 This concept was at one time called Deafness;
uch usage is now deprecated,
Note 3; Hearing Loss and Deafness are both legitimate
gualitative tewma for the medical condition of & modarate
or a gevere impsirment of hearing respectively. Heariog
Leval, however, ahould only ba used to designate a guanti-
talive medsure of the deviation of the hearing threahold
from a prescribed standard.

IMPACT*
An kmpact {5 a a:agle collision of one mans in motlon with
a second mags wihich may be either in motion or al rest.

ISOLATION®
lsalation |4 a cediction in the capacity of & system to re-
spond to an excitation attained by the use of a reallient
support. In steady-siate forced vibration, lsolation is ex-
wls!:d quantitatively aa the complement of transmissi-

bility.
ERK*

Jerk is a vector that specilies the time rate of change of
the aceeleration; jerk is the thind derivative of the dis-
placement with respect to time.
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LEVEL=
In acoustics, the level of & quantity s the logarithm of the
ratio of {hat quantity to a reference guantily of the same
kind, The base of the logarithm, the reference guantity,
and the kind of level must be apecified.
Note 1! Esxamples of kinds of levels in common use are
electric power level, sound-preasure-squared level, volt-
age-squared level.
Note 3: The lJevel as here defined is measured in unils of
the logarithim of u reference ratio that i3 equal to the buse
of logarithms,
Note 3; In symbols
L = logp {a/gq)
where L + level of kind detarminad hy the kind of quantity
under consideration, measured in units of log,r
r = base of logarithms and the reference ratio
q = the quantity under ation
Qg * reference quantity of the same kind.
Note 4; Differences in the levels of two quantities all_.and
qg are described by the same formula because, by
rules of logarithms, the reference quantity is automatically
divided out: ! el fn !r‘ f
logr{qy/gg) - Wirlq = logelg
LIVE ROOM® iy i 14
A live room is a room that is characterized by an unusually
#mall amount of sound ahsorption,
LOUDNESS
Loudness is the intensive attribute of an auditory senaatlion,
in terms of which sounds may be ordered on & scale ex-
tending from soft to loud.
Mote: Loudness depends primarily upon the sound pressure
of the stimulus, but it also depends upon the frequency and
wave form of the stimulun.
LOUDNESS CONTOUR®*
A loudness contour is a curve that shows the related values
of sound pressure levels and frequency required to produce
ven loudness sensation for the typical listener,
LOUDNESS LEVEL*
The loudness level of a sound, in phons, is numerically
& to the median sound pressure level, in decibels, rela-
tive to 0.0002 microbar, of a free progreasive wave of fre-
quency 1000 Hz presented to listeners facing the source,
which o @ number of trials iy judged by the \steners fo be
equally lond,
Nate: The af 1 to the sound, which
must be stated, may be considered one of the charucleristics
of that sound.
LOUDSPEAKER (SPEAKER)*
A peaker is an el stle transd to
rudiate acoustic power into the air, the acoustic waveform
being essentially squivalent to that of the electrical {nput,

MAS! >
(1) Masking is m«n by which the threahold of sudi-
bility for one & is raised by the presence of another

(2) Masi is the amount by which the threahold of mudi-
bility of a sound is raised by the presence of another
(masking) sound. The unit customarily used 18 the decibel,
MECHANICAL IMPEDANCE®
h 1 from the

i 18 the
ratio of force to yelocity during simple harmonic motion,
NICAL SHOCK*

Mechanical shock accurs when the position of a system is
significantly changed (n a relatively short time in a non-
periodic . It \s characterized by und
large displ and di pE &1 inertinl forcea
in the system.

MEL*

The mel is a unit of pitch. By definition, & simple tone of
i 1000 Haz, 40 d le above a 1 & threshaold,
produces a piteh of 1000 mels, The pitch of any sound that
s _’nﬂgelt:hy the listener 10 be n times that of & 1-mel toae
is n mels,
MICROBAR, DYNE PER SQUARE CENTIMETER*
A microbar ig a unit of pressure commonly used in acoua-
Hc:. One microbar ia egual 1o 1 dyne per sguare conti-
meter.
Note: ‘The term "“bar" properly denctes a pressure of 106
dynes per square centimeter, Unfortusately, the bar was
once uded to mesn dyne pér sgquare centimeter, bul thiy is
no longer carrect.
MICROPHONE*
A mieroph ha an electy
sponds 0 sound waves and 11y
ectric waven,

that re-

9

;Imdmnl::“m;iu 3:{[ numbar lndea‘:lud on perceived noise
evel, CRT oy rating a ne fl; nolse,
N ng airp! yy
(1) Noise 15 any andésired sound. By sylension, noive is
any unwanted digfurbance within a useful frequency band,
such as Undex)red electric waves 1o any transmission chan-
nel or device,
(2) Nodse 1w an erratic, intermittent, or statistically ran-
dom oseillation,
Note 1: If ambiguity exists as to the nature of the noike, 5
gl:rnedmnn a8 ‘scoustic neise” or "electric nolse" ahould
used.
Note ¥ Since the aboye definitions are not mutually exclu-
wive, It {2 usually necessary to depend upon context for the
distinetion,
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NOISE LEVEL®
{1) Noise level iz the level of noise, the type of wiilch muat
be ind! d by further difier or conlext,
1

Note: The p qu 'y ed (e.g. gu), the
r quantity, the used, and the bandwidth
h istic must be indi d

or other ghting

(2} For airborne sound anless specified to the coolrary,

noise lavel is the weighted sound pressure level called
NU;’?M level; the weighting must be indicated,

Noys is 4 unit used in the calculation of perceived noise lovel.
OCTAVE*

(1) An oetave is the Interval between two sounds having »

basic frequency ratio of two,

{2) An octave ie the pitch (ntervel betwesn ten tanea Gich

that one tone may be regarded as duplicating the basle

mu‘;iu! import pf the other tone at the neareat padaible

i r pitch,

Nate 1:Fm interval, in sclaves, between any two frequens-

cles is ibe logarithm to the base 2 (or 3.322 times the

logarithm base 10) of the frequency ratio,
Note 2: The I ratio corresy g to an octave
pitch interval lv approximately, bt not always exactly,
21,

OSCILLATION®

Omcillation is the variation, ususlly with time, of the mag-
nitude of & quantity with respect to a specifled reference
when the magnitude {8 altermtely greater and amaller
than the reference.
PEAK-TO-PEAK VALUE#*
The pesk-to-peak value of an oscillating quantity (s the al-
braic difference between the extremes of the guantily,
PE VED NOISE LEVEL
Percelved noise level s the level n dB aasigned to & nolss
by means of a ealeulstion procedure that ;-“hued on ki
to suk 1 of

PHON® X
The phon |s the unit of loudness level, (See "Loudneas
Laval,")
PITCH*
Pitch |s that sttribate of suditory seasation in terms of
which sounds may be ordered on & peale estending from
roh o 4

& P upon the
of the sound stimulos, but if slec depends upon the soand
reagure and wave form of the stumulue.
te 1: The pitch of a sound may be described by the fre-
quency or frequency level of that simuple tone, having &
lpﬂc‘\fytcd sound pressure level, which Is judged by liaten-
era to produce the same pitch,

SOURCE
See "Stmple Sbund Soures,”
POWER LEVEL*
Power level, in decibels, is 10 times the logarithm to the
base 10 of the ratio of a given power to » reference power,
The reference power must be indicated. [The reference
power 15 taken s 1,0 x 10712 watt in this handbook,)
PRESBYCUSIS

Presbycunis is the condition of hearing loss specifically
ascribed to a effects,

PRESSURE SP! UM LEVEL®
The pressure gpectrum level of a sound at a partlcular
frequency ia the allective sound pressure level of that
part of the wignal contained within a band | eyole per ssa-
ond wide, centered at the particular frequency, Ordinarily
this has significance only for sound having a continuous
digtribution of energy within the frequency range under
consideration. The reference p should be exp ¥

stated,
FRIMITIVE FERIOD (FER10D)*
The primitive period of a periodic tity is the smallesi
of the variable for which the function

repeats (tsell,
Note: 1 no ambiguity is likely, the primitive period (n
simply called the period of the fanction.

FURE T&NE

See "Simple Tone."

RANDOM NOISE*
R nolse s an L whoss i T T
tude is not apecified for any given instant of time. The lo-
stantanecus magnitudes of & randam nolae are specified
only by pr Lity distribubion i giving the frac-
ton ofrga total time that the magnitude, or some say
ol tnagnitudes, lies within = specified range.
Note: A random noise whore (nstantaneous magnitodes
wecur according to Gausslan distribution ie called Gavs~
slan randoo: nolse.

MATE OF DECAY*
The rate of decay ia the time rate at which the sound pres-
wure level (or other stated characteristic) decreasnes at 4
given point and at 3 given time. A commonly used wl in
the decibel per second.

RESONANCE=
Regponance of a system in lorced osclllation exists when
any changs however small in the frequency of excitation
causes a decrease in the response of the system,
Note: 1] y ¥ for le, may ocour al &
frequency different from that of displacement resonance.

RESONANCE FREQUENCY (RESONANT FREQUENCY)*
A resonance freguency 18 @ fr at whieh ¢ ®
exints,
Wote: In case of possible confusion the type of resonknce
must be Indicated: «.g,, velocily resonance freguency,




RESPONSE®
The resporiae of a device or system is the motion (or
other output) resulting from an excitation (stimulus) under
wpecified conditions.
Note 1: Modifying phrases must be prefixed to the term
response to indicate kinds of input and output that ure
belng utilised.
Note 2: T

=, often p
graphically, gives the res e ws 2 function of aome inde=
pendent variable such as [requency ar diréction. For such
purposes it 1s customary to assume that other charscter-
istice of the input (for example, voltage) are held constant.
REVERBERATION®
1, Reverberation {s the persisience nf soond in an eoclosed
apace, as a result of multiple reflections after the sound
wource has siopped.
2, Reverberation s the sound that persists in an enciosed
mpace, as a result of repeated refloction or scattering
wfter the source of soiind haa stopped.
Note: The of sound In un en-
closure can -ltamltlvl).y be desoribed in tarms of the tran-
slent behavior of the modes of vibration of the medium
bounded by l.hp enclogure .
REVERBERATION TIME®
The reverberation time of a room s the time that would be
regquired for the mean squared sound pressure level there=
in, originally in 4 steady state, to decresse B0 dB afler the
source is stopped,
SIMPLE SOUND SOURCE®*
A slmiple sound source |8 a source that radiates sound anl-
formly {n all directions under fres-fisld conditions,
SIMPLE TONE (PURE TONE)®
1. A simple tone is a sound wave, the Mamm-m
presaure of which i o simpls sinusoldal Mnetion of
tHme,
2. A simple tone {s & sound vensation charmcterised by 1ts
singlengss of pitch,
Note: Whether or not & listenes hesrs a (one a8 ol or
complex is dependent upon abllity, experience, and =3
ing attitude,
BONE#*
The avne is n unit of loudness. By definition, a simple
tane of frequeny wlw Hz, 40 decibels abave lm&ur'l
of 1 sone, Thn 5 ol
any sound that is ]udpd by the listener 1o be o times that
of the 1-sone tane is n sones.
Note 1: A mlulsum is equal in mﬂﬂl sone,
Note 2 The 1 wcale {5 8 loudn

fa) in in 1 gae for measurements

copcerned with hearing and with gound in air and liquids,

umu. (b) has gaired widespread acceptance for calibrations
tumducau and various kinds of sound measurements

T‘I‘h' referepce pressure used in thia handocok (s 2 x 1074
microbar = 20uN'm?2,]
Note 3: Unléas otherwise explicitly stated, It is to be
understond that the sound pressure s the effective (rma)
sound prussure.
Note 3: 1t is 10 be noted that in many sound fields the
sound pressure ratios are not Lhe square roots af the
corresponding power refios.

SPECTRUM=

l. The spectrum of & function of time in & uuﬁpﬂan of
euch of d
nmi (unlnllyl different amplitude and phace.
2. "Spectrum” ie also used 1o aignify & continuous Tange
of components, usually wide in extent, within which waves
have some apecified common charaateristic; e.g., "sudia-
l‘ruwm%“ spectrum,’
Note 1. term spectrum is also applied io funciions aff
variables other than um, tuel ag distance.
SPEECH INTERFERENCE LEVEL (SIL)
The apeech interference !evz‘l of & nolse Is the average. in
decibels, of the sound pressure levels of the nolse i the
three octave bands of center fraquency 500, 1000 and 2000 Hx
STANDING WAVE*
A atanding wave is & periodic wave having a fixed disiri-
bution (n space which is the result of Interference of pro-
gresuive waves of {he same freguency and kind, Such
waves are characterized by the axigtence of padew ar

'm?m‘l & and -nnnodu that are fixed In apace.
ESHOLD OF AUDLE
ESHOLD

(THR! OF HETECTABILMP
The threshold of audibility for u specified aignal s the
minimum effective sound pressure level of the fignal that
s capable of evoking an auditory sensation in a specified
fraction of the trials. The characteristics of the signal,
the pmoner In which it is presented o the lstener, and the
polnt at which the sound pressure (s measured must be

eified.
NP‘;‘ 1: Upless otherwise indicated, the ambient noise
reaching the ears 15 assumed to be negligible,
Note 2: The threshold is usually given as & sound prn-
sure level Lo d lative to 0.0002
Hon 3 Instead of the m&mod of constant stimuli, vrmnh i

and level above threshold for a p-rtuuhr Nateser. Ia pre-
wenting dats relating loudness in sones 1o sound pressure
level, or in mngi.n; the loudneks -uiln of mevoral listen-
#rs, the thresh ‘od or d) should be
specified,

smgocf. he technol ! wound and analy-

nics ia the technology of & in eunl Et

sis, Sonics includes lﬁ use of amnulw -

by the phrase s specified fraction of the trials,"
anothar p-ychnphyﬂu.! method (which should be specified)
_ inay be employed.,
OF FEELING (OR TICKLE)*
The thrashold of feeling lor tiekle) for a -pncu‘lnd alm\ In
the minimum aosnd presyure level at the entrance
wxternal auditory canal which, in & specified tncf.lon ut the
trials, will atimulate the ear to & point at which there is &

cation process.
ND=

1. Sound s an i utoess, Te dia~
il nt, particle m.. ia 2 medlum with internal
forcen (e.g. slaatic, v r the ! of such

propagated alterations,

2, Sound is an phditory sensation #voked by the oscillation
described above.

Note 1: In case of possible confusion the term "wound wa

or "elastic wave' may be uned rar nme'p! 11}, snd the
term "sound nnuunn ' for concept (2). Not

waves can evoke an auditory sensation: e.g.

Note 3: The mediom in which the source exists is aften
indicated by an late adject! e.g. sirborne,

waterborne, structureborne
SOUND INTENSITY WER DENSITY)
(SOUND-ENERGY FLUX DENSITY)*
The sound intenaity in a specified direction at a point is
the ayerage rate of sound energy transmitted in the speci=
fied direction through a unit ares normal to this direction
at the point considered,
SOUND LEVEL®*
Sound level is o sournd p e leyel d
the use of metering  characteristion and the wﬂdmng
npecifiad in the Amri.un Standard Sound Level Mat
for Measurement of Nolse and Other Sounds, Z24.3- IHM,
or the latest ppproved revision thereof, ‘l'u 1
employed must slways be stated. The reference pr L

of feeling that (& ditforent from the sensation of

bearing.
TIF |TELEPHONE INFLUENCE FACTOR)
TIF 14 an index of the potentinl (nterfering stlect of a par
tpalar pawer circslt on a telephone circuit, (Ses AIEE
Trans. Vol. 78, Part 1, 1960, pp. 659-564.)
Ev

() A tone is a scund wave capable of exolting an auditory
sensation having pitch.
Tﬂ&i A tone is & ssund sensation having piteh.
NSDUCER®
A trensducer |5 a device capahle of being actuated by
Waves from one br mers transmission systems or media
and of supplylng related waves 1o one or more other
transmission systems or media.
Note; The waves in either input or output may be of the
same or different t;-pu {e.g.. mechanical, or acoustic).
mmsl;sm" VIBRAT

| rily i vibration of p
chunnll aystem. Ui may consiat of forced or free vi-
bration or both,
ULTRASONICS®
i is the 1 of sound at fn above

the sudio range.

Wote: Supersonics ia the g 1 subject

ena assoclated with speed !ughur than the speed of sound
(n& in the case of alrorsft and projectiles traveling faster
than lonmﬂ thi'h.: term was cnce used in acoustics syna-

is 0.0002 microbar.

Note; A sultable method of stating the weighting (s, for
esample, "The A sound level was 43 daB."

SOUND LEVEL METER®
A sound level metsr in an instrument inclading @ misro-
phane, an amplifier, an output meter, and {requency
\ﬂlgmml networks for |he messurement of noise and

sound levels in a specified manner,
an.r Specifications for sound level metors for measure-
ment of noise and other sounds are given in American
Standard Sound Level Meters for Measurement of Noise
and Cther Sounds, S1.4-1981, or the latest spproved
Tevision thereof.
D PRESSURE LEVEL®

The sound pressure level, (n decibels, of a sound is 30
times the logarithm to the base 10 of the ratio of the pros-
gure of this sound to the reference pressure. The refer-
ence pressure shall be explicitly stated.
Note 1
fa) 2 x 107" microbar
(8) | microbar

e lollowing relerence pressures are in common use;

" such usage is now deprecated,
VELOCITY*
Velocity s a vector that specifies the time rate of change
of digplacement with respect to a reférénce frame.
Note: 1 the refarence frame |s oob (nertial, the velocity i
olten desigmated relative veloeity,
VIBRATION®
Vibration i» an escillation wherein the gquanilty is a para~
meter that dellnzs thé motion of a mechanical system,
VIBRATION ISOLATORS
A imol sa il suppart that tends to iso-
late o system from lu-uy-luu excilation,
VIEM'I'IDN METER (VIBROME
meter i6 Ao lor the measurement of
dhnhctmlu!. veloeity, or acceleration of a vibrating bady.
WOLSE

White nolse is & ml.u whose mln pt}m per unit fre-
is

ques aver a
specifind range.
Note: While noise need pot be random,

*This material ls reproduced from tha American Standard
Acopstical Terminology, S1.1-1880.



appendix VI

WORDS COMMONLY USED TO
DESCRIBE SOUNDS

The words listed below are commonly used to describe
sounds of various types. Such words are often helpful in con-

veying information on the general nature of a sound.

BANG
BARK
BEEP
BELLOW
BLARE
BLAST
BLEAT
BONG
BOOM
BRAY
BUZZ
CACKLE
CHEEP
CHIME
CHIRP
CLACK
CLANG
CLANK
CLAP
CLATTER
CLICK

224

CLINK
CLUCK
CLUNK
CRACK
CRACKLE
CRASH
CREAK
DINGDONG
DRIP
DRUMMING
F1Z
GNASHING
GOBBLE
GRATING
GRINDING
GROAN
GROWL
GRUMBLE
GRUNT
GURGLE
HISS

HOOT
HOWL
HUM
JINGLE
JANGLE
KNOCK
MEW
MOAN
MOO
MURMUR
NEIGH
PATTER
PEAL
PEEP
PING
POP
POW
POUNDING
PULSING
PURR
RAP

RATTLE
RING
RIPPLING
ROAR
RUMBLE
RUSTLE
SCREAM
SCREECH
SCRUNCH
SHRIEK
SIZZLE
SLAM
SNAP
SNARL
SNORT
SPLASH
SQUAWK
SQUEAK
SQUEAL
SQUISH
STAMP

SWISH
TAP
TATTOO
THROB
THUD
THUMP
THUNDER
TICK
TINKLE
TOOT
TRILL
TWANG
TWITTER
WAIL
WHEEZE
WHINE
WHIR
WHISPER
WHISTLE
YAP
YELP
ZAP
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appendix VI

REFERENCES

STANDARDS

The following standards in acoustics and mechanical shock
and vibration can be purchased from the American National
Standards Institute, 1430 Broadway, New York, N.Y., 10018,

51.1-1960 Acoustical Terminology

51.2-1962 Physical Measurement of Sound

S51.4-1961 General-Purpose Sound Level Meters

S1.5-1963 Loudspeaker Measurements

51.6-1960 Preferred Frequencies for Acoustical
Measurements

S51.10-1966 Calibration of Microphones

S1.11-1966 Octave, Hali-Octave, and Third-Octave Band
Filter Sets

52.1-1961 Shock Testing Machine

S2.2-1859 Calibration of Shock and Vibration Pickups

S2.4-1960 Specifying the Characteristics of Auxiliary
Equipment

S2.5-1962 Specifying the Performance of Vibration
Machines

52.6-1963 Mechanical Impedance of Structures

52.7-1964 Terminology for Balancing Rotating Machinery

53.1-1960 Criteria for Background Noise in Audiometer
Rooms

53.2-1960 Measurement of Monosyllabic Word Intelligi-
bility

S3.3-1960 Electroacoustical Characteristics of Hearing
Aids

53.4 Computation of the Loudness of Noise

S53-W-39 Effects of Vibration on Man

S4.1-1960 Mechanically Recorded Lateral Frequency
Records

Z24.5-1951 Audiometers for General Diagnostic Pur-
poses

Z24.8-1949 Specification for Laboratory Standard Pres-
sure Microphones

Z24.9-1949 Coupler Calibration of Earphones

Z24.12-1952 Pure-Tone Audiometers for Screening Pur-

poses

Z24.13-1953 Speech Audiometers
Z24.15-1955 Specifying the Characteristics of Analyzers
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Z24.17-1955 Class H I (High-Impact) Shock-Testing Ma~-

chine

Z24.19-1957 Laboratory Measurement of Air-Borne Sound
Transmission Loss of Building Floors and

Walls

Z24,21-1957 Specifying the Characteristics of Pickups for
Shock and Vibration Measurements

Z24.22-1957 Measurement of the Real-Ear Attenuation of
Ear Protectors at Threshold

Z24,24-1957 Calibration of Electroacoustical Transducers
(Particularly Those for Use in Water)

as well as the following recommendations of the International
Organization for Standardization:

ISO/R131-1959
ISO/R140-1960
ISO/R226-1961
ISO/R266-1962
ISO/R354-1963
ISO/R357-1963
ISO/R362-1964
ISO/R389-1964
ISO/R31/Part VII-

1965
ISO/R495-1966

Expression of the physical and subjec-
tive magnitudes of sound or noise

Field and laboratory measurements of
airborne and impact sound transmission
Normal equal-loudness contours for
pure tones

Preferred frequencies for acoustical
measurements

Measurement of Absorption Coefficients
in a Reverberation Room

Power and Intensity Levels of Sound or
Noise

Measurement of Noise Emitted by
Vehicles

Reference Zero for Pure-Tone Audio-
meters

Quantities and Units of Acoustics
Test Codes for Measuring the Noise
Emitted by Machines

and the following standards of the International Electrotech-

nical Commission

IEC/118 (1959)
IEC/123 (1961)
1IEC/126 (1961)
IEC/178 (1965)
IEC/179 (1965)

Measurements of Hearing Aids
General Purpose Sound Level Meters
Reference Coupler

Pure Tone Screening Audiometers
Precision Sound Level Meters

Representative List of Other Standards and Test Codes

Air Conditioning and Refrigeration Institute (ARI)

STD 443
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Air Diffusion Council
AD-63 Room-to-Room Sound Transmission
in Plenum Systems
Air Moving & Conditioning Association (AMCA)
Bulletin 300 Sound Testing of Air Moving Devices

American Gear Manufacturers Association (AGMA)
AGMA 295.02 Sound of High Speed Helical and
Herringbone Gears

American Society of Heating, Refrigeration & Air Con-
ditioning Engineers (ASHRAE)

36-62 Sound Power Radiated From Equipment

36A-63 Sound Power of Ductless, Through the
Wall Equipment

36B-63 Acoustic Performance of Air Control &

Terminal Devices

American Society for Testing and Materials (ASTM)

C423-65T Acoustic Absorption of Materials in
Reverberant Room

C384-58 Acoustic Impedance and Absorption
by Tube Method

E90-66T Acoustic Transmission Loss of Floors
and Walls

Compressed Air and Gas Institute (CAGI)

Portable Pneumatic Tool Noise Measurement

Institute of Electrical and Electronics Engineers (IEEE)

IEEES5 Airborne Noise Measurements on
Rotating Electric Machinery (1965)

Society of Automotive Engineers

JBA Ride and Vibration Data Manual

Jo19 Measurement of Sound Level at Opera-
tor Station

J852 Maximum Sound Levels for Engine

Powered Equipment
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GENERAL REFERENCES - SOUND

L. L. Beranek, editor, Noise Reduction, McGraw-Hill:
New York, 1960,

L. L. Beranek, Acoustic Measurements, John Wiley: New

York, 1949. : ’

L. Beranek, Acoustics, McGraw-Hill: New York, 1954.

. C. Cremer, editor, Proceedings of the Third International
Congress on Acoustics, Stuttgart, 1959, Elsevier: Am-
sterdam, 1961

. Davis, Acoustical Tests and Measurements, H. W. Sams:
Indianapolis, 1965.

. M. Harris, editor, Handbook of Noise Control, McGraw-

Hill: New York, 1957.

F. Hueter and R. H, Bolt, Sonics, John Wiley: New York,

1955,

. B, Kinsler and A. R. Frey, Fundamentals of Acoustics,
John Wiley: New York, 1962,

. F. Olson, Acoustical Engineering, D. Van Nostrand:

New York, 1957, 3rd Edit.

. H. Randall, An Introduction to Acoustics, Addison-Wes=

ley Press: Cambridge, Mass., 1951.

G. Richardscn, editor, Technical Aspects of Sound,

Elsevier: Amsterdam; Vol. 1, 1953; ’VoI. 2, 1951,

. W. B. Stephens and A. E. Bate, Acoustlcs and Vibra-
tional Physics, St, Martin's Press ew York, .

G. W, Swenson, Jr., Principles of Modern Acoustics, D.

Van Nostrand: New York, 1953.

Acoustical Society of America, 335 East 45th Street, New
York 17, New York., (The Acoustical Society has pub-
lished in its Journal numerous papers on the subjects
discussed in the handbook. Cumulative indexes to the
Journal and to other acoustical literature for the years
1928-1963 are available from the Society.)

Acustica, S. Hirzel, Zurich 4, Switzerland (an international
journal on acoustics published since 1951).

The Journal of the Acoustical Society of Japan (in Japanese),
c/o Aeronautical Research Institute, University of
Tokyo, Komaba, Meguro-ku, Tokyo.

Journal of Sound and Vibration Academic Press, London
and New York, (Quarterly).

Larmbekampfung, Verlag fiir angewandte Wissenschaften
GmbH, Baden-Baden, Germany.

Soviet Physms - Acoustics (a translation of "Akusticheskii
Zhurnal” of the Academy of Sciences of the USSR), pub-
lished by American Institute of Physics, 335 East 45th
Street, New York 17, N. Y.

Sound and Vibration, Acoustical Publications, P. O, Box
9665, Cleveland, Ohio 44140 (Monthly).
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GENERAL REFERENCES - VIBRATION

J. N. Brennan, editor, Bibliography on Shock and Shock
Excited Vibrations, Pennsylvania State University:
University Park, September, 1957.

British Internal Combustion Engine Research Association,
A Handbook on Torsional Vibration, University Press:
Cambridge, 1958,

S. H. Crandall, editor, Random Vibration, Technology
Press of the MIT: Cambridge, Massachusetts, 1858.

S. H. Crandall and W, D, Mark, Random Vibration in
Mechanical Systems, Academic Press: New York,
1963.

C. E. Crede, Vibration and Shock Isolation, John Wiley:
New York, 1951,

J. P. Den Hartog, Mechanical Vibrations, McGraw-Hill:
New York, 1956.

R. C, Dove and P. H. Adams, Experimental Stress Analy-
sis and Motion Measurement, Merrill: Columbus,
Ohio, 1964.

C. M. Harris and C. E. Crede, editors, Shock and Vibra-
tion Handbook, McGraw-Hill: New York, 1961.

C. T. Morrow, Shock and Vibration Engineering, John
Wiley: New York, 1963. '

J. Ormondroyd, R. B. Allnutt, F. Mintz, and R. D. Specht,

""Motion Measurements, Handbook of Experimental
Stress Analysis, edited by M. Hetenyi, John Wiley:
New York, 1:550, Chapter 8, pp 301-389.

J. N. MacDuff and J. R. Curreri, Vibration Control, Mc-

Graw-Hill: New York, 1958,

R. T. McGoldrick, A Vibration Manual for Engineers, 2nd
Ed., US Navy, PB131785, December, 1957,

R. T. McGoldrick, Ship Vibration, David Taylor Model
Basin, Report 1451, December, 1960.

J. E. Ruzicka, editor, Structural Damping, American
Society of Mechanical Engineers: Fiew York, 1959.

G. W. Van Santen, Mechanical Vibration, Philips Tech-
nical Library, Elsevier: Houston, 1953.

W. Ker Wilson, Vibration Engineering, Charles Griffin:
London, 1959,

American Society of Mechanical Engineers, Shock and
Vibration Instrumentation, ASME: New York, 1 2

VDI 205-210, Messung mechanischer Schwingungen, Verein
Deutsches Ingenieure, Dusseldorf, October, 1956.

Emrlronmental Quarterly, 252-46 Leeds Road, Little Neck

B INGAXS

Experimental Mechanics, Society for Experimental Stress
Analysis, 21 Bridge Square, Westport, Connecticut.

The Journal of Environmental Sciences, Institute of Envir-
onmental Sciences, 940 East Northwest Highway,
Mt. Prospect, Illinois.
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Test Engineering, 61 Monmouth Road, Oakhurst, N. J.

(See also General References - Sound)
HEARING

D. E. Broadbent, Perception and Communication, Perga-
mon Press: New York, 1958,

H. Davis, Editor, Hearing and Deafness - A Guide for Lay-
men, Murray Hill Booi—s: New York, 1947.

H. Fletcher, Speech and Hearing in Communication, D.
VanNostrand: New York, 1953.

A. Glorig, Noise and Your Ear, Grune & Stratton: New
York, 1958.

I. J. Hirsh, The Measurement of Hearing, McGraw-Hill:
New York, 1952,

K. D. Kryter, '"The Effects of Noise on Man," Journal of
Speech and Hearing Disorders, American Speech and
Hearing Association, Monograph Supplement 1, 1950.

W. A. Rosenblith and K. N. Stevens, Handbook of Acoustic
Noise Control, Vol II Noise and Man, WADC Technical
Report 52-204, PB111274, Office of Technical Services,
Department of Commerce, Washington 25, DC, June
1953.

J. Sataloff, Industrial Deafness, Blakiston Division, Mc-
Graw-Hill: New York, 1957.

5. S. Stevens and F. Warshofsky, Sound and Hearing,

Time, Inc: New York, 1965.

S. S. Stevens, editor, Handbook of Experimental Psychology,
John Wiley: New York, 1951.

S. S. Stevens and H. Davis, Hearing, John Wiley: New York,
1938.

American Standards Association Subcommittee Z24-X-2,
""The Relations of Hearing Loss to Noise Exposure.'
ASA: New York, January, 1954,

N. L. Carter and K. T. Kryter, "Masking of Pure Tones
and Speech," The Journal of Auditory Research, Vol 2,
No. 1, January, 1962, pp 66-98.

J. P. Egan and A, W. Hake, ''On the Masking Pattern of a
Simple Auditory Stimulus,' Journal of the Acoustical
Society of America, Vol 22, September, 1950, pp 622~
630.

1. Pollack, '"The Loudness of Bands of Noise,' Journal of
the Acoustical Society of America, Vol 24, September,

D. W. Robinson and R. S. Dadson, "'A Re-determination of
the Equal Loudness Relations for Pure Tones,' British
:Tl_%urnal of Applied Physics, Vol 7, May, 1956, pp 166-

b

D. W. Robinson, "A New Determination of the Equal-Loud-
ness Contours,' IRE Transactions on Audio, Vol AU-6,
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January-February 1958, pp 6-13.

S. S. Stevens, '"Procedure for Calculating Loudness,"
Journal of the Acoustical Society of America, Vol 33,
No. 11, November, 1961, pp 1577-1585.

W. D. Ward, A. Glorig, and D. L. Sklar, '"Temporary
Threshold Shift from Octave-Band Noise: Applications
to Damage-Risk Criteria," Journal of the Acoustical
Society of America, Vol 31, April, 1959, pp 522-528.

o ?ﬂ;e and H. H. Jones, Noise and Hearing, Public
Health Service Publication No. 850, U. S. Government
Printing Office: Washington, D. C., 1961.

International Audiology; Secrétariat de la Société Interna-
tionale d” Audiologie, 4, Rue Montvert, Lyon 8¢, France,

The Journal of Auditory Research, The C, W. Shilling
Auditory Research Center, 348 Long Hill Road, Groton,
Connecticut. ‘

American Industrial Hygiene Association, Industrial Noise
Manual, AIHA: Detroit, Michigan, 1965.

NOISE CONTROL

L. L. Beranek, editor, Noise Reduction, McGraw-Hill:
New York, 1960.

R. H. Bolt et al, editors, Handbook of Acoustic Noise Con-
trol, Vol I, Physical Acoustics, WADC Technical Report
52-204, PBTII%UU, Office of Technical Services, Depart-
ment of Commerce, Washington 25, DC, December, 1952,
S. J. Lukasik and A. W, Nolle, editors, Supplement 1,
April 1955, PB111200S.

P. V. Briiel, Sound Insulation and Room Acoustics, Chapman
and Hall: Tondon, 1051,

W. Furrer, Room and Building Acoustics and Noise Abate-
ment, Butterworth: London, 1964,

National Physical Laboratory, The Control of Noise, Sympo-
sium No. 12, Her Majesty's Stationery Office: London,
1962,

P, H. Geiger, Noise Reduction Manual, PB110828, OTS,
Department of Commerce, Washington 25, DC, 1952,

C. M. Harris (See General References).

V. O. Knudsen and C. M. Harris, Acoustical Designing in
Architecture, John Wiley: New York, 1950.

G. Kurtze, Physik und Technik der Larmbekimpfung,

G. Braun: Karlsruhe, 1964,

American Foundrymen's Society, Foundry Noise Manual,
Des Plaines, I1l., Second Edition, 1966.

P. Lord and F. L., Thomas, editors, Noise Measurement
and Control, Heywood: London, 1963.

ASHRAE Guide and Data Book, Fundamentals and Equip-
ment, 1965-1966, ASHRAE, New York,
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P. H. Parkin and H. R, Humphreys, Acoustics, Noise, and
Buildings, Faber and Faber: London, Second Edition,
863.
H. J. Sabine, Less Noise - Better Hearing, Celotex Corpor-
ation: Chicago, 1950.
Larmbekampfung (See General References).
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MEASUREMENT OF NOISE

National Physical Laboratory, '"Noise Measurement Tech-
niques,' Notes on Applied Science, No. 10, Her Majesty's
Stationery Office: London, 1955.

. C. Hardy, "'Standard Mechanical Noise Sources,' Noise

Control, Vol 5, May, 1959, pp 22-25.

. T. Jenkins, "A New Sound Integrator," Bell Laboratories

Record, Vol 32, September, 1954, pp 331-335.

. J. King, The Measurement and Suppression of Noise,
Chapman and Hale: London, 1965, 3

. B. Snow, "'Significance of Readings of Acoustical Instru-
mentation,'' Noise Control, September, 1959, pp 304~
307, 329.

. V. Waterhouse, ''Output of a Sound Source in a Reverber-
ation Chamber and Other Reflecting Environments,"
Journal of the Acoustical Society of America, Vol 30,
April, 1958, pp 4-13.

R. W. Young, A Brief Guide to Noise Measurement and
Analysis, Research and Development Report 609, US
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PB118036.

R. W. Young, "Sabine Reverberation Equation and Sound
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"Sound Insulation of Wall and Floor Constructions,"
Building Materials and Structures Report BMS144,
February 25, 1855. Supplement, February 27, 1956.
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Automatic

Data-Processing Systems
with the

GR 1921 REAL-TIME ANALYZER

THE AUTOMATIC ANSWER IN NOISE ANALYSIS

At the push of a button, the new GR 1921 Real-Time
Analyzer complétely analyzes audio spectra in third-octave
steps in a single integration period (as little as 1/8 second),
and it stores the data in a semiconductor memory for rapid
access. The spectra can be displayed on an oscilloscope,
traced on an analog plotter, recorded with a digital printer,
and stored in a digital computer. In a computerized system,
the 1921 performs on-line calculations and comparisons,
such as:

e Spectrum Comparisons in third-octave or
octave bands from 3.15 Hz to 80 kHz.

» Stevens Loudness Calculations (Mk VI
method) per USA Standard S3.4-1968.

o ARF Loudness Calculations (per Society of
Automotive Engineers Standards).

e Perceived Noise Level (PNL) Computations
including duration and tone corrections as
recommended by the Federal Aviation Agency.

e Speech Interference Level (SIL) Computations.
o Noise Criterion Levels per L. L. Beranek.

o ARI Ratings per Air Conditioning and Refrig-
eration Institute Standard 270.

& AMCA Ratings per Air Moving and Condition-
ing Association Test Codes.

o ASHRAE Measurements per American Society
of Heating, Refrigeration and Air Conditioning
Engineers Standards

e STC Ratings per American Society of Testing
Materials Standard E90-66T.
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FEATURES
The 1921 Real-Time Analyzer is accurate, versatile, and easy to
operate. |ts design includes many special features that allow you to:

ANALYZE AN ENTIRE SPECTRUM RAPIDLY, with 70-dB dynamic range.
At a single gain setting, instantaneous levels of the spectrum to be analyzed can
differ by as much as 70 dB. The rms level in one frequency band can be as
much as 60 dB greater than that in another band and still be displayed
without gain adjustment.

GET RIGHT ANSWERS, REGARDLESS OF WAVEFORM.

The 1921’s digital detector derives the root-mean-square level simultaneously in all
bands by binary arithmetic. There are no analog approximations

to degrade its accuracy, regardless of the type of waveform.

The detector does not limit crest-factor capacity, as is true of analog

detectors, Since its dynamic range is the only limit on crest factor, the

1921 can handle crest factors of up to 70 dB (or 3000 to 1) for signals with rms
levels near 0 dB in the display range. This capacity decreases to a8 minimum of

10 dB (or 3 to 1) for signals with rms levels at full scale (60 dB) in the display range.

KNOW WHAT HAPPENS, WHEN IT HAPPENS,

with accurately defined, linear integration.

The 1921 integrates the noise signals over a fixed time interval

that is switch-selectable at 1/8, 1/4, 1/2,1, 2, 4,

B, 16 and 32 seconds. You can select the period to include an entire

signal (e.g., a passing automobile) or to capture shorter portions of the signal.
Band levels are then the true rms levels in the selected measurement period.

READ ANSWERS DIRECTLY—You can make data tions before measur
For example, noise is usually measured with a microphone whose

response varies with frequency, Optional calibrated attenuators, adjustable in 1-dB
steps, in each filter channel of the 1921 allow you to correct for such

variations before making the analysis. These adjustable attenuators also allow

the suppression of unwanted frequency components, extending the effective
dynamic range of the 1921 to as much as 95 dB.

USE ANY DISPLAY DEVICE—ANALOG OR DIGITAL.

Frequency band measured and band level are presented in digital 1-2-4-8 code
and as proportional analog X" and ""Y" voltages. Band level can be displayed
as a digital readout and fed directly to any common digital printer, analog
plotter, ostilloscope, etc. You can set the data-transfer rate to correspond

with the optimum rate of the output device,

Digital data are identified by standard band numbers (per USA Standards),
each representing a third-octave center frequency You can set the instrument's
decibel readings to any reference level (20 uN/m?, 1 uN/m?, 1 mV, etc).

For instance, when analyzing sound-pressure-level data recorded on magnetic
tape, the 1821 can provide direct readings in the original SPL units referenced to
20 uN/m? rather than to the arbitrary voltage units of the tape recording.

AUTOMATE THE ENTIRE MEASUREMENT.

The remote programmability of all measurement functions makes the

1921 an ideal instrument for use in computerized noise-measurement systems. Several
control and synchronizing signals are available at rear-panel connectors of the 1921 to
facilitate the control of such functions as scope blanking, plotter-pen lifting,
synchronization with external devices, and inhibit/ready computer commands.

APPLICATIONS
The GR 1921 can be integrated into existing systems or mated with a wide
variety of input/output accessories to provide a total measurement solution. A few
applications in which this instrument can automate and simplify
your measurements are:







Figure 3. Sound-Power
Measurement System.
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With this system, you can accomplish automatic comparisons by means of a
simple indicator and can produce a permanent record of each test.

For Preventive Maintenance. The same equipment shown in Figure 2 can

also serve as a preventive-maintenance system, By analyzing at regular

intervals the noise or vibration levels of a device, you can develop an

accurate history of its performance. Changes in band levels indicate the

need for servicing and can be related to components within the device (bearings,
gears, etc). Experience proves that such systems yield warnings far in

advance of failures.

For Design Improvement. Even in cases where noise output is not a design
parameter, you can use spectrum anaylsis of a product’s noise to evaluate

its performance and detect potential flaws. The flexibility of filter
frequencies and bandwidths and the +0,5-dB accuracy of the 1921 make it
especially suited for such measurements. (Narrower bandwidths

are available on special order.)

For Sound Rating (see also Sound Power). Several industries are considering
single-number sound ratings for their products. Most of these ratings are
derived from third-octave noise measurements which are then reduced to a
single number through a series of calculations. The 1921 meets the
requirements for third-octave measurements, performs the measurements
quickly and accurately, and yields digital data ready for processing.

Since use of the 1921 eliminates the need for costly, time-<consuming operator
interpretation of plotted curves, the processing of data for these calculations is much
more efficient. The analyzer performs transducer corrections, time averaging,
and data referencing.

SOUND-POWER MEASUREMENTS.

Its wide selection of precisely known integration times and true rms

operation make the 1821 the ideal instrument for measuring sound power.
Moreover, the 1921 obtains the rms time average of the test noise in a

single automatic measurement. In the typical sound-power measurement system
shown in Figure 3, the microphone is located on a boom which is swung through
a predetermined path to obtain a space average of the noise. The 1921 is

set to measure sound-pressure level during the entire boom cycle. Thus, it will
obtain space- and time-averaged rms levels which, for a room of known

volume and decay-rate characteristic, can be convertad into sound-power

levels by the simple addition of a constant (see the GR Handbook of Noise
Measurement). The 1921 accomplishes the most difficult (and heretofaore,

the most time-consuming) parts of the measurement: time averaging and
frequency analysis. Measurement results are displayed on an oscilloscope

and stored automatically on an XY plotter or digital printer.
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specifications

T/D 1923A T/D 1923C
Time-Series Apalyzer FFT Analyzer
GENERAL
Data Word Size: '] = 16 bits. 16 bits
Dats Frame Sizm: Single channel 16 to 40896 wards (optional o 8182) 16 10 2048 words |opricnal 13 B192)
i Dual channel 16 to 2048 words to 4096) 16 fo 1024 words (optional 10 4096)
Mamory Size: Fourier Procsssor 4096 words (5182 max) conl#ing No processor
Digital Contraller A0DE words (78R77 max) 0192 words (ZRE72 max)
Calculation Precision: 18-bit, fixed-point arithmetic for Fourker Transtorm. 32 bits for Auto (Power) Spectrum;
double-precision b for some oparations.
Dynamic Scaling: Block scaling is selectable during the Fourker Transtorm calculation. An option allows the
Digital Controller to adjust the scale factor to prosevve the greatest usetul dynamic range.
Continuous Processing: Input data can be laaded ing ians on & data frame are com-
plited within the time required 1o loasd ﬂmlrum i gap-free, [+ i
PROCESSING OPERATIONS
Bpectral Analysis processing spred
and real-time bandwidih:
Fourier Transform 12 ms for 1024 real words, dinect or inverse < 1.0 5 for 1024 real words, direct or Inverse
Auto {Power) Spectrum 12 ms for 1024 real words 1 s for 1024 real words
38 kHz max for continuous processing 500 Hz mak for continuous processing
Cross Spectrum 17 s for 512 real words 1.1 5 for 512 real words
14 kHz max for continuous processing 200 Hz max for continuous processing
Twir-Channel Spectra Simultansous Auloand Crass Spectra for Transfer Function memsurements.
Frequency Hange 0.1 Hz 10 50 kHz selected on 6 decade anges plus multipliers of 1,2, 2.5, 4, and 5. two si ai
Oynamic Range >70d8, voltage or power >70dB, voltage or power
Freguency Resolution, alss see tabile bolow. 8w 2048 |ines (optional 10 4096) 8 to 1024 lines (optional 1o 4006)
Input Data 2 = Unilam! or Hanning weighting of input data
Averaging Made Uniform or | i lized. sulactable from 1 10 27 avarages or continuous averaging.
Fesolution per Line in Hz Supplied: Operator training, installation. and scceptance testing at customes’s
~ Hange in Ma*® ?rl.l-lrl‘ltv STANDARAD SYSTEM muﬂ -Mdmm mmlu%c‘dmr A1)
T with core memory a multiply anal tal con-
Lines | 10,000 | 20,000| 25,000 | 40,000 | 50,000 O e My gl heta.
a192” anag* 25* &* 6.25* 10* 125 display anit, and Mahaptud Tapa rmsder |1ma onlvl STANDARD SOFT
4pas6* 20484 5. jo*| 128 ¢ 0% o " WARE Includes for all
2048 ‘ 1028 | 10 0| =% 4w | 5o nastics and froqans, e sl e
B BlE | Ew e
Available: (nput scanners, allasing filters, de recorders, da printers, XY
m ‘g 1% ;g g 38 plotens, velery pewaniters, digital tape and custom software.
64 i 32 320 640 | 800 1280 | 1600 Power: 110 (o 125 or 220 to 250 V, 50 or 60 Hz.
32 18 840 1280 | 1600 2660 | 3200 Mechanical: WEIGHT 18234, 1200 Ib (544 kg) net; 1823C, 675 b (306 kg) pet.
6 8 liwzso | 260 | 3200 5120 | 6400 Catiion
“May s optional; xse shiove. **For fower anily st frequenicies; divida Resa- Number Descrigtion
orl bt Clow B s opriaes pavrr 18236710 T/ 1823A Time-Series Analyzer
ADDITIONAL OPERATIONS 192308712  T/D 1623C FFT Analyzer
Simulianeous AUTD and CROSS SPECTRA, TRANSFER Fummow wd Recommended Optjons —07, —19, 20
COHERENCE FUNCTION fressuremn aurcm:ﬂoss CORA T Smndord Options Aveilable:
continuous CONVOLUTION, CEPSTRUM ard AECURSIVE FILTEHING 018 8k Processor Memary (18234 only)
(optional). 322?2 :I;iﬁcmmnnu-:" Memaory [1823A only)
Waveform Aversging: g aroller Memory, 1923C
uniform or e e Yl 0216 16k Contrafler Momary. 1823C
svarages of continuowus averaging. AMPLITUDE HISTOGRAM: Selectable 0220 23:{ Cﬂ' g Memory. :gggg
resalution to 1024 cells. SPECTRAL SMOGTHING. Block convolution of Pl e '""IH'“‘"““"- oy
spectra with chojce of smoothing function. OCTAVE AMALYSIS loptional) fﬂz&! fg& “'a'?‘mmw ?“., o
Cralce of 1/3 and 1/15 cetava. ARITHMETIC OPERATIONS: Addition, N T s Ll ol
tion, hlwv lnaﬂn;f‘lumrrm-c scaling, division, dm:m-nm. Integration. CO- g KSDnglYﬂdl:::::' and Cantrol Unit
ORDINATE CONVERSION: Polarfrectilinesr, Ing‘aananliul o7 ASH.33 Tel F.n“' and Cantro) Unit
08 Anti-Allasing Filter, per channel
OTHER CHARACTERISYICS 00 AOM Boolsirap Losder, for POP-11
Analog Input: CHANNELS: 2, with simultsneous ssmpling, SENSITIVITY: -10 TU-10 Digital Tape Unit with Cantraller, 45 ips,
+100 mV, 200 mV, :mu rnv. 10V, 220V, caltbraged, Tull-scale input i, 8-track |BM compatible
with % 6dB vernier ranga. DANCE: 100k input. COUPLING: ac (5 -11 Digital Input, bipary or BCD, per channal
Hal or de. DIGITAL RESCILUT’DH 10 hil: including sign. OVERLOAD 12 Analog Output Interface, per channel
indicated by warning lamp and al record. T) < |ntarial 13 7034 X-Y Recorder, with de presmos, null
or external with voriable level, polarity, :auulung. ond duhy SAMPLING detsctor, and mim platier
RATE: Selectable fram 0.1 He to 100 kHz or externsl, ALIASING FILTERS -14 Extra Cablnet Aack
{Optign 08): One fiiter set per channel from 10 Hz 10 20 kHz In 1,2, 5 -15 AS-11 Disk Memory, 256k words with RF-11
programmatile steps, l;:;ntrollu. ﬂxxs-hlnﬂl. 16 psfword transler,
Digital Input: F PAPER TA racrrels of 1 ] IS average access time
e Ll ARSI FATE B 20 e AL Additional RS-11 Disks. 7 maximum
Display: 8X10 om storage display nmlllnznm with log or linear coordinates i ﬁs,g:.?f‘:la l‘ruﬂ-}zﬂﬂé‘:mgmh
on either axis and display af test param- 16,1 ms average access time -
aters, polary oispliys, and'phse-ph . Addtional RS54 Disks, 3 maximum
CONSOLE machine and allows & wida range of -7 TU-58 Single DEC tape Transpart, with contrallei
operations o ba performed by o single pushbulton. KEYBOARD: System 18 TU-S8 Dual DEC tape Transport, with cantroller
flexibility & maximized through the use of a keyboard lor entering, storing, 18 17B2L460 High-Spaed Paper-Tapa Reader
and \inking software subroutines by T/D or tha user for custom 20 B3in, Cabiinet Rack with Shall

application, Comples, repetitive sequences can be performed automatically.
PROVISION is slso made to allow paraliel ing in the Fourier

and digital conraller, In addition 1o standard enalysis software, custom
sof tware is available 1o tailor the T/D 1823 10 your oxset nesds

*Custom saftware, avallable ot exirs cost, may be required.
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Environmental Noise Section 5.3 .. (118)
Equal Loudness Contours ..... 0,44,48
Far Field (see Sound Fields)
Fields, Sound (see Sound Fields)
Filter

delingd . o5 .60 nie x o sfalis w W wiare o
Flash-Delay Unit . . . .2 0o v s 105
Flat ReSponSe : = s« « »s s ss o 5 % 5 au s
Fluctuating Sounds . . .. ... ... 137,142
Flutter

measurement of Section 8.3. ... (187)
Free Field (see Sound Fields)

221

Frequency
Analysis in bands of (see Analysis)
defined. . v o v nnvamencennss 3,221
range of hearing .....ec .. . 41
response testing. . ....... PRI -4 |

Fre uency Response
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Microphones .. ... ... o i
Narrow~Band Analyzers . .
OctaVe v wcnv o niibne s .
Sound-Level Meters . .....
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defined. ... coismevreasccan
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deperibed i s aas vmr e e d
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measurements to prevent. . . . . 1186
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defined. . v v v v v A% G B s gVt 0
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Impact
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Instrumentation

Specific Measurements (Chap 5 and B)
Listings and Descriptions (see Table of
Contents, Chapter 4)

280

Isolation. .« e s+ s s eses. 117,165-169
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defined. v o s nesassnsansnssn 222

Live Room (see Reverberant Room)
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defined s il ae s ae o s+ braia s o v Bo8
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Machinery Maintenance
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measurements for .. oo 004040 116
Magnetic Tape Recorder (Tape Recorder)
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device undertest , . .. ... .. 148,159
of vibration pickups ...... . 155-158
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