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chapter 1

INTRODUCTION

During the past decade more and more people have become
concerned with the problem of noise in everyday life. Manu-
facturersg of home applian such as veenuireteaners, INiXers,
and washerg, have found that a noisy product meets saleg re-

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 complaints
when mufflers are inadequate or defective. Manufacturers of
airplane propellers and engines, and particularly of jet engines,
have found that the noise from their test stands has created a
serious community problem.

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 reverberation, with resulting
difficulties in adequate communication between teacher and
class. The grade-schoolteacher's jobmay become anightmare
because a few corners were cut to decrease, by some small
fraction, the initial cost of the classroom.

The Gegneral Radio Sound-Measuring System has beendevel-
oped to help the many people whose job it is to determine the
noise output from machines, trucks, airplanes, and appliances,
or the noise envn'onmem 1n homes, schools, factories, 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 characteristics
of acoustic materials, in psychoacoustical studies, and in many
other fields of physical science, engineering, and the social
sciences.

To the physicist, noise s a §ound whose character can be

defined and whose properties can be measured with the same
eguipment, that_measures other sounds. To the psychologist,
who is also interested in all types oI sounds, noise is an
wadesired sound, as contrgsted 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,
———— 4
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and in ng field has this collaboration been more fruitful than in
the measurement and evaluation of the eiffect of noise.
The_gvolution of a system of measurement and interpreta-
tion \inyolves) the creation of a framework of definitions and
descriptive terms and also a standardized system of measuring
instruments. Both are necessary, the former in order that all
workerg in the field may understa , the second in

order that resu!ﬁ of different igyestigators may be compared

and that procedures may ggfmm%ﬂ.
The [PurposSe\ of this booklet is to elp those who are faced,

possibly for the first time, with the necessity of making sound
and noise measurements, Itattemptsto clarify the terminology
and definitions used in sound measurement, to describe the
measuring 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
interpreted to solve typical problems.



chapter 2

THE DECIBEL---WHAT IS IT?
2.1[SOUND_PRESSURE.

Air-borne sound is a variation in normal atmospheric pres-
sure. For a simple tone (i.e., a sound characterized by a
singleness of pitch), the number of times per second that the
pressure changes through a complete cycle is the frequency
of the sound. Thus, the standard tone "A" has a frequency
of 440 cycles per second (frequently called "cycles' and ab-
breviated "cps," "c/s'" or "c").

The extent of variation in pressure is measured in terms
of a unit called the microbar, which is a pressure of one dyne
per square centimeter or approximately one-millionth of the
normal atmospheric pressure (standard atmospheric pres-
sure == 1,013,250 microbars), Actually, this unit is not often
mentioned in giving the results of a noise measurement, but,
as will soon appear, it is usually implied when the more com-
mon term, the ""decibel", is used.

Although to many laymen the decibel (abbreviated "db") is
uniquely associated with noise measurements, itisaterm bor-
rowed from electrical communication engineering, and it repre-
sents a relative quantity. When it is used to express noise
level, a reference level is implied. Usually, this reference
value is a sound pressure of 0.0002 microbar (abbreviated pybar).
For the present, the reference level can be referred to as ''0
decibels', the starting 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 sound level in a
large office usually is between 60 and 70 decibels. Among the
very loud sounds are those produced by nearby airplanes, rail-
road trains, riveting machines, thunder, and so on, which fre-
quently are in the range above 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 de-
sirable 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

3



TYPICAL OVER-ALL SOUND LEVELS

AT A GIVEN DISTANCE FROM NOISE SOURCE

ENVIRONMENTAL

DECIBELS
RE 0.0002 MICROBAR
140
50-HP SIREN (100°)
F-84 AT TAKE-OFF (80° FROM TAIL)
HyorAuLIC PRESS 3°) | 30
LARGE PNEUMATIC RIVETER (4°)
BOILER SHOP (MAXIMUM LEVEL)
PNEUMATIC CHIPPER (5°)
120
MULTIPLE SAND-BLAST UNIT (4°) ENGINE ROOM OF SUBMARINE (FULL SPEED)
TRUMPET AUTO HORN (3') JET ENGINE TEST CONTROL ROOM
AUTOMATIC PUNCH PRESS 3°) | |'()
CHIPPING HAMMER (3°) WOODWORK ING SHOP
CUT-OGRIsAN 25 INSIDE OC-6 AIRLINER
ANNEALING FURNACE (4°) 100 WEAVING RODM
AUTOMATIC LATHE (3')
SUBVAYTRAIN (02 CAN MANUFACTURING PLANT
MEAVY TRUCKS (20°) INSIDE CHICAGO SUBWAY CAR
TRAIN WHISTLES (00')  Q()  INSIOE MOTOR BUS
10-HP OUTBOARD (50°) INSIOE SEDAN IN CITY TRAFFIC
SMALL TRUCKS ACCELERATING (30°)
LIGHT TRUCKS IN CITY (207} OFFICE WITH TABULATING MACHINES
JaUTO8 0% HEAVY TRAFFIC (25" TO 50°)
70
AVERAGE TRAFFIC (100°)
. ACCOUNTING OFF ICE
CONVERSATIONAL SPEECH (3°) CHICAGO INOUSTRIAL AREAS
15,000 KVA, 115-KY TRANSFORMER (200°)
5Q  PRIVATE BUSINESS OFFICE
LIGHT TRAFFIC (100°)
AVERAGE RESIDENCE
40
MINIMUM LEVELS FOR RESIOENTIAL
AREAS IN CHICAGO AT NIGHT
I  BROADCASTING STUOIO (SPEECH)
l BROADCASTING STUOIO (MUSIC)
2(Q  STUOIO FOR SOUNO PICTURES

THRESHOLO OF HEARING - YOUNG MEN 0
1000 TO 4000 CPS

Figure 2-1. Typical over-all sound levels measured with a
sound-level meter (levels below 85 db are weighted accord-
ing to the method given in Section 2.4). Sound-level meas-
urements give only part of the information usually necessary
to handle noise problems, and are often supplemented by an-
alysis of the noise spectra and by oscillographic studies.
These values are taken from the literature.



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 discussedin the follow-
ing sections. First, however, it is worthwhile to notice that
the above quantities include the word "'level". Whenever "level"
is included in the name of the quantity, it can be expected that
the value of this level will be given in decibels or in some re-
lated term and that areference power, pressure, or other quan-
tity is stated or implied.

2.2 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 decibel
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 be-
tween 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 another, 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 power. Throughout this book the
reference power will be 10-12 watt. Then the power level
(PWL) is defined as

PWL = 10 log —Y

10-12

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

PWL = 10 log W + 120

db re 10712 watt

since 10712 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 Chapter 7.



ACOUSTIC POWER

POWER
(WATTS!

25 TO 40 MILLION

100,000

10,000

100

01

0.001

0.000

0.0000%

0.000001

0.000,000,01

0 000,000,001

POWER LEVEL
DB RE 1017 wATT

195

170

160

150

140

130

120

10O

100

SOURCE

SATURN ROCKET

RAM JET
TURBO-JET ENGINE WITH AF TERBURNER

TURBO-JET ENGINE, 7000-LB THRUST
4-PROPELLER AIRLINER

75-PIECE ORCHESTRA PEAK RMS LEVELS IN
PIPE ORGAN 1/8-SECOND INTERVALS

SMALL AIRCRAFT ENGINE

LARGE CHIPPING HAMMER

PLAND
PEAK RMS LEVELS IN
apd TURa J 1 8.SECOND INTERVALS

BLARING RADIO
CENTRIFUGAL VENTILATING FAN (13,000 CFM)

17 LOOM
AUTO ON HIGHW AY

VANEAXIAL VENTILATING FAN (1500 CFM
VOICE - SHOUTING [AVERAGE LONG-TIME RMS)

VOICE - CONVERSATIONAL LEVEL
(AVERAGE LONG-TIME RMS)

VOICE - VERY SOFT WHISPER

Figure 2-2. Typical power levels for various
acouslic sources.
ple relation to the sound levels of Figure 2-1,
See Chapter 7.

These levels bear no sim-



2.3 SOUND-PRESSURE LEVEL.

It is also convenient to use the decibel scale to express the
ratio between any two sound pressures; and tables for convert-
ing from a pressure ratio to decibels and vice-versa are given
in 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 corre-
sponding power ratio. For example, if one sound pressure is
twice another, the number of decibels is 6; if one sound pressure
is 100 times another, the number is 40 decibels.

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, 0.0002 microbar. For some purposes a reference
pressure of one microbar has been used, but throughout this
book the value of 0.0002 microbar will always be used as the
reference for sound-pressure level. Then the definition of
sound-pressure level (SPL) is

SPL = 20 log 00—1302 db re 0.0002 microbar

where P is the root-mean-square sound pressure inmicrobars
for the sound in question. For example, if the sound pressure
is one microbar, thenthe corresponding sound pressure ratio is

m or 5000,

From the tables, we find that the pressure level is 74 db re
0.0002 microbar. 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.

2.4[SOUND LEVEY

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 effectcan be taken
into account to some extent for pure tones by including certain
"weighting'' networks in an instrument designed to measure
sound-pressure level, and thenthe instrumentis called a sound-
level meter. Inorder toassistinobtaining reasonable uniform-
ity among different instruments of this type, the American
Standards Association, in collaboration with scientific and en-

7



gineering societies, has established a standard to which sound-
level meters should conform.

The current American Standard for Sound-Level Meters
(S1.4, 1961) requires that three alternate frequency-response
characteristics be provided in the instrument (see Figure 2-3).

These three¢ responsgs are obtained eighti
designated as“ an ResponsesWﬁr
discrimjnate agaifst low and high freguencies in accordance
with certain equal-loudness contours, which will be described
in a later section. It has been customary to us
for sound levels below 55 db;‘response Blbetween 55 gnd 85 db,
and TreopONEe. G for levels aboVE B5 db. en sounds are
measured according to this practice, 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, As mentioned before, a scale of sound levels for
typical noise sources is shown in Figure 2-1.

Values derived from the above procedure can be mislead-
ing or ambiguous, and we recommend that eachnoise be meas-
ured with all three weighting networks. (Refer to paragraph

6.2.) For many noises, eventhisisonly preliminary to further
analysis.

o

/ B AND C

1
(6]

1
o

=
\n
R o

|
B ELECTRICAL FREQUENCY RESPONSE

FOR THE ASA WEIGHTING CHARACTERISTICS

[
n
O

=35

(4

-a5

RELATIVE RESPONSE - DECIBELS
N
o

20 50 100 200 500 1000 2000 5000 10,000
FREQUENCY IN CYCLES PER SECOND

Figure 2-3. Frequency-response characteristics in the American
Standard for Sound-Level Meters, S1.4, 1961.



2.5 COMBINING DECIBELS.

There are a number of possible situations that require
combining several noise levels stated in decibels. For exam-
ple, we may want to predict the effect of adding a noisy machine
in an office where there is already a significant noise level,
to correct a noise measurement for some existing background
noise, to predict the combined 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. Bythis procedure
it is easy to see that a noise level of 80 decibels combined
with a noise level of 80 decibels yields 83 decibels and not 160
db. (A table showing the relation between power ratio and deci-
bels appearsin Appendix I. A chart for combining or separating
different decibel levels is shown in Appendix II.

2.6 SUMMARY.

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

Reference sound pressure: 0.0002 microbar. *
Reference power: 10-12 watt »x*

Power level (PWL):

PWL = 10 log db re 10-12 watt.

10-12
where W is the acoustic power in watts.

Sound-pressure level (SPL):

SPL = 20 log db re 0.0002 microbar

0.0002

where P is the root-mean-square sound pressure in
microbars.

(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:

9



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 00C is 1087 ft/sec or 331.4 m/sec
at 200C is 1127 ft/sec or 343.4 m/sec

Pressure Pressure Level
re 0.0002 microbar

1 microbar 74 db

1 pound/sq ft 147.6 db
1 pound/sq in. 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 of 0.0002 microbar. This
earlier reference value is not a reference for power, since it
is power divided by an area. The pressure 0.0002 microbar is
also expressed as 2 x 10~9 Newton/square meter or 20 micro-
newtons /square meter.

*% A reference power of 10~13 watt is also used in the USA,
and has been used in previous 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 reférence power have
been selected independently because they are not uniquely
related.

10



chapter 3

MAN AS A NOISE-MEASURING
INSTRUMENT

3.1 WHY WE MEASURE NOISE.

That we are annoyed by a noisy deyjgeand a noisy epyirgnp-
ment, that noise may interfere with our sleep, our work, and
our recreati or that very intense nojse may cause Eegr;ng
loss is frequently the basic fac at 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.

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 inleveland in frequency that various observers
could detect (differential threshold).PLThese experimenters
have also asked various observers to set the levels of some
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
a relatively few characteristics of the sound arevaried. 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 gmbicnt noise level; the method of
presenting the changing signals, including the grder of presen-
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tation, duration, frequency, and intensity: the selection of the
observers; the instructi‘c%le to the observers; the ex er-iinc.e
ol the qbservers Tn the specific test procedure; the normal
hearing.characteristics of the gbservers; the method of getting
the responses: and the methad of hanaling 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, how-
ever, 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 measurement,
the measured threshold level wi . temporarily, be significantly
higher than normal. -

he 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 adjustmepnt the gbserver sets an adjustable con-
trol tothe level he judges suitable for the test. 2. In the method
of the jgst noticeable difference the observer

signals differ sufficiently so that he QEE IEIIther&J ;r; a‘gﬁzzent.
3. In the method of constant stimulj the gbserver states whether
two sign the sameg. or whichig the greater, if they seem

to djffer.

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 meth-
ods to obtain an average result as well as a measure of the
deviations from the average. In general it is the average re-
sult that is of most interest, but the extent the deviationg is

also of value and in some experiments these deyiationg 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 acer-
tain degree of stability, although itis notthe 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 tomorrow should give the same threshold
level within a few decibels.

In the process of standardizing the measurement conditions
for the sake of reliability and stability, the experiments have
been controlled to the point where they do not duplicate the
conditions encountered in actual practice. They arethen useful
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
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human reactions to changes in the sound is all that can be es-
timated with validity. A conservative approach in using psy-
choacoustical data with some margin as an engineering safety
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. Whenyoung persons
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 simpletone that can just
be heard in an exceptionally quiet location under free-field
conditions (see Section 7.2.1.2 for an explanation of ''free-
field") as a functionof thefrequency of the tone. For example,
if a simple tone having a frequency of 250 cps (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 0.0002 microbar at the ear of the listener, it will
usually be heard by a young person. Inaddition 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.
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Some variation in the threshold of a personcan 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 consistent
with the average of another set to within less than 5 db.

The variability among individuals is, of course, uch
reater than the day-to-day variability of a single individual.
or 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, areonly
somewhat poorer than shown in Fig. 3-1.

The threshald 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 cps even though the
levels are very low. This variation in acuity of hearing with
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 cps? Or are they all between 1000 and 5000 cps?
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 hearing
and on the intensity of the sound. This upper limit is usually
quoted as being somewhere between 16,000 and 20,000 cps.
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 beendetermined
by statistical analysis of hearing threshold measurements 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, 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. Aninstrumentknownas an audio-
meter is used for this purpose. Its calibration is made with
respect to a ''normal' threshold. This '""normal' levelis some-

*American Standards Association Subcommittee Z24-X-2,
The Relations of Hearing lLoss to Noise Exposure, January,
1954, New York.
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what different from the curve labeled MAF in Figure 3-1. The

difference between the audjometer threghold and the minimum
gudgmg field can be gscr;gedmthe differences in technigue
used in the tgsts,\tdthe selgction of a different sample of ob-
servers, andjiQl generally preyailing ambient nolge conditions
during audiometer tests.

When a sound is very high in level, one can feel very un-
comfortable listening to it. The "D;ﬁgomfort Threshold'" (Sil-
verman) shown in Figure 3-1 is drawn in to show the general
level at which such areactionistobe expected. At still higher

levels the sound may become painful, and the order of magni-
tude of these levels (Silverman) is also shown in Figure 3-1.

3.4 RATING THE LOUDNESS OF A SOUND.

Many psychoacoustical experiments have been made in
which listeners have been askedtorate the loudness of a sound.
As a result of these experiments involving all sorts of sounds
in various arrangements much has been learned aboutthe con-
cept of loudness in laboratory situations. The wayin which the
judgment of loudness has been obtained seems to affect the
results sufficiently, however, so that it seems unwise at the
present time to try to scale the sounds of everyday life on an
absolute basis. In particular, it does not seem possible to give
a numerical value to the loudness ratio of two sounds and have
this ratio be reasonably independent of the conditions of com-
parison. It does seem possible, however, to rank a sound with

sy — S m—
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Figure 3-2. Presbycusis curves for women and men. These sets of
curves show the average shifts with age of the threshold of hearing
for pure tones (ASA Subcommittee Z24-X-2, ""The Relations of Hear-
ing Loss to Noise Exposure,”’ New York, 1954, pp 16-17).
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satisfactory reliability accordingtoits loudness. 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.

3.4.1 EQUAL-LOUDNFSS  CONTOURS AND LOUDNESS
LEVEL, One step in the direction of rating the loudness of a
sound has been to determine the = e 7 f
simple topes—ef yuaricus fmn‘npn(‘ies that just as I o

an_observer as a_1000-cps tone of a given sound-pressure
level. € results of this determination by Robinson and

adson are given as equal-loudness contours in Figure 3-3.
The number on each curve is the sound-pressure level of the
1000-cycle tone used for comparison for that curve. To use
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Figure 3-3.  Free-field equal-loudness contours for pure tones (ob-
server facing source), determined by Robinson and Dadson at the Na-
tional Physical Laboratory, Teddington, England. Piano keyboard
belps identify the frequency scale. Only the fundamental frequency
of each piano key is indicated.
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the contours for determining the equally loud levels at other
frequencies, we find the point on the curve corresponding to
the desired frequency and read off the corresponding sound-
pressure level as the ordinate. For example, the 60-db contour
line shows that a 67~db level at 100 cycles is just as loud as a
60-db 1000-cycle tone. We can also interpolate to find that a
60-db 100-cycle tone is equal inloudnesstoa 51-db 1000-cycle
tone. The corresponding sound-pressure level in db for the
1000-cycle tone has been defined as the Joudness level in phons,
Therefore, a 100-cycle tone at a sound-pressure level of 60
decibels 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
Fletchetr 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 are 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-
cies. If the noise energy is uniform over a wide range, it is
called "white noise'', being analogous in spectrum character-
istics to white light. 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 narrow
bands of noise, such that 11 bands cover the range from 60 to
5800 cps. They are distributed uniformly on a scale of pitch
for simple tones (see Section 3.8.2). The numbers on the curves
are phons, that is, the sound-pressure levels of equally loud
1000-cycle tones, and the levels are plotted according to the
centers of the bands. For example, one band covers the range
from 350 to 700 cps. From the curves we can see that when
the sound-pressure level of the noise in that band is 43 db re
0.0002 microbar, the indicated loudness levelis about 34 phons.

3.4.2 LOUDNESS AND LOUDNESS LEVEL. Although we may
remark thaf 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
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Figure 3-4. Equal-loudness contours for relatively narrouw
bands of random noise. The center frequency of the band
is shown as the abscissa, and the numbers on the curves
are phons (lrwin Pollack, *'The Loudness of Bands
of Noise,”” Journal of the Acoustical Society of America,
Vol 24, Sept 1952, pp 533-538).

which rate sounds from "soft" to "loud" in units offEo;

As a reference, the loudness of a 1000-cycle tone with a 50 .
r i p ar (a d

level of 40 _phons) ds-—taken.to hell A tone that sounds
twice as loud has 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-cycle 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 ex-
perimenters, who used a wide variety of techniques. He also
performed a series of experiments in which the loudness es-
timates were made on an unusually direct basis, and these
experiments confirmed the relation shown. Robinson has also
suggested this relation, whichis published as a Recommendation

such judgments several scales of loudness have been devisei
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of the International Standards Organization. See Appendix VI.

Above a sound-pressure level of 40 db (re 0.0002 ybar),
the relation shown in Figure 3-5 approximates that given in a
former American Standard for Noise Measurement, Z24.2-
1942, so that, over most of the useful range, values obtained
from the new relation will not differ greatly from those pre-
viously obtained.

Incidentally, 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.

3.4.3 [:EO!ZDNESS LEVEL CALCULATIONS FROM ME ASURE -
MENTS. € sound 10 be measured 1S known to be a simple
tong, the procedure for deter¥fInation of loudness level ig Tel=
atively easy. The sound-pressure level and the frequencv of
he tone are determined, and the equal-loudness contours o
Figure 3-3 indi udness level. Since the welght-
ing networks on a sound-level meter approximate two of the
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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. Thus, the sound level (see Section 6.2)
is approximately the loudness level whena simple tone is being
measured.

Eor 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
the error for many noises is more than 10 phons. For exam-
ple, if we have a uniform wide-band noise from 20 to 6000 cps
of 80 db sound-pressure level, the sound level would be about
79 db, whereas the actual loudness level of such a noise is
about 100 phons. Here we see that the sound level is not only
misleading, but is farther from the loudness level than is the
sound-pressure level. This result, for mostnoises, illustrates
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 be knowing just its sound pressure level.
One of the ways such knowledge is used is in the calculation of
loudness level.

For steady, wide-band noises, a technique developed by
Stevens has been found to give good results. The sound is di-
vided by an analyzer into frequency bands covering the audio
spectrum. The loudness level is then calculated according to
the procedure given in Section 8.2.

As progress is made in the study of loudness we can expect
the development of new techniques in the translation of meas-
ured data into reliable indications of human reaction.

3.5 MASKING.

It is common experience to have one sound completely
drowned out wheg 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 background
noise level in the evening. Butlate at night when there is much
less activity and correspondingly less noise, the 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 relativelf narrow_region
EI zregugggjgs. At higher levels, b, say, the mask-
ing effect spreads ouf to cover a wide range i -
uencies above the Ire ] ] onents.
In other words, the masking effect is asymmetrical with re-
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spect to frequency. Noises that include a wide range of fre-
quencies will correspondingly be effective in masking over a
wide-frequency range.

3.6 "WHAT NOISE ANNOYS AN OYSTER?"
N -

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 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 cps) are usually more annoying than are lower-
frequency sounds of the same sound-pressurelevel. Therefore,
when it is determined, by methods to be explained later, that a
significant portion of the noiseis inthe 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

lﬁ_rge office has acougtically bard walls. floor, and cejling,
the room is "live', reverberant. The noise from any office
machinery 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.

3.7 SPEECH-INTERFERENCE LEVEL.

It is becoming relatively common to be in a place so noisy
that conversation is difficult or impossible. Because of the
annoyance of interference with speech and also because noise
interferes with work where speech communicationis necessary,
a noise rating based on the speech-interference level is fre-
quently useful. We should know how to improve speech com-
munication in a noisy place. In order to effect this improve-
ment we shall find it useful to evaluate the speech-interference
level of a noise. How this can be done will appear from a

consideration of how noise interferes with speech.

Noise interference with speech is usually a masking process
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(see Section 3.5). The background noise increases our threshold
of hearing, 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 the consonants are weaker than vowels. Noise of a
certainlevel may then mask some speech sounds andnot others,
depending on the talking level, the particular sound, and the
relative frequency distribution of the sound and of the noise.

The energy of the various speech sounds is distributed over
the frequency range from below 100 to above 10,000 cps. The
actual instantaneous distribution depends on the particular
speech sound. For example, the ''s" sound has its energy
broadly distributed in the range from 4000 to beyond 8000 cps.
In contrast, most of the energy in the ""ee" sound of "speech"
is distributed in fairly definite groups (called "formants') be-
low 4000 cps. 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
cps.

In any frequency subdivision that we may make of this range,
the sound-pressure levels vary over a range of about 30 deci-
bels as successive sounds occuf) Tests on the intelligibility
of speech show that if we can h::a} the full 30-decibel range in
each of the frequency bands intd 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 decibels, the contribution will be about 50 percent, and so
forth. Furthermore, if the &ge between 200 to 6000 cps is
divided into a large number ,of frequency bands of equal im=-
portance to speech intelligibility, the total contribution to
speech intelligibility is equal to the average of the contribu-
tions from the individual bands. This quantity is called the
articulation index, because it is a measure of the percentage
of the total possible information which we might have per-
ceived 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 600-1200, 1200-2400 and 2400-4800 cps.
The arithmetic average of the sound-pressure levels in these
three bands gives the quantity called the speech-interference
level. One can use this level for determining when speech
communication or telephone use is easy, difficult, or impossi-
ble; and one can determine what changesinlevel are necessary
to shift from one order of difficulty to a lower order. The
calculations and rating methods for making these determina-
tions are given in Section 8.3.
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3.8 ADDITIONAL HEARING CHARACTERISTICS.

In addition to the characteristics already described, nu-
merous 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.

3.8.1 DIFFERENTIAL_SENSITIVITY FOR INTENSITY. One
question thai comes up 1n quleting a nolsy place or device is:
"Just how little a change in level is worth bothering with? Is
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
decibel for a 1000-cycle 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 decibel. For a wideband random noise (a hishing
sound) a similar test gives a value of about 1/2 decibel for
sound-pressure levels of 30 to 100 decibels (re 0.0002 micro-
bar). Under everyday conditions, a one-decibel change in
level is likely to be the minimum detectable by an average
observer. On the basis of these tests, we can conclude that 1
decibel 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-frequency
level of a noise may be reduced markedly by acoustic treat-
ment, 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 example
illustrates one reason for making a frequency analysis of a
noise before drawing conclusions about the noise.

3.8.2 E_U‘_Qulggw 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-cycle 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 cvcles and ap-
proximately logarithmic above 1000 cycles. Some people have
suggested that a Irequency analysis wi ands of equal width
in mels would be more efficient for some types of noise analy-

sis than would one with bands of other widths. At the present
time there are no commercial analyzers of this type available,
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but some work has been done using such an analysis. In addi-
tion, the pitch scale has been found useful for some types of
charts.

39 E TS OF NOISE O UT.

Noise can influence work output in many ways; there is the
obvious interference with communication (paragraph 3.7), the
occasional condition where noise is useful as a means of mask-
ing distracting conversations, and the deterioration in quality
of work output that can occur when the background noise level
is above 90 db.

Broadbent 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 ngise is more likely to d to increase
err in suscepti 1faid . and segond

high-frequency audible noise seems more harmiful inthis ce-
spect than does low-ireguency noise,

3.10 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 remaining
hearing loss that persists indefinitely is called ''permanent'",
The extent of the permanent loss will depend on many factors:

the tibility of the individual; the duration of the expo-
sure, including tVEe time patterns; the intensity of the noise;
The t

the mm_%f the noise; ype_of noise (impact, random,
or simple-tone); and the nature of the ear Erotection used, if
any.

Because of the many complicating factors, itis not possible
to set up a single, simple relation between hearing loss and
exposure to noise. Furthermore, adequate data regarding
comparative audiograms and a complete history of exposure
including noise levels, type of noise, time pattern, and fre-
quency characteristics are not available. It should be remem-
bered also that noise is notthe only cause of permanent hearing
loss. There is the normal loss of hearing with age (refer to

*ASA Subcommittee Z24-X-2, The Relations of Hearing
Loss to Noise Exposure, January, 1954.
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Section 3.3), and some types of infection may produce perma-
nent hearing lgss.

Nevertheless, because of the importance of the problem,
certain tentative i iven J i These sug-
gested ratings should be revised when a better understanding
of the damage problem is 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, Subcom-
mittee on Noise of the Committee on Conservation of Hearing
of the American Academy of Ophthalmology and Otolaryngology,
327 South Alvarado St., Los Angeles, California.
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Figure 4-1.

The General Radio sound- and vibration-measuring system.



chapter 4

DESCRIPTION OF
A SOUND-MEASURING SYSTEM

4.1 GENERAL.

A competent sound-measuring system comprises a general-
purpose sound-level meter and associated equ1pment In addi-
tion, the small, lightweight Sound-Survey Meter is widely used
for surveys.

The functional relation among the various instruments of the
system is shown in Figure 4-1. A brief description of each
instrument is given below (for complete descriptions and spe-
cifications, see latest General Radio Catalog), and the appli-
cations are discussed in Chapter 5.

4.2 THE SOUND-SURVEY METER.

The Sound-Survey Meter is a small, simple meter for indi-
cating the level of noise and other sounds in terms of a standard
reference level. It consists of a microphone, a calibrated

Does viot have

Lirnear Scale

has A B, C.

Figure 4-2, The Type 1555-A
Sound-Survey Meter.

3ounors JnvEV METER .

o
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attenuator, weighting networks, an amplifier, and an indicating
meter. As described in Chapter 5, the Sound-Survey Meter is
well-suited to a wide variety of general sound measurements.

The Sound-Survey Meter is small, light in weight, easy to
use, and inexpensive. It slips easily into a suit-coat pocket.
Control settings and panel meter indication can be read at a
glance. It can be mounted on a tripod, hand held, or placed on
table or bench with equal facility. Readings and settings are
easily made with microphone in vertical or horizontal position.

4.3 THE SOUND-LEVEL METER.

The basic instrument of a sound-measuring system is the
sound-level meter. This instrument conforms to the require-
ments set forth in the ASA American Standard Specification
for General-Purpose Sound Level Meters (S1.4, 1961)1, and
IEC Recommendation R123. It is an accurate, portable, low-
priced meter for reading in terms of a standard reference
level (0.0002 microbar at 1000 cps) the sound level at its mi-
crophone. Fundamentally, the instrument consists of a non-

Figure 4-3. The Type
1551-C Sound-Level
Meter.

1American Standards Association, 70 East 45th Street, New
York 17, New York.
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directional microphone, a calibrated attenuator, an amplifier,
an indicating meter, and weighting networks.

The amplifier is stabilized by means of inverse feedback
and has a flat frequency response range of 20 cycles to 20
kilocycles. In addition to the three common sound-level meter
responses A, B and C, which are specified between 25 cycles
and 8000 cycles, this instrument has a fourth weighting-switch
position which permits use of wide-band or high-fidelity micro-
phones at its input, with the overall frequency response being
determined by the microphone,

4.4 MICROPHONES.

Two different types of microphones are available for use
with the sound-level meter. The one most suitable for a given
application should be selected onthe basis of the characteristics
of the different microphones.

4.4.1 PZT MICROPHONE. The microphone regularly supplied
with the latest Sound-Level Meter is a PZT (lead titanate-lead
zirconate) piezoelectric-ceramic diaphragm type. This stable
and rugged microphone has a smooth frequency response and
is relatively unaffected by normal temperature and humidity
changes, It can be mounted directly on the instrument or
separately with connection by extension cable when it is nec-
essary to avoid the effects of the observer and the instrument
case on the acoustical measurement.

4.4.2 CONDENSER MICROPHONE SYSTEM. The amplifier,
attenuator, and meter frequency-response characteristics of the
sound-level meter, with the weighting switch at ''20 KC,"" are
flat from 20 cycles to 20 kilocycles. This makes it possible
to derive full benefit from some of the wide-range microphones
that are available. These microphones have high sensitivity
and have excellent response characteristics well beyond 10
kilocycles. They are small in size and so create a minimum
disturbance to the sound field at these higher frequencies.
They are useful in testing the over-all response of high-fidelity
systems or in other wide-frequency-range acoustical investi-
gations. .
Two such microphones are used in the Type 1551-P1 Con-
denser Microphone System, which is an assembly of pream-
plifier, power supply, microphone, and tripod. The Altec Type
21-BR-150 Microphone, used with Type 1551-P1L System, is
capable of measuring levels up to 150 db; and the Altec Type
21-BR-180 Microphone, used with the Type 1551-P1H System,
is capable of measuring levels up to 170 db. Both systems
have excellent frequency response from 20 cycles to 18 kc.

4.4.3 VIBRATION PICKUP. The Type 1560-P52 Vibration
Pickup is an inertia-operated lead zirconate - lead titanate
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device which generates a voltage proportional to the accelera-
tion of the vibrating body. By means of integrating networks
in a control box, voltages proportional to the velocity or the
displacement as well as to the acceleration of the vibrating
body may be delivered to the input of a sound-level meter.
This combination, called the Type 1560-P11B Vibration Pickup
System, plugs into a sound-level meter in place of the micro-
phone. For vibration measurements below a frequency of 20
cycles the vibration meter is better suited, (See Chapter 11.)

4.4.4 HYDROPHONE. Underwater sound can also be measured
by means of the sound-level meter, provided a suitable hydro-
phone is used in place of the microphone supplied. The type
of hydrophone that has an attached cable (such as the "Oyster
Type O," Clevite Ordnance, 540 East 105th St., Cleveland 8,
Ohio, or the Type SSQ23 'Lollipop," Gulton Industries, Inc.,
212 Durham Avenue, Metuchen, New Jersey) is convenient to
use for measurements up to a few kilocycles. Although its
sensitivity is low (-90 db re 1 volt per microbar, compared
with a level of -60 db for the PZT microphone), the high gain
and low noise level of the sound-level meter make it possible
to make many measurements with such low-cost underwater
transducers.

4.5 ANALYZERS.

Even if a sound-level meter were perfect (i.e. fit with no
tolerance all the design objectives of the ASA Standards), the
reading obtained by it in any given noise field is inadequate for
a complete understanding of the problem. Itiseasy to see why
this is so. 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 frequen-
cies present, but this knowledge is only qualitative. For most
important problems it is necessary to use some type of fre-
quency analyzer to determine the noise spectrum.

A number of analyzers are available for use with the sound-
level meter so that its range of usefulness can be extended.
These analyzers vary in cost, complexity and ease of operation.
Choice between them is generally determined by the amount
of detailed information needed to solve a particular problem.
In general, the more information required, the more selective
the analyzer needed. The more selective the analyzer, the
more time is required to gather the information.

4.5.1 OCTAVE-BAND NOISE ANALYZER. The Octave-Band
Noise Analyzer shown in Figure 4-4 makes possible the simple
and rapid analysis of noises having complex spectra. It oper-
ates directly from the output of a microphone or sound-level
meter. It can be used for all frequency analyses, except those
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Figure 4-4. The Type
1558-A  Octave-Band .
Noise Analyzer. 4

requiring a detailed knowledge of the frequency spectrum,

This analyzer consists of a set of band-pass filters, se-
lected by means of a rotary switch, followed by an attenuator
and an amplifier, which drives both an indicating meter and a
monitoring output.

4.52 THIRD-OCTAVE AND CONSTANT-PERCENTAGE-
BANDWIDTH ANALYZER. For more detailed analysis of
noise a third-octave band analyzer, such as that shown in Fig-

Figure 4-5. The Type
1564-A Sound and Vi-
bration Analyzer.
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ure 4-5, is used. This instrument can be tuned to any third-
octave band or to any eight-percent frequency band between
2.5 and 25,000 cps. The frequency is indicated by a single dial
and a multiplier switch,

Since the bandwidthis always a constant percent of the center
frequency, one canreadily measure characteristics of machines
that do not run at constant speed. Anoutput jack permits con-
nection to headphones or to a recorder suchas a graphic-level
recorder. The recorder can also be chain-connected to drive
the Analyzer's frequency dial and thus to plot{on special chart
paper) the spectrum of the input signal.

When component sound levels are in the range of 44 to 150
db, the Sound and Vibration Analyzer can be driven directly by
a piezoelectric microphone,

4.5.3 IMPACT-NOISE ANALYZER. The impact-noise analyz-
er shown in Figure 4-6 operates directly from the output of a
sound-level meter to measure significant properties of impact
noise, such as its peak level and duration. It is also useful as
an accessory for spectrum analyzers, such as octave-band
analyzers, for magnetic tape recorders, and for vibration
meters.

Figure 4-6. The Type
1556-B  Impact-Noise
Analyzer, shown at-
tached to sound-level
meter.
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Through the use of electrical storage systems, three char-
acteristics are measured by the analyzer for every impact
noise. They may be read individually on the same meter by
means of a selector switch. A RESET position of the selector
switch restores the meter to its initial condition.

The three characteristics of animpact noise that the analyz-
er measures are the maximum instantaneous level. anaverage
level, and a continuously indicating measure of the peak sound
levels The duration of the impact sound can be estimated
from the difference of the maximum instantaneous level read-
ing and the average level reading and from the position of a
time constant selector switch.

This battery-operated instrument rapidly and conveniently
measures characteristics of impact noises that heretofore re-
quired extensive laboratory equipment.

4.5.4 WAVE ANALYZER. An audio-frequency wave analyzer
uses a fixed-frequency filter in a tunable heterodyne system
similar in principle to the common superheterodyne radio
receiver. It is continuously tunable from below 20 cycles
throughout the audio band in a single sweep of the main tuning
dial. The resulting filter characteristic is constant in response
with respect to the number of cycles per second deviation from
the center frequency over the entire tuning range.

This characteristic is convenient for analyzing random
noise. because the spectrum level (refer to paragraph6.3.3) is
obtained by a constant correction of the indicated level. Most
such analyzers are narrow in bandwidth (such as 4 cps, for the
older Type 736-A Wave Analyzer). however, and an analysis
of noise must then proceed slowly because of the long averag-
ing time required. A significantly wider band, suchas 50 cps,
which is available on the Type 1900-A Wave Analyzer, is very
much faster and relatively easy to use for noise analysis.

Figure 4-7. The Type
1900-A Wave Analyzer.
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This analyzer has an output for recording and a linear fre-
quency scale. When an analysis that is linear in frequency
scale is made, one can readily track down harmonic relations,
since successive integral harmonics are spaced uniformly.
Thus the analysis of rotating or reciprocating machinery, in-
cluding gear trains, electric motors, and turbines, by a wave
analyzer is often to be preferred to other types of analysis.

The analyzer has an electrical output arranged so that the
system is a continuously tunable filter. Thus one can listen
by means of earphones to the component or band selected by
the analyzer. Furthermore, if one applies a broad-band noise
signal to the input, one can obtain at the output a narrow band
of noise, preferably 50 cycles wide for most acoustic measure-
ments, whose center frequency is continuously-tunable over the
full range of the analyzer. This signal is desirable for some
acoustic tests of rooms, walls, and hearing.

Another mode of operation of the analyzer yields a sine-
wave signal at the output that is always at the frequency to
which the analyzer is tuned. This is then a convenient source
(to drive an amplifier and speaker) and detector for over-all
electrical or acoustical response measurements.

4.6 ACOUSTICAL CALIBRATION.

4.6.1 GENERAL. Much is to be gained from the use of an ac-
curately calibrated acoustical measurement system. When
an accurate calibration is possible, the consistency of com-
parison 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.

4.6.2 RECIPROCITY CALIBRATOR. Frequent, accuratecali-
brations, even in the field, are now possible by the use of the
Microphone Reciprocity Calibrator shown in Figure 4-8. This
instrument uses the reciprocity technique, which is widely ac-
cepted as the preferred one for the absolute calibration of
standard microphones, to calibrate the General Radio PZT
microphones and to make an over-all calibration of the system
used with them.

This Microphone Reciprocity Calibrator uses a small acous-
tic cavity as an acoustic impedance reference and an accurate
electrical capacitor as the electrical impedance reference.
The calculations necessarytodetermine microphone sensitivity
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 frequency.

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.
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Figure 4-8. The Type
1559-A Microphone Re-
ciprocity Calibrator,

4.6.3 SOUND-LEVEL CALIBRATOR. When only a simple,
over-all acoustical check of a system at 400 cps is desired,
the sound-level calibrator can be used. An internal calibra-
tion system is included within the sound-level meter and con-
veniently permits standardization of the electrical circuits,
but this does not include a check on microphone sensitivity.
It was to include the microphone in the calibration that the
acoustical calibrator was devised. It comprises a small, sta-
bilized, and rugged loudspeaker mounted in an enclosure which
fits over the microphone of the sound-level meter. The cham-
ber is so designed that the acoustic coupling between loud-
speaker 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 can be operated from any audio oscillator
having reasonably good wave form (harmonic content should
be 5% or less) and capable of supplying 2 volts at 400 cycles
across an impedance of 600 ohms Most users find that they
have available a suitable audio oscillator and a voltmeter for
use with the calibrator. Figure 4-9 shows a small, simple
oscillator that cansupply this signal. Ithas an output voltmeter
and a connecting cord that plugs into the terminals of the Cali-
brator.

4.7 GRAPHIC LEVEL RECORDER.

The graphic level recorder shown in Figure 4-10 makes a
permanent chart record of the level of an electrical signal
supplied to it. In the field of noise measurement, such a sig-
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Figure 4-9. Type 1552-B
Sound-Level Calibrator on
the microphone of a sound-
level meter for calibration.
Type 1307-A Transistor
Oscillator is audio source.

nal is usually obtained from the output of a sound-level meter.
The recorder can be used to record over periods of time the
sound level near highways, airports, industrial sites, or other
locations where maximum or minimum levels are being in-
vestigated. It is also extensively used to trace frequency
response curves and to measure reverberation time.

Used with an analyzer, the recorder can plot the curve of
amplitude vs frequency of a noise source. For this and other
applications, special chart papers are imprinted with the fre-
quency scales of several General Radio instruments. The
combination of recorder and beat-frequency oscillator shown
in Figure 4-11 produces records having a true logarithmic
frequency scale, and is ideal for plotting frequency character-
istics of analyzers, recording systems, networks, filters, and

Figure 4-10. The Type
1521-B Graphic Level
Recorder.
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Figure 4-11. The Type
1521-B Graphic Level
Recorder and the Type
1304-B Beat-Frequency
Oscillator comprise a
convenient system for
plotting frequency re-
sponse.

equalizers, as well as of loudspeakers, microphones, vibration
pickups, and other transducers. The combination of recorder
and sound and vibration analyzer or wave analyzer permits
rapid analysis of sound spectra and response measurements
on networks excited by white noise.

4.8 RANDOM-NOISE GENERATOR.

The random-noise generator shown in Figure 4-12 is a
source of high-level, broad-band electrical noise, which can
be converted to acoustic noise by means of a loudspeaker or
earphone. Such acoustic noise is useful in psychoacoustic
experiments, in the measurement of reverberation and noise
transmission, in loudspeaker and microphone response meas-
urements, in microphonic testing, and for calibration proced-
ures.

Figure 4-12. The Type
1390-B Random-Noise
Generator.

1] v
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The output of a random-noise generator can be filtered by
one of the analyzers to provide a band of noise that is tunable
over the audio range. This type of signal is sometimes pre-
ferred to the broadband noise signal for the measurements
mentioned above.

The output of the random-noise generator can also be con-
verted to a random mechanical motion by anelectromechanical
shaker. Random motion is used in the mechanical testing of
components and structures.

4.9 MAGNETIC TAPE RECORDER.

The magnetic tape recorder such as shown in Figure 4-13
has become a very useful tool for the acoustical engineer both
in research and in development. It stores a signal as varia-
tions 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 recorder
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. The preservation of a noise for later analysis or for
comparison with a reference noise.

2. The obtaining of a series of short samples which may be
analyzed in detail and compared with each other to determine
statistical indexes.

Figure 4-13. A mag-
netic tape recorder.




The recorder selected must be a high quality instrument if
accurate analyses are desired. This means a flat frequency
characteristic, low hum and noise level, low nonlinear dis-
tortion, wide dynamic range, and constant speed.

4.10 CATHODE-RAY OSCILLOSCOPE.

The cathode-ray oscilloscope is part of the equipment of
almost any laboratory. It is a useful means for observing the
wave form of a noise or other output signal from the sound-
level meter. The oscilloscope shows the amplitude of the
signal as a function of time; in other words, it gives a time
display of the signal. It is particularly useful for observing
short-duration or impact noises. It can be used to measure
the peak amplitude, the rate of decay, and the shape of a wave.
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chapter 5

APPLICATIONS FOR A
SOUND-MEASURING SYSTEM

5.1 INTRODUCTION.

We have already seen that a sound-measuring system may
consist of the sound-survey meter or of the basic sound-level
meter operated alone or with a wide variety of microphones,
analyzers and recorders (see Figure 4-1). Confronted withso
many possible choices, we ask, ''What instruments should we
select to do our job?"

The selection of the components of the sound-measuring
system will depend entirely on what we wishto obtain from the
measurements. If we are interested simply in comparing the
noise in one office with thatinanother, the Sound-Survey Meter
may be used. On the other hand, if we must determine the
effect at all frequencies of adding a muffler to the exhaust of an
automobile engine, a sound-level meter and an analyzer must
be used. Similarly, we may want a measure of the loudness
of the noise, the sound level, the sound-pressure level, the
dominant pitch, the overtone structure, the extent to which it
interferes with conversation, or some other characteristic,
and for each of these we must use a certain instrument or
combination of instruments. It will be helpful in considering
these possible end results to review the uses for the Sound-
Survey Meter and the sound-level meter. Although the uses

Figure 5-1. The Sound-
Survey Meter being used
for a preliminary in-
vestigation of machine
nosse.




Figure 5-2. Performance checks of sound reinforcement sys-
tem at Radio City Music Hall being made with Sound-Survey
Mezer.

cited will not be all-inclusive, they should indicate the basis
for a choice of equipment.

5.2 USES FOR THE SOUND-SURVEY METER.

5.2.1 IN INDUSTRY. There are many places where a sound
survey is needed. For example, an industrial hygienist may
be interested in measuring the noise levels in a factory so as
to locate areas where there is a possibility of hearing damage.
The Sound-Survey Meter is a very convenient instrument to
use for this measurement. It makes possible a quick, initial
survey, and, if the levels are low enough, no more is needed.
It can also quickly show where more detailed measurements,
including frequency analysis, are necessary. Even with the
Sound-Survey Meter alone, an estimate of the frequency dis-
tribution of the noise is possible by the use of the weighting
networks provided.

5.2.2 BY ARCHITECTS. The architect finds the Sound-Survey
Meter useful in studying sites for office buildings, homes, and
factories. He often considers noise in his selection of a proper
place to put a building, in the same way that he considers other
environmental factors such as prevailing winds, smoke nui-
sance, the nearness of schools, and so forth. The architect
occasionally must determine the noise produced by ventilating
systems to see if they conform to specifications or to see if
remedial measures are necessary to quiet an existing system.
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Another example of a problem that the architect may en-
counter is locating a broadcast studio within an existing build-
ing. With the Sound-Survey Meter he can measure the noise
conditions on each floor of a building and from these data se-
lect the most suitable floor for locating the studio. Obviously,
vibration may also have to be considered inthis problem, nec-
essitating the use of a vibration meter.

5.2.3 BY ENGINEERS AND CONSULTANTS. Engineers and
consultants use the Sound-Survey Meter as apreliminary guide
to later, more detailed, measurements of sound fields. The
meter is a rapid means of collecting statisticaldata on a noise
where a detailed knowledge of the spectrum is not needed.

5.2.4 IN THEATERS AND FOR SOUND SYSTEMS. The Sound-
Survey Meter, because of its small size and ease of operation,
is particularly useful in checking the level of reproduced sound
in theaters and other sound systems. Sine-wave response
characteristics of loudspeakers and rooms can be measured.
On high-fidelity divided-speaker sound systems the survey
meter is useful for determining the response characteristics
through the crossover point and for measuring the dynamic
range.

5.2.5 IN SCHOOLS. Simple Sound-Survey-Meter measure-
ments will indicate whether the noise in the classrooms is
likely to affect the efficiency of the teachers. If the noise levels
exceed approximately 40 db with A" weighting, the students
may have difficulty in understanding their teacher.

Two other effects influence the acoustical quality of a class-
room. In a highly reverberant room, the speech syllables are
smeared by the reflected sounds, so that the intelligibility is

Figure 5-3. Hand-beld
operation of the sound-
level meter.
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reduced. In a room with heavy acoustical treatment, the at-
tenuation may be so great that at the rear of the room the
teacher's voice is but poorly heard through the background
noise.

In the physics or science laboratories, the teacher can
demonstrate with the Sound-Survey Meter the relation between
sound levels and the sensation of hearing, and he can also use
it for acoustical experiments. Teachers of psychology can
use it to demonstrate the relation between loudness and loud-
ness level and the dependence of hearing on the intensity of
the sound.

5.2.6 IN DRAMATICS AND MUSIC. Directors of musical and
dramatic productions can use the Sound-Survey Meter to help
actors and musicians to find the correct voice level for a given
auditorium or theater. Similarly, teachers of voice and dra-
matics find it an aid in teaching students to use microphones
properly.

The Sound-Survey Meter and its uses are described in the
nontechnical, easy-to-read '"Primer of Noise Measurement,'
available on request from General Radio Co.

5.3 USES FOR THE SOUND-LEVEL METER.

The sound-level meter is a precision instrument used to
measure noise and other sounds accurately. It can be used in
the same way that.the Sound-Survey Meter is used, because it
includes the same type of weighting networks and is nearly as
simple to use. Furthermore, it is more stable, and it is built
to closer tolerances than is the Sound-Survey Meter. It meets
the requirements of the American Standard Specification for
Sound-Level Meters. In addition it supplies a low-distortion
output signal, and it has a sufficient dynamic range so that
analyzing equipment may be used with it.

The sound-level meter can be used without an analyzer for
many types of surveys, for measurement of the over-all sound
level as required by test codes, for production tests of equip-
ment noise, or for intercomparing two machines of similar
design and performance. For example, if a maximum accept-
able noise level has been established for a given model of
electric motor, then the sound-level meter can be used with
the weighting network in the most appropriate one of its three
positions to determine whether other similar motors are suf-
ficiently quiet to meet the production standards. As another
example, the noise due to the operation of a particular jet en-
gine test cell in the vicinity of a manufacturing plant may be
measured frequently to see that wind and operating conditions
do not cause the sound to exceed an acceptable level.

5.3.1 NOISE TEST CODES. Some special groups have pre-
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NORTHEAST

Figure 5-4. Sound-level meter being used to check noise at flight line.

pared test codes for making noise measurements on various
devices. Examples of these devices are fans, blowers, water-
cooling towers, transformers and airplanes. Almost invari-
ably the code specifies the use of a sound-level meter
conforming to the requirements of the American Standard
Specification for General-Purpose Sound-Level Meters, S1.4,
1961. When a device must be tested according to such a code,
it is recommended that the Type 1551-C Sound-Level Meter
be used.

The code usually specifies the conditions of the test, for
example, the mounting and location of the device and the micro-
phone placement. The American Standard Method for the
Physical Measurement of Sound, S1.2, 1962, discusses these
points as well as measurement procedures.

It is usually important for reliability of measurement as
well as from the standpoint of obtaining a favorable result to
test in as anechoic (dead) a room as practical and to have the
background noise level low. Paragraphs 6.5.1 and 6.5.3 will
show how far it is necessary to go in these respects.

These codes have been prepared to permit noise ratings
to be made in a relatively uniform manner. When different
models of the same type of device have the same noise rating,
however, they will not necessarily give the same noise level
in a given room, even if mounting and operating conditions
are carefully controlled. In order to be able to predict how
two different models will compare in the noise level they pro-
duce in a live room, it is often necessary to determine the
acoustic power rating and the directivity index of each device
as a function of frequency. The methods for determining these
are given in Chapter 7.
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5.3.2 ANALYSIS OF THE NOISE. When the effect of noise on
the hearer is to be predicted, an analyzer is ordinarily used
with the sound level meter. Analysis is also useful in deter-
mining changes in behavior of machines and their parts, the
characteristics of sound sources, and the effects of rooms on
noise.

In general, the narrow-band type of analyzer is used when
the noise has a characteristic pitch, such as that produced by
rotating machinery, when there are resonant structures in the
noise source that produce marked peaks of energyin the spec-
trum, when the noise source is a multiple one that includes
strong pitched components, and when the levels from separate
sources of different frequencies are required. The octave-
band-type analyzer is usually more suitable for noises of a
broad-band character, such as hissing, swishing, and sizzling
noises, rattles, and buzzes, as well as many machinery noises
and aircraft noises. Examples of thistype are ventilating sys-
tems, oil burners, jets, blowers, cooling towers, looms, tum-
bling mills. It is also useful when more information about a
noise is required than can be given by a sound-level meter
directly, but when a more detailed analysis than eight band
levels cannot be justified because of the time required. Fur-
thermore, the sound-pressure levels determined in the eight
bands form the basis for the approximate calculation of the
loudness level of a noise, and they give the speech-interference
level. Refer to paragraphs 8.2 and 8.3.

As another example, the background noise in an audiometric
room should be low in level in order that accurate audiometric
examinations can be made. It is particularly importantto have
a low noise level at low frequencies. An octave-band analysis
of the background noise is then desirable in order to insure
that these levels are satisfactory.

Figure 5-5. The sound-
level meter, being used
to measure noise level
in a machine shop.




5.3.3 QUIETING MACHINE NOISES. In the development of a
new machine it may be necessary to determine accurately the
noise components that are radiated by the machine and that
are principally important in the production of noise. As an
example, let us consider an air-conditioning machine that pro-
duces too high a noise level. Analysis with a narrow-band
sound analyzer may reveal that the frequencies of the principal
noise components can be associated with certaintime-periodic
rotating or reciprocating actions in the machine. When it has
been determined which of these noise sources predominate, the
Engineering Design Department can quiet them. Here the
graphic level recorder is a great help in plotting the spectra
produced by the machine before and after modifications. In
this example it is not necessary, from the engineer's stand-
point, to know the magnitude of the sound pressure or the total
acoustic power radiated by the device. He needs to know only
which are the loudest components and how many decibels he
must reduce them to make them no more intense than other
noises from the machine.

Impact noises, such as those produced by punch presses,
drop forges, hammers, typewriters, trippers, chain drives,
and riveters, should be measured with an impact-noise ana-
lyzer at the output of a sound-level meter. Then the engineer
can quickly determine the effect of various treatments or de-
sign modifications on the peak level of the noise.

A common use for the sound-level meter is to determine
the noise level produced by competitive machines. If the ma-
chines are of similar design so thatthey radiate sound in much
the same manner, it is necessary only that the microphone be
located in the same position relative to each machine. The
sound-pressure levels are determined as a function of fre-
quency either with an octave-band noise analyzer or a sound
analyzer. An example of noise spectra measured with an
octave-band analyzer is shown in Figure 6-5.

If the machines under comparison are dissimilar indesign,
it is necessary to determine the total acoustic power radiated
by the machine as a function of frequency. The method of
measurement will be discussed in Chapter 7. Acoustic power
data are particularly important when a machine is to be oper-
ated in a closed room, such as an office, factory space, or
schoolroom. The noise spectrum built up in a closed room is
dependent principally on the spectrum of the acoustic power
from the machine, the size of the room, the acoustic absorp-
tion in the room, and the number of people in the room.

If a machine is used indoors in a reverberant room and if
the noise level produced by it is of importance only at a dis-
tance of 15 or more feet from the machine, the only informa-
tion needed is the total radiated acoustic power as a function
of frequency. If, however, this same machine isto be operated
out-of-doors or in a room that is not highly reverberant, the
directivity pattern of the noise becomes important and must
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Figure 5-6. Another
example  of  the
sound-level meter in
use: measuring
noise level at a wo=
construction site.

be determined. By the directivity patternwe meanthe acoustic
power radiated by the machine in various directions. Obvi-
ously, there is no point in reducing the noise if the people who
are subjected to it are at such an angle from the machine that
very little acoustic power is radiated toward them.

5.3.4 MEASUREMENTS OF ACOUSTICAL PROPERTIES OF
ROOMS, STUDIOS, ACOUSTIC MATERIALS. The sound-level
meter is an important tool for physicists or engineers who
wish to measure the acoustical properties of rooms and studios.
It can be used, for instance, to measure the noise level built
up in a room by a source of known power output, or to deter-
mine the uniformity of sound distribution in a room.

If the output of the sound-level meter is fed to the graphic
level recorder, the decay rate or reverberation time can be
plotted. The addition of an analyzer to the array enables the
user to plot amplitude-vs~-frequency of a noise source, the
sound-pressure spectrum of the ambient noise in a room, and
many other amplitude-vs-frequency measurements so impor-
tantto complete acoustical evaluation, Special linkages connect
the Type 1521-B Graphic Level Recorder to the Type 1900-A
Wave Analyzer and Type 1564-A Sound and Vibration Analyzer,
so that the frequency scale of the Analyzer will be effectively
reproduced on the chart paper.

5.3.5 GRAPHIC PRESENTATION OF NOISE LEVELS. The
graphic level recorder can be used to record not only the fre-
quency spectrum of a noise, but alsonoise levels over a period
of time. Such use is often helpful in the investigation of resi-
dential noise problems, such as those caused by vehicular
traffic, airplanes, electrical substations, and factories.
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5.4 LOUDNESS AND LOUDNESS LEVEL.

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

In a general way we discussed in paragraph 3.4.3 the pro-
cedure for calculating the loudness level from measured levels
in octave bands. These levels are determined by use of an
octave-band analyzer, and the calculation procedure is given
in detail in Section 8.2.

5.5 SPEECH-INTERFERENCE LEVEL.

Most of us have been in locations where it was impossible
to hear over a telephone 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. Evendirect discussions
can be difficult and tiring because of excessive noise. Exces-
sive noise may make it impossible to give danger warnings by
shouting or to give directions to workers. How serious these
conditions are and how much change innoise level is necessary
to shift to a less serious condition can be determined by the
speech-interference level as described in Section 3.7. Then
it is possible to prepare a plan of acoustical treatment on an
engineering basis to remedy the situation, if possible.

The speech-interference level is calculated from the results
of a frequency analysis of the noise, by means of an octave-
band analyzer. The methods for using this level are discussed
in Section 8.3.

5.6 HEARING LOSS FROM EXPOSURE TO NOISE.

As described in Section 3.10, the noise near some machines
is intense enough to cause permanent hearing damage if the
exposure to the noise continues for months or years. Noises
of the same over-all level but with different amounts of energy
in various frequency bands differ in ability to produce hearing
loss. Therefore, a thorough frequency analysis of the noise is
usually necessary if the noise level is high.

For an initial survey a Sound-Survey Meter or a sound-
level meter can be used to measure the noise level at the per-
son's ears. With these instruments alone there will be a
considerable range of level for which predictions about damage
will be uncertain, because the frequency spectrum of the noise
is unknown.

In the doubtful range, therefore, the spectrum should be
determined by analysis with an octave-band analyzer or a
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ENVIRONMENTAL NOISE
Environment — Street, Neighborhaod, Office, Factory, Vehicle, etc.

RELATED
NOISE PROBLEM NOISE MEASUREMENT INSTRUMENT
Complionce with Over-all noise level Sound-Level Meter
Local Naise Ordinances (Sections 6.2; 6.5) or
Hearing Loss from Survey meosurement Sound-Survey Meter
Noise Exposure (Section 8.4)
(3.10; 5.6; 8.4) 7
Neighborhood Naise  —gw—n Band levels T Sound-Level Meter
Criterio (8.3.4) (Sections 6.3; 6.5)
Noise Rating Loudness level L with
(3.4;3.7) (Sections 8.2; 6.3; 6.5)
Naise Interference with Speech-interference levels Octave-Band Anolyzer
Speech Communication (Sections 8.3; 6.3; 6.5)
(3.7) s

Figures 5-7 (above) and 5-8 (below). A summary of noise measure-
ments as applied to environmental noise (above) and noisy devices
(below). The arrows are used to suggest the noise measurements that
may belp in understanding the noise problem and in doing something

about it.

MEASUREMENTS ON NQCISY DEVICES
Truck, Bus, Automabile, Airplane, or Marine Engine
Equipment Used by Utilities (Transformers, Gas Regulators, etc)
Consumer Appliances — Industrial Machines — Airplane Jets or Screws

RELATED
NOISE PROBLEM NOISE MEASUREMENT INSTRUMENT
Noise Acceptance Over-All Norse level Sound-Level Meter
Specifications (Sections 6.2; 6.5)
Noaise Test Codes Power level and ] Sound-Level Meter
(5.3.1) Directivity pottern (Ch. 7)
Noise Comparison Band levels it
Between Machines (Sections 6.3; 6.5) > !
(5.3.3; 7)
Prediction of Noise Speech-interference level Octave-Bond Analyzer
Level in Room (Sectians 8.3; 6.3; 6.5)
(7.6)
Noise Reduction Strongest Component Sound-Level Meter
(Ch. 9) (Sections 6.3.2.2; 6.5) .
with
Faulty Design or Frequency of Camponents
Manufacture Shown (Sections 6.3.2.2; 6.5) ISR B e v et
by High Noise Levels 7
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narrow-band sound analyzer.

Impact noises, suchas those produced by drop forges, should
be measured with an impact-noise analyzer, such as the Type
1556-B (refer to paragraph 4.5.3), or with a cathode-ray os-
cilloscope, to determine the magnitude and duration of the peak
levels.

As a preliminary aid to determining possible damaging
noise level conditions, a tentative rating method is given in Sec-
tion 8.4.

5.7 SUMMARY.

Some of the measurement applications discussed in this
chapter are summarized in the charts of Figures 5-7 and 5-8
concerning environmental noise and measurements on noisy
devices. In addition, a summary of suggested steps in follow-
ing apparatus test code requirements and for evaluating product
noise are given in the charts below.

Steps in Following Apparatus Test Code Requirements

Successive Steps

Selection of location for measurements
Apparatus Mounting

Selection of Microphone
Location of Microphone
Number of Measurements
Weighting Characteristics
Maintenance Checks
Background Noise
Measurement

Repeat of Maintenance Checks
Recording Data

FOOENP O W N~

— =

Steps in Evaluating Product Noise

1. Selection of location for measurements
a. Outdoors, Large Room
b. Reverberant Room
Apparatus Mounting
Selection of Microphone
Measurement Locations for Microphone
a. Points on Sphere or Hemisphere
b. Distance compared with source diameter and lowest
frequency
Maintenance checks of sound-level meter and analyzer
Background Noise in each Band
(For each microphone location)
7. Measurement in each Band
{For each microphone location)
8. Repeat Maintenance Check
9. Recording Data
10. Calculation of Acoustic Power and Directivity Pattern
for each Band

HEJCOiC)

(o2 4]
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chapter 6

MEASUREMENT OF SOUND LEVEL
AND SOUND-PRESSURE LEVEL

6.1 INTRODUCTION.

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, and
in Chapter 7 we discuss the more difficult problem of predicting
from the measured data the noise level that a noise source will
produce when placed in any location. The procedure for deter-
mining from the measured data the calculated loudness level,
the speech-interference level, and the possibility of hearing
damage is given in Chapter 8.

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 discussed
later in this chapter. Other practical details regarding 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 selection of the basic instruments for
the job, 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. Finally, an example of a measurement problem is
given. Much of this discussion is necessary because no ideal
instrument or combination of instruments and accessories is
available that would be suitable for all conditions. For exam-
ple, microphones of different types differ in uniformity of re-
sponse, in susceptibility to damage, and in cost.

6.2 MEASUREMENT OF SOUND LEVEL-—
WEIGHTING NETWORKS.

When a single reading of sound levelis desired in conform-
ance with the established standardl, a sound-level meter should

1 AsA, s1.4, 1961.
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Figure 6-1. Typical acoustical and electrical response curves for the Type
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be used. For many applications, however, the Sound-Survey
Meter can be used instead to obtain an equivalent measurement.

Typical frequency response curves for the two instruments,
shown in Figures 6-1 and 6-2, illustrate the characteristics
provided.

If a single sound-level reading (not sound pressure level)
is desired, it has been customary to select the weighting posi-
tion according to level, as follows: for levels below 55 db, A
weighting; for levels from 55 to 85 db, B weighting; and for
levels above 85 db, C weighting. 2

For example, on a particular noise, sound-level meter
readings were as follows: 60 dbwith C weighting, 50 db with B
weighting, and 40 db with A weighting. The quoted sound level
is then 40 db, the only reading that falls into the range speci-
fied for the weighting network used.

The weighting position used should always be recorded with
the observed level.

Some test codes specify the weighting network to be used,
and when tests according to suchacode are made, that specifi~
cation should be followed. There are also applications where
specific weighting networks should be used, regardless of level.

In general, it is recommended that readings on all noises
be taken with all three weighting positions. This procedure
avoids the ambiguities mentioned above, and, atthe same time,
the three readings provide some indication of the frequency
distribution of the noise. Ifthelevelis essentially the same on
all three networks, the sound probably predominates in fre-
quencies above 600 cps. If the level is greater on the C net-
work than on the A and B networks by several decibels, much
of the noise is probably below 600 cps.

A more complete statement of this approximate analysis
is given by the charts of Figure 6-3, which can be used to give
an approximation of the sound distribution in three frequency
bands. These charts should be used only as a guide for deter-
mining in a preliminary way what the spectrum might be, and
they should not be regarded as obviating a complete octave-
band analysis. There are occasions, however, when it is im-
practical to make more than this preliminary analysis, and
then the charts of Figure 6-3 may help in making a more sat-

2When the noise is predominantly of low-frequency components,
this method may become ambiguous. Then some experimenters
have recommended the following schedule:

Sound Level Range Weighting
below 45 db A
45-65 db Average of A and B
65-75 db B
75-90 db Average of B and C
above 90 db 3
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Figure 6-3. Curves for calculating an approximate frequency analysis
in three bands from level readings taken using the three weighting
networks. Enter the abscissa of each graph with the measured value
LC-JA. Then proceed vertically to the curve labeled with the mea-
sured wvalue of L -Lg, then horizontally to the ordinate value for
each of the three bamg corresponding to the difference between the
individual band levels and the over-all level. (This method of analy-
sis was developed by J. R. Cox, Jr.}
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Lc= Level obtained using C weighting (over-all level).

Lc = Level obtained using C weighting (over-all level).

Le-La= Difference between C- and A- weighted readings.

Lc-Lp= Difference between C- and B- weighted readings.

Lc - L= Level to be subtracted from C-weighted level to obtain ‘‘low-band’’ (20-
150 cps) level.

Lo=bkg = Level to be subtracted from C-weighted level to obtain ‘‘middle-band"’
(150-600 cps) level.

Lc-Ly = Level to be subtracted from C-weighted level to obtain ‘*high-band’’ (600-
8000 cps) level.
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isfactory decision about a noise problem than can be done with
only one reading of a noise meter,.

Certain noises in which the energy is localized at one end
or the other of the lower and middle bands of this approximate
analysis cannot be analyzed by this method. Thistype of spec-
trum will usually give sound-level readings that do not fit on
the charts. Similarly, the dotted portions of the curves are
regions of poor accuracy of analysis.

The level in the "high'' band (above 600 cycles), as deter-
mined from the charts of Figure 6-3, is usually the most im-
portant, and for preliminary surveys one can estimate the
speech-interference level as 6 db lower than this high-band
level. This approximate speech-interference level can then
be used according to the methods given in Section 8.3.

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 (Lc - Lp) is
frequently noted. This difference in decibels is called the
"harmonic index". It serves, as indicated above, to give some
idea of the frequency distribution of the noise.

6.3 MEASUREMENT OF SOUND-PRESSURE LEVEL.

The sound-pressure level of a noise is measured with the
sound-level meter operating with a uniform frequency-response
characteristic. This uniform response requirement can only
be approximated in practice, because all microphones exhibit
some variation in response with frequency. For most noises
the low-frequency components dominate, and the excellent re-
sponse of the PZT microphones at low and middle frequencies
permits one to obtain an accurate measurement of the sound-
pressure level. When frequencies above 8 kc are important,
a wider frequency range microphone should be used (refer to
paragraph 6.4.4). The weighting switch of the sound-level meter
should be placed in the position for the most nearly uniform
frequency response. This position is often called '"20-kc' to
indicate the wide frequency range that is covered.

6.3.1 OVER-ALL SOUND-PRESSURE LEVEL. The sound-
level meter with a "flat" over-all response is used independent
of any frequency analyzer to determine the over-all sound-
pressure level, given directly by the reading of the sound-level
meter in decibels. This over-all level is adequate if the fre-
quency distribution of the sound is of no importance orif it is
a single, known frequency. For most applications, however,
a frequency analyzer should be used with the sound-level meter,
and then this over-all level is commonly used as the reference
level for the levels in the various bands of the analyzer.

6.3.2 FREQUENCY SPECTRUM AND BAND LEVELS. An
analyzer is required to obtain the frequency spectrum, that is,
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the distribution of sound pressure as a function of frequency.
For field measurements either an octave-band analyzer or a
third-octave analyzer is commonly used. The analyzer isusu-
ally connected to a microphone or to the output of the sound-
level meter, which is setfor auniform response characteristic.
In the laboratory a wave analyzer with a 50-cps band is often
more convenient to use than either of the other types of ana-
lyzers, especially when the spectrum level of a noise is de-
sired (see paragraph 6.3.3).

6.3.2.1 Octave-Band Analyzer. The octave-band analyzer di-
vides the audio spectrum into bands one octave (2:1 frequency
ratio) in width. The American standard bands(Z24.10-1953)
have nominal cut-off frequencies of 75 cps low pass, 75-150,
150-300, 300-600, 600-1200, 1200-2400, 2400-4800, and 4800-
9600 cps. Because of the importance of the low-frequency
end, the Type 1558-A Octave-Band Noise Analyzer also has
bands from 18.75 to 37.5 and 37.5to0 75, as well as 9600-19,200
cps

The above series of octave bands has been widely used for
the past twenty years in the U.S.A., but a series that is cen-
tered on ''preferred frequencies' (American Standards Asso-
ciation S1.6-1960) is coming into use. The Type 1558-AP
Octave-Band Noise Analyzer has this series of bands, which
are centered on 31.5, 63, 125, 250, 500, 1000, 2000, 4000, 8000,
and 16,000 cps. Typical response characteristics are shown
in Figure 6-4.

These analyzers may be used either directly with a PZT
microphone or on the output of a sound-level meter. The
sound-pressure levels obtained in these bands are called
octave-band pressure levels.

As mentioned above, the frequency-response weighting used
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Figure 6-4. Typical response characteristics, Type 1558-AP Octave-
Band Noise Analyzer.
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should be as uniform as possible to obtaintrue 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 American and International standards there
will be small differences inlevel atthe low- and high-frequency
ends compared to 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 4 db for the 18.75-37.5, 1.5 db for
the 37.5-75, and 2 db for the 4800-9600 cps band than with the
uniform response weighting. The corresponding level shifts
for the other series are about 3 db for the bands centered at
31.5 and 8000 cps and 0.8 db for the bands at 63 and 4000 cps.
The shifts in level for the bands in between are too small to
be significant.

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 measurement procedure, because
of faulty or incorrectly used equipment, or because the noise
is of an impact type. Impact-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 intervals. The narrow-band levels at low frequen-
cies 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-A Impact-Noise Analyzer should be used.

When a graph is made of the results of octave-band pressure
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 6-5.

6.3.2.2 Third-Octave and Narrow-Band Analyzer. The Type
1564-A Sound and Vibration Analyzer is continuously tunable
from 2.5 to 25,000 cps, in four ranges. A third-octave band
and a narrower band are provided, and typical responses of
this analyzer at some representative settings of the tuning con-
trol are shown in Chapter 11.

On the tuning dial, the calibration shows the frequency of
maximum response, and the dots show the location of the stand-
ardized third-actave center frequencies (American Standards
Association S1.6 — 1960).

The third-octave band divides each 10-to-1 tuning range
into ten bands. In each band, the ratio of the upper cut=off
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Figure 6-5. A plot of the octave-band analysis of noise from a calcu-
lating machine. Graph paper for plotting octave and one-third-octave
band levels is available from Codex Book Co., Inc., Norwood, Mass.,
as Forms 31460 and 31462, respectively.

frequency to the lower cut-off frequency is 1.26 to 1. The
narrower band in effect divides the range into about three times
as many bands. The detail of the analysis is consequently
much finer and more information is obtained than for the oc-
tave bands, but the time required for this analysis is corre-
spondingly greater.

The sound-pressure levels obtained from this analyzer used
on the output of a sound-level meter are usually plotted as a
function of frequency with the frequency coordinates on a log-
arithmic scale. An example of this type of graph is shown in
Figure 6-6.

6.3.2.3 Wave Analyzer. The Type 1900-A Wave Analyzer is
continuously tunable from 20 to 54,000 cps. It has bandwidths
of 3, 10, and 50 cps and is particularly useful in conjunction
with a sound-level meter for measuring the sound-pressure
level of discrete components in a sound. Because of the ease
of calculation and the uniformity of response, it is also well
suited to noise analysis, especially when the spectrum level
of a noise is needed.

The sound-pressure levels obtained from the wave analyzer
used on the output of a sound-level meter are usually plotted
as a function of frequency with a linear frequency scale. This
type of plot helps in distinguishing harmonic and sum and dif-
ference relations among the frequencies of the discrete com-
ponents.
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6.3.3 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 cycle. The main
uses of this concept are comparing data taken with analyzers
of different band widths and checking compliance with specifi-
cations given in terms of spectrum level. Charts for con-
verting to this spectrum level from the band levels obtained
with the Types 1558-A, 1558-AP, and 1564-A Analyzers are
given in the accompanying table and in Figure 6-7,

The corrections for spectrum level for awave analyzer are
independent of the center frequency to which it is tuned but do
depend on the bandwidth used. For the 3-cycle band subtract
3.7 db; 10-cycle, subtract 9 db; 50-cycle, subtract 15.9 db to
obtain the spectrum level. (These correction numbers take
into account the metering characteristic as well as the band-
width.)

Geometric
Band Decibels* Mean Frequency

18.75 - 37.5 12.7 26.5
317:5.0 >3 715 15.7 53
75 - 150 18.8 106
150 - 300 21.8 212
300 - 600 24.8 424
600 - 1200 27.8 849
1200 - 2400 30.8 1700
2400 - 4800 33.8 3390
4800 - 9600 36.8 6790
9600 - 19,200 39.8 13,580

*To be subtracted from Type 1558-A readings to obtain spec-
trum level.

Band Center Decibels*
31.5 13.5
63 16.5
125 19.5
250 22.5
500 25.5
1000 28.5
2000 31.5
4000 34.5
8000 37.5
16,000 40.5

*To be subtracted from Type 1558- AP readings to obtain spec-
trum level.
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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 using this conversion should be inter-
preted with great care to avoid drawing false conclusions.

The sloping characteristic given for the Type 1564-A Ana-
lyzer in Figure 6-7 results from the fact that this analyzer is
a constant-percentage-bandwidth analyzer; thatis, its bandwidth
increases in direct proportion to the increase in the frequency
to which the analyzer is tuned. For that reason a noise that
is uniform in spectrum level over the frequency range will
give higher-level readings for high frequencies than for lower
frequencies, with this analyzer.

6.3.4 FLUCTUATING SOUNDS. Two ballistic characteristics
are provided for the meter on the sound-level meter: The
"FAST" position is normally used. It willbe 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 canbe 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 maxi-
mum and minimum levels is usually taken. If the range of
fluctuation is greater than 6 db, the average sound-pressure
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 average
reading when the fluctuations on the "FAST' positionare 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 along-time
average reading.

For a detailed discussion of the interpretation of pointer
behavior, see Appendix VI

6.3.5 GRAPHIC LEVEL RECORDER. The graphic level re-
corder can be connected to the output of a sound-level meter
or analyzer to record the level of a noise as a function of time
or frequency. The resulting information is more complete
than that obtainable from a few readings of the meter; and when
observations over a long period are desired, the recorder can
be unattended for most of the time.

The range of levels that can be recorded depends on which
of three plug-in potentiometer assemblies is used. For most
level recordings, the 40-db unit, supplied with the recorder,
should be used.

For the recording of sound-pressure level vs time the re-
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corder can be connected either to a sound-level meter or, if
the levels are high enough, directly to a microphone. The
Type 1551-P1 Condenser Microphone can be used directly with
the recorder at levels above 80 db. A series resistance may
be necessary to avoid distortion at high levels.

When the recorder is used to record the output of a sound-
level meter, a short, shielded wire should be used to inter-
connect the two instruments, as isolation against hum and other
extraneous noise. The gain of the recorder should usually be
set so that a signal that is 0 db on the meter scale is recorded
20 db below full scale on the chart. This setting can be made
by means of the built-in calibrating signal of the Sound-Level
Meter or the signal from a sound-level calibrator. The level
from these signals usually produces a meter deflection of other
than 0 db, and the difference should be taken into account. For
instance, if the meter indicates +4 db, the recorded level with
this signal applied should be 16 db below full scale on the re-
corder chart paper.

Before the recorder is used, it is desirable to apply an
acoustic reference signal to the sound-level meter and to ob-
serve the recorded level as the setting of the attenuator switch
(of the sound-level meter) is changed. The minimum observ-
able level will be determined by the amount of background noise
present, and the maximum level should be beyond full scale
on the recorder. Except near these extremes, the recorded
level should shift 10 db as the attenuator setting is changed by
10 db. This check will serve to determine that stray pickup
is low enough and that the instruments are operating satisfac-
torily. The attenuator on the sound-level meter should then
(for recording) be set so that the recorded signal will be within
the range of the recorder; the signal level should never be
allowed to exceed full scale by as much as 10 db.

The chart paper supplied with the recorder (Type 1521-9428)
has a linear time base, with a division every 1/4 inch. There
are 40 divisions on the level scale, with every fifth line ac-
cented. Thus, with the 40-db potentiometer in use, each divi-
sion on the level scale equals 1 db. The top division should be
labeled as a sound-pressure level 20 db higher than the at-
tenuator setting on the sound-level meter.

The recorder offers a choice between fast and slow writing
speeds. For mostrecordings, the fast (20in. /sec) speed should
be used. However, the slower writing speed can often be used
to advantage as a means of filtering out abrupt changes in level.

Several paper speeds, from 2.5 inches per minute to 75
inches per hour (with a slow-speed motor) are available to the
user, and choice will be based on the application at hand. Slow
paper speeds can be used for long-period studies of noise pro-
duced by traffic, office machinery, industrial processes, etc.

The recorder can also be used to plot the output of a sound
analyzer, thereby recording a curve of the amplitude vs fre-
quency of anoise source. Speciallink units couple the recorder
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to the Type 1304-B Beat-Frequency Audio Generator, Type
1564-A Sound and Vibration Analyzer, and Type 1900-A Wave
Analyzer. Also available are chart papers specially calibrated
for use with these analyzers.

6.3.6 IMPACT SOUNDS. For manyimpactsounds it is desirable
to know the value of the peak sound-pressure level that occurs
as a result of the impact. This peak level should be measured
by an impact-noise analyzer since on drop-forge impacts, for
example, the peak sound-pressure level may be as much as 30
db above the maximum deflection observed on the sound-level
meter. The metering system of the impact-noise analyzer is
specially designed to indicate the peak levels. The amplifier
of the impact-noise analyzer drives three measuring circuits
simultaneously. Two of these circuits include storage ca-
pacitors, so that the signal can be stored electrically for a
number of seconds. This arrangement makes possible the
use of an ordinary indicating instrument for measurements
on sounds whose levels rise and fall very rapidly.

The impact-noise analyzer will measure the output signal
from a sound-level meter, an octave-band analyzer, or a
magnetic-tape recorder. The controls of any of these instru-
ments should be set so that the peak of the impact sound is
within the normal operating range of the instrument. This
setting cannot always be estimated from the maximum reading
of the indicating meter on the instrument, because the peak
value may be 30 db above that reading. If the impact-noise
analyzer is used at the time of occurrence of the impact sound,
it can be used to check that level.

If a tape recorder is used in the field without an impact-
noise analyzer, the level controls should be set so that the in-
dicating instrument reads at least 20 db (0.1) below full scale
during the impact noise. Unless such a setting is used, the
recorded signal may be seriously distorted and the value of
the peak level measured will be toolow. (See paragraph 6.7.L)

6.4 CHOICE OF MICROPHONE.

No single type of microphone is suitable for use under all
the conditions encountered in noise measurement problems.
The microphones supplied with the sound-level meter and
Sound-Survey Meter, nevertheless, are suitable for most ap-
plications. However, the measurement of high sound levels,
the use of long cables between the microphone and the sound-
level meter, and the measurement of high-frequency sounds
with good accuracy may require the use of different types of
microphones. These problems, as well as others that influ-
ence the choice of the microphone, are discussed in the fol-
lowing paragraphs.
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6.4.1 LOW SOUND LEVELS. A microphone used to measure
low sound levels must have low '"self-noise", and it must pro-
duce 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 measured
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 sound-pressure level.

Microphone manufacturers build some units that have a
better signal-to-self-noise ratio than the microphones regu-
larly used for noise measurements, but this advantage is ob-
tained with a considerable sacrifice in uniformity of frequency
response. Microphones of this type are then not strictly suit-
able for sound-level measurements, but they might be consid-
ered for some special low~level measurements,

6.4.2 HIGH SOUND LEVELS. The sound-level meter micro-
phone and the Type 1551-P1L Condenser Microphone System
can be used 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 Laboratories, Hing-
ham, Mass.) can be used directly with the sound-level meter
for sound-pressure levels up to about 190 db.

6.4.3 LOW-FREQUENCY NOISE. The PZT, Rochelle-salt-
crystal, and condenser-type microphones are well suited for
measuring low-frequency noise. In fact, withany one of these
microphones, measurements may be made down to only a few
cycles per second if special amplifiers, such as that provided
by the Type 1553-A Vibration Meter, are used. The sound-
level meter is designed to cover the frequency range down to
20 cps, and even at 10 cps the response is down only 10 db.
This 20-cps limit is adequate for almost all types of low-
frequency noise.

6.4.4 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. The three microphones in the General Radio
Sound Measuring System arranged in the order of high-frequency
performance are: 1. Condenser microphone, 2. PZT micro-
phone, and 3. Rochelle-salt microphone. This fact is brought
out most clearly by comparison of the two typical response
curves of Figure 6.8.

Most machinery noises do not include strong high-frequency
components, so that for measuring over-all sound levels the
high-frequency characteristic is not soimportant. In contrast,
some noises have much energy in the high-frequency end of the
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spectrum. Examples of these are noises produced by high-
speed production equipment, textile looms and knitters, braid-
ers, wood-working machinery, and jet and air blasts. Then
the high-frequency performance determines the ultimate ac-
curacy to be expected from the measurement. Similarly, if
good accuracy is required in the region above 2000 cps in de-
termining the frequency spectrum by analysis, the microphone
performance must be good or accurately known. When such a
frequency analysis is made, corrections can be applied for the
frequency characteristic of the microphone as described in
paragraph 6.6.5.
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Figure 6-8. Typical response curves for two different microphones
when used with the Type 1551-C Sound-Level Meter. (a) PZT micro-
phone assembly supplied with the Type 1551-C; (b) the Type 1551-
P1L Condenser Microphone. Random response assumes that the
microphone is placed in a diffuse sound field.
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The condenser microphone system can be used for meas-
urements up to 20,000 cps, and measurements rarely need to
be made on air-borne sounds at frequencies higher than 20,000
cps. For some research investigations much higher frequen-
cies have been measured by use of microphones specially de-
signed for the purpose.

6.4.5 HIGH OR VARYING TEMPERATURE. Although most
noise measurements are made indoors at average room tem-
peratures, some measurement conditions expose the micro-
phone to much higher or lower temperatures. When these
conditions are encountered, it is essential to know the temper-
ature limitations of the equipment.

The microphone supplied with the Type 1551-C Sound- Level
Meter and the Type 1560-P4 PZT Microphone Assembly will
withstand temperatures of -30 to +95 C without damage. In
contrast, the maximum safe operating temperature for
Rochelle-salt crystal microphones 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 to keep the sound-level
meter itself at more reasonable temperatures. Its behavior
at extreme temperatures is limited by the batteries. Temper-
atures of even 130 F willresultin much-shortened battery life.
Operation below -10 F is not ordinarily possible without special
low-temperature batteries.

Microphones are usually calibrated at normal room tem-
peratures. 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 PZT
microphone is only about -0.01 db per degree Celsius, 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 -0.02 db/°F.

6.4.6 HUMIDITY. Long exposure of any microphone to very
high or very low humidity should be avoided. The PZT micro-
phones, 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 micro-
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phone should not be stored for long periods in a very dry at-
mosphere, since it can dry out.

The condenser microphone on the Type 1551-P1 Condenser
Microphone System is not damaged by exposure to high humidity,
but its operation may be seriously affected unless proper pre-
cautions are taken. Fbr proper operation it is essential that
very little electrical leakage occur across the microphone.
The exposed insulating surface in the microphone has been
specially treated to maintain this low leakage even under con-
ditions of high humidity. In spite of this precaution, the leak-
age may become excessive under some conditions. 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 recom-
mended that the microphone itself be stored in a small jar
containing silica gel.

6.4.7 HUM PICKUP. Dynamic microphones can readily pick
up undesired electrical signals by induction from the external
magnetic field of equipment such as transformers, motors,
and generators (see paragraph 6.5.5).

6.4.8 LONG CABLES. Frequently, at the time of the measure-
ment, it is impossible or inadvisable for the observer to be
near the microphone, which must be placed at the point where
the sound-pressure level is desired. Then an extension cable
is ordinarily used to connect the microphone to the instruments.
If this cable is short, any of the microphones can be used. A
correction for level is necessary, however, when the PZT
microphone is used with an extension cable. This 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 tempera-
ture 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, suchas 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 reductionin sensitivity at high
frequencies as explained in the instruction book for the con-
denser microphone system.

6.4.9 DIRECTION OF ARRIVAL OF SOUND AT THE MICRO-
PHONE. Some microphones are designed to be directional at
all frequencies. That is, the response of the microphone de-
pends on the direction of arrival of the sound wave. Most of
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the microphones used for sound measurements, however, are
essentially nondirectional at low frequencies (below about 1 ke).
At frequencies so high that the size of the microphone is com-
parable to the wave length of the sound in air, even these micro-~
phones will show directional effects. Thisvariationinresponse
with direction should be considered in positioning the micro-
phone for a measurement. The extent of these variations is
shown by the frequencyresponse characteristics of the different
microphones (see Figure 6-8). The microphone is usually
positioned so that the response to the incident sound is as uni-
form as possible.

When sqQund-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 directions.
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 sur-
face from which high-frequency sounds could be reflected to
arrive perpendicular (0° incidence) to the plane of the dia-
phragm. (For all the microphones used in the General Radio
Sound Measurement System this perpendicular incidence is
along the axis of cylindrical symmetry of the microphone.
This axis is used as the 0° reference line.) If this condition
cannot 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 joining the microphone and
the source is at an angle of about 700 from the axis of the
microphone. When the microphone is near the source most
of the sound comes directly from the source, and a 700 inci-
dence response applies. On the other hand, near the bounda-
ries of the room the incidence is more nearly random, and
the random-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.

6.5 ADDITIONAL EFFECTS ON MEASURED DATA.

6.5.1 EFFECT OF ROOM AND NEARBY OBJECTS. The sound
that a noise source radiates inaroomis 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 reflect-
ing surfaces were not there.

Close to the source of sound there is little effect from these
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reflections, since the direct sound dominates. But far 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 size 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.

If we are interested in completely evaluating the charac-
teristics of the source of noise, all these factors are impor-
tant, and they will be consideied more completelyin Chapter 7.
If, in this evaluation, we are merely trying to follow a test
code, the problem reduces to satisfying the strict require-
ments of the code and to arranging the room characteristics
and other extraneous influences so that the measurement is
reliable and reproducible. For uniformity, then, it is cus-
tomary to insist that reflected sound does not contribute ap-
preciably to the measured value. This requirement usually
means that the room should be heavily treated with absorbing
material. Acoustic absorbing material, however, is not uni-
formly absorbing over the full audio range, so that the effect of
reflected sound may vary with frequency.

In order to check on the effect of reflected sound, it is
customary to compare the sound level at the measuring points
with the level at a much greater distance from the source. If
the measured level is at least 8 db higher on the average than
it is at more distant points, it is generally assumed that the
contribution of the reflected sound is less than 1 db.

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 resonant fre-
quencies of a live room, 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 following
form: As the measuring microphone is moved away from the
source, the measured sound pressure decreases toaminimum,
rises again to a maximum, decreases to a minimum again,
etc. These patterns are called standing waves. They are
noticeable mainly when the sound source has strong frequency
components in the vicinity of one of the very many possible
resonances of the room. They also are more likely to be ob-
served when a frequency analysis is made; and the narrower
the bandwidth of the analyzer, the more marked these varia-
tions will be.

The measurement room used for evaluating a noise source
should be sufficiently well treated sothatnoappreciable stand-
ing wave exists. If any small standing-wave pattern remains,
the average of the maximum and minimum decibel readings
should be taken. If the differences are more than 6 db, the
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level should be taken as 3 db below the maximum readings that
occur frequently. This standing-wave pattern, however, should
not be confused with the normal decreaseinlevel with distance
from the source or with the directivity pattern of the source,
which is considered in Chapter 7.

Objects in the room reflect the sound waves just as do the
walls of the room. Consequently, all unnecessary hard-sur-
face 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 princi-
ple, the objects should usually be treated with absorbing ma-
terial.

One troublesome but not frequent effect of nearby objects
results from sympathetic vibrations. A large, thinmetal panel
if undamped can readily be set into vibration at certain fre-
quencies. 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 vicin-
ity. 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 de-
crease, when not very close to the source, about 6 db as the
distance is doubled. This procedure also checks for reflec-
tions in general; for careful measurements, the check should
be made in each octave band.

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 minimum of the
directivity pattern of the noise source.

6.5.2 EFFECT OF OBSERVER AND METER CASE ON MEAS-
URED DATA. As mentioned in the previous section, the ob-
server can affect the measured data if he is close to the
microphone. When measurements are made inalive room and
not close to a source, the effect is usually not important. But
if measurements are made near a source, it is advisable for
the observer to stand well to the side of the direct path be-
tween the source and the microphone. For precise measure-
ments in a very dead room, such as an anechoic chamber, it
is customary to have the instruments and the observer in
another room with only the source, the microphone, the exten-
sion 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 or sound-survey
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 magnitude of the error that can be
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caused by the way the instrument is held can be evaluated from
the data shown in Figure 6-9. 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 betweenthe observer and the noise
source, (2) the noise source is located to one side of the ob-
server, and the sound-level meter is held in front of the ob-
server. 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,
January-February 1962.

The meter case itself may also disturb the sound field at
the microphone as shown by the other characteristic curves
in Figure 6-10. There is practically no effect below 1000 cps,
and, again, on most noises, little error in measuring overall
level will result if the microphone is left on the instrument.
When an analyzer is used with the sound-level meter, however,
it is advisable to separate the microphone from the instru-
ments and to use an extension cable. This refinement is not
necessary, however, if the only data that are of interest are
below 1000 cps or if only comparative data from one machine
to a similar one are desired.
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DB OFFERENCE BETWEEN TOTAL NOISE AND BACKGROUND ALONE

Figure 6-10. Background noise correction for sound-level measure-
ments.

6.5.3 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 insure 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 American Standard-Method for the Physical
Measurement of Sound, S1.2, specifies the following:

"If the increase in the sound pressure levelin any given
band, with the sound source operating, compared to the
ambient sound pressure level alone is 10 decibels or
more, the sound pressure level due to both the sound
source and ambient sound is essentially the sound pres-
sure level due to the sound source. This is the pre-
ferred 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 6-10. 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 6.5.1, the background noise level is measured in
the test position. Then the sound level is measured with the
apparatus operating. The difference between the sound level
with the apparatus operating and the background level deter-
mines the correction to be used. Ifthisdifference is less than
3 db, the apparatus noise is less than the background noise;
and the level obtained by use of the correction should be re-
garded as only indicative of the true level and not as an accu-
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rate measurement. If the difference is greater than 10 db,
the background noise has virtually no effect; and the reading
with the apparatus operating is the desired level. An example
of a situation intermediate between these two is as follows:
The background noise level is 77.5 db, and the total noise with
the machine under test operating is 83.5 db. The correction,
from the graph of Figure 6-10, for a 6.0-db difference, is 1.2
db, so that the corrected level is 82.3 db.

When apparatus noise is analyzed, the background noise
level in each band should also be analyzed to determine if
correction for the level in each band is necessary and possible.
The spectrum of the background noise is usually different from
that of the noise to be measured, and the corrections in each
band will be different.

If this difference between background level and total noise
level is small, an attempt should be made to lower the back-
ground level. Usually the first step is to work on the source
or sources of this background noise to reduce the noise di-
rectly. The second step is to work on the transmission path
between the source and the point of measurement. This step
may mean simply closing doors and windows if the source is
external to the room or it may mean erecting barriers, apply-
ing acoustical treatment to the room, and opening doors and
windows if the source is in the room. The third step is to
improve the difference by the method of measurement. 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 aparticular band is unusually
high. It may also be possible to point the microphone at the
apparatus to obtain an improvement at high frequencies (see
Figure 6-8); it may be necessary to use a directional micro-
phone; or it may be desirable to use a vibration pickup (see
paragraph 6.7.3).

6.5.4 EFFECT OF CIRCUIT NOISE WHEN LOW NOISE LEVELS
ARE MEASURED. 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 usedor a PZT micro-
phone is used on the end of a very long cable. If the micro-
phone 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 circuit noise the microphone may be replaced by
a well-shielded capacitor of 6 picofarads for the Type 1551-P1
or of 470 picofarads for the PZT 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 6.5.3. If the circuit noise is comparable to the noise
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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 cor-
rection is necessary. (See also paragraph 6.3.2.)

6.5.5 HUM PICKUP. When noise is measured near electri-
cal equipment, a check should be made that there is no appre-
ciable pickup of electro-magnetic field in the sound-measuring
system. 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 analyzer is used, it should be tuned to the power-supply
frequency, usually 60 cps, which would be the 20 to 75 ¢ band
for the octave-band analyzer, when this test is made. If no
analyzer is included, 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.

If a dynamic microphone is used, tests should be made with
different orientations of the microphone, with the microphone
disconnected, and with the sound-level meter disconnected
from the analyzer. Ifthereis pickupinthe microphone, 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 meas-
uring setup, a check should be made for 120-cycle as well as
60-cycle hum. This hum may be in the instruments, or it may
appear as a result of the interconnection of different instru-
ments. These two possibilities may be distinguished by a check
of the instruments individually. If each is separately essen-
tially free from hum, different methods of grounding, balancing,
or shielding should betried. Sometimesreversal of the power-
plug connection to the line helps to reduce the hum.

6.5.6 MICROPHONICS AT HIGH SOUND LEVELS. Allvacuum
tubes and some transistors are affected by mechanical vibra-
tion. 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, eventhese can be vibrated
to such an extent that they contribute an undesired signal to
the output. Trouble from this effect, which is called micro-
phonics, is not usually experienced until the sound levels are
above 100 db, unless the instruments are placed on supports
that carry vibrations directly to the instruments.

The usual test for microphonics is todisconnect the micro-
phone and observe whether or not the residual signal is appre-
ciably lower than the signal with the microphone connected.
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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 withinthe instrument. The instruments can also
be lifted up from the support on whichthey 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 tube
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. 4. Mount the
instruments in well sealed boxes with glass covers and tight-
fitting drive shafts to manipulate the controls.

Mechanical vibration also affects the microphone itself, in
that the output of the microphone is dependenton the air-borne
and solid-borne vibrations that are impressed upon it. The
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 mount-
ing should generally be used for such amicrophone in order to
avoid trouble from these vibrations. Often merely suspending
the microphone by means of its connecting cable is adequate.

6.5.7 HUMIDITY EFFECTS. High humidity can affect the oper-
ation of some microphones (see paragraph 6.4.6) and of some
instruments. Of those instruments regularly used in noise
measurements, only those having exceptionally high impedances
are seriously affected by humidities ordinarily encountered.
In general, humidity is not a problem with transistorized in-
struments.

6.5.8 MOUNTING OF THE DEVICE UNDER TEST. It is com-
mon to notice 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 measurements
may not be sufficient to predict the expected behavior, 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.
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6.5.9 POSITION OF MICROPHONE. In previous sections of
this chapter some comments have been made on various aspects
of the problem of placing the microphone in the most satisfac-
tory position for making the noise measurement. Because of
the importance of this placement, this section will summarize
these comments. In general, the location is determined by the
type of measurement to be made. For example, the noise of
a machine is usually measured with the microphone placed
near the machine according to the rules of a test code, or if
its characteristics as a noise source are desired, a compara-
tively large number of measurements are made according to
the methods and the placement given in Chapter 7.

The locations specified in typical test codes (1/2 to 3 feet)
are generally too close to the source for use in determining
the acoustic power radiated by the machine, and the require-
ments for that measurement will be given in Chapter 7.

It is important to explore the noise field before deciding on
a definite location (see paragraph 6.5.1) for the microphone.

Many measurement locations may be necessary for specify-
ing the noise field, particularly if the apparatus produces a
noise that is highly directional Further discussion of direc-
tionality will be given in Chapter 7.

The microphone should also be kept out of any appreciable
wind, if possible. Wind on the microphone produces a noise,
which is mainly a low-frequency noise. This added noise may
seriously upset the measurement, particularly whenthe micro-
phone has a good low-frequency response. If itis not possible
to avoid wind on the microphone, awind screen should be used.
This screen can be made of asingle layer of silk or nylon cloth
on a wire frame that encloses the microphone. The frame
should be much larger than the microphone.

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 also 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 sci-
entific 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.
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6.6 CALIBRATION AND CORRECTIONS.

Satisfactory noise measurements depend onthe use of meas-
uring equipment that is kept in proper operating condition.
Although the instruments are inherently reliable and stable,
in time the performance of the instruments 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
6.6.1 and 6.6.2) should usually be made before and after any
set of noise measurements.

In addition to these routine checks, more complete calibra-
tion of the system may be desirable for accurate measurements,
particularly above 1000 cps. These calibrations are also dis-
cussed in this section.

6.6.1 ELECTRICAL CIRCUIT CALIBRATION. All General
Radio sound-level meters have built-in calibration circuits for
checking amplifier gain. The method used in earlier models
required voltage from a power line, but the Type 1551-C sim-
plifies the procedure by an internal comparison method. In
each case the gain of the amplifier is compared with the atten-
uation of a stable, resistive attenuator.

This test does nhot check the sensitivity of the microphone
and the indicating instrument; these tests are discussed in the
next section. The indicating instrument is rugged and rela-
tively unaffected by temperature changes. Its temperature
coefficient is about --0.02 db/°F.

6.6.2 ACOUSTICAL CALIBRATION AT 400 CPS. The Type
1552-B Sound-Level Calibrator (see Figure 4-8) provides a
single calibration of the over-all system at 400 cps. When
driven by a 400-cycle oscillator at a 2-volt level and mounted
on the microphones supplied with the Types 1551-B and -C
Sound-Level Meters, this calibrator produces a 120-db sound-
pressure level. It can be used alsoonthe Type 1551-A Sound-
Level Meter, Type 1555 Sound-Survey Meter, on the Type
759-P25 Dynamic Microphone (Altec Type 633), on the Brush
BR-2S (used on some early Type 759-A Sound-Level Meters),
and on the Type 1551-P1 Condenser Microphone System; but
the level developed for each microphone type will be different.
The level to be expected is stated in the instruction sheets for
the calibrator or the microphone.

When the calibrator is used, it is desirable to check the
background noise level with the calibrator in place but with no
signal applied. This level should be 10 db or more below the
level produced by the calibrator, or a correction should be
applied (see Figure 6-10). If the total level with the signal
applied to the calibrator is not at least 4 db higher than the
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background level, the instrument should be moved to a quieter
location for calibration.

Although this calibrator is unusually stable considering its
low cost, it should not be regarded as completely unchangeable,
and it should be handled with care. It does provide an extra
check, so that one is not completely dependent on the micro-
phone stability. If, after the electrical circuit calibration, the
acoustical calibration agrees within about 1 db, including tem-
perature corrections, the system can be assumed to be oper-
ating correctly. Then the routine corrections should be used
and, usually, not the level indicated by the calibrator. If,
however, the acoustical check differs by 2 or more db, the
level determined by the calibrator should be temporarily ac-
cepted as correct. Then as soon as possible an investigation
should be made to find the cause of the discrepancy. If the
reason for the discrepancy cannot be located, the problem
should be discussed with the nearest branch office or the serv-
ice department at West Concord.

In the interests of maintaining accuracy in sound measure-
ments, another calibration service is provided for owners of
General Radio sound-level meters and Sound-Survey Meters.
If these instruments are brought in to one of the General Radio
offices, the level at 400 cps 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 dis-
crepancy, the situation will have to be handled as a regular
service problem.

The calibrator can also be used to measurethe microphone
cable correction (see paragraph 6.4.8) provided the background
noise is sufficiently low. The procedureis 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 di-
rectly on the sound-level meter. The calibrator is put on the
microphone at the sound-level meter, and a secondlevel read-
ing is taken. 3. The difference between these two level read-
ings is the cable correction.

The acoustic calibrator makes possible a test of the sensi-
tivity at 400 cps. If this test shows the microphone to be
operating normally, there is some assurance that the micro-
phone has not changed appreciably at other frequencies. It
must be realized, however, that this test is not a complete
check of the system; and a more complete knowledge of the
performance is necessary for maximum accuracy.

The performance of the microphone is less uniform with
frequency than that of any other element of the sound system.
For high accuracy, it is usually essential to have a calibration
of the microphone response characteristic as a function of
frequency. When this calibration is available and an analysis
of a noise is made, correction can be made for the microphone
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frequency-response characteristic. This correction can be
applied only if the noise is analyzed or if the sound is domi-
nated by a component of known frequency, as, for example, in
the measurement of loudspeaker response. Otherwise, one
must check the uniformity of response of a system to be sure
that the measured level of a noise is correct.

6.6.3 ACOUSTICAL CALIBRATION FROM 20 TO 8000 CPS.
A much more accurate over-all calibration is possible by the
use of the microphone reciprocity calibrator. With an aux-
iliary oscillator, this instrument permits, at any frequency
from 20 to 8000 cps, a rapid and accurate calibration of the
General Radio PZT microphone and the associated equipment.

For the most accurate noise measurement, the measurement
system should be calibrated by means of the microphone re-
ciprocity 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 followinglinesis suggested:
(1) Set the microphone reciprocity calibrator to operate as a
simple calibrator. Sweep the frequency of the source oscil-
lator from 20 to 2000 cps 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 nearlyuniform, 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
cps. If the response below 1 kc is faulty, calibrate the micro-
phone at a number of frequencies and compare 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 2 ke, calibrate
the system at the ASA preferred frequencies, 2000, 2500, 3150,
4000, 5000, 6300, and 8000 cps.

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 treatment.
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6.6.4 CALIBRATION AT HIGH FREQUENCIES. The accurate
calibration of a microphone at high frequencies in terms of
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 microphones
that it supplies. Such calibration is less expensive if included
in the original order for the microphonethanif the microphone
is returned for calibration. (The frequency-response charac-
teristic of the Type 1551-P1 Condenser Microphone 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 (American Standard Specification for
Laboratory Standard Pressure Microphones, Z24.8-1949), ac-
cording to the methods given in American Standard Method for
the Free-Field Secondary Calibration of Microphones, Z224.11-
1954. The working standard microphones are periodically
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 given
in American Standard Method for the Pressure Calibration of
Laboratory Standard Pressure Microphones Z24.4-1949.

Since the sound-level-meter standard is based on arandom-
incidence specification, data for converting the perpendicular-
incidence calibration to random incidence and to grazing

incidence are included with calibrations supplied by General
Radio.

6.6.5 CORRECTION FOR FREQUENCY-RESPONSE CHARAC-
TERISTIC. It is customary to set the calibration of an acousti-
cal measurement system to indicate the correct level at 400
cps. At other frequencies, the differences between true and
indicated 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
cps the directional characteristic of the microphone should be
taken into account. The Type 1559-A Microphone Reciprocity
Calibrator is designed to provide the random-incidence cali-
bration 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 meas-
urement.

6.6.6 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
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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 PZT micro-
phone and if the noise contains strong low-frequency compo-
nents, large differences can occur because of the generally
poorer low-frequency response of the dynamic microphone.
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 set slightly differently from that made
by another.

If the instruments are not operating properly or if standing
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 "American Standard Specification for
General-Purpose Sound Level Meters', S1.4, 1961, sets certain
tolerances on the prescribed frequency characteristics. Rep-
resentative values for C weighting are as follows:

Frequency - cps Tolerances, db

25 +2, -2.5

40 +13 -1:5
50 to 800 +1
1600 +2

2500 +3.5, =3
4000 +5, -4
6300 +6, -5
8000 +6

6.7 OTHER AUXILIARY INSTRUMENTS.

In addition to the regular instruments in the General Radio
Sound- Measuring System, other instruments have been men-
tioned in Chapter 4 as useful auxiliary equipment. The use of
these instruments will now be discussed. The instruments to
be discussed have many controls, which must be properly set
in order to obtain useful information. It is wise, therefore,
to become thoroughly familiar with the instruments, by using
known signals for practice, before attempting to use them on
a noise problem.

6.7.1 MAGNETIC TAPE RECORDERS. A magnetic tape re-
corder is a useful and convenient instrument for obtaining a
permanent record of a noise, as discussedin Chapter 4. When
measurements are to be made on the recorded noise, a high-
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quality instrument must be used to insure accurate results.
The recorder should have a flat frequency characteristic over
a wide frequency range, low hum and noise level, low nonlinear
distortion, constant-speeddrive, and good mechanical construc-
tion, and it should be kept in good operating condition. A tape
speed of 15 inches/second is recommended, since these re-
quired characteristics are more readily obtained and main-
tained at high tape speeds.

The frequency response controls onthe tape recorder should
generally be set and left atthe position giving the most uniform
response. Corrections should be made for any nonuniformity.

The gain of a magnetic tape recorder should be set, in gen-
eral, according to the instructions supplied with the recorder.
If an impact type of noise is to be recorded, however, it is
usually desirable to set the gain 10 to 30 db lower than normal
in order to avoid overloading the system on the peak of the
impact. When possible, it is desirable to make a series of
recordings of impact sounds at several different settings of
the gain control.

6.7.1.1 Reference Signal. At the time the recording of a noise
is made, a signal of known sound-pressure level should also
be recorded for the same setting of recorder gain, so that the
absolute level of the recorded noise may be determined. It is
sometimes desirable to record this reference signal several
times during the course of the recording. A sound-level cali-
brator can supply this signal. It should be used on the micro-
phone that supplies the electrical signal to the recorder, and
at the time of recording the signal, the background noise level
should be kept as low as possible. The level of this reference
signal can frequently be accurately determined on playback,
even if the background noise is relatively high, by use of a
narrow-band analyzer tuned to the calibrating frequency of
400 cps. Alternatively, the octave-band analyzer set to the
300-600 cps band can be used. When a narrow-band analyzer
is used for this purpose, it is important to make certain that
the fluctuations in speed (flutter) of the tape are sufficiently
low and the bandwidth of the analyzer sufficiently great that the
signal is accurately measured. For example, if the flutter of
the tape is 0.3% rms, the apparent recorded 400-cycle fre-
quency will fluctuate over a total range of about 3.4 cycles
(2 vZ2 x 0.003 x 400). The Type 1564-A Sound and Vibration
Analyzer, when tuned to 400 cycles, is uniform in response to
within 1 db of the peak value over a band of 16 cycles. There-
fore its response will be satisfactory for measuring this 400-
cycle signal with a flutter of 0.3%.

6.7.1.2 Direct Connection of Microphone. When signal levels
over a wide range are to be recorded, or when analysis of the
recorded noise is required, direct connection of the microphone
output to the recorder is often desirable. This connection
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avoids the circuit noise that invariably must reduce the dy-
namic range when a sound-level meter is inserted between the
microphone and the recorder amplifier. When the Type 1551-
Pl Condenser Microphone System is used, the sound-level
meter and the recorder can be connected inparallel, by means
of the two outputs provided on the case. When this is done,
however, the combined impedance of the two connecting cables
and the input circuit of the tape recorder should be kept as high
as practical. This usually means that short cables should be
used. The effect on the measured sound level of adding the
recorder circuit is indicated by the difference in measured
noise level with and without the recorder pluggedinto the Type
1551-P1 Power Supply.

6.7.1.3 Analysis of Recorded Noise. When an analysis is to
be made of the recorded noise, it is usually desirable to select
a number of representative samples from thetape. The length
selected should usually be equivalent to at least several seconds.
Each of these lengths isthen spliced into an endless loop, which
is played back continuously through the recorder, and the out-
put is analyzed. If the absolute level is desired, a sample of
the recorded reference signal should be measured with the
same control settings that are used for the noise samples.

If the recorded noise is sufficiently uniform with time, it
is often simpler to make a long recording and analyze on play-
back directly without the use of a loop. An octave-band analy-
sis can be made directly even on short recordings if the
playback is repeated a few times. On each playback the level
in one or more bands can usually be noted if the over-all level
is essentially constant with each playback.

The apparent convenience of merely recording the noise in
the field and doing all subsequent measurements inthe labora-
tory may lead one to assume that the field equipment should be
limited to a magnetic tape recorder, a suitable microphone,
and an acoustic calibrator. This assumption may be correct
if the noise problem is already well understood. But in many
situations it is desirable to analyze in the field to some extent
to make certain that the desired data have been taken. Other-
wise, subsequent analysis in the laboratory may show that the
recordings are useless, because they do not contain the re-
quired information.

6.7.1.4 Subjective Comparisons. Magnetic tape recordings
can be used for the subjective comparison of various noises.
The direct subjective comparison of noises may be impracti-
cal in some instances because the noises are not available at
the same place or at times that permit comparisons without
long delays. When tape recordings are made of such noises,
these recordings can be played back and compared with rela-
tive ease. These recordings may frequently be made of noise
from a machine during different stages of work designed to
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quiet it, and then a subjective evaluation of the progress is
possible. Binaural recordings seem to be more satisfactory
for this comparison test than single-channel recordings, be-
cause the noise seems to sound more realistic.

Whenever noise is recorded for the purpose of making a
subjective comparison, it is desirable also to record a known
acoustic reference signal. Then on playback the output level
for each recording can be set to the proper level without rely-
ing on complete stability of recording gain characteristics for
all the recordings.

6.7.2 CATHODE-RAY OSCILLOSCOPE. A cathode-ray oscil-
loscope having a tube with a long-persistence screen and a
sweep range extending down to at least 2 seconds sweep time
is the most useful type for acoustic measurements. For im-
pact sounds the type that stores the trace on the screen is
particularly useful. A five-inchoscilloscope is ordinarily used
when the wave form is to be photographed. Otherwise, for field
use, one of the smaller oscilloscopes is frequently more con-
venient.

6.7.2.1 Connections and Adjustments. The vertical-amplifier
input terminals of the cathode-ray oscilloscope should be con-
nected to the output of the sound-level meter by means of a
short, shielded cable. The controls on the oscilloscope should
usually be set as explained in the instruction book for the os-
cilloscope. The gain of the vertical amplifier can be set in a
number of ways. For those who are inexperienced, the follow-
ing procedure may be found useful. A reference sine-wave
signal should be applied to the sound-level meter (for example,
the calibrating signal in the sound-level meter or the 400-cycle
signal from a sound-level calibrator). Note the reading on the
meter, and then adjust the vertical-amplifier gain to obtain a
peak-to-peak (total vertical excursion) deflection according to
the following schedule for a five-inch screen.

Meter reading Peak-to-peak deflection
db inches
0 1
1 1.12
2 1.26
3 1.41
4 1.59
5 1.78
6 2.0
7 2.24
8 2.51
9 2.82
10 3.16
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The gain control on the oscilloscope should not be changed
after this setting has been made, and onlythe attenuator on the
sound-level meter is used to adjust the gain when the noise
signal is applied.

The attenuator on the sound-level meter should be set so
that maximum deflection produced by the noise signalis within
the range shown on the above schedule. The decibel value
corresponding to this deflection is thenobtained from the above
schedule. The equivalent sine-wave level is sometimes given
as that decibel value plus the setting of the sound-level-meter
attenuator. The peak-to-peak sound-pressure level for the
noise is then that decibel value plus the sound-level meter at-
tenuator setting plus 9 db. The 9 db is added because the
original calibration is in terms of a sine wave, and the peak-
to-peak value of a sine wave is 9 db higher than the rms value
used for the meter calibration. This difference between the
peak-to-peak value as determined on an oscilloscope and the
value indicated on the meter will depend on the type of noise
being measured. For most noises it will be in the range of
6 to 15 db, but for impact sounds it can be as high as 30 db.

The most convenient means of measuring impact noises is
by use of an impact noise analyzer (see paragraph 6.3.6).

6.7.2.2 Wave-form Observations. The oscilloscope is also
useful for observing the wave form of the noise, For example,
on an impact sound it is usually most important to know the
peak level reached by the noise, but it is also important to
know how rapidly this level is reached and how rapidly the
level decays after the peak. The time measurements that are
required to determine this rate may be difficult, but a fairly
good estimate can be made in many instances by selection of
a sweep rate that displays the wave form with good separation
of the rise and decay transient. Then this sweep can be cali-
brated by use of a sine-wave signal of known frequency. Usu-
ally both of these displays should be photographed in order
that suitable length measurements can be made. These length
measurements are then related to amplitude and time by the
calibration procedures suggested. Analternative timing signal
can usually be put on the Z-axis (the beam intensity) as ex-
plained in the oscilloscope instruction book. When it can be
used, this timing system is usually more accurate than one
that depends on sweep stability.

6.7.3 VIBRATION MEASURING INSTRUMENTS. Many air-
borne sounds are produced as a result of the vibration of solid
materials. The amplitude and spectrum of these sounds are
determined in large part by the vibrating system, but the rela-
tions between the vibration and the resulting sound are so com-
plicated that computing one from the other is not usually
attempted. Vibration measuring equipment, nevertheless, can
be of considerable help in the solution of some noise problems.
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Figure 6-11. The Type
1560-P11B  Vibration
Pickup System used
with the Type 1551-C
Sound-Level Meter.

One class of these problems concerns reduction of the noise
radiated by machinery, appliances, and other equipment. The
vibration amplitude of the parts of the equipment can be meas-
ured, and in that way the parts that need most attention can
usually be determined. The procedure for makingthese meas-
urements is given in the Vibration Section of this handbook.

Another noise-measuring problem that can sometimes be
solved by the use of a vibration pickup is the following. The
noise output of nearly identical machines must sometimes be
compared as a production control. Frequently, the background
acoustic noise is so high that no satisfactory acoustical meas-
urement can be made. In contrast, it is sometimes possible
by suitable vibration mounts to keep background vibration from
other sources down to a sufficientlylow level so that the vibra-
tion of the machine itself can be satisfactorily measured. Then
a study of the problem may show that some vibration measure-
ments will provide the essential information needed for a noise
comparison of the machines.

6.7.4 EARPHONES AND STETHOSCOPE. A pair of high-
quality earphones with tight-fitting earphone cushions is a
useful accessory for noise measurements, and high-impedance
dynamic or crystal-type phones are recommended. Good ear-
phone cushions are essential to improve the low-frequency
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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 todetermine that the noise
heard in the earphones is the same type of noise heard without
the earphones. It is possible to detect trouble from micro-
phonics (usually a ringing sound) or stray pickupin this fashion.

When the noise level is high, say, 90db or higher, the leak-
age of external noise under the earphone may be sufficient to
mask the sound from the earphones. Then the earphone
cushions 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 desir-
able to have a long cord available sothat it is possible to listen
to the output of the earphones far from the noise source.

The earphones can also be used onthe output of the analyzer
to detect troubles from microphonics and stray pickup. In ad-
dition, a listening test may help one to determine which fre-
quency 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 shouts
into the sound-level meter microphone. A definite improve-
ment 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.

The stethoscope canalso be useful for trackingdown sources
of noise on a machine, because with it the pickup of sound can
be confined to a relatively small local area.

6.8 RECORD OF MEASUREMENTS.

One important part of any measurement problem is obtain-
ing 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 sample data sheets are shown
in Figures 6-12 and 6-13. The following list of important
items may be found helpful in preparing data sheets of this

type:

1. Description of space inwhich measurements were made.
Nature and dimensions of floor, walls, and ceiling.
Description and location of nearby objects and per-

sonnel.
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2. 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.

3. Description of secondary noise sources.
Location and types.
Kinds of operations.

4. Type and serial numbers on all microphones, sound-

level meters and analyzers used.

Length and type of microphone cable.

5. Positions of observer.
6. Positions of microphone.
Direction of arrival of sound with respect to micro-
phone orientation.
Tests of standing-wave patterns and decay of sound
level with distance.
7. Temperature of microphone.
8. Results of maintenance and calibration tests.
9. Weighting network and meter speed used.
10. Measured over-all and band levels at each microphone

position.
Extent of meter fluctuation.
11. Background over-all and band levels at each microphone
position.
Device under test not operating.
12. Cable and microphone corrections.
13. Date and time.
14. Name of observer.

When the measurement is being made to determine the ex-
tent of noise exposure of personnel, the following items are
also of interest:

Personnel exposed—directly and indirectly
Time pattern of the exposure.
Attempts at noise control and personnel protection.
Audiometric examinations.
Method of making examinations.
Keeping of records.

W N =

6.9 A NOISE PROBLEM.

In order to illustrate some of the procedures given in this
chapter, this closing section will describe how an industrial
noise problem might be handled.

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
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Figure 6-12. A sound-survey data sheet, courtesy of Loss Prevention
Department, Liberty Mutual Insurance Company.
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Figure 6-13. A noise-level field data sheet, courtesy of Illinois Com-
mittee on Noise in Industry, sponsored by the Industrial Hygiene Unit,
Factory Inspection Division, Illinois State Department of Labor.

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 possibilities,
to measure the noise produced by the machine, to measure the
background noise level, and then to decide what recommenda-
tions should be made.

90



The following instruments®* were chosen to take to the fac-
tory:

Type 1551 Sound-Level Meter (with regular microphone).

Type 1558-A Octave Band Noise Analyzer.

Type 1555-A Sound Survey Meter.

Type 1564-A Sound and Vibration Analyzer.

Type 1560-P11B Vibration Pickup System, comprising Type
1560-P52 Vibration Pickup and Type 1560-P21B 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 facilities are
limited. The procedure was as follows:

1. All equipment was turned on.

2. Batteries were checked.

3. The Sound-Level Meter was calibrated by means of its
own built-in calibration circuits.

4. The octave-band analyzer was connected to the sound-
level meter, and, with the 1000-cycle signal from that
instrument, its gain was set properly on the over-all
band. The band switch was switched through the bands
to see that the expected behavior was obtained.

5. The Sound and Vibration Analyzer was connected to the
sound-level meter, and the general procedure of Step 4
was repeated.

6. A Type 1552-B Sound-Level Calibrator and a Type
1307-A Transistor Oscillator were used to check the
over-all calibration of the sound-level meter.

7. The earphones were connected to the output of the Sound-
Level Meter. The attenuator was set at 90 db, the ap-
proximate expected level of measurement. Thenthe case
of the instrument was gently tapped with one finger.
Listening to the output indicated that the vacuum tubes
were not particularly microphonic.

The instruments were taken in an automobile to the factory,
where they were loaded on a rubber-tired cart and taken to

*Some of the instruments actually used in the problem have
been superseded by newer models, and where this is so, the
latest equipment is named. The principles and techniques
illustrated remain unchanged, and the slight departure from
authenticity is made up for by the greater usefulness of the
revised instrument list.
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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-cycle, 1730-
rpm, induction motor. This motor was air cooled. The oil
storage 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, seme
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 factory 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 seem
to be an important source of noise. For example, a check using
the Sound-Survey Meter 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 Sound-Survey Meter. As
expected there was no obvious directional pattern, even with
A weighting.

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 onan empty card-
board packing case on the concrete floor. 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. In the over-all position,
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there was no indication of microphonics inthe noise heard from
the earphones. Listening to the output of the various bands
showed that the noise in the 600 to 1200 and 1200 to 2400 cps
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 6-14. Then the pump was turned off,
and the background noise was analyzed. Inallfrequency bands
but the lowest (20-75 cps), 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 cps.

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 to make sure that nothing im-
portant would be overlooked, an analysis of the noise was also
made with the Type 1554-A Sound and Vibration Analyzer in
the narrow-band mode. The onlydiscrete components (definite
peaks in response as the analyzer was tuned) that were observed
are listed on the data sheet. Of these components, the one at
205 cps was the basic pumping rate of seven times the rota-
tional 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 cps was from discrete components, but
above that the noise was generally unpitched.
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Figure 6-14. Frequency analysis of the noise produced by a pump.
Levels measured with the octave-band analyzer are shown together
with components measured on the Type 1564-A Sound and Vibration
Analyzer. Background band levels are shown by borizontal dashed
lines; solid borizontal lines represent pump noise plus background.

93



WALL

. PUMP
A et . C
Oe—5'~ ——5 —=&
ELEV.=2 ELEV =2
5' g\s‘, ELEV.:5'6"
Dg/ B
ELEV.= 3
DISTANCE MEASURED
12' TO PUMP DIRECTLY TO PUMP
- at ELEVATIONS WITH
ELEV.Z 3 RESPECT
TO FLOOR
’mcnopuous sovrce  [PVERT 20 |75 |15 | 300 [600 | 1200 | 2400 | 4800
LOCATION ALL [| 75 150 | 300 | 600 | 1200 | 2400 | 4800 10000
A Pump + Bkgd* | 86 |72-76| 78 | 76 80 | 78 81 | 16 | 74
Bkgd 76-78 [72-76| 72 65 61 | 58 58 | 62 | 63

Pump + Bkgd 89 |72-76(74-78| 81 |85-86(81-8382-83 76 %

Bkgd 76 |70-74| 66 62 61 59 64 70 66

Pump + Bkgd 88 |74-78|76-78 80 84 82 82-83177-78 75

Bkgd 76.78 |72.74|72-74| 60 | 57 | 56 | 56 | 62 | 62

Pump + Bkgd |87-88 | 72-76|75-77| 82 82 9 82 74 72

m|lo|lo|lolw|®|>

Pump + Bkgd |84-8570-74| 74 78 80 76 76 T2 n

*Bkgd = Background

Figure 6-15. A diagram of the several positions used in making
octave-band analyses of pump noise. Results obtained at the various
locations are given in the table.

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 sound-level meter, and the sound
analyzer was also used. Exploration with the pickup and the
analyzer showed the following behavior. The pump itself was
vibrating most strongly; the high-frequency 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 the probe was moved about
the mounting base toward the concrete 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 6-15.
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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 levelsfrom the
pump with the background data and withthe speech-interference
criteria given in Chapter 8 indicated that a 20-db reduction in
noise level in the bands from 300 to 2400 cps would have been
desirable.

Therefore, as a solution to the problem, the following sug-
gestions were made:

One possible solution is to use a different pump based on a
principle of operation that produces less noise as a by-product.

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
outside the working area, and this solution was adopted. The
pump was moved to a nearby boiler room.

The use of earplugs, sometimes a solution to noise prob-
lems, was not adopted here because of the need for communi-
cations and the reluctance of personnel to wear such devices
except as a last resort.

What had been accomplished by these measurements? First,
they had ruled out the possibility of a simple solution, such as
isolating the whole structure by vibration mounts, putting flexi-
ble couplings in the pipe lines, or using acoustic baffles. Sec-
ond, they provided the data needed for a preliminary design of
a housing, so that its probable cost could be weighed against
other possible solutions. In short, these measurements pro-
vided the necessary data for a decision by management.
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chapter 7

NOISE SOURCE CHARACTERISTICS

7.1 INTRODUCTION

More and more apparatus is being rated for noise. This
rating is usually 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 acoustic 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 chapter 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 man-
ufacturer as producing a noise level of 85 db at a distance of
three feet. This level may have been calculatedby an averag-
ing of a few sound level readings three feet from the com-
pressor. When it is installed and the level is measured, the
new level may be, say, 90 db at three feet. Naturally, the
purchaser feels that he should complain because the machine
was incorrectly rated; perhaps he returns the compressor, or
he decides that he can no longer trust the manufacturer. Ac-
tually, the manufacturer may have been entirely correct in his
noise measurements, but the rating was inadequate. The dif-
ference of 5 db may have beencaused by incorrect installation,
but usually such a difference is aresultof the acoustical char-
acteristics of the factory space. By the use of an adequate
rating system and a knowledge of acousticalroom characteris-
tics, 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 atthe three-foot 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 3 feet.
Again, 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.

The procedure suggested here for determining the power
and directivity is based on measurements of the sound-pressure
level at a number of points around the noise source. The tech-
nique for measuring sound-pressure level has already been
discussed in Chapter 6. We shall discuss here the selection
of the points at which the sound-pressure level is measured,
the method of calculating the power and directivity, and the re-
quirements on the characteristics of the space in which the
measurement is to be made. We shall introduce this discus-
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sion by considering the behavior of noise sources under various
conditions.

7.2 SOURCES IN FREE SOUND FIELD.
7.2.1 SIMPLE SOURCE IN FREE FIELD.

7.2.1.1 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
the surface of the balloon then expanded and contracted uni-
formly, the balloon would be a simple, spherical source. This
source radiates sound equallyin all directions from an apparent
center, which is the center of the balloon. It then is a "point"
source, insofar as sound radiation is concerned.

7.2.1.2 Free Field. If such a point (or spherical) source is in
the air far from any other objects, including the ground, the
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Figure 7-1. Corrections for temperature and barometric pressure to be
applied when the equations relating power level (PWL) and sound-
pressure level (SPL) are used. The correction is to be added to, if
positive, or subtracted from, if negative, the sound-pressure level
computed by the equation from the power level. If the power level is
to be computed from a given sound-pressure level, the correction
should be subtracted from, if positive, or added to, if negative, the
given sound-pressure level before the numerical value is substituted
in the equation.
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sound-pressure produced by the source in every direction is
the same 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.

7.2.1.3 Power Level in Free Field. Under free-field condi-
tions, a single measurement! of the sound-pressure level at
a known distance from a point 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 interms of the
power level re 10-12 watt (PWL) of the source (Section 2.2).
Then the required relation to the sound-pressure level (SPL)
is:

PWL = SPL + 20 log r + 0.5 db

where r is the distance infeet from the point source to the point
where the sound-pressure level is measured. This relationis
correct for a point source in a free field at normal room tem-
perature and barometric pressure, that is, 20C and 1013 milli-
bars. At other temperatures and pressures, the correction
shown in the graph of Figure 7-1 applies. This correction is
usually unimportant.

As an example, suppose that we measured a sound-pressure
level of 73.5 db re 0.0002 microbar 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.

The value for 20 log r can be found from a table of loga-
rithms or from the decibel tables in the Appendix, where the
columns labeled as pressure ratios should be used for this
distance.

The power level can be converted to actual acoustic power
in watts as explained in Section 2.2. For the example above,
the 100 db corresponds to an acoustic power of 0.01 watt.

1The 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 meas-
urement (refer to paragraph 7.2.4).
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58db

Figure 7-2. Simplified contours of equal sound-pressure
level around a large power-distribution transformer.

We can also use the equation to predict sound-pressure
levels at any distance in the free field if we know the acoustic
power radiated. Thus, this point source radiating 0.01 watt,
corresponding to a power level of 100 db re 10°! watt, pro-
duces a sound-pressure level of 100 —=20.5= 79.5 db re 0.0002
microbar at 10 feet from the source.

7.2.2 DIRECTIONAL SOURCE IN FREE FIELD

7.2.2.1 Directional Source. In actual practice, most noise
sources are not as simple as point sources. The sound is not
usually radiated uniformly in all directions, either because the
shape of the sound source is not spherical or because the am-
plitude and time phase of the vibrations of the different parts
are not uniform or both. The net result is that more sound
is radiated in some directions than in others,

7.2.2.2 Sound-Pressure Contours. In other words, the sound-
pressure level for a given distance is different in different
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directions. As an example, let us observe the sound field sur-
rounding a large 60-cycle power-distribution transformer, as
shown in Figure 7-2. The contours around the transformer
correspond to the indicated values of sound-pressure level.
This source is obviously directional, since the contours are
not circular.

When such a directional sound source is far from any other
objects, however, it behaves in some ways like a point source.
For example, the sound-pressure level decreases 6 dbfor each
doubling of distance, provided we start our measurements at
a distance away from the source that is several times the
largest dimension of the source, and provided we move directly
away from the source. For the example of the transformer in
Figure 7-2 we see that, atdistances greater than several times
the length of the transformer, the contours are similar in shape
and the levels decrease approximately 6 db for each doubling
of distance. In actual practice this idealized behavior is upset
by the effects of variations in terrain, atmospheric conditions,
and the interference of nearby objects.

7.2.2.3 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 adistance. 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 another 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 cov-
ered and the wavelength of the sound in air. The wavelength,
X, at normal temperature is as follows:

1130
f

A= feet

where f is the frequency in cycles per second. Then, in order
that the ''near field" effect should not be very important, one
should be at least one wavelength away from the source. This
dimension should be determined on the basis of the lowest fre-
quency of interest. For the example of the 60-cycle trans-
former, the lowest frequency of sound is 120 cycles, 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
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spread out from a source. The sound waves from a large
Source vary with distance differently from waves producedby a
small source. But at a distance of several (3 to 4) times the
largest dimension of the radiating source, "'spherical spreading"
is said to exist, and the behavior is then essentially independent
of the size of the source.

7.2.2.4 Measurement of Contours of Sound-Pressure Level.
When it is important to know the characteristics of both the
near field and the far field, it is useful to make contour plots
similar to those shown for the transformer. These contours
should usually be made for each octave band, since the char-
acteristics for the different frequency bands will be different.

It is possible to determine these contours by measurements
at a large number of fixed stations around the noise source.
Often, however, after the data have been taken in this fashion,
it is found that the number of points is not adequate to ensure
satisfactory interpolation. A preferred procedure is to set up
the measuring equipment on a small cart. First, explore in a
large circle around the source to find the directions of the
maxima and minima. Then observe readings as the measuring
station is moved radially away from the noise source. At each
point where the levelreaches acertainvalue, the corresponding
distance on a steel tape laid out along the radial line is noted.
A number of these readings should be taken along different di-
rections. Many readings atrelatively smallintervals of sound-
pressure level can be made in a shorttime when this procedure
is possible.

7.2.2.5 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 Q. It can be expressed as the
ratio of two acoustic powers. One ofthese powers is that which
would be radiated by a point source inorder to produce the ob-
served sound-pressure level in the specified direction. The
other power is the total acoustic power radiated by the actual
source.

7.2.2.6 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
This equation relates the power level of the source, the sound-
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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 7-1.)

For example, let us assume that an auto horn whose meas-
ured 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.

7.2.3 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. As described in paragraph 6.5.1, 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 equations. The reflections can be reduced by
acoustic absorbing materials applied tothe reflecting surfaces.
By the proper design and application of this treatment, one can
produce in a room a limited space having the essential char-
acteristics 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 environ-
ment.

7.2.4 MEASUREMENT PROCEDURES. The sourcecharacter-
istics are obtained by use of the principles discussed earlier
in this chap’cer.2 Generally, the following characteristics must
be determined:
(1) The total sound power radiated by the source, as ex-
pressed by the power level, as a function of frequency.
(2) The directional characteristics of the source, as ex-
pressed by the directivity factor, as a function of di-
rection and frequency.

7.2.4.1 Measurement Positions.

2The procedures outlined here and in sections 7.3, 7.4, and 7.5
are similar to those givenin ASA S1.2-1962, American Standard
Method for the Physical Measurement of Sound, and that should
be consulted for specific details on the standard method.
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7.2.4.1.1 Measurements Around the Source. If free-field con-
ditions can be closely approximated, the power level and di-
rectivity can be calculated from the sound-pressure levels
measured at a number of points. *These measurements are
made at points at equal distances from the source and all
around the source. The points can be considered as being on
the surface of a hypothetical sphere surrounding the source.
The radius of this sphere should be at least three times the
largest dimension of the source, and should exceed the wave-
length corresponding to the lowest noise frequency of interest
(refer to paragraph 7.2.2 3).

Theoretically, the sound-pressure levels over the entire
surface of the sphere should be measured. The practical pro-
cedure for approximating this exploration istoselect a number
of points at which measurements will be made. Areas on the
sphere are then associated withthese points. These areas have
the measurement points as their centers, and the extent of each
area is determined by the nearness of the other measuring
points. In the process of making the basic measurements the
microphone should be moved around to determine the variation
in sound-pressure level within each area. If the variations in
sound-pressure level within any one area are greater than 2
db, it is advisable to select additional measuring points in that
area. However, if no attempt is being made to obtain an accu-
rate picture of the directivity pattern, the extent of the varia-
tion 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.

7.2.4.1.2 Uniformly Distributed Measuring Points. The calcu-
lations for the radiated power are simplified if the measuring
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 setshave 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 7-3, 7-4 and 7-5.
The particular orientation of the points shown was first pub-
lished in the 1953 edition of this handbook; these are now gen-
erally used, although a different orientation with respectto the
ground plane may be found desirable for some particular ap-
plications. The areas associated with the sets of 8, 12, and 20
points are regular sphericaltriangles, regular spherical penta-
gons, 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 distributed, they are all of equal im-
portance, because the distribution of points around any one
point is the same for all points.
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7.2.4.1.3 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
=5r)

When the hemisphere is used, the procedure for calculating
power is the same as that described for the sphere (paragraph
7.3). But 3 db should be subtracted from the power level fi-
nally obtained, because the area of the hemisphereis just one-
half that of the sphere.

7.2.4.1.4 Rotation of Source. Another way of simplifying the
calculations is torotate the source, with the microphones placed
on the surface of a hypothetical sphere surroundingthe source,
so that the projections of their positions onthe axis of rotation
are uniformly distributed. A variation of this method, prac-
ticed by the Bell Telephone Laboratories, calls for the rotation
of a set of microphones about a stationary source.

7.3 CALCULATION OF POWER LEVEL.

7.3.1 GENERAL. If exploration shows that the basic set of points
ylelds representative data, the calculations of the power level
and directivity factor canbe made. For auniformly 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 average is usually adequate. The accu-
rate method for any situationis 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 respectively). The result is then the average
level, which we shall call L.. 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 7.2.4.1.4, the average energy during a
complete rotation as well as for all the microphone positions
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should be taken, and the corresponding average sound-pressure
level used in the above formula.

7.3.2 CALCULATION OF DIRECTIVITY FACTOR. After the
average sound-pressure level, SPL, has been determined, the
directivity factor can also be calculated. If it is desired for
a particular direction, the sound-pressure level on the meas-
uring sphere corresponding to that direction, SPL1,is meas-
ured. The difference between this level and the average level
is called the directional gain, DGl‘ Thus,

DG1 = SPL1 -SPL db

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.

7.3.3 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 7.3.3.1, the measurement should ordinarily 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 backgroundnoise level is low enough.

7.3.3.1 Requirements on Room Characteristics. If the meas-
urement is to be made in aroom,itshould be a large room, with
extensive acoustic treatment. The measurement points should
not be closer to the acoustic treatment than one-fourth wave-
length at the center frequency for the lowest required band
(approximately 5 feet for the lowest standard octave). Large
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acoustic absorption is particularly important if the directivity
characteristics must be accurately determined. 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, and some of
them have been described in the Journal of the Acoustical So-
ciety of America.

7.4 SOUND SOURCE IN A REVERBERANT ROOM3.

All sources that radiate sound as discrete tones or as very
narrow-band components and all sources whose directivity must
be determined can be measured only by the above ''free-field"
procedure. The total power radiated by a source whose sound
energy is distributed over a wide band of frequencies can, how-
ever, be determined in a reverberant room -- that is, a room
with hard walls, floor, and ceiling.

7.4.1 MEASUREMENTS IN A REVERBERANT ROOM. 1In a
reverberant room, sound power can be determined from meas-
urements of average sound pressure in the room and of the
total absorption. The absorption is determined from a meas-
urement of the rate at which a transient sound in the room
decays. The procedure is as follows: The sound source in
the room is turned on and the soundis allowed to reach a steady
value. The sound is picked up by the microphone 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 sec-
ond is the rate of decay, D.

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

3The procedures given in Sections 7.4 and 7.5 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, "Standard Mechan-
ical 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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where V is the volume of the roomin cubic feet and SPL is the
average sound-pressure levelinthe reverberant field. The nu-
merical value of 47.3 in the above formula varies with atmos-
pheric pressure, as shown in Figure 7-6. For most measure-
ments at sea level the value of 47.3 can be used.

7.4.2 ROOM REQUIREMENTS. In order for the measurement
to be accurate, the room must satisfy the following conditions;

1. If the source has abroad 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 frequen-
cy of the lowest octave band of interest.

2. No two dimensions of the room should be alike. A ratio
of 1: 2 : ¥4 for the height, width, and length is often rec-
omniended.

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 roomof 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 suspended
in the room, but not in the center, at least one-fourth wavelength
from the walls. No large surface of the source should be par-
allel to any nearby wall.

7.4.3 SAMPLING AND AVERAGING PROCEDURE. The de-
sired sound-pressure level is an average taken at several po-
sitions 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 measure-
ment 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 7.3.1.

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 condi-
tions 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 patternduring the measurement,
one microphone position may be adequate for the measurement.
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This procedure in effect averages the sound-pressure level
over a large area. The single-microphone method is not rec-
ommended, however, unless extensive experience 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.

7.5 COMPARISON METHOD.

The procedures given above require 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 sound 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.

7.5.1 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 aroundthe source
at a distance from the source equal to at least the maximum
dimension of the source. The measurements areusually made
in octave bands. The measured levéls are averaged on an en-
ergy basis for each band.

2. The unknown source is operated in place of the standard
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 averagelevel be-
tween the standard and the unknown is applied to the known
power level of the unknown source.

7.5.2 REQUIREMENTS FOR STANDARD SOURCE. The stand-
ard 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 spec-
trum and directional properties of the standard source should
be nearly the same as those of the unknown source.

7.5.3 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.
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7.6 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 anechoic,
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 — 10 log 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 7-6).

Close to the source the level is almost as if free-field con-
ditions existed. The level decreases with increasing distance
from the source and the average approaches the reverberant
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
architectural acoustics. There the calculation procedure is
normally given for reverberation time, T. The decay rate, D,
is then easily obtained as follows:

- 80
£ =

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 corner. 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.
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chapter 8

LOUDNESS, SPEECH INTERFERENCE,
HEARING DAMAGE, AND NEIGH-
BORHOOD REACTION TO NOISE

8.1 INTRODUCTION.

This section gives the specific details for calculating the
loudness level and the speech-interference level of noise. It
also gives some suggested methods for estimating, from meas-
ured octave-band levels, the possibilities of hearing loss as a
result of exposure to certain noises and for estimating the re-
actions of people to noise in a residential area.

8.2 LOUDNESS.

The charts of Figures 8-1 and 8-2 have been prepared to
simplify the calculation of loudness from octave-band levels.
The procedure is as follows:

1. The band level in db for each ofthe octave bands is first
used to determine aband loudnessindex. The measured sound-
pressure levels in the bands are changed accordingto the table
of Figure 8-1 or 8-2, and the shifted levels are then entered
on the line charts to obtain a loudness index for each band.
(Because of the variability of loudness judgments, accurate
interpolation on the charts is not ordinarily necessary.)

2. The loudness of the noise is then the loudness index of
the loudest band plus 0.3 times the sum of the loudness indexes
of the remaining bands.

3. This total loudness can be converted to loudnesslevel in
phons by the table in Appendix III.

4. The calculated loudness is labeled sones (OD) and loud-
ness level, phons (OD) to designate that they have been calcu-
lated from octave-band levels (O) 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 charts, which are based
on Stevens's! method, agrees reasonably well with direct as-

1The method used here is that given in S. S. Stevens, '"Proce-
dure for Calculating l.oudness: Mark VI," Journal of the Acous-
tical Society of America, Vol 33 No. 11, November 1961, pp
1577- 1585.
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Figure 8-1. Chart for calculating loudness from an analysis of the
noise in the octave bands, 37.5 - 75, 75 - 150, 150 - 300, 300 - 600,
600 - 1200, 1200 - 2400, 2400 - 4800, and 4800 - 9600 cps. For each
of the three lower octave bands, enter the shifted level in the appro-
priate line chart to obtain the loudness index. For levels outside the
range of these charts, and for all other octave bands, use the left-hand
line chart to obtain loudness indexes. The noise is assumed to be
coming at the listener from many directions (diffuse field).
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Figure 8-2. Chart for calculating loudness from an analysis of the
noise in octave bands centered at 31.5, 63, 125, 250, 500, 1000, 2000,
4000, and 8000 cps. For each of the four lower octave bands, enter
the shifted level in the -appropriate line chart to obtain the loudness
index. For levels outside the range of these charts, and for all other
octave bands, use the left-hand line chart to obtain loudness indexes.
The noise is assumed to be coming at the listener from many direc-
tions (diffuse field),
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sessments made by loudness balances against a 1000-cps tone.
But the calculation will probably give too low a value for the
loudness of intermittent or impact sounds when the band levels
are measured with an "averaging' meter of the type commonly
employed.

To illustrate this procedure, consider the following calcula-
tions based on octave-band measurements of the noise in a
factory:

Octave Band Add to Shifted Band
Band Level Level Level Loudness
cps db db db Index

37.5 - 75 76 -12 64 4.5
75 - 150 77 -9 68 7.5
150 - 300 82 -6 76 12
300 - 600 82 -3 79 14.7
600 - 1200 79 0 79 14.7

1200 - 2400 82 +3 85 21.9

2400 - 4800 74 +6 80 15.6

4800 - 9600 72 +9 81 16.7

S = Sum of Band Loudness Indexes = 107.6

-Sm = -Maximum Band Loudness Index = -21.9

£S - S, = 85.7

0.3(XS - S, )= 257

+5, = +21.9
0.3(ZS - Smy) + S, = 47.6sones (OD)*
95.7 phons (OD) *

or computed loudness level
(from Appendix)

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

It is useful to note that one can often tell, merely from the
highest shifted level, which is the bandthat contributes most to
the loudness. The exceptions occur when the levels are low
and the low bands dominate. Then one must resort to the charts
to be sure of the result.

For a quick check to find the dominant band, 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 calculation charts at hand.
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The concept of "perceived noise level' has been developed
by Kryter? as an alternative way ofratingnoise. This concept
is preferred by some, particularly for rating aircraft noise.
The calculation procedure is similar to that of Stevens, and
the end result is expressed inn "PN db."

Another and more elaborate loudness calculation procedure
has been developed by Zwicker3 for third-octave analysis.
That this more difficult calculation results in a calculated loud-
ness that is in better agreement with subjective data is not at
all clear, however.

8.3 SPEECH-INTERFERENCE LEVEL.

The average of the band levels in db for the three octave
bands, 600-1200, 1200-2400, and 2400-4800, is called the
speech-interference level. For example, in Section 8.2, the
levels given in these bands for a factory noise are 79, 82, and
74 db, and the speech-interference level is then 78.3 db.

8.3.1 SPEECH INTELLIGIBILITY. For satisfactory intelligi-
bility of difficult speechmaterial, maximum permissible values
of speech-interference levels for men with average voice
strengths are given in Table 8-1.

Table 8-1.

Speech-interference levels (indbre 0.0002 microbar) should
be less than the values given below in order to have reliable
conversation at the distances and voice levels shown.

Voice Level

Distance Very
(Feet) Normal Raised Loud Shouting

0.5 71 77 83 89

1 65 71 77 83

2 59 65 71 77

3 55 61 67 73

4 53 59 65 71

5 51 57 63 69

6 49 6] 61 67

12 43 49 55 61
24 37 43 49 5)ts)

2. K. D. Kryter, '""The Meaning and Measurement of Perceived
Noise Level," Noise Control, Vol 6, No. 5, September-QOctober,
1960, pp 12-27.

1
3. E. Zwicker, "Ein Verfahren zur Berechnungder Lautstairke,"
Acustica, Vol 10, No. 1, 1960, pp 304-308.
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It is assumed in this chart 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 78.3 db, com-
puted above, is high, and the chart indicates that shouting is
usually necessary and that the two people must be closer to
each other thantwo feetinorder to be understood satisfactorily.
If the words spoken are carefully selected and limited in num-
ber, intelligible speech will be possible at greater distances.

If a number of conversations are to be held in the same re-
verberant 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 con-
versation will be subject to interference from the noise pro-
duced by all the other conversations. The general procedure
for calculating a speech-interference level under those condi-
tions has not been completely worked out.

8.3.2 TELEPHONE USABILITY IN NOISY AREAS. The speech-
interference level can also be usedtopredictthe expected usa-
bility 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 60 db Satisfactory
60 to 75 db Difficult
above 75 db Impossible

For calls within a single exchange, the permissible speech-
interference levels are 5 db greater than those shown in the
table.

8.3.3 CRITERIA FOR INDOOR NOISE LEVELS. A suggested
rating system for offices, based on a number of psychological
and acoustical tests, is shown in Figure 8-3. The curves on
this graph relate the measured speech-interference level of
the background noise and the subjective ratmg of the noise
ranging from '"very quiet" to "intolerably loud." The two dif-
ferent rating curves illustrate that the env1ronment 1nf1uences
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-
Plamts about n01se will be high for subjective ratings above
Moderately N01sy and low for subjective ratings below '"Mod-
erately Noisy." Furthermore, because of direct interference
with transferring information, efficiency may be reduced for
levels appreciably above the criterion points marked A and B.
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Figure 8-3. Rating chart for office noises. Data were determined by
an octave-band analysis and correlated with subjective tests. (Cour-
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Suggested criteria for noise control in terms of maximum
permissible speech-interference level (SIL), measured when
the room is not in use, are given in the following table:

Table 8-2. Criteria for Noise Control
Maximum Permissible SIL

Type of Room (measured when room
is not in use)

Small Private Office 40
Conference Room for 20 30
Conference Room for 50 25
Movie Theatre 30
Theatres for Drama

(500 seats, no amplification) 25
Coliseum for Sports Only ( Amplification) 50
Concert Halls (No amplification) 20
Secretarial Offices (Typing) 55
Homes (Sleeping Areas) 25
Assembly Halls (No amplification) 25
School Rooms 25

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-interferencelevel
at that location and find it to be 64 db, whereas the suggested
speech-interference level criterion for a small conference room
is 30 db. The room must then be designed to attenuate the noise
from the factory space by about 34 db in order to have a con-
ference 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 side).

When a complete octave-band analysis is made, the noise
can be rated by the use of a ''Noise Criterion'" (NC) rating. A
number of these have been developed, and the chart shown in
Figure 8-4 is based onthe work of Beranek and.his associates.
The measured octave-band levels are plotted onthis chart, and
the noise is rated accordingtothe highest NC value in any band,
as shown by a peak on the chart. The numerical values of the
criteria shown in Table 8-2 apply for this system of noise rat-
ing also. Thus, for example, a rating of NC25 or less is rec-
ommended for school rooms. Because this system takes into
account the noise energy in the lower-frequency bands as well
as in the SIL bands, it should be a more reliable method of

4L. IL.. Beranek, editor, Noise Reduction, New York, McGraw-
Hill, 1960, pp 518ff.
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rating. It will be obvious from the data plotted on the chart
what regions of the frequency spectrum need most attention
in a noise-control program.

8.3.4 RESIDENTIAL NOISE LEVELS. Some factories, recre-
ation halls, electrical substations, trucks, and airplanes are so
noisy that they annoy people living near them. The reactions
of those that are annoyed may range from mild remarks to
legal action. Those that are responsible for the noise would
naturally like to avoid the expense of court action; and, 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.

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. 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 intothe problem. In addi-
tion to the range of reactions to be expected from different
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 occurrence during
the day; and the general background noise levelin the residen-
tial area affected. So far the data that is available is limited
primarily to the reactions of people in residential 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.

A tentative ratingd for these residential noise problems is
obtained in the following way: The octave-band noise levels
are measured in the neighborhood. Under difficult circum-
stances, depending on the type of noise source and atmospheric
conditions, particularly wind, such ameasurement mayrequire
surveys for long periods of time. These measured levels are
then plotted on the chart of Figure 8-5 to determine a "level
rank.

5W. 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 Commun-
ity's Reaction to Noise: Can It Be Forecast?', Noise Control,
Vol 1, No. 1, January, 1955, pp 63-71.
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Figure 8-5. Set of curves for assigning a level rank to a residential
noise. The octave-band levels of the noise are plotted on this chart.
The highest of the alphabetically labeled zones into which any of the
band levels penetrates is the level rank of the noise.

For example, assume that the octave-band levels produced
at night by a newly erected power substation at the nearest
house in a suburban area are as follows.

Octave Band-cps Band Level-db
25- 75 30
75- 150 48
150- 300 47
300- 600 38
600- 1200 34
1200- 2400 28
2400- 4800 22
4800-10000 22
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Table 8-3

List of Correction Numbers to be Applied to
Level Rank to Give Noise Rating

Possible Correction
Influencing Factor Conditions Number
Noise Spectrum Character Pure-tone components +1
Wide-band noise 0
Peak Factor Impulsive +1
Not Impulsive 0
Repetitive Character Continuous exposures
(about one-half minute to one per minute 0
noise duration assumed)
10-60 exposures per hr =]
1-10 exposures per hr =2
4-20 exposures per day =3
1-4 exposures per day -4
1 exposure per day -5
Background Noise Very quiet suburban +1
Suburban 0
Residential Urban =1
Urban near some industry =2
Area of heavy industry =3
Time of Day Nighttime 0
Daytime only 2
Adjustment to Exposure No previous conditioning 0
Considerable previous
conditioning 9l
Extreme conditioning =2

When these levels are plotted on Figure 8-5, it is seen that,
in this particular case, the level rank of the 150-300 cps band
is the highest of any of the bands. The noise is then assiﬁned
that rank. The level rank of this assumed noise is then "C'".
This rank is then corrected by the numbers in Table 8-3, ac-
cording to the factors listed. For the assumed noise the spec-
trum has strong pure-tone components (+1); itis a steady noise
(0) not impulsive (0), in a suburban neighborhood (0), at night-
time as well as daytime (0), and we shall assume that this
neighborhood has no previous conditioning to a noisy nighttime
background (0). The net correction is then a shift upward of
one level to a corrected '"level rank' or noise rating of ''D".
Then from the chart of Figure 8-6 we predict that probably
only a few people would complain about this noise. If there
were many houses in a region of this noise level, the power
company would probably try to reduce the noise level in order
to avoid losing the good will of the neighborhood. ;

This -rating system can also be handled in the opposite se-
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Figure 8-6. Relation between the noise rating and the expected re-
sponse from the residents exposed to the noise.

quence. Thus, we could decide on the sortof response that we
would be willing to have or to risk and proceed from that to
the maximum allowable levels in each band.

Sometimes a noisy device is in a building where there are
also bedrooms. The noise level produced by thatdevice in the
bedrooms should then be rated one rank higher than that given
in Figure 8-5, since engineering experience indicates that the
residents are less tolerant of noise generated within the same
building.

The procedure given here is intended mainly as a guide.
As more experience is obtained in this field of neighborhood
noise problems, it can be expected that some revision of the
numerical values will be found desirable.

8.4 HEARING DAMAGE FROM EXPOSURE TO NOISE.

As described in Sections 3.9 and 5.6, all noise ratings con-
cerning the possibility of hearing damage aretentative at pres-
ent. Many ratings have been suggested but no standards have
yet gained acceptance, and all that can be done here is to indi-
cate the order of magnitude of noise levels that are being con-
sidered as safe for lifetime exposures. More complete
information is necessary before a widely acceptable ratingcan
be given. In addition, general agreement must be reached on
answers to the following questions:

(1) What kind and amount of hearing loss constitutes a suf-

6ASA Subcommittee Z24-X-2, The Relations of Hearing l.oss
to Noise Exposure, American Standards Association, 70 East
45th Street, New York, January, 1954.
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ficient handicapto be considered undesirable? What role should
presbycusis play in the setting of such a figure?

""{2) What percentage of the people exposed toindustrial noise
should a standard be designed to protect? Inview of the large
individual differences insusceptibility to noise exposure, should
a noise standard be aimed at preventing hearingloss in 50, 90,
or 99 percent of the population?

"(3) How should noises be specified and exposures meas-
ured? Since differenttypes of noises are apparently not equally
effective in producing hearing losses, agreement must be
reached on a standard specification of the spectral and temporal
characteristics of the noise."

The noise-level ratings to be given here apply only to con-
tinuous exposure during a regular working day for a number
of years and to steady noises, not toimpact or impulsive sounds,
such as gunfire. Impact sounds are more difficult to measure
adequately (refer to paragraphs 6.3.6 and 6.7.2), and less in-
formation regarding hearing damage from impact sounds is
available.

One suggested preliminary test is based on the reading of
a Sound-Survey Meter or Sound-lLevel Meter withthe B weight-
ing network. A reading above 100 db indicates that the noise
is probably unsafe for everyday exposures, at least for some
people, and noise reduction or ear protection is necessary.
Readings below 80 db indicate that there is probably no danger
from the noise even if it is a simple tone.

When the reading with the B weighting network is above 80
db, analysis is necessary, and an investigation should be made
with the octave-band analyzer. When this analysis is made,
the following tentative criteria may be applied: If the octave-
band pressure level in any of the bands from 300 to 4800 cycles
per second exceeds 85 db, hearing-conservation procedures
are recommended. The more these band levels exceed 85 db,
the more urgent is the need for noise reduction and ear pro-
tection. This criterion is limited to years of everyday expo-
sure; evidence reported by the American Standards Association
Subcommittee Z24-X-2 indicates that intermittent exposure
causes less hearing loss than does continuous exposure to the
same type of noise. This information is inadequate for formu-
lation in terms of noise rating; however, an estimate has been
made that if the daily exposure is only five minutes, for in-
stance, a level of 105 db can be used as the criterion level.
More evidence is needed before a widely accepted standard is
available.

Some industrial and governmental organizations have set
up a program that includes periodic hearing tests7? and records

7A Guide for Conservation of Hearing in Industry, Subcommit-
tee on Noise of the Committee on Conservation of Hearing,
American Academy of Ophthalmology and Otolaryngology.
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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 protection — used.
Such a systematic approach is recommended for organizations
having employees exposed to high-level noise.

For those concerned with the problem of noise-induced hear -
ing loss, we recommend that they request the latest information
on this subject from the Research Center, Subcommittee on
Noise of the Committee on Conservation of Hearing of the
American Academy of Ophthalmology and Otolaryngology, 327
S. Alvarado St., Los Angeles 57, California.
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chapter 9

NOISE CONTROL

9.1 INTRODUCTION.

When we want to reduce noise, we usuallybegin by measur-
ing the noise spectrum to obtain the quantitative information
that is helpful in doing something about the problem. We com-
pare the measured noise levels with the acceptable levels,
which are often estimated by use of one of the criteria given in
Chapter 8. The difference between these two levels is then
the noise reduction necessary.

The next step is to find out how this noise 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 towork on noise prob-
lems, a few introductory statements on the subject will be
made. Useful information on this subject will be found in Sound
(formerly Noise Control), published by the Acoustical Society
of America, in books on noise control and architectural acous-
tics, in books on mechanical vibrations, in some books on
acoustics in general, in some articles in the Journal of the
Acoustical Society of America, and in some articlesin various
trade journals.

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.

9.2 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 areduction of vibration am-
plitudes and of the radiation of sound produced by the vibration.
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 sothat 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, structure,
and mounting) on the spectrum should also help in finding the
important elements.

The sound energy can be reduced in a number of ways. If
friction is the force producing the vibration, better lubrication
may help to reduce it. But in some situations, adding friction
or damping may absorb some of the energy in the vibration and
thereby reduce it. Driven parts that fit poorly or that are
badly worn may need correction or tightening. Usually, the
speed of all parts should be kept as low as possible to achieve
a low noise level. Air streams should be of low velocity to
keep noise energy down. The use of structural materials, such
as some plastics, with inherent vibration-damping qualities
may be possible as another means of absorbing the energy.

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 oftentrou-
blesome coupling members. The resonance may be in the
mechanical structure or in an air chamber. Ineither situation
it is usually possible to shift the resonance by changes in the
structure or to damp the resonance by adding absorbing ma-
terial. 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 per-
mitting 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.
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9.3 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.

(3) Introduction of attenuating structures between source
and listener.

9.3.1 CHANGES IN POSITION. Increasingthe distance between
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 onlyintheregion where approximately
free-field conditions exist. (See Section 7.4.)

9.3.2 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 limitations
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 distance
from the source. But at the same time not much reduction is
obtained at a distance of 2 feet, say, which is a common distance
between a machine and the operator's ear.

9.3.3 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 transmission
through a ventilating duct or by solid-borne vibration. Be-
cause of this possible flanking transmission in ventilating sys-
tems, total enclosures frequently require carefully designed
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
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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 is rela-
tively small. Here, too, absorbing material should cover the
barrier to avoid exaggerating the level by reflections from the
barrier.

9.3.4 ILLUSTRATIVE EXAMPLE. In order to illustrate the
possible noise reduction achieved by use of vibration isolation,
barriers, enclosures, and acoustic treatment, an example made
up for the purpose is shown in a series of figures, Figures
9-1 to 9-8. 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 (Sec-
tion 8.3). 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 9-1 shows the octave-band analysis of the noise from
the assumed machine. The speech-interference level is also
shown. This machine is anoisy one witha 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 Monthe figures.

The use of vibration isolation mounts may be an important
step in noise control. As shown in Figure 9-2, 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 notimportant at high frequencies.
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 vibra-
tion 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 sufficiently soft
that the basic vibration resonance of the machine on the mount-
ing system is below 20 cps. 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 9-3 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
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Examples to illustrate the possible noise
reduction effects of some noise control measures,
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sound isolation. If we build an enclosure solely of these ma-
terials mounted on a light framework, we would typically find
the result shown in Figure 9-4. 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 9-5. Here an ap-
preciable 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. Sec-
ond, the side walls of the enclosure absorb only a small per-
centage 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 9-6. Here we see a noticeable
improvement over most of the audio spectrum.

When the sound absorption 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 withinthe enclosure can
usually be reduced by the addition of some sound-absorbing
material within the enclosure, with the result that the level
outside the enclosure is also reduced. This effect is shown
in Figure 9-7, which should be compared with Figure 9-6.

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 9-8 can be obtained.

9.4 SUMMARY.

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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chapter 10

INTRODUCTION TO
VIBRATION MEASUREMENTS

10.1 GENERAL.

Vibration is the term used todescribe continuing or steady-
state periodic motion. The motion may be simple harmonic
motion like that of a pendulum, or it may be very 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 cps),
or it may involve, wholly or in part, structures found in vac-
uum tubes, bridges, or battleships. Usually the word vibration
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 one or two cps to 2,000 cps (corresponding to rota-
tional speeds of 60to 120,000 rpm). Insome specialized fields,
however, both lower and higher frequencies are important.
For example, in seismological work, vibration studies may
extend down to a small fraction of a cycle per second, while in
loudspeaker cone design and studies of subminiature vacuum-
tube elements, vibrations up to 20,000 cps must be studied.
Electrical, electronic, and mechanical components of guidance
systems of space probes, missiles, and supersonic airplanes
must withstand severe vibrations at frequencies extending from
below 10 cps to above 20 kc. Vibrations of electrical and me-
chanical auxiliaries aboard ships must be kepttoa minimum to
ensure service-free and silent operation. Several important
effects of unwanted vibration in mechanical systems make it
desirable to study vibration and, if possible, to reduce it.

(1) Noise is created by the transmission of solid-borne
audio-frequency vibrations to air. Hence, the process of qui-
eting a machine or device includes a study of the mechanical
vibrations involved.

(2) High-energy acoustical noise, generated by very power-
ful jet or rocket engines, produces vibrations that may weaken
structural members of a vehicle or cause failure of an elec-
trical or electronic component.

(3) Human discomfort and fatigue result when a vehicle
subjects the passenger and operator to excessive vibration.
Hence, vibration studies are an essential part of the develop-
ment program for trains, buses, boats, airplanes, and auto-
mobiles.

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

There are, on the other hand, many important applications
of controlled vibration. Tiny vibrators attached to instrument
panels are used to overcome pivot friction of indicating meters.
Electrical and pneumatic vibrators of numerous shapes and
sizes are used as hopper shakers in material-handling appli-
cations. Electrodynamic shakers or vibration exciters are
made in sizes ranging from small units to calibrate small vi-
bration pickups and to excite lightweight specimens such as
subminiature vacuum tubes, to giant six-ton units used to test
large assembled mechanisms and heavy components. Inaddi-
tion, small piezoelectric shakers are used to test small
components and to calibrate vibration pickups. Also, electro-
mechanical shakers using electric-motor-driven off-balance
weights generate vibrations of components weighing up to 200
or 300 pounds, and hydraulic shakers are used to test very
large machines.

In the design and adjustment of these vibrating systems it
is necessary to make the same types of measurements as are
made in the study of unwanted vibrations.

10.2 VIBRATION TERMS.

10.2.1 DISPLACEMENT, VELOCITY, ACCELERATION, AND
JERK. Vibration can be measured in terms of displacement,
velocity, and acceleration. Theeasiest measurement tounder-
stand 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, that is, a sinusoidal function having
the form

x = A sin wt (1)

where A is a constant, w is 2n times the frequency, and t is
the time as shown in Figure 10-1. The maximum peak-to-peak
displacefnent (a quantity indicated by a dial gauge) is 2A, and
the rms* displacement is A//_.Z_(=0.707A). The average (full-
wave rectified average) value of the displacement is 2A/m
(=0.636A), while the "average double amplitude'' (a termocca~

1
root-mean-square
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Figure 10-1. A simple sinusoidal function.

sionally 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. Avibrating mechanical
part will radiate sound in much the same way as does a loud-
speaker. 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 wave-
length 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 is the time rate of change of displacement, so that
for the sinusoidal vibration in equation (1) the velocity is:

v = W A cos wt (2)

Thus velocity is proportional to displacement and to frequency
of vibration.

The analogy cited above covers the case where a loudspeaker
cone or baffle is large compared with the wavelength of the
sound involved. In most machines this relation does not hold,
since relatively small parts are vibrating at relatively low
frequencies. This situation may be compared to a small loud-
speaker without a baffle. At low frequencies the air may be
pumped back and forth from one side of the cone to the other
with a very high velocity, but without building up much of a
pressure or radiating much sound energy because of the very
low air load, which has a reactive mechanical impedance.
Under these conditions an acceleration measurement provides
a better measure of the amount of noise radiated than does a
velocity measurement.
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In many cases of mechanical vibration, and especially where
mechanical failure is a consideration, the actual forces set up
in the vibrating parts are important factors. The acceleration
of a given mass is proportional to the applied force, and a re-
acting force equal but opposite in direction results. Members
of a vibrating structure, therefore, exert forces on the total
structure that are a function of the masses and the accelera-
tions of the vibrating parts. For this reason, acceleration
measurements are important when vibrations are severe enough
to cause actual mechanical failure.

Acceleration is the time rate of change of velocity, so that
for a sinusoidal vibration.

a = -w? A sin wt (3)

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
frequencies this change is related to riding comfort of autos
and elevators. It is also important for determining load tie-
down in planes, trains, and trucks.

10.2.2 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 (see Chapter 2) with respect to a reference
acceleration and velocity. The reference value of 10-6 cm/sec
for velocity and 103 cm/sec/sec for acceleration are now
being used, although other references, notably 10-9 meters/sec
and 10-6 meters/sec/sec, have been proposed. The selection
of suitable standard reference values for acceleration, velocity,
and displacement is now being studied.

10.2.3 NONSINUSOIDAL VIBRATIONS. Equations (1), (2), and
(3) represent only sinusoidal vibrations, but as with other com-
plex waves, complex periodic vibrations can also be repre-
sented as a Fourier series of sinusoidal vibrations. These
simple equations may therefore be expandedtoinclude as many
terms as desirable in order to express any particular type of
vibration. For a given sinusoidal displacement, velocity is
proportional to frequency and acceleration is proportional to
the square of the frequency, so that the higher-frequency com-
ponents in a vibration are progressively more important in
velocity and acceleration measurements than in displacement
readings.

10.2.4 SUMMARY. Displacement measurements are usedonly
in instances where the actual amplitude of motion of the parts
is important. This would include those instances where the
dynamic loading due to the operating machinery in a factory
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may cause unsafe deflections in flooring and walls, or where
the large amplitude of motion might actually cause parts to
strike together causing damage or serious rattle. The deflec-
tions observed at the center of a wall panel or a beam, for ex-
ample, can give useful information about the stresses actingin
these members. The displacement isnotdirectly a measure of
surface strain of the member but is rather an integrated indi-
cation of the strain. The strain measured by the usual strain
gauge is a minute elongation or compression of material be-
tween points an inch or soapart. Incontrast, the displacement
measurement referred to above is the bending of material over
a distance of several feet.

Velocity measurements are generally used in noise prob-
lems where the radiating surfaces are large compared with the
wavelength of the sound.

Acceleration measurements are applied to problems where
actual mechanical failure of the parts involved is important,
and they are also applied to many noise problems, especially
those involving small machinery.

Jerk measurements are used for checking riding comfort
or load tiedown requirements. A general-purpose vibration
meter, therefore, must be able to measure all four vibration
characteristics.
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chapter 11

DESCRIPTION OF VIBRATION-
MEASURING INSTRUMENTS

1.1 INTRODUCTION.

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, ameasuring microscope may be used.
For rapid motion, a stroboscope can be used to produce an
apparent slow-motion replica of the rapid motion for optical
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 (more
generally called a transducer) to transform the mechanical
motion into a corresponding electrical signal. This signal is
amplified, measured, and analyzed by electronic instruments.
We will devote most of our attention to this system.

The most commonly used vibration pickup is a piezoelectric
accelerometer, in which a piezoelectric element is deflected
by its own inertia when the pickup is subjected to vibration.
The voltage generated is proportional tothe acceleration. 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.

N.2 THE VIBRATION METER.

The vibration meter shown in Figure 11-1 takes advantage
of the wide frequency range of the piezoelectric type of pickup.
The response for the measurement of acceleration extends
smoothly from 2 to 20,000 cycles per second, as shown in

1Cyril Harris and Charles Crede, Shock and Vibration Hand-
book, McGraw-Hill Book Co., New York, 1961, Chapters 12
through 17,

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, 1950,
Chapter 8, pp. 301-389.
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Figure 11-1. Type 1553-A
Vibration Meter.

Figure 11-2. The meter is calibrated directly in terms of
peak, peak-to-peak, and average displacement, velocity, ac-
celeration, and jerk; these areindicated in mils, inches/second,
inches/secondz, and inches/second3, respectively. Another
model of this instrument indicates the same quantities in metric
units, i.e, mm, meters/sec, meters/second?, and meters/
second®, respectively.

Since the vibration pickup used with this meter is of the
acceleration type, two stages of electrical integration and one
differentiation are necessary to provide the various types of
response. The integrating and differentiating circuits are
built in as part of the amplifier. This allows more freedom
in the design, and better performance is possible than with the
control-box attachment used with the sound-level meter (see
paragraph 11.3).

Figure 11-3 shows the over-all characteristics in terms of
response for a constant-acceleration vibration as a function
of frequency. The peak above 2000 cycles is caused by the
natural resonance of the pickup. The instrument is direct-
reading for acceleration, velocity, and displacement from 2 to
2000 cps, and direct-reading for jerk over the frequency range
of 1 to 20 cps, when used with the Type 1560-P52 pickup nor-
mally supplied. When used with an auxiliary high-frequency
accelerometer such as the Endevco Type 2217, the direct-
reading range starts at about 25 cps and extends to 20 kc for
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Figure 11-2.
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Figure 11-4. Oscillograms showing the operation of the integrating
circuits in the vibration meter. In (A) a square wave is shown as
transmitted by the amplifier when set for acceleration measurements.
(B) shows the wave after one stage of electrical integration for
velocity measurements, and (C) shows the result of two stages of
integration as used for displacement measurements.

acceleration measurements. For velocity and displacement
measurements, the high-frequency range is limited to about
2000 cps by the internal noise level in the instrument. The
curves of Figure 11-3 show how the integration process atten-
uates the higher frequencies with respect to lower frequen-
cies. Figure 11-4 shows the effect of the electrical integration
on a square wave. The square waveformof Figure 11-4A, after
two steps of integration, approaches a sinusoidal waveform
(Figure 11-4QC).

1.3 VIBRATION PICKUP SYSTEM.

Vibration measurements can be made with a sound-level
meter when a vibration pickup is substituted for the micro-
phone. With the sound-level meter, the Type 1560-P52 Vi-
bration Pickup and the Type 1560-P21B Control Box are used.
The pickup itself is of the piezoelectric accelerometer type.
The control box, which is connected between the meter and the
pickup, converts the response so that the meter indicates ve-
locity and displacement as well as acceleration. The combina-
tion of pickup and control box, called the Type 1560-P11B
Vibration Pickup System, provides a convenient and inexpensive
way for owners of sound-level meters to make vibration meas-
urements within the audio-frequency range. However, the
sound-level meter circuits respond down to only 20 cycles, and
consequently the combination is not suitable for measuring
lower-frequency vibrations. The vibration meter must be used
where low frequencies are important.

The sound-level meter is calibrated in decibels, which must
be converted to vibration amplitude, velocity, or acceleration.
The calibration chart supplied with each vibration pickup system
gives the proper conversion factors for that system when it is
used with a particular sound-level meter. By means of these
data, plus the decibel table in the Appendix (also supplied in
the instruction book for the vibration pickup system), the read-
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Figure 11-5. The
Type 1560-P11B
Vibration Pickup
System. (See also
Figure 6-11.)
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ings may be readily converted to inches (displacement), inches
per second (velocity), or inches per second per second (accel-
eration).

1.4 ANALYZERS.

11.4.1 GENERAL. Thevibration meter measures the displace-
ment, velocity, acceleration, or jerk of a vibration. Unless
the waveform is substantially sinusoidal, however, the vibration
meter by itself gives little information about the frequencies

141



of the individual vibration components.2 An analyzer, there-
fore, is desirable and often is a necessity. As with noise, the
analysis of vibration provides clues to the sources of the vi-
bration components and information necessary in the suppres-
sion of the vibration.

Vibration, like noise, may be classified into two types--
pitched, which consists of individual components that vary in
frequency by the same percentage that the machine speed var-
ies; and unpitched, which is caused by shock excitation, turbu-
lence, friction, and the like, and which occurs over bands of
frequencies.

A number of analyzers can be used withthe vibration meter
or with the sound-level meter--vibration pickup system com-
bination to extend the range of usefulness of these instruments.
These analyzers vary in complexity and ease of operation. The
relative usefulness of each analyzer depends on the vibration
problem to be solved.

11.4.2 SOUND AND VIBRATION ANALYZER. The sound and
vibration analyzer shown in Figure 4-5 is a portable, battery-
operated, continuous-spectrum instrument. Operation is sim-
ple, and the entire frequency range of the instrument can be
quickly scanned. Any one of four decade frequency ranges can
be selected, and the frequency is indicated on a single dial.
Circuit elements consist of only resistors and capacitors, and
the case is electrostatically shielded so that the instrument is
unaffected by ordinary electromagnetic and electrostatic fields.

The sound and vibration analyzer covers the frequency range
from 2.5 to 25,000 cycles per second. The meter scale is
calibrated in decibels for use with the sound-level meter--
vibration pickup system combination, and in linear units for
use with the vibration meter. Incombination withthe vibration
meter, this analyzer provides a convenient means for meas-
uring not only the over-all vibration level but also the ampli-
tudes of the components of the complex waveform.

The selectivity characteristics are shown in Figure 11-7.
The shape of the selectivity curve is constant in terms of per-
centage of the resonant frequency over the entire range.

Either of two bandwidths is selected by means of a panel
switch. The ONE-THIRD OCTAVE position is helpful in lo-
cating components quickly in a fast sweep over the spectrum
and in checking amplitudes of random vibrations. It is also
used to measure frequency and amplitude of components when

2For sinusoidal vibrations, the frequency can be calculated
from readings of displacement and velocity. As shownin equa-
tions (1) and (2), the frequency will be: f = v/2mx, where the
displacement (x) is in inches, and the velocity (v) is in inches
per second.
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the frequency is drifting rapidly or is fluctuating about a mean
frequency. Otherwise, the final determination of frequency
and amplitude is made with the bandwidth switch in the narrow
1/10 OCTAVE position.

11.4.3 WAVE ANALYZER. A wave analyzer uses a fixed-
frequency filter in a tunable heterodyne system similar in prin-
ciple to the common superheterodyne radio receiver. It is
continuously tunable from 20 cycles per second throughout the
audio band in a single sweep of the tuning dial. The resulting
filter response is constant with respect tothe number of cycles
per second deviation from the center frequency over the entire
tuning range.

This analyzer has an output for recording and a linear fre-
quency scale. An analysis that is linear in frequency scale is
useful for tracking down harmonic relations, since successive
integral harmonics are spaced uniformly. Modulation of one
frequency component by another, such as occursingear trains,
is also more readily observed interms of the frequency spacing
of components about a main component. A wave analyzer is
often preferred to other types of analyzers for analysis of the
vibration of gear trains and rotating or reciprocating machinery.

11.4.4 OCTAVE-BAND ANALYZER. The octave-band ana-
lyzer shown in Figure 4-4 can be used for the rapid analysis
of noise or vibration. It operates directly from the output of
a vibration meter or sound-level meter. Except for very low-
level vibrations, it also operates satisfactorily from the output
of the vibration pickup - control box system. The analyzer is
sensitive enough to indicate over-all and octave-band acceler-
ation levels operating simply with avibration pickup. Although
the octave-band analyzer does not operate at the low frequen-
cies desired in many vibration measurements, it is useful in
those vibration measurements made in connection with noise
reduction problems. It is mucheasiertousethan is a narrow-
band analyzer, although this added convenience is gained at a

143



sacrifice in detail of analysis.

The Type 1558-A Octave-Band Noise Analyzer consists of a
set of 10band-pass filters selected by means of a rotary switch.
Thesebandsare: 18,75t037.5cps; 37.5t075 cps; 75 to 150 cps,
150 to 300 cps; 300 to 600 cps; 600 to 1200 cps; 1200 to 2400
cps; 2400 to 4800 cps; 4800 to 9600 cps; 9600 to 19,200 cps.

The Type 1558-AP Octave-Band Noise Analyzer is similar
to the Type 1558-A, except that its 10 octave bands are cen-
tered on a different set of preferred frequencies. Its octave
bands are centered at 31.5, 63, 125, 250, 500, 1000, 2000, 4000,
8000, and 16,000 cps.

The instrument is powered by a rechargeable nickel-cad-
mium battery and is housed in a convenient portable carrying
case that serves as an easel-type stand during operation.

11.4.5 IMPACT-NOISE ANALYZER. Impact-type waveforms,
such as those produced by punch presses or drop hammers,
cannot be properly evaluated by a vibration meter or vibration
meter--spectrum analyzer combination. A cathode-ray os-
cilloscope can be used to study such waveforms, but measure-
ment is complicated and often cannot be carried out at the site
of the vibratory disturbance. The instrument recommended
for studying impact or impulse-type waveforms is the impact-
noise analyzer. This analyzer operates directly from the output
of a vibration meter to measure the peak level and duration
of the impact waveform. The sound and vibration analyzer or
a magnetic tape recorder can be used as auxiliary equipment.

Through the use of electrical storage systems, three char-
acteristics are measured by the analyzer for each impact; a
peak instantaneous level, an average level, and a continuous in-
dication of peak vibration level. (The duration of the impact can
be estimated from the difference between peak instantaneous
level and average level.) Any one of the three characteristics
can be switch-selected for presentation on the meter.

11.5 VIBRATION CALIBRATOR.

The vibration calibrator shown in Figure 11-8 is a small,
single-frequency calibrator useful for checking the over-all
operation of a vibration-measuring system. The calibrator
consists of a resiliently supported cylindrical mass, driven by
a small, transistorized, electromechanical oscillator mounted
within the cylinder. Small accelerometers may be mounted
on either of two disk-shaped platforms attached to the shaker.
Large accelerometers may be mounted in place of the disk-
shaped platforms. To calibrate an accelerometer, the LEVEL
control is adjusted for a meter reading corresponding to the
mass added to the moving system of the calibrator. The ac-
celerometer is then being driven at an acceleration of 1 g at
100 cps. The excursion of the calibrator can be adjusted for
1 g acceleration with any pickup weighing up to 300 grams.
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11.6 STROBOSCOPES.

11.6.1 GENERAL. The stroboscope is valuable in many vi-
bration studies because 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 re-
volve at 1 rpm, and at 1801 flashes per minute it will appear
to rotate backwards at 1 rpm. Becausethe eye retains images
for an appreciable fraction of a second, no flicker is seen ex-
cept 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 conditions. This type of instrument can be
used to measure the speeds where vibrations occur in most
rotating or reciprocating machines. Displacements in vibrat-
ing 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 used to confirm the calibration of vibration
calibrators, and automotive engineers have used it to measure
crankshaft whip and vibration.

11.6.2 STROBOTAC® ELECTRONIC STROBOSCOPE. The
Strobotac® , shown in Figure 11-9, is asmall, portable strob-
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Figure 11-9. Type 1531-A Strobotac® electronic stroboscope (left),
Type 1531-P2 Flash Delay (attached to stroboscope ), and Type 1536-A
Photoelectric Pickoff.

oscope calibrated to read speed directly in revolutions per
minute. The light source is a strobotron tube, mounted in a
parabolic reflector. The frequency 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. 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® isdecreased below 600 per
minute, the flicker becomes pronounced due to the inability of