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PREFACE

Employer and employee awareness of the problems of industrial noise
has increased notably in the past decade. Industry's concern about
noise, especially since the mid-1960s, has been growing steadily.
In the early 1970s, the Occupational Safety and Fealth Administra-
tion (OSHA) established a noise exposure regulation specifically
for workplaces. Industry has responded to the new interest 1in
noise reduction, but has encountered difficulties in correcting
individual noise problems and implementing company-wide noise re-
duction programs. Company personnel who may have little or no
understanding of the causes or solutions of the problems of noise
may be asked to select a noise control method or device, to choose
nolse control materials, to use noise measuring instruments, or

to declde whether to call upon a qualified consultant.

In this dilemma, industry's need is clear: practical information
about noise control, information based on metheds that have been
tested and found successful — in terms of effectiveness, time,

and cost — in achieving an acceptable noise environment in in-
dustrial plants. In the mid-1970s, the National Institute for
QOccupational Safety and Health (NIOSH) contracted for a manual of
such practical information. The result was the Industrial Noise
Control Manual [HEW Publication No. (NIOSH) 75-183], which included
essentlial Information about noise control techniques and a collec-
tion of case histories of successful noise control projects in
industrial plants.

In 1977, NIOSH scheduled a revision of the popular Manual to- cover
work performed between 1975 and 1978. For this edition, previous
case histories have been reprinted, new case histories have been
added, and additional case histories have been abstracted from
current literature. The revised Industrial Noise Control Manual
now contains a comprehensive presentation of practical applica-
tions of noise control in industry.

NIOSH welcomes industrial noise control case histories for future
editions of the Manual. As in this edition, case historles will
carry full identification of the persons who do the work and the
firms for which the work is done. The preferred form for case
histories is:
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Case

H.

Description of the process, machine, and noise problem
Noise measurements made and discussion of findings
Control approaches — advantages and disadvantages

Results in terms of the noise reduction achieved and the
cost

Pitfalls to avoid when implementing the control methods

Figures — noise data (e.g., octave-band sound pressure
levels)

Sketches of area layout, machine/operator relationship,
construction details of noise control devices

Photographs of machines before and after modifications —
8 x 10 glossy preferred.

histories should be sent to:

Physical Agents Contrcl Section, CTRB

Division of Physical Sciences and Engineering
National Institute for Occupational Safety and Health
4676 Columbia Parkway

Cincinnati, Ohio 45226
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ABSTRACT

This Manual contains basic information on understanding, measuring,
and controlling noise, and more than 60 actual case histories of
industrial noise control projects. It i1s written for persons who
have had little or no experience in noise control. Included are
sections on noise problem analysis, basic methods of noise control,
acoustical materials, and the cholce of a consultant. An exten-
sive, partially annotated biblicgraphy of books and articles on
relevant topies is included in the Manuagl, as is an annotated list
of sources containing more case histories.

This report was submitted in fulfillment of Contraect No. 210-76-
0149 by Bolt Beranek and Newman Inc., under the sponsorship of the
National Institute for QOccupational Safety and Health.
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1. INTRODUCTION
WHAT THIS MANUAL IS ABOUT
.Noise problems abound in industry. They encompass:
* Intrusion of plant noise into nearby residential areas
« Intrusion of plant noise into adjoining office spaces

* Interference with speech communication and audible warning
sounds by noise in the work area

. FPermanent hearing loss and other detrimental health effects
caused by long-term exposure to excessive plant noise.

The first three problems reflect the "annovance" effects of noise;
the fourth involves actual physiological damage.

This Manual can help you, the plant executive, engineer, or staff
member, solve all four kinds of problems. In addition, much in-
dustrial noise today is subject to Federal regulations, and this
Manual will help you meet Federal standards, but the approaches
to nolse control described in this Manual apply to all situations
in which noise annoys or harms humans, not just those situations
covered by regulations.

In the first, or general discussion, part of this Manual, we
emphasize approaches to noise control. Why approach and analysis,
rather than outright soluticns? The reasons are two:

* Learning how to approach and analyze the general problem of
noise is more valuable than learning the solution to a few
specific problems of noise;

* The sources of industrial noise are so many that a listing of
these sources, their uses, and their almost innumerable
possible treatments would fill an encyclopedia, not a manual.

We present, therefore, one broad, basic approach, in the form of
four short questions.

Also, 1in the first part of this Manual, we discuss noise control
techniques in general, rather than in terms of specific applica-
tions. The general discussions that appear in the next four



sections of this Manual are, we belleve, a necessary introduction
to the second part: detailed reports of the actual case histories.

ORGANIZATION OF THE MANUAL

An effective approach to a noise problem can be divided into these
four questions:

« Is there a problem?

- How gsevere is 1t?

+ What causes it?

+ What can be done to solve it?

The next four sections of this Manual — Noise Problem Analysis,
Noise Control, Noise Control Materials, and Selecting and Choosing
a Consultant — discuss these questions and offer answers, or in-
formation on which you can base your answers. In the following
Case Histories section, more than 60 examples of actual noise
control are arranged by treatment category, rather than by machine
type, to illustrate approaches to noise control as well as solu-
fions to individual problems.

The Manual ends with an extensive, partially annotated bibliography
of books and articles on topics discussed throughout the book and
an additional annotated list of sources conftaining more case
histories.

Note: Metric units are used generally throughout the Manual,
though some English units have been retained, particularly in
several older case histories.



2. NGCISE PROBLEZM
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DOES A NOISE PROBLEM EXIST?

Is the level of noise in your plant hazardous? Annoying? To find
out, try to talk with someone in the noisy area of the plant. If
you can talk comfortably with somecone 1 m away, there is probably
not enough plant noise at that position to damage hearing. But

if you, or others, must shout tc be heard or understood at close
distances (between 20 to 40 cm), plant noise at that position
probably can cause hearing loss, and ycu should have the sound
levels there measured wilth sultable instruments.

How about noise traveling out of the nolsy plant area? If person-
nel in other parts of the plant complain, yocu should investigate
their complaints, and measure the levels of the socund they hear.
If plant neighbors complain, or if local authorities say the sound
exceeds applicable noise ordinances, a problem may exist and mea-
surements are called for.

Once appropriate, accurate sound level measurements are made,
measured values should be compared with the noilse regulatlon or
sound level criterion correct for the situation. ("Criterion"
here means a target for an acceptable sound level for a specific
environment.)

When you are seeking compliance with OSHA noise regulations, the
sound level regulation is a function of both sound level and
datly exposure time. If the measurements reveal an excessive
combination of sound levels and exposure times, a noise problem
exists.

For noise intrusion into other parts of a plant or building, use
the same approach. Measure sound levels, compare them with well-
authenticated criteria, and determine whether a problem exists
and what the solution may be.

Even in the absence of complaints from plant neighbors, a loeal
noise ordinance may dictate the allowable sound level limits.

(Be aware that a local ordinance may designate different levels for
daytime and nighttime plant operation.) When no local ordinance
exists and neighbors are saying the sound from the plant is "too
loud," your best move is to make sound level measurements in the
community — first, when the plant 1s not operating, second, when 1t
is. If you find that plant noise is well above the "ambient," or
background sound in the community, a community noise problem gquite
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probably exists. A sound that causes annoyance or offense may be
affected by many factors, all adding to its complexity. A tonal
sound, such as the "whine" of a fan, or an intermittent or impul-
sive sound, such as those made by a jackhammer, a pile driver, a
steam vent blowing off, or an outdoor P.A. system, is usually more
jdentifiable — and more objectionable — than a sound that has less
noticeable characteristics.

A noise problem, then, may manifest itself in one or both of two
ways:

« By the subjective response of people who are disturbed by
the noise

* By objective measurements of the sound levels and comparison
of those values with noise regulations or noise criteria
generally regarded as applicable to the situation.

Toe understand sound measurements, characteristics, and interpreta-
tions, you must have a general knowledge of the theory and ter-
minology used in acoustics and noise control. The next two sub-
sections summarize this material briefly.

What Is Sound?

Key words:

Sound Broadband Sound
Frequency Qctave Bands
Wavelength Root-Mean-Square (rmeg)
Hertxz Sound Pressure

Tonal Decibels

Harmonics Sound Pressure Level
Fundamental Frequency Pascal

Sound is a physical occurrence. It is caused by minute pressure
variations that are transmitted (invisibly) by wave motion. The
propagation of sound is analogous to the disturbance that is
transmitted along the length of a long stretched spring (fizxed

at both ends), when a section of the spring at one end is
repegtedly and regularly compressed and released. The compressed
and stretched parts of the resulting wave traveling along the
spring are like the compressed and rarified parts of a sound wave
traveling through the air. The rate at which the spring is
periodically compressed and released (or at which the air is com-
pressed) becomes the frequeney of the wave. The spacing between
consecutive disturbances on the spring becomes the wavelength.



In the spring, as in air, the speed of travel of the disturbance
depends only on properties of the medium through which 1t travels.
Speed, frequency, and wavelength are interrelated by the following
equation:

frequency = speed of disturbance * wavelength.
Acousticians write thils relationship as:
f = c/X. (2.1)

Imagine the stretched spring again. With a fast rate of com-
pressing and releasing the spring, there will be only short dis-
tances between successive disturbances traveling along the spring.
With a low rate of compressing and releaslng the spring, there
will be relatively long distances between successive disturbances
traveling along the spring. In other words, for sound in air (as
well as for the spring), high frequencies have short wavelengths
and low frequencies have long wavelengths. This fact is borne

out by Equation 2.1.

Sound moves in ailr at normal room temperature and pressure at a
speed of about 340 m per sec. Freqguency is expressed as
oscillations or vibrations or events per second, called Hertz,
abbreviated Hz (formerly identified by the unit "cycles per
second" or cps). Wavelength may be quoted in meters, feet, or
inches. Figure 2.1 is a wavelength chart.
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Figure 2.1. Frequency-wavelength chart for sound in air at normal
temperature and pressure.
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If you were to hear a sound at a single frequency, it would sound
tonal, like the sound of a vibrating tuning fork. Most sounds
actually are composites of many frequencies. Notes played on
musical instruments, for example, contain not only a dominant
"fundamental frequency," but alsc additional tones having multi-
ples of the fundamental frequency (overtones or harmonies). For
example, "A below middle C" on a piano keyboard has a fundamental
frequency of about 440 Hz, but its sound also contains tonal com-
ponents at 880, 1320, 1760, 2200, 2640 Hz, and so on, as
coneceptualized in Figure 2.2.
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Figure 2.2. Frequency component of musical note.

Many typical socunds do not have tones at fixed frequencies, i.e.,
an automobile or truck driving along a street, an air jet or air
leak from a compressed air supply, the "bang" of a punch press,
or the combustion roar of a furnace. These sounds have short,
repeated, random bursts of noise at all frequencies across the
full range of human hearing (say 16 Hz to 16,000 Hz, more or less).
Such sounds are termed "broadband,” but their noise composition
can still be broken down into the frequency contents of the noise.
Most often, values for the noise contained within adjacent bands
of frequencies (called oetave bands) are used to display the
frequency composition of a sound. Figure 2.3 illustrates the
concept. The alr leak produces mostly high-frequency "hissy"
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Figure 2.3. Frequency composition of two cormmon industrial sounds.

sounds; the furnace combustion produces mostly low-frequency
"rumbles." Such spectra (frequency breakdowns) are a kind of
signature of the noise. Sometimes more detailed spectra are

used in noise analysis. The wvalues of the frequency content would
then be pleotted in one-third octave bands or one-tenth octave
bands, for example.

The frequency content of noise is very important because hearing
damage is related to frequency, and the effectiveness of noise
control treatments depends on frequency.

Think of the vibrating stretched spring again. The parts of the
coll vibrating back and forth move only through short distances.
Similarly, in the sound wave, air particles vibrate back and
forth only through very short distances (perhaps a few ten-
thousandths of a millimeter or a few millionths of an inch); the
air partieles do not travel all the way across the room or across
a field. Yet they transmit thelr energy by setting adjcining air
particles into vibration, and those, in turn, pass the vibration
on to their neighboring air particles. Air is a nearly perfectly
elastic medium, and there is practically noc loss of energy as
these parfticles transmit their vibration from one to another
across the room at the speed of sound.



As the alir particles vibrate, momentary tiny fluctuations ocecur in
the atmospheric pressure. It is these pressure changes that our
‘ears detect as sounds or that a microphone responds to. The
sound pressure changes alternatively positive and negative rela-
tive to atmospheric pressure, as the air is compressed and
rarified.

It is necessary to be able to apply numbers to the pressure changes
that occur. The best quantity to use 1s the average pressure.

But if we tried to average the sound pressure changes that occur
at a particular point and over a particular time interval, we
would find the average ailways equal to atmospheric pressure — all
the positive pressure fluctuations are exactly counterbalanced by
the negative ones. Thus, in place of a simple average, the in-
stantaneous pressures are first squared, then square-rooted before
making the average. This procedure gives a positive valued
quantity to a sound pressure. This is what is meant by the root-
mean~gquare (rms) value of the sound pressure.

A very weak sound may have an rms sound pressure that is very
small compared to atmospheric pressure; in fact, the rms sound
pressure of a barely audible sound at 1000 Hz (in the frequency
region where we hear best), in a very quiet environment, is about
0.0000000002 or 2 x 10~!'° atmosphere, obviously a small pressure.
A very loud sound could have an rms sound pressure of over 0.001
atmosphere. These numbers not only represent a large range of
possible pressure variation, but also inveoclve some very unwieldy
numbers,

To simplify the numbers, while relating them to a meaningful scale,
rms sound pressures are quoted in terms of decibels. (A meaning-
ful scale is one that bears some relation to the apparent "loud-
ness" of the noise.) Decibels are logarithmic values, and they
are based on a reference starting point. The starting point, O
decibels, is the rms sound pressure corresponding to the weakest
audible sound mentioned above (0.0000000002 atmosphere). This

is the weakest sound that can be heard by a large proportion of
people (when tested under ideal listening conditions). All sub-
sequent sound pressures (unless otherwise noted as such) are rms
sound pressures and are referred to that standard reference pres-
sure.

The decibel (abbreviation: "dB"), is the unit for expressing
sound pressure level relative to 2 x 107!? atmosphere. In the
metric system, this reference pressure is 2 x 10~° Newton/m2.

The unit "pascal" is defined as 1 N/m?, so the sound pressure
level reference is currently expressed as 2 x 10~% pascal or

20 micropascal. Thus, to be technically correct, one should say,
"The sound pressure level is 75 decibels relative to 20 micro-
pascal." Since this is a universally recognized pressure base,
it is often not quoted, however, and one usually says, "The sound
pressure level is 75 dB."



The word level is used to designate that the rms pressure is rela-
tive to the universal base sound pressure. The sound pressure
level (SPL) for any measured sound is defined by:

(rms sound pressure measured)?

u

SPL (in decibels) 10 log

(20 micropascal)?

or

(rms sound pressure measured)
{20 micropascal)

Il

20 log

In practice, a sound level meter is calibrated to read decibels
relative to 20 mieropascal, so a person is seldom aware of the

rms pressure of the actual sound (that is, how many millionths of
an atmosphere it is, or how many Newtons per m?, or 1b per in.2, or
dynes per em?). Yet we are aware that very quiet sounds {(a quiet
whisper, or the rustling of grass in a very slight breeze) may
range from 10 to 20 dB, while very loud sounds (a nearby diesel
truck or an overhead alrcraft shortly after takeoff or a loud

clap of thunder) may range from 85 dB to over 130 dB. Instan-
taneous sound pressure levels of 160 dB can rupture the eardrum,
and the risk of permanent hearing impairment increases as a function
of sound levels above 80 dB.

"dBA" vs HdBll
Key words:

Prequency Weighting Networks
A-Weighted Sound Levels
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Anyone involved in noise control quickly learns a basic concept:
People's response to sound is frequency-dependent. We hear best
at frequencies arocund 500 to 5000 Hz, for example, and perhaps
for this reason, we are most annoyed or disturbed by noise in that
range. In addition, we know that high sound levels and long ex-
posure times to sounds in this same frequency range contribute to
hearing loss. These facts have ramificatlons on the effects of
sound, and, consequently, there is usually a need to know about
the frequency distribution contained within a given sound being
investigated, and alsc a need to place emphasis on those fre-
quencies having the greatest effects.



The typical sound level meter has three different frequency-
weighting networks, identified as the A-, B-, and C-scale networks.
Their frequency responses are given in Figure 2.4, Extensive
studies have shown that the high-frequency noise passed by the
A-weighting network correlates well with annoyance effects and

. hearing damage effects of the noise on people. Consequently,
sound pressure levels, as measured with the A-scale filter, are
used in various rating systems for judging the annoyance of noise
and for evaluating the hearing damage potential of high sound
levels and exposures. (The term noise erposure involves both
sound levels and the duration of exposure time to those sound
levels; it is discussed in more detail later.) The OSHA noise
regulation incorporates A-weighted sound levels for this reason.
(Note that when weighting factors are applied in determining the
level of a noise, the term "pressure" is dropped from the expres-
sion "sound pressure level.")
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Figure 2.4. Response characteristics of welghting scales and of
ear at threshold.

The fourth curve in Figure 2.4 shows the approximate relative sen-
sitivity of the average ear (as a function of frequency) when
tested for hearing weakest possible sounds ("threshold"), confirm-
ing the high-frequency region of highest sensitivity.
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Table 2.1 gives the octave-band frequency response of the A-
weighting network, as taken from Figure 2.4. When the sound level
meter is switched to the "A"™ position, the meter gives a single-
number reading that adjusts the incoming noise at the microphone
in accordance with this filter response and then indicates a nu-
merical value of the total sound passed by this filter. The
resulting value is called the A-weighted sound level, and it is
expressed in units designated dBA. In the literature, Lp is

used to denote sound pressure level in dB, and LA is used to
denote A-weighted sound level in dBA.

Table 2.1. Octave-band frequency characteristies of the
A-weighted sound level meter filter.

Octave-band :
center Filter
frequency response
{(Hz) (dB)

31.5 -39.5
63 -26
125 -16
250 - 8.5
500 - 3.0
1000 0
2000 +1.0
4000 +1.0
8000 -1.0

OSHA REGULATIONS: WORKER NOISE EXPOSURES

Key words:

Noise Exposures Daily Noise Dose

Noise Emissions Impulee Sounds

Noige Dose Peak Sound Pressure Level
Partial Noise Dose Slow Meter Response

The Occupational Safety and Health Administration (OSHA), by au-
thority granted under the Occupational Safety and Health Act of
1970, has established regulations for worker noise exposures.

OSHA regulaticns state that occupational noise exposures should not
exceed 90 dBA for an 8~hr work period. For briefer time periods,
higher sound levels are permitted, as shown in Table 2.2. It is
quite clear that personnel must be present to hear a sound before
the regulation is applicable. Thus, a machine producing 120 dBA

11



Table 2.2. Permissible noise exposures.

Duration per day Maximum allowable
in hours sound level (dBA)
3
8 90 |
6 92 |
y 95
i 3 97
; 2 100
! 1 105
] 1/2 110
! 1/4 or less 115 ,
. |

is not in violation 1f no one is around the machine to hear it.
Do not confuse measures of sound produced by equipment (noise
emissions) With measures of sound recetved by a worker (noige
exposures).

In many plant situations, sound levels may vary during the day.
Machines may operate in various modes, and the sound levels may
change accordingly. Workers may move around their machines or
to different parts of the plant. Productlon sequences and their
resulting sound levels may change during the day or workshift.

Thus, there is a need to account for time-varying noise in deter-
mining noise exposure. The OSHA regulation deals with exposure to
changing scund levels by application of the noise "dose” concept.
Exposure to any sound level at or above 90 dBA results in the
worker incurring a partial (fractional or incremental) dose of
noise. The more intense the noise and the greater its duration,
the greater the partial dese. The sum of gall the partial doses
may be calculated to produce the total or daily neise dose, which
should not exceed a specified value. Each fractional dose from
exposure to a given sound level is equal to:

the time actually spent at the sound level
the allowed time for that sound level

The allowed time can be found from Table 2.2 {(which is taken from
the regulation), or it may be found, from the following equation,
for sound levels not listed in the table:

_ 430
allowed time = 0.2(LA-90) s {(2.2)

2

where L, 1s the actual A-weighted sound level at the operator
position.
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The total noise dose for the day is the sum of all partial doses,
as in the eqguation:

2
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where each C_ 1is the actual exposure time for each sound level and
its correspoﬁding Tn is the allowed exposure time from Table 2.2
or Equation 2.2 for that sound level. With the O0SHA limit at

90 dBA for an 8-hr day, the total dose i1n Zquation 2.3 should

not exceed 1.00. Note that if the OSHA 8-hr noise 1limit were
changed to some other value N (such as 85 dBA, for example),
Equation 2.2 would become

480
0.2 (Lp-N) °

allowed time =
2

and total nolse dose would still be calculated 1In accordance with
Equation 2.3.

Under the regulation in effect at the time of publication of this
Manual, where 90 dBA is the basic 1imit, sound levels under 90 dBA
are not applicable in computing partiasl doses. In other words,
any length of exposure time at 89 dBA is permitted and 1s not
counted as contributing to the total daily dose.

As an example for determining whether a noise exposure is in com-~
pliance with the 0OSHA noise regulation, suppose an operator is
exposed to the following daily sound levels:

105 4dBA for 15 min 92 dBA for 1.5 hr
95 dBA for 2 hr 85 dBA for 4.25 hr

In accordance with the 90-dBA/8-hr limit in effect at the time
of publication,of this Manual,

0.25 2 1

5 4,25
1 gt +

D é —

0.25 + 0.5 + 0.25 + O

1.0 (at or below 1.00, so it 1s acceptable).

To determine if the regulatlion is satisfied, then, a person's
mixed exposure to a variety of sound levels must be considered

as follows: (1) Sort the exposure into actual time spent at the
various sound levels, (2) calculate the incremental doses for each
sound level, (3) sum the incremental doses, and (4) compare the
total with the allowable total dally noise dose, which is equal

to 1.00.
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Clearly, much analysis is required for complex noise exposures,
especially for noise exposures that may vary on a day-to-day basis
as well as on an hour-to-hour or minute-to-minute basis. The O0SHA
regulation is not restrictive as to the method that can be employed
to make the noise exposure determination, and some equipment is
available that enables the evaluation to be made automatically or
semiautomatically. Several exposure evaluatlon methods are dis-
cussed later.

The present regulation contains a few additional stipulations:

» No exposure may exceed 115 dBA. A violation occurs if any
exposure 1s greater than 115 dBA, regardless of how brief it
is.

* No sound impulses may exceed 140-dB peak sound pressure
level. Impulses, ill-defined in the regulation, are con-
sidered sounds with peaks occurring at intervals of 1 sec
or more. JSpecial equipment 1s needed to evaluate the peak
sound pressure levels, which are unwelighted measures of the
maximum instantaneous pressure variation, as contrasted with
neasures of the rms value of the pressure variation.

+ Sound levels are to be determined using a "slow response”
setting on the meter. This reference is to the averaging
time of the meter circuitry of the instrument. The smaller
the averaging time, the more closely the meter will trace
actual pressure fluctuations. Slow response Iincorporates
an averaging time of about 1 sec, and thus peak fluctua-
tions in pressure within a given second become moderated and
yield a lower average level.

HOW TO MEASURE SOUND

In the usual industrial noise situation, there will be two types
of measurements:

(1) Compliance measurements, which are made in accordance
with some relatively precise set of instructlons, usually based
on laws or regulations.

(2) Diagnostic measurements, which are used in engineering
control of noise to help locate specific nolise sources and deter-
mine thelr magnitudes, and to help select the types of controls
needed, their locations, and the amount of reduction sought.

In this section, we discuss instrumentation, and procedures for

making compliance measurements and in the following sections, we
discuss diagnostic measurements.
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Compliance measurements are made in accordance with some rela-
Lively precise set of instructions, usually based on laws and
regulations. The purpose is usually to determine the extent of
compliance with the limits set forth in the laws or regulations.
Thus, in an OSHA noise exposure compliance survey for industrial
noise, the basic data will be the slow A-weighted sound levels
measured at the ear location of the workers, together with the.
times spent at the sound levels encountered. From these data,
the daily noise dose is calculated by means specified in the
regulations.

Basic Instruments and Their Use

Sound Level Meter--

The chief instrument for noise measurements is the sound level
meter (SLM), which should be a Type 1 (precision) or 2 (general
purpose)}, made in accordance with American National Standard S1.4
(1971), "Specification for Sound Level Meters." The Type 2
instrument has broader tolerances on performance than the Type 1
instrument and is acceptable under the OSHA Occupaticnal Noise
Exposure regulations. If is usually less bulky, lighter, and less
expensive than the Type 1 SLM. A sound level meter fypically con-
sists of a microphone, a calibrated attenuator, a stabilized
amplifier, an indicating meter, and the designated weighting
networks.

All SLMs are sensitive to rough handling and should be treated
with care. Microphones, especially, are subject to damage if
mishandied. Instruction boocklets provided with the units should
be read carefully to determine how the instrument should be
operated and under what conditions the readings will be valid.
The user should learn how to determine when battery power is too
low and how to ensure that the instrument is reading the sound
environment and not internal electrical noise or an overloaded
condition.

When the sound levels are known to change very little throughout
the working day, a simple SLM reading suffices for characterizing
the noise environment. However, the reading must be taken
properly. The standard procedure is to locate the microphone at
the ear position of concern, but with the worker at least 1 m
away. This is the "free-field measurement" that is preferred in
American National Standard S1.13-1971, "Methods for the Mea-
surement of Sound Pressure Levels." For a general standing
position, the preferred microphone height is 1.5 m, for a seated
worker, 1.1 m.

When it is necessary to make sound measurements that will with-
stand scrutiny in the courts, several criteria are important:
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(1) The data should be obtained by a qualified individual
(usually, a disinterested one, to avoid charges of bias).

(2) The instruments and measurement procedures used should
conform fully with the applicable American National Standards.
NIOSH provides a list of certified Type 2 sound level meters.#®

{(3) Instruments should be calibrated before and after each
significant set of readings. If the calibration is out of toler-
ance, readings back to the previous callbratlion must be repeated.

(4) The calibration should be traceable to the National
Bureau of Standards.

Obtaining reliable data depends on periodic calibration of the
instruments.. The preferred calibrators deliver an acoustical
signal of known frequency and sound pressure level. Some cali-
brators provide a variety of signals of different freguencies and
levels. To ensure that the calibrators are correct, it is advis-
able to own two units, to make frequent intercomparisons of both
units on the same sound level meter, and, annually, to have one
of the calibrators recalibrated by the manufacturer or a reliable
instrument laboratory, requiring that the calibration can be
traceable to the National Bureau of Standards.

The manufacturer's instructions for holding the SLM should be
followed, as microphone positioning can influence the readings,
especially close-in to a noise socurce. Most U.S.-made Instruments
are designed to read correctly when the axis of the microphone is
at a particular angle to the direction the sound 1is traveling.
Most instruments made in Europe are designed to be correct when
the microphone is aimed at the source.

To have minimum interference from the body of the observer, posi-
tion the microphone at least 1 m away from the observer, and
position the observer to the side of the microphone (relative to
the source of sound).

In general, do not spend time reading sound levels to tenths of
decibels (even the best field meters are accurate only to *1 dB).
Considerable time can be saved, at virtually no cost to the
accuracy of the work involved, by rounding off the meter reading
to the nearest whole decibel.

Generally, you should first explore the region of interest before
obtainining the final sound level for compliance measurements.
Directional effects can sometimes change the reading a few decibels

¥NIOSH Technical Publication (awalting clearance). NIOSH Certified
Equipment.
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in a short distance. One example is a noise source that is
partially shielded by a machine structure, with the operator in
and out of the acoustical shadow. Several readings may be needed
to delineate completely the noise in the range of positions used
by the worker in question.

For most industrial situations, a reading on the slow and A-scale
settings is specified for compliance measurements. Despite the
averaging properties of the "slow" setting and despite "whole
decibel" determinations, industrial noise is often so variable
that reading the meter becomes a problem. A suggested sampling
method is to take readings, with the SLM set to slow response,
every 15 sec for a period of 3 to 5 min, then calculate an
average value.

When you are making a meter reading of a rapidly fluctuating noise,
obtain the average meter deflection as follows:

+ If the difference between average minima and average maxima
is less than 6 dB, use the average of these two extremes.

+ If the difference is greater than 6 dB, use the reading
3 dB below the average maxima.

- Record the range of readings, if they are over 6 dB, plus
your comments on probable cause. Typical causes include
machine cycling and very low-frequency pulsation from air
handling equipment.

Some general advice applies to using the sound level meter.

+ Wind or air currents can cause false readings. Use a wind
screen with the microphone for any measurements when you
can feel a wind or alr current. The wind screen should be
designed for use wilth the particular microphone.

+ Vibration of the meter can distort readings. Do not hold
the meter directly against a vibrating machine, and do not
support a tripod-mounted SLM on a strongly vibrating flocor
or platform. Instead, hand-hold the meter so that vibration
is not transmitted into the instrument.

= High room humidity or temperature can also be a problem. If
condenser-type microphones are used for tests in high-humidity
areas, keep a spare microphone in a dry place (a dry storage
container) and alternate microphones (between the SLM and
the dry storage container) whenever you hear popping sounds
(if monitored by head phones) or when erratic needle deflec-
tions cccur on the SLM.
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« DMagnetic distortion of the meter from adjacent power equip-
ment can also cause problems. Magnetic fields usually drop
off quickly with distance from a motor or transformer. Move
the SLM far enough away from the electric-magnetic equipment
to be sure that the needle reading is attributable to the
acoustic signal.

+ Barriers or walls can obstruct sound and reduce sound levels
or, by reflection, can increase sound levels. Avoid measure-
ment positions where barriers or walls can alter the sound
field, unless the position is c¢learly at the normal location
of the operator.

» Avold dropping the meter when it is hand-held; keep the
safety cord wrapped around your wrist.

The reader is referred to Sound and Vibration® magazine for an
up-to-date l1listing of suppliers of socund level meters (and other
kinds of acoustic measurement instrumentation). Each year, Sound
and Vibration devotes an entire issue to instrumentation; an
example is the issue of March 1978.

Considerable nonacoustical data should be obtained to support the
noise exposure information. Such data include plant location and
product; pertinent personnel and their positions in the organiza-
tion; persons present during measurements; time span of measure-
ments; room layout and dimensions; sketches of machines; descrip-
tions of machines and operatiocnal data (speed, quantity, and size
of produced products); the average daily time that machines are

in operation or producing noise; worker and measurement locations;
and photographs.

Other Means to Determine Noise Exposures

Sound level meters may become difficult to use in situatlions where
the noise environment or worker position is constantly changing

or when a long time frame is required to gauge a particular
exposure adequately. Other instruments and procedures are avail-
able for such situations, although they should be used with discre-
tion.

Dosimeter--

Besides sound level meters, the most widely used instrument for
determining a noise exposure is the dosimeter. Dosimeters are
considerably simpler to use than SLMs because they automatically
compute noise exposures. All dosimeters are portable battery-
powered devices, worn by workers being monitored. When they are

*Published by Acoustical Publications, Inec., 27101 E. Oviatt Rd.,
Bay Village, OH 44140 (216) B835-0101, available free of charge
to personnel concerned with nolse and vibration control.
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actlvated, they read and store the integrated value of all the
partial noise dose exposures. At the end of a time period, the
devices are deactivated, and the readouts are used as a basis for
determining compliance.

Although dosimeters appear attractive because of their inherent
simplicity, they have some drawbacks. At the time of publication

of this Manual, there is no completed national standard covering

the performance of dosimeters. Recent studies suggest the dosimeter
buyer can expect performance more or less in proportion to the price
of the individual units. NIOSH has published a document concerning
the performance of several dosimeters and how they were tested.¥

Be aware that there may be substantial differences (enough to affect
determination of whether a situation is in compliance) in results
obtained from using the '"best"™ dosimeter and from using other,

more traditional, exposure evaluation techniques. Be aware, too,
that by deliberately favoring high or low sound level positions,

or by physically tampering with the unit (moving the microphone

to inside a pocket, blowing on the microphone, rubbing or tapping
the microphone, etc.), a dosimeter wearer can influence the indi-
cated dose upward or downward. Periodic observation of the

employee wearing the dosimeter may be needed to attest fo the
normalcy of the situation being measured.

A different procedure to determine noise exposure makes use of
statistical analysis through an instrument called a "sound inte-
grating meter." Special integrating socund level meters are now
avallable to take a microphone signal or tape-recorded signal of
an operator's noise exposure and compufte statistical measures of
the noise, including the noise dose, automatically or semi-
automatically.

Once again, the reader is referred to Sound and Vibration for a
listing of suppliers of dosimeters and other instruments and for
more detail on their operation.

How Sure Can I Be of My Evaluation?

If measurement instructions described in the noise regulation and

in the literature of manufacturers of noise measuring instruments

are followed ¢losely, results should show, with 1little room for
ambiguity, whether a particular situation is in compliance. However,
there are limitations on accuracy that may make assessment of the
marginal situation particularly difficult. The limitations include:

Precision of instruments: The best field instruments are
designed to read the "true value" to within about 1 d4B.
Thus, even two of the same model of two properly calibrated
Type 1 instruments may yield slightly different readings.
Obviously, less precise Type 2 instruments may provide even
greater differences.

¥NIOSH Technical Publication No. 78-186. A Report on the Per-
formance of Personal Noise Dosimeters.
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* Instrument performance differences: Two different instru-
ments, both meeting laboratory standards for their response,
may read field-encountered sounds differently. Thus, depend-
ing on microphone directlvity and frequency iresponse char-
acteristies and the type of noise signals being analyzed,
differences will result. Differences of 1 dB or more are
common, and differences of up to about 3 dB are possible,
especially for locations having rapidly changing noise condi-
tions or impact-type sounds.

* Representativeness of the exposure: Perhaps this is the most
significant factor affecting variation in readings. Daily
noise exposure patterns can vary significantly from day to
day. This variation would be especially true in job-shop-type
operations. There is no simple way to handle this complexity,
as the existing OSHA noise regulation makes no provision for
variations in daily noise exposure patterns. To meet this
problem, you may have to take several repeat observations
to determine a realistic range of exposure values.

* Sound levels near 90 dBA: The dally ncise dose may be very
sensitive to exposures close to 90 dBA. Under current
regulations, any sound level below 90 dBA is considered not
to contribute to the dally noise dose. What happens if the
sound level is constant at exactly 90 dBA? One Type 1
instrument may read that sound level as 89 dBA and another
as 91 dBA. As a result, the daily noise dose would approach
zero when the lower reading instrument was used and 1.1 when
the higher reading instrument was used. A 2- or 3-dB error
in instrument precision, even when reading an acceptable
90-dBA noise exposure, could produce a noise dose value of
about 1.3 to 1.5. Thus, measurement accuracy and precision
are important items in Interpreting nolse exposures,
especially for marginal situations.

Obviously, there are many reasons to be careful in assessing a
noilse exposure, and these reasons become more critical the
closer the situation is to the "just acceptable" or "just un-
acceptable" noise value.

HOW SEVERE IS THE PROBLEM?

Once a noise problem is 1dentified, its seriousness must be estab-
lished. 1In other words, how severe is it? How much ncise reduc-
tion is needed? Setting an overall noise control goal is useful
to establilish a framework on which to base all subsequent analysis.
Once the objective is established, noise reduction goals can

be considered for the individual noise sources that cause the
problem. Setting the primary goal also puts the noise problem

in perspective, and helps you to choose wisely in selecting noise
controls.
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Overall Nolse Reduction Requirements

In the simplest case, the required noise reduction is found
directly by subtracting the desired sound level goal from the
existing sound level. The goal may be established by regulation,
corporate policy, or ambient conditions.

For example, a noisy operation may be measured at 87 dBA at the
property line of a plant. Local noise regulations may limit the
plant noise to no greater than the average sound level in the
neighboring community. Suiltable measurements (perhaps made at

a location in every other way similar to the property line posi-
tion, but far enough from the plant to mitigate the plant's
influence on the measurement), indicate the "not-to-exceed™ sound
level is 71 dBA. 1In this case, the overall goal would be a noilse
reduction of 87 dBA minus 71 dBA, or 16 dB.

In an in-plant industrial situation, an individual's nolise eXposure
may be to an essentially continuous sound, as would be the case

for a filling machine operator in a bottling plant or a loom
operator in a textile plant. Typical sound levels in such environ-
ments may be on the order of 100 dBA. In such cases, the noise
reduction goal might be 10 dB in corder to meet OSHA regulations.

For more complex situations, where the sound level is variable,
but always above 90 dBA, a single-number noise reduction objective
can still he established by converting the worker's daily noise
dose into an "equivalent sound level," or, in other words, by
determining what continuous sound level would yield the same daily
noise dose as the variable sound. To do so, use the following
equation, a comblnation of Equations 2.2 and 2.3:

equivalent L, = —28D 4 9o | (2.4)

For example, if the worker's daily noise dose, D, is 2.0, fthe
equivalent Ly § 95 dBA.

The difference between 90 dBA and the equivalent sound level repre-
sents the noise reduction required to bring the situation into
compliance in such cases. Therefore, it can be used to establish
an overall noise reduction goal.

A variable noise exposure may also reflect the employee's work
pattern, which may place him in several different noise environ-
ments during the course of a day. He may work for 2 hr in a
quiet 72-dBA environment (1), 4 hr in a 95-dBA environment (2),
and 2 hr in a 100-dBA environment (3). In this case, he would
incur partial ncise doses according to
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environment (1); % = 0.0
environment (2); % = 1.0
environment (3); % = 1.0

This worker's total noise exposure is 2.0, which exceeds the allow-
able value of unity. In such situations, you can consider several
choices for a noise reduction objective. In the illustrated case,
there are three ways to bring the noise exposure into compliance:
quieting either environment (2) or environment (3) to below

90 dBA, to eliminate either of the partial doses incurred in those
areas, or quieting both environments (2) and (3) by amounts suit-
able to bring the total of the partial noise doses incurred down

to 1.0 or 1less.

The goals in this case could become:

» a noise reduction of 6 4B in environment (2), or

= a noise reduction of 11 dB in environment (3), Or

« a noise reduction of about 4 4B in enviromment (2), plus
a noise reduction of about 8 dB in envirvonment (3).

In such cases, where there is a variety of goals, you should con-
sider each before choosing a course of action. You will probably
decide to analyze the problem further to determine the cause of
the various partial noise doses and to determine the possibilities
of being able to control the noise from the identified sources.

Frequency-~by-Frequency Noise Reduction Requirements

Is it useful to apply a frequency analysis to the measurement of
existing noise conditions? Yes. The added detall provided by
frequency analysis will help both in qualifying the severity of
the problem and in diagnosing where the noise comes from. The
usefulness of frequency analysis 1n evaluating the severity of

a noise problem 1s evident when we can pinpoint the frequencies
of a noise for which sound pressure levels are excessive. To do
so, we must first express the overall noise objective (e.g.,

90 dBA) on a frequency basis.

In effect, there are a large number of frequency spectra that will
produce a particular sound level. ("Frequency spectra" refers to
distribution of a complex sound, whether expressed in octave-band
sound pressure levels or in some other, narrower, bandwidth evalua-
tion of the total noise.) Figure 2.5 shows a particular spectrum
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Figure 2.5. Recommended frequency spectrum for OSHA noise problems.

often used for OSHA noise problems. This spectrum has been devel-
oped from prior studies of the relation between amplitude and
frequency characteristics of industrial noise and exposure time

to the hearing damage risk of workers. This spectrum could serve
as a target goal for reaching a 90-dBA sound level.

How is this spectrum applied? This is the procedure: Measure the
frequency distribution (in octave bands) of the sounds at an
operator location and plot the octave-band values on a graph
already containing the preselected 90-dBA spectrum. Figure 2.6
shows such a plot of a problem noise with a sound level of 94 dBA.
Note that the 90-dBA target goal is exceeded only in the 2000-,
4000-, and 8000-Hz octave bands. If you were to reduce the sound
pressure levels in those three octave bands by the respective
algebraic difference between the levels in the problem noise and
in the 90-dBA spectrum, you would be assured of reducing the
problem noise to 90 dBA or below.

Note the advantage to this approach. You have isolated the noise
problem to a part of the overall noise — the higher frequency
noise. There is no need to consider the low-frequency noise and,
thus, you can concentrate further efforts (if needed) on dealing
with the high-fregquency nolse.
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Figure 2.6. Determination of required noilse reduction.

But why bother to concentrate on an isolated frequency band? You
could have reduced the 94-dBA sound to 90 dBA by reducing each
octave band by only U4 dB, as opposed to greater dB reductions
indicated by the target goal approach. Would it not be easier to
try for a 4-dB across-the-board reduction? The answer is generally
no. Almost invariably, it is easier and cheaper to obtain noise
reduction in the higher octave bands.

Note further that you would not benefit by finding and treating
sclely those noise sources responsible for the low-frequency
components of the problem noises. The sound level 1is, in fact,
dominated by contributions from the higher octave bands and
would remain high, no matter what is done to the low-frequency
sounds. The 90-dBA spectrum illustrated in Figures 2.5 and 2.6
automatically pinpoints those problem frequencies that contribute
most to the sound level; they are, therefore, those that most
merit noise control.

NOISE SOURCE DIAGNOSIS
Up to this point, the discussion on noise problem analysis has

concentrated on defining overall goals. Now we start to con-
sider more specific objectives, such as how much noise reduction
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is appropriate for a particular machine, machine component, or
process. This aspect of noise problem analysis is closely related
to identifying where the noise 1is coming from: the topic of noise
problem diagnosis. To perform even a simple noise problem
diagnosis, you must be able to add decibels.

Decibel Addition

The calculation involved in decibel addition is fundamental to
noise control engineering. Suppose we know the sound levels of
two separate sources, and we want to know their total when the
two sources are operating simultaneously. We make the basic
assumption that the noises are random and that they bear no rela-
tionship to each other (that is, they do not have the same strong
pure tones). The formula for calculating the combined level, L .
of two individual decibel levels L and L,, is

L, =L, + 10 log r10(%,-L,2/20

+ 11]. (2.5)
As a practical example, you might have already measured or obtained
(at a specified distance or location) the sound levels of two
individual sound sources, each operating alone, and you now want

to know the sound level (at the same distance) of the two together.
For random sounds, the total measured on an SLM would agree

(withln measurement accuracies of about 1 dB) with the calculated
total, using Equation 2.5. Figure 2.7 or Table 2.3 simplifies
decibel addition without the formula.

An alternative form of decibel addition, which relies on a few
simple rules which can be learned (results accurate to *1 dB)} is:

(1) When two decibel levels are equal or within 1 dB of each
other, their sum is 3 dB higher than the higher individual level.
For example, 89 4dBA + 89 dBA = 9?2 dBA, 72 dB + 73 dB = 76 dB.

(2) When two decibel levels are 2 or 3 dB apart, their sum
is 2 dB higher,ythan the higher individual level. TFor example,
87 dBA + 89 dBA = 91 dBA, 76 dBA + 79 dBA = 81 dBA.

(3) When two decibel levels are 4 to 9 dB apart, their sum
is 1 dB higher than the higher individual level. For example,
82 dBA + 86 dBA = 87 dBA, 32 dB + 40 dB = 41 dB.

(4) When two decibel levels are 10 or more dB apart, their
sum is the same as the higher individual level. For example,
82 dB + 92 4B = 92 dB.
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Table 2.3. Table for obtaining decibel sum of two decibel levels.
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the publisher.
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is appropriate for a particular machine, machine component, or
process. This aspect of noise problem analysis is closely related
to identifying where the noise is coming from: the topic of noise
problem diagnosis. To perform even a simple noise problem
diagnosis, you must be able to add decibels.

Decibel Addition

The calculation involved in decibel addition is fundamental to
noise control engineering. Suppose we know the sound levels of
two separate sources, and we want t£o know their total when the
two sources are operating simultaneously. We make the basic
assumption that the noises are random and that they bear no rela-
tionship to each other (that is, they do not have the same strong
pure tones). The formula for calculating the combined level, Lc,
of two individual decibel levels L1 and L,, 1s

L, = L, + 10 log 10¢k.-L,)/10

+ 17. (2.5)
As a practical example, you might have already measured or obtained
(at a specified distance or location) the sound levels of two
individual socund sources, each operating alone, and you now want

to know the sound level (at the same distance) of the two together.
For random sounds, the total measured on an 3LM would agree

(withln measurement accuracles of about 1 dB) with the calculated
total, using Equation 2.5. Figure 2.7 or Table 2.3 simplifies
decibel addition without the formula.

An alternative form of decibel addition, which relies on a few
simple rules which can be learned (results accurate to *1 dB) is:

(1) When two decibel levels are equal or within 1 dB of each
other, thelr sum is 3 dB higher than the higher individual level.
For example, 89 dBA + 89 dBA = 92 dBA, 72 dB + 73 dB = 76 dB.

(2) When two decibel levels are 2 or 3 dB apart, their sum
is 2 dB highersthan the higher individual level. TFor example,
87 dBA + 89 dBA = 91 dBA, 76 dBA + 79 dBA = 81 dBA.

(3) When two decibel levels are 4 to 9 dB apart, their sum
is 1 dB higher than the higher individual level. For example,
82 dBA .+ 86 dBA = 87 aBA, 32 dB + 40 4B = 41 4B.

(4) When two decibel levels are 10 or more dB apart, their
sum 1s the same as the higher individual level. For example,
82 @B + 92 4B = 92 dB.
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Table 2.3. Table for obtaining decibel sum of two decibel levels.

DIFFERENCE AMOUNT TO BE
BETWEEN TWO ADDED TOLARGER
DECIBEL LEVELS LEVELYO OBTAIN
TOBE ADDED(dB) DECIBEL SUM {dB)
p————y
0 3.0
| 2.6
2 2.
3 1.8
4 1.4
5 1.2
6 1.0
7 0.8
8 0.6
9 0.9
10 0.4
N 0.3
ie Q2
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When adding several decibel levels, begin with the two lower
levels to find their combined level, and add their sum to the
next highest level. Continue until all levels are incorporated.

Table 2.4 gives an example of how several levels can be added to
find their decibel total.

Table 2.4. Example of decibel addition

Original decibel levels 85 92 90 84 93 87
Rearranged 84 85 87 90 g2 93
84 + 85 = 88 88 ’////

R
88 + 87 = 91 91
91 + 90 = 94 94
92 + 93 = 96 96

\

94 + 96

98 98

Signals that are not random do not follow any of the addition pro-
cedures described above. If two identical sources emit strong
pure-=tone signals at exactly the same frequency, they would be
termed eoherent sources, not random sources. Their total could
add up to as much as 6 dB above either single signal, if both
sources are exactly equal in level and exactly in phase with each
other at the measurement position. If the signals are not exactly
in phase, they could interfere destructively with each other, and
the measured tones could appear to vanish at the specific measure-
ment position. The occurrence of truly coherent sources is so
unlikely in practiecal plant problems that decibel addition of

pure tones exactly in phase at one specified location i1s almost
never considered and can be ignored.

Identifying Noisy Equipment: Simple Cases

At this point, you are ready to perform some simple evaluations to
determine where a noise problem really lies, as a preliminary step
in performing noise control. A truly simple, but most illuminat-
ing, technigue is to turn individual pieces of equipment on and
off and to measure and observe the resulting sound levels at the
positlion of interest. Such measurements and observations may
reveal the one or two machines that are exceptionally noisy. As
an example of how this technique works, assume these measurements
are made at an operator position:
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With all equipment running g2 dBA

- With only machine A turned off 92 d4dBA
« With only machine B turned off 89 dBA
+ With only machine C turned off 88 dBA.

These data reveal that machine A is insignificant relative to the
total sound level measured (machine A must contribute less than
about 83 dBA, otherwise the 92-dBA level would have changed when
it was turned off). Machines B and C dominate the noise exposure;
the 92-dBA sound level is fully accounted for by the sum of their
contributions (88 dBA + 89 dBA = 92 dBA).

When you evaluate noise conditions in this fashion, it 1s prefer-
able to take octave-band sound pressure level data as well as
sound level data. The extra detailed information may be of
immediate benefit. Following the above example, you may find
the spectra of the 88-dBA and 89-dBA noise to be, respectively,
primarily low-frequency and high-frequency in nature. Knowing
that high-frequency noise is easier to reduce, you can begin to
search for a treatment which will reduce the 89 dBA from machine
C by encugh so that the contributions from that machine and
machine A would total no more than 86 dBA. (Then, 86 dBA +

88 dABA would equal 90 dABA.) You may even estimate a spectrum
for the 86-dBA noilse which, when combined with the 88-dBA noise
spectrum, will produce a 90-dBA total. This can then be used to
determine exactly how much noise reduction is required on an
octave-band basis. Noise control details can then be considered
and designed to enable the reduction to be met.

Other simple measurements may be used to pinpoint important noise
contributors of a complex machine. In some cases, a machine may
be studied in detail during periods of scheduled downtime. The
machine could be operated in various modes, possibly revealing
nolsy aspects of its operation. You might find, for example,
that the noise problem disappears when the pneumatic system is
deactivated or that the noise problem is alleviated when a par-
ficular component is removed.

The noise control problem is compounded when it is found that
several sound sources {(elther separate pieces of equipment or
different components of one piece of equipment) contribute about
equally to the total sound level (e.g., three machines, each
contributing 96 dBA to a 101-dBA noise environment). When such
a situation is encountered, several design alternatives may occur.
For the example of the three 96-dBA machines just cited, assume
that you want to reduce the 101-dBA level to 90 dBA, an 11-dBA
reduction. First, this reduction could be achieved by reducing
the noise emission of each machine by 11 dB. Hence, by decibel
addition,
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85 dBA + 85 4dBA + 85 dBA = 90 dBA.

Or, two machines could be reduced by 13 dB, and one machine could
be reduced only 8 dB. Thus,

83 dBA + 83 dBA + 88 dBA = 90 4RA.

Or, one machine could be reduced by 19 dB, one by 12 dB, and one
by 7 dB. Thus,

77 dBA + 84 4BA + 89 dBA = 90 dBA.

In each case, the result would be 90 dBA for the sum of the three
treated machines. Clearly, the amount of noise reduction needed
for each machine is not a fixed quantity, and the noise control
engineer has some latitude in choosing which equipment to treat
and to what degree.

General Procedure

In the previous section, we discussed lidentification of the source
of a problem noise in situations where it is possible to turn
production equipment on and off. Often, the noise control
engineer is faced with the task of making the necessary identi-
fication without the luxury of equipment being operated to his
convenience. How does he do it?

The noise control engineer will turn to his knowledge of sound
fields and sound behavior. (These topics are discussed in detail
later.) Essentially, the noilse control engineer will couple (1)
his knowledge about how sound propagates from one location to
another with (2) data obtained at or near a suspected noise con-
tributor to verify whether his suspicions are correct. The sound
level around a noise source, 1f that source is significant, is
almost invariably higher near it, or, to put it another way,
noise makers are louder close by. You can usually learn something
about the strength of the noise source — how much sound it
radiates — by measuring the sound field near the source.

Source Strength: Sound Power Level

The amount of sound radiated by a source is determined by its
sound power, somewhat analogous to the power rating of electric
light bulbs — 40 W, 75 W, 100 W, etc. In fact, sound power is
also expressed in units involving watts. To relate sound power

to familiar subjects, a mosquito emits a sound power of about
107'! W, and a clap of thunder radiates a peak instantaneous sound
power somewhere over a million watts. The average sound power of
human speech at normal voice level is about 10™* W, a symphony
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orchestra playing loud passages radiates about 10 W of sound
power, and a lU-engine jet airliner during takeoff has a sound
power of about 10% W.

With such a large range of power for the many commonplace sound
sources, it is convenient to use decibels here, too, to compress
the range into manageable numbers. The reference sound power
base 1s 107'? W, and the sound power level (L_, in dB) of a
source relative to this base is

W

L = 10 log (Power radiated, watts)

10712y

The mosquito then has a socund power level of about 10 dB (re
107'2 W), and the jet aircraft has a takeoff sound power level
of about 160 dB (re 10™!'2 W).

Since decibels are used both with sound pressure level and sound
power level, it 1is always necessary to indicate clearly which unit
is being used. Because, as mentioned earlier, it is awkward and
inconvenient to refer sound pressure levels repeatedly to the
sound pressure reference base of 20 micropascals, it is usual

to reference the power level base 107'? W to assure that sound
power levels are being used. Hence, the term "(re 107!2 wW)"

is used in the expressions above for the sound power levels of
the mosquito and the Jet.

There is ancther practical reason to reference the quantity

10-'2 y. Before the United States joined the International
Standards Organization in the use of common terminology in acous-
ties, the sound power level base used in this country was 107!3 W.
Before 1963 to 1965, acoustics literature in the United States
regularly referred to the 10~!%® W base for sound power level data.
If data from those earlier periods are used in current studies,
determine positively the power base of the data. Subtract 10 dB
from sound power levels relative to the 10~!? W base to convert
them to values relative to the 107!'? W base.

How can sound power data be used in source diagnosis? The sound
power level radiated by an "ideal point source" (a source radiat-
ing sound uniformly in all directions) 1is related to the sound
pressure level at a distance r by the following equations:

= 2

L, Lp + 10 log 4wr?, (2.6)
where r is expressed in meters, or

L, = Lp + 10 log 4mr2-10, (2.7)
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where r is expressed in feet. For these two equations, the source
is assumed to radiate its sound with no nearby reflecting surfaces.
This would be known as spherical radiation in a free field, a
relationship fundamental to source dizgnosis. To preview 1its

use, note that i1f we measure L_ at a location close-in fo the
noise source, we can calculatepL for that source and then deter-
mine L_ due to that source at a more distant location, such as at
a neargy residence. In practice, many sound sources do not

radiate sound uniformly in all directions, and reflecting surfaces
can be nearby.

For an ideal point source located on or close to a large-area
floor or at or near the ground in a large open area, the sound
radiates hemispherically, and the above equations become: for r
in meters,

— 2
L, = Ly + 10 log 2nr?, (2.8)

and, for r in feet,

= 2_
L, - Lp + 10 log 2mr?-10. (2.9)

In the more general case, the source is not a point source;
instead, it has finite values of length, width, and height. In
this case, sound power and sound pressure levels are interrelated
by the equations:

L, =L, + 10 log § (2.10)

for S expressed in square meters, or

L, =1L, +10 log S - 10 (2.11)

for 3 expressed in square feet. 1In these last two equations, S
is the area of an imaginary shell all around the source, and Lp
is the sound pressure level that exists at any point on that
imaginary shell,.

In a further extensicn of Equaticns 2.10 and 2.11, suppose that
the source does not radiate its sound uniformly through all
portions of the shell. Perhaps one part of a large, complex
sound source radiates higher sound pressure levels (SPLs) than
some other part of the source. For such situations, Equations
2.10 and 2.11 must be broken down intc several parts, where L
is the SPL at one element of area S, on the shell, L is a P!
different SPL at another element of area 35,, and so on over the

entire range of Lp values over the entire area. Then,
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n
—_ . 2
L, = § [Lp. + 10 log Sil(for S in m?) (2.12)
i=1 i
or
a 2
L, = izllbpi + 10 log Si-l?](for S in f££%) (2.13)

As an example, Figure 2.8 shows an imaginary shell around a sound
source of interest, at a 1-m distance. The source dimensions are
2mx 3 mx5m, as shown in the sketch. The north and south
surfaces of the imaginary shell each have an area of 21 m?, the
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Figure 2.8. Assumed sound source (solid lines) on a factory floor,
surrounded by an imaginary shell (dashed lines) at
1-m distance.

east and west ends have an area of 15 m each, and the top of the
shell has an area of 35 m?. For this simple example, suppose the
SPL all over the north surface of the shell is uniform at 98 dB;
for the south surface, it is 93 dB; for the east end, it is 88 dB;
for the west end, it is 90 dB; and for the top surface, it is

95 dB. The total sound power radiated from this source would be
as follows, using Equation 2.)2:

L, = (98 + 10 log 21) 4B (N)
+ (93 + 10 log 21) dB (S)

+ (88 + 10 log 15) dB (E)
+ (90 + 10 log 15) dB (W)
+ (95 + 10 log 35) @B (Top)}
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These components are to be added by decibel addition. Thus,

L

W 111.2 + 106.2 + 99.8 + 101.8 + 110.4

114.9 4B or 115 @B re 10™%% W.

Calculations can be carried ocut to 0.1-dB values, but the final
value should be rounded off to the nearest whole number.

Two practical considerations limit the validity of this example.
First, in practice it is unlikely that a uniform sound level would
exist over an enftire large area of the imaginary shell, so it
might be necessary to take several SPL values over each large
area of interest and to assign a subdivided area value to each SPL
value. Second, when SPL measurements are made close to a rela-
tively large-size source, the sound is not radiating as though 1t
were from a point source in a free fileld. Instead, the SPL value
is taken in the near field of the sound source, where the sound
field is distorted and is not necessarily representative of the
true total sound power that would be radiated to a large distance
out in the free field. As a result, errors of a few decibels may
be encountered at these close-in distances from large sources, and
it 1s essentially impossible to predict the amount of errcor to be
expected. Thus, be prepared to have an unknown error (possibly

up to 5 to 8 4B for large sources, but fairly negligible for

quite small sources).

In spite of these drawbacks, the concept of sound power level is
very helpful in identifying and diagnosing sound sources. To
11lustrate this assistance, suppose the microphone of a sound
level meter can be brought up to within 5 cm of a small sound
source in a large machine, and the sound pressure level is found
to be 105 dB in the 1000-Hz occtave band. Over another, much
larger, area of the machine, the c¢lose-in sound level is 95 4B
in the 1000-Hz octave band. Estimate the sound power levels of
these two sources to determine the controlling source at this
frequency. Suppose the 105-dB value is found to exist over an
area of about 100 ecm x 10 cm, or 1000 cm? (=0.1 m?), whereas the
95-dB value 1s found to exist over a surface area of about 2.5 x
4 m, or 10 m?*. From Equation 2.10, the approximate sound power
level of the small-size source is

LW

105 + 10 log 0.1

95 dB re 10712 w,

while the approximate sound power level of the large-area source
is
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95 + 10 log 10

105 dB re 107'2 w.

Even if the power level values are in error by a few decibels,
this comparison indicates that the large-area source radiates
more total sound power than the small-size source, even though
the small source has a higher localized sound pressure level.
For noise control on that machine, the noise from the large area
source must be reduced by about 10 dB before it is necessary to
give serious consideration to the small source.

For another illustration of how sound power level data are used in
source diagnosis, look at Figure 2.9. It shows the noise spectrum
found at the property line of a plant and a sound spectrum indica-
tive of a target goal for the situation. Note that the sound
pressure levels are excessive in the 125-Hz to 8000-Hz octave bands.
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Figure 2.9. Hypothetical problem situation.

Close-in data, obtained 1 m from each of the three possible
sources (Figure 2.10) of the property line noise, were then
examined to determine which nolse sources should be treated.
From Equation 2.10, the power level of each source is obtained,
and from Equation 2.8, the expected contribution of each source
to the property line measurement 1s estimated (in this example,
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Figure 2.10. Location of noise sources (1-3) relative to property
level position (4) for use in example on these pages.

each noise source is assumed to radiate hemispherically). Figure
2.11 illustrates the results of the computations shown in Table
2.5. The calculations indicate the vent noise 1is responsible

for the 31.5-Hz and 63-Hz octave-band sound pressure levels, the
compressor noise is responsible for the 125-Hz to 500-Hz octave-
band sound pressure levels and partly responsible for the 1000-Hz
and 2000-Hz octave-band sound pressure levels, and that sound
coming through the window contributed to or is responsible for
sound pressure levels in the 1000-Hz to 8000-Hz bands.

Because the 31.5-Hz and 63-Hz octave-band levels are not con-

sequential to the problem, the vent need not be treated. However,
both the window and compressor do require treatment, and the
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Table 2.5. Calculations for example problem discussed on
previous pages.

Octave Band Center Freguency in Hz
DESCRIPTION 31.5 63 125 250 500 1000 2000 4p00 8000
Source 1 {window on side of bullding) 2 m x 4 m; shell surrounding
window at 1 m distance has area of 4 m x 6 m = 24 m?
L f wind =L + 101 24 =1, + 13.8, say L_ + 14
w °f window b og o 3.8, v p

L_ at 1 m g2 65 66 68 64 61 65 69 71
P plus 14 14 14 14 14 1db 14 14 14
L, of window 76 79 80 g2 78 75 79 83 85

Window noise at property line {(from Eg. 2.8) Lp=Lw-10 log2nr?; r=20m

I_.p = Lw -10 log 27202 = Lw—3ﬂ.0
minus 34 34 34 34 34 24 34 34 34

Window noise L2 45 4o 48 by 41 Ly hg 51

Source 2 (small vent on roof)} surface area of sphere centered at vent
radius of I m = 4nr? = 12.56 m?

L = + . = + . +
- of wvent Lp 10 log 12.56 Lp 10.99, say Lp 11

L at 1 m 84 81 76 T4 76 69 62 56 54
P plus 11 11 11 11 11 11 11 11 11
Lw vent 95 92 87 85 87 8a 73 67 65

Vent noise at property line (from Eq. 2.8) L,=L,-10 lom2nr?; r=22m
L =1L - 10 log 2m22?% = L, -34.8, say L, = 35

P W
minus 3 3% 3% 35 35 35 35 35 35
Vent noise 60 57 52 50 52 Ly 38 32 30

Source 3 (compressor) 2 x 3 m; shell surroundlng compressor with
1 m distance = 3 m x 5 m = 15 m?; I, compressor = L_+10 log 15 =
L, + 11.8 dB, say L, + 12 dB W p

L at 1lm 71 77 87 91 84 76 73 66 59
p plus 12 12 12 12 12 12 12 12 12
L, compressor 83 89 99 103 g6 88 85 78 71

Compressor noise at property line (from Eq. 2.8) L =L ~10 log2nr?
(r=30 m) Lp=Lw-lO log2n30°® = L -37.5, say Lw=38

minus 38 38 38 38 38 38 38 38 38
Compressor noise 45 51 61 65 58 50 47 40 33
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amount of treatment required is indicated by the difference between
the estimated levels from the window or compressor and the target
geal {in those octaves dominated by the 1ndividual source).

These examples illustrate the importance of obtaining close-in SPL
values near each operating mechanism or component of a source and
of estimating the area of that component or the area through which
its SPL is radiating. Sound control work should be directed to
those components that yield large values of sound power level. It
is also necessary to investigate the frequency variation of the
component sources as measurements are belng carried out. Some
components may shift from small-valued sound sources in some fre-
quency regions to high-valued sources in other frequency regions.

Influence of Room Acoustics

In the previous section, the sound source was presumed to be
located in a large open area, so that nearby reflecting surfaces
(other than the floor or ground) would not alter the free-field
radiation of the sound. In most indoor plant situations, the
confining walls and ceiling of the work space keep much of the
sound from escaping to the outdoors. Instead, each ray of sound
from the source strikes a so0lid surface and 1s reflected to some
other direction inside the room. That same ray may travel 300 m
and be reflected a dozen times before its energy is sufficiently
dissipated for it to be ignored. 1In the meantime, other rays

of sound are also radiated and reflected all around the room
until they are dissipated. In a small room, the sound pressure
levels caused by the confinement of sound can be built up to
values as much as 15 to 30 dB above the values that would exist
at comparable distances outdoors. This build-up of sound can
influence the sound level at the operator position of a machine.
In fact, a machine that might have an 85-dBA sound level at a

2-m distance when tested outdoors in a large, open parking lot
could produce a sound level of 95 to 100 4BA at the same distance
when it is moved indoors infto a small, highly reverberant room.
Note that the sound power level of the source didn't change, but
that the acocoustic environment made a major difference in the sound
levels. To analyze thlis type of situation, it is necessary to
know the influence of the room conditions on the sound field
around the machine. This general subject, referred to as "room
acoustics," can be almost as important as the sound power of

the source in determining sound levels to the machine operator

or to other people working in a room where machines are in opera-
tion.

Room Constant or Room Absorption
To work quantitatively in the subject of room acoustics, you
should know how to calculate and to use the term room constant,

designated by R, or a similar term, room absorption, designated
by A. In thls Manual, room constant R is used.

38



The room constant for a room is calculated from the equation:

R=S5Sa +5 o +S o +...+A +A +... (2.14)
1 1 2 2 3 3 I 2

where S, is the area of some surface of a room that has a sound
absorption coefficient a,, S, is the area of another surface of
the room having a sound absorption coefficient a,, and so on,
until all surface areas of the yoom are added, including all walls,
doors, windows, the floor, the celling, and any other surfaces
that make up the room boundary. The S values may be expressed
either in square feet or square meters, and the calculated R value
will be in the same unit. The a values are called Sabln sound
absorption coefficients and are given in various textbooks for
most room finish materials and in the catalogues of manufacturers
and suppliers for their sound absorption products, such as glass
fiber, mineral wool tlles or panels, or sound-absorbing cellular
foam products. A sound absorption coefficient of 0.6 is intended
to mean that 60% of the sound energy in a wave will be absorbed
(and 40% reflected) each time the sound wave strikes a surface

of that material. ASTM C423-66%* specifies the method of measure-
ment of the Sabin absorption coefficients. The A,;, A,, etc.
values of Equation 2.14 are lumped constants of absorption, pro-
vided by suppliers for some acoustical products (such as ceiling-
hung absorbent baffles) and whose units may be either square
feet-Sabins or square meter-Sabins (1 ft?-Sabin = 1 ft? of

perfect absorption; 1 m2-Sabin = 1 m? of perfect absorption). The
resulting value of R in Equation 2.14 is in units of ft?-Sabin or
m°-Sabin, consistent with the other area units used in the equa-
tion.

Table 2.5 gives sound absorption coefficients for several bullding
materials that are not normally regarded as absorptive. Note that
the coefficients are quoted for the 6 octave-band center fre-
quencies of 125 Hz to 4000 Hz, and that the coefficients vary

with frequency. Thus, the room constant R varies with frequency,
and Equation 2.14 must be calculated for each frequency of in-
terest. Sound absorption coefficients are not measured or quoted
for 31.5, 63, and 8000 Hz. Relatively few noise sources cause
problems at these low and high frequencies.

An example of a room constant calculation illustrates the use of
Equation 2.14. A room is 40 m long, 10 m wide, and 5 m high. The
floor 1s a thick concrete slab, the two 40-m-long walls are of
painted concrete block, the two 10-m-wide walls are made up of
gypsum board on 2-in. x 4-in. studs, and the ceiling is the exposed
underside of an overhead concrete floor slab. To simplify, ignore
two doors in the room. The absorption coefficients of these
materials are given in Table 2.6. The room constant calculation

at 1000 Hz is:

¥0r latest version
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Table 2.6. Coefficients of general building materials and

furnishings.
Coefficlents
Materials 125 Hz 250 Hz 502 Bz 1000 Hz 2377 ¥z L7207 EH:z
Brick, unglazed .03 .03 .03 L9= 35 07
Brick, unglazed, palnted .01 .01 .02 22 .32 .23
Carpet, hcavy, on concrete .02 .06 .14 37 LED J25
Same, on 40 oz hairfelt or foam *
rubber .08 .24 .57 L£3 .71 LT3
Same, with impermeable latex
backing on 40 oz hairfelt or
foam rubber .08 .27 .33 L35 z _53
Conerete Block, coarse .36 Ly .31 .2¢ Z 23
Conerete Block, painted .10 .05 .06 .07 G LoE
Fabrics
Light velour, 10 oz per sq yd,
hung straight, in contact with wall .03 L0b 11 17 gt 33
Medium velour, 14 oz per sg yd,
draped to half area .07 -3 LUy 7= ] .20
Heavy velour, 18 oz per sq yd,
draped to half area .14 .35 .55 72 e 3
Floors
Concrete or terrazzo .01 .01 .25 D2 Tz LTI
Linoleur:, asphalt, rubbter or ceork
tile on concrete .02 .03 .03 T2 .03 ol
Wood .15 .11 .12 .27 L2E g
Wood parguet in asphalt cn concrete .04 .0k .07 el .22 .27
Glass ’
Large panes of heavy plate glass .18 .06 204 .23 LI ey
Ordinary window glass .35 .25 .13 L1z i ,
Gypsum Board, 1/2 in. nailed to
2xlt's 146 in. c.c. .29 .16 .05 0= L7 .C3
Marble or Glazed Tile .01 .01 01 i .oz 22
Openings
Stare, depending on furnishings .25 - .75
Deep balceny, urholstered seats .50 = 1,00 )
Grilils, ventilatings i - 58
Plaster, gypsum or lime, smooth
finish or tile ¢or brick .013 .019 .02 a3 L= el
Plaster, cyosum or lire, roush finish
on lath .14 .10 .08 .33 L35 .03
Same, with smoocth finish .14 .10 .DE e e .03
Plywood Paneling, 3/8-1n. thick .28 .22 217 .03 L1 L1l
Water Surface, as in a swinming pool .DOR .008 L4313 L3112 .22z .32%
Air, 3zbins per 1227 cu fioat 5% RYE .5 2.3 T.E
ABSORPTION OF SEATS AND AUDIENCE
Values given are in 3abins per sjuare Toot of seztin- gres op rar Lnlt
125 Hz 250 Hz 500 Bz 10230 Hz 2322 Hz 4000 Hz
Audience, seated in upholstered seats,
per sq ft of floor area .60 LTh .88 .95 .93 .85
Unoccupiled cloth-covered upholstered
seats, per sq ft of floor area Jhg .€6 89 .22 az L7
Unoccupled leather-covered uphol-
stered seats, per sq ft of floor area . ki .54 -6o B2 .38 .53
Wooden Pews, occupied, per sq ft of
floor area .57 61 .75 L84 .91 JEz
Chairs, metal or wood seats,
each, unoccupied .15 .19 .22 .33 .33 .32
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Rigpo = 2 % 4o x 10 x 0.02 (floor, ceiling)

+ 2 x 40 x 5 x 0.07 (40-m walls)

+ 2 x 10 x 5 x 0,04 (10-m walls)

16 + 28 + 14

48 m?-Sabin . 7 (2.15)

Now, suppose a suspended acoustic tile ceiling is installed under
the overhead slab. The ceiling height is reduced to 4.5 m. The
sound absorption coefficients of the ceiling are as follows:

frequency, Hz 125 250 500 1000 2000 4000
coefficient 0.4 0.5 0.72 0.90 0.9% 0.82

The room constant calculation at 1000 Hz 1is:
R”Do = 40 x 10 x 0.02 (floor)
+ 40 x 10 x 0.90 (celling)
+ 2 x 4o x 4.5 x 0.07 (40-m walls)

+ 2 x 10 x 4.5 x 0.04 (10-m walls) [

8 + 360 + 25.2 + 3.6

396.8 m?-Sabin (2.16)
You may wish to calculate the room constants at other frequencies.

Two generalizations may be drawn from the room constant discussion
and calculations: (1) The rcoom constant value increases as the

room volume increases, because the surface areas must increase to
accommodate the larger volume; and (2) the relatively high values
of the Sabin absorption coefficients (at least in the 500- to
4000-Hz frequency region, which is important in terms of A-weighted
sound levels) wield strong influences on the room constant when
acoustic absorption material is used.

Noise Reduction Coefficients (NRC)--

This 1s a term that is used widely as a single-number figure-of-
merit of sound-absorbing materials. NRC is the arithmetic average
of the sound absorption coefficients of 250, 500, 1000, and 2000
Hz, rounded off to the nearest 0.05. Some sound absorption
materials of 1l-in. to 3-in. thickness have Sabin absorption co-
efficients as high as 0.90 to 0.99 in the 1000- to 2000-Hz region,
and NRC values of these products range from about 0.65 to about
0.90. However, these products may have Sabin coefficients of

only about 0.15 to 0.40 in the 125-Hz to 250-Hz region. Larger
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thicknesses will cause increases in the low-frequency absorption
coefficients.

Sound Distribution in a Room--

Figure 2.12 shows the influence of sound level distribution in a
room as a function of the dlstance from a sound source and the
value of rcoom constant. Suppose a worker 1s 1 m from a sound
source in a room whose room constant is 50 m?-Sabin at 1000 Hz.

(In a complete analysis, room constants would be calculated for

all octave bands, and the A-welghted sound level would be cal-
culated from the octave-band sound pressure levels.) At that posi-
tion, the worker experiences a sound pressure level of 93 dB in
the 1000-Hz band. Find the point on Figure 2.12 that corresponds
to a distance of 1 m and a room constant of 50 m?-Sabin. The
relative sound pressure level value for this point is about -7.5
dB, as read from the vertical scale on the right of the figure.
Suppose the worker backs away from that machine to a distance of

4 m. The relative SPL drops to about -11 dB, indicating a sound
pressure level reduction of about 3.5 dB. This room is so small
and reverberant that the sound level remains almost constant
throughout the room, except at positions quite close to the source.
Next, suppose that with the use of acoustic absorption material,
the room constant is increased to 200 m?-Sabin. At the l-m
distance, the relative SPL is about -10 4B, and at a 4-m distance,
the relative SPL is about -17 dB. This finding indicates that
soun? pressure levels in the room at a distance of 6 or more m from

A

N

|
(8]

(4]

/)
/4

4
o

o
8
3
RELATIVE SOUND PRESSURE LEVEL
(WHEN DIMENSIONS ARE INMETRIC UNITS)

<

A/

/
o)
3
z
O
o
&
5
=
-
)
©

OPEN AIR R = (D —

]
n
V.

777

-10

|
4]

|
N
o\

\ | o,
QE\ Tt
- N\

RELATIVE SOUND PRESSURE LEVEL (dB)
{(WHEN DIMENSIONS ARE INENGLISH UNITS)

1
N
o

7/l
:

L
[~~~ 10,000
N T
o 20,000

(o1 02 0304 060810 2 3 4 6 810 . 20 30 40 60 80100
DISTANCE FROM ACOUSTIC CENTER OF ANONDIRECTIONAL SOURCE
Figure 2.12. Sound level distribution in spaces with various room
constants.

I
W
o

42



the sound source could be reduced by about 7 dB at 1000 Hz with
this application of sound-absorbing material. Note, however, at
very close distances to the sound source, there is less effect
from the addition of absorption material. At a 3-m distance,
the change is only about 4 dB, and at a 1-m distance, only about
2 dB. This illustration summarizes briefly the value of sound
absorption in a room: It can be quite beneficlal in reducing
sound levels for people located at large distances from a sound
source, but it is not very beneficial to an operator who must
remain at a position very close to the source. What this example
emphasizes, however, is the importance of devising methods for
keeping the operator at greater distances from his machine, so
that sound absorption in the room can be beneficial.

As an exercise in using Figure 2.12, study the sound level changes
for workers 1 m and 10 m from a sound source in the room whose
room constant was calculated above, with and without an acoustic
tile ceiling (see Equations 2.15 and 2.16 for the calculated room
constants at 1000 Hz). At a l-m distance, Figure 2.12 shows a
reduction of about 2.5 dB in going from an R = 50 m?-Sabin room
to an R = 400 m?-Sabin room. At a 10-m distance, 'a reduction

of about 10 dB is achieved when the sound absorptive ceiling is
added.

In a typical plant situation, a machine operator may spend most of
the time about 1 to 2 m from the nearest machine, but remain within
about 5 to 20 m from a number of other machines in the same room.
By methodically working out the decibel sum of all the machine
sound levels to that operator for a bare rocm (wlth no acoustic
absorption) and for a treated room (with sound absorption material
added), it is possible to calculate the approximate sound level
reduction that would be achieved. For various geometries of room
size, machine distances, and number of machines, the benefit can
range from 0 dB (no benefit) to as much as 10 to 12 dB. The cal-
culation is inexpensive, and, if the calculations should reveal
that a 10- to 12-dB reduction 1s possible, adding socund absorp-
tion material may also be a relatively inexpensive solution to a
plant noise problem,

Although noise control treatments are discussed in detail else-
where in this Manual, the noise reduction aspects of the room
constant calculations are offered here as a part of the noise
problem evaluation.

Sound Power Level Application

In previous examples, Figure 2.12 was used to show that a sound
pressure level could vary as a function of distance from the source
and room constant of the space. This figure can also be used to
estimate sound pressure levels when the sound power level of a
source is known. The equation is:
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L, = L, + REL SPLp o , (2.17)
D,R

where Ly, is the sound power level of the source, in dB re 10~'? W,
REL SPLD,R is the relative sound pressure level taken from Figure
2.12 for the distance D and room constant R, and Lp is the

D,R
estimated SPL at the distance D in that room. Some manufacturers
provide sound power level data for their products.

In Equation 2.17, the correct positive or negative sign for rela-
tive SPL should be used. For all distances of practical concern,
the sign is negative, so that a subtraction of numbers occurs.
For example, suppose a source has a sound power level of 110 4B
re 10712 Y at the 250-Hz octave band, and you want to determine
the sound pressure level for an operator distance of 2 m in a
room whose R value is 50 m2-Sabin. Figure 2.12 shows REL SPL =
-10 dB. Thus, Equation 2.17 would give

L =110 - 10 = 100 dB.
2,50

Critical Dilstance—

The derivation of the curves shown in Figure 2.12 is based on
material presented in room acoustics sections of most textbooks

in acoustics and will not be repeated here. However, there is

a useful term that may be obtained from that derivation: eritical
distance, or D,. The critical distance is defined as the distance
from a sound source at which the direct sound pressure level from
the source approximately equals the reverberant sound pressure
level contributed by the room. In its simplest interpretation,

if a machine operator must work closer to the machine than this
critical distance, sound absorption in the room will not be very
helpful, but for distances larger than the critical distance,
sound absorption material can be helpful. The equation for Dc is:

D, * 0.14 VR, (2.18)

where R is the calculated room constant for the particular fre-
quency band of interest and where both D, and R are in consistent
units. If a room should contain N identical machines, more or
less uniformly distributed throughout the room,

D, £ 0.14 /R/N . (2.19)

The most interesting and unexpected revelation of these two equa-
tions is that the critical distance 1is related almost entirely to
the room constant and is not clearly related to the slze of the
machine. In practice, because some sources have dimensions that
are comparable to this c¢ritical distance, there may still be some
influence of machine size on the actual Dc value.
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For the room constant calculated in Equations 2.15 and 2.16, D

would be about 1.0 m and 2.8 m, respectively, for the bare roof
and the treated room containing one machine, or about 0.4 m and
1.1 m, respectively, for the bare and treated rooms contalning

6 identical machines,

Source Directivity--

Many sources radlate more sound in some directions than in other
directions. This radiation can be a point of consideration in
studying the position occupied by a machine operator. Where
possible and practical, the nearby operator should try to remain
in the quieter region of the sound field most of the time. 1In
the reverberant sound field of the source, the region of possibly
lower sound levels will be filled in by the higher sound levels,
and the source essentially loses its directivity characteristices.
The greater the room constant (the more absorptive the space), the
greater the distance from the machine before the quieter regions
are filled in by the reverberant stronger levels.

In ocutdoor situations (and in anechoic test chambers), sound
sources retain their dlrectivity characteristics, and this reten-
tion should be taken into account when orienting directional out-
door sound sources (such as some types of mechanical-draft cooling
towers) relative to critical neighbor positions or areas.

Using acceleration measurements--

Accelerometers are sometimes used to assist noise control engi-
neers in identifying noise sources, especially in difficult situa-
tions where the sound field under investigation is relatively
uniform and where there are many pessible nolse sources operating
simultaneously.

Accelerometers may be used in place of microphones on some of the
more sophisticated sound level meters. The meters then serve to
amplify and/or filter the accelerometer signal rather than the
mi¢rophone signal.

When properly secured to a vibrating surface (refer to instruction
manuals), accelerometers will produce a signal proportional to the
accelerations that surface undergoes as it vibrates back and forth.
The acceleration levels (in decibels, as read from the meter) are
related to the sound pressure levels on the surface, radiating
into alr approximately by:

1K

SPL

¢ ¥ AL + 150 - 20 log f , (2.20)

where AL = ALy- AL,,, ALy 1s the acceleration level as read from
the meter, AL,g 1s The acceleration level as read from the meter
when the measuring system 1s subjected to an acceleration of 1 g,
and f i1s the octave-band or third-octave-band center frequency

of the vibration.

45



Vibration calibrators are available to ascertain the meter reading
when the measuring system is subjected to an acceleration of 1 g.
The calibration need only be made at a single frequency.

A typical set of octave-band acceleration data and relevant cal-
culations would be as follows (for a system calibrated to read
1 g = 82 dB):

Frequency (Hz) 125 250 500 1000 2000 4000 8000

AL_ (dB) 67 84 77 75 62 62 72
AL, . 82 82 82 82 82 82 82
AL ~15 +2 -5 -7 -20 -20 ~16
150-20 log f 108 102 96 90 84 78 72
SPL 93 104 91 83 64 58 56

The final line above indicates the octave-band sound pressure
levels at the surface of the vibrating structure.

An approximate relationship between the sound power level of the
vibrating surface and the calculated sound pressure levels at
the surface of the vibrating structure is:

PWL = SPLS + 10 log Am s (2.21)
where Ap is the area of the vibrating surface in square meters or

PWL = SPLS + 10 log A 10 (2.22)

=
where Apy is the area of the vibrating surface in square feet.
Thus, in the above example, if the vibrating surface had a
surface area of 1 m?, the octave-band PWL of the surface would
be equal to the calculated octave-band surface sound pressure
levels.

Equation 2.20 assumes that the vibrating surface is an efficient
radiator of sound. This assumption is not always true. In fact,
small surfaces (small compared to the wavelength of the frequency
of sound considered) are very inefficient sound radiators. Also,
thin materials do not radliate sound efficiently. These aspects
are discussed more fully in the technical references given in the
bibliography. The reader should be aware, however, that deter-
minations of the octave-band power level of a vibrating surface
by the above procedure may be as much as 25 to 30 dB too high for
some thin or small vibrating surfaces.
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Notwithstanding the shortcomings of the calculations involved,
acceleration data can serve to eliminate from consideration
surfaces which might otherwise be suspected of being significant
noise sources and can alsc serve tc help pinpeoint surfaces which
deserve further study.

SUMMARY OF DIAGNOSTIC APPROACHES

This chapter has introduced many of the fundamentals of sound that
are not only essential background information for noise control
practitioners, but also serve as steps in the identification and
diagnosis of noise sources and components. To recapitulate:

« Turn machines on and off during sound measurements to
determine major and minor sources.

+ Use decibel addition to supplement the sound measurements In
determining quantitatively the relative strength of the
various contributors to the total noise.

* Understand and use the A-weighted filter response to emphasize
the importance of the sounds that most influence fthe A-
welghted sound levels,

- Make extensive sound measurements at many close-in positions
and at all frequencies of ccncern to permit suitable study
of the internal details of the many potential sources. This
is necessary because on the basis of wavelength considerations
alone, small-size sources (small compared to the wavelength
of sound in air for the frequency of interest) cannot be strong
low-frequency sound sources, but they can be important high-
frequency sources.

+ Calculate the approximate sound power levels of various source
components to rank-order or diagnose the components 1n terms
of thelr noise output. This is necessary because frequency
analysis (in octave bands or even narrower filters) 1s essen-
tial to a proper study of a rnultitude of sound sources.

+ Take room conditions into account when estimating sound
levels for equipment in various spaces.

» Attempt to identify and quantify airborne and structural
sources and paths of noise. Different noise control
approaches must be used on these two broadly different types
of sources.

+ Do not ignore your ears as sensitive and useful instruments.
Sometimes, certalin sound signals may not be differentiated
with sound measurement instruments, whereas your ears can
pick up and distinguish unusual signal characteristics that
can be attributed uniquely to certain sources.

b7



Where possible and practical, obtain and use a separate small
microphone and preamplifier with cable connection to the
sound level meter. As the microphone is probed carefully
around the working parts of the machine, watch the sound
level meter (at A-setting or any specific octave band of
interest) and look for peaks indicating that the microphone
is close to a scund source. Sometimes, microphone movements
of only a few centimeters, when held perhaps 1 cm from a
complex mechanism, can reveal important close-in sources

that deserve special attention.

Repeat crucial measurements to guard against errors in read-
ings and to ascertain that the machine is performing
consistently.

Make detailed notes and sketches to augment the noise data.
Be as accurate as time will allow.

Take time to think. Do not leave the job without having some
specific thoughts on dominant noise sources and possible
treatments. Also, consider possible alternatives to those
first thoughts. Later data analysis may reveal errors in

the initial ideas.

Above all, apply thought and ingenuity in planning the mea-
surements, obtaining the data, and analyzing the results.
Do not allow yourself to be rushed through an important
problem without adequate preparation, study, and analysis.
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3. NOISE CONTROL

Once you have identified and measured the sources of nolise, you
are ready to consider what can be done to control the noise.
Remember that the sound to be controlled is a form of energy.
Your aim, therefore, is to reduce the amount of sound energy re-
leased by the nolse source, or divert the flow of (sound) energy
away from the receiver, or protect the receiver from the (sound)
energy reaching him. In other words, all noise controls work

at the nolse source, along the noise path, or at the receiver.

The key to nolse control is finding the control that is both
effective and economical. You should know not only what controls
can work, but also how costly the controls are to design and
install. 1In thls section, we present a systematic procedure for
choosing among the avallable options, starting with controls

that require the minimum amount of equipment modification and
ending with those controls that require the most modification.

TECHNIQUES INVOLVING MINIMAL EQUIPMENT MODIFICATION
The kinds of noilse controls listed below can be effective in
reducing noise exposures, but do not involve machine or process
design changes. The alternatives are not necessarily simple or
cheap, but they should be consldered first, before exploring
more complex solutions. The controls are:

+ Proper Maintenance

« Changing Operating Procedures

» Replacing Equipment

« Applying Administrative Controls

- Applylng Room Treatments

« Relocating Equipment

+ Simple Machine Treatments

+ Proper Operating Speed.
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Proper Maintenance

Malfunctioning or poorly maintained equipment makes more noise
than properly maintained equipment. Steam leaks, for example,
generate high sound levels (and also waste money). Bad bearings,
worn gears, slapping belts, improperly balanced rotating parts,
or insufficiently lubricated parts can also cause unnecessary
noise. Similarly, improperly adjusted linkages or cams or im-
properly set up machine guards often make unnecessary contact
with other parts and result in noise. Missing machine guards
can allow noise to escape unnecessarily. These types of noise
sources share one characteristic: Their noise emissions c¢an be
readily controlled, though there is no simple way to predict
how much noise reduction can be achieved through proper main-
tenance,

Operating Procedures

The way an operation is performed can cause workers to be over-
exposed to noise. Some operations are monitored by workers
stationed near a noise source. At times, the distance is more
critical in terms of nolse exposure than operational necessities.
In other words, the coperator can station himself at some other,
quieter location without degrading his work performance. Some
operations can be monitored or performed from inside an operator
"refuge," a booth or a room. Sometimes, relocation of machine
control systems can augment thls type of nolse control.

Noise reduction obtained by relocating operators can be estimated
by measuring sound levels at the existing station and the planned
new station. If an operator booth is employed, noise reductions
can be expected to range from 10 to 30 dB, with the higher value
for booths with good windows and doors, and the lower value for
booths that are open to the environment on one or two sides.

Equipment Replacement

In some cases, the modification most readlly available is quieter
equipment that can be used to perform the same task. For
example, several major manufacturers now sell quieted electric
motors or quleted compressors. Other examples applicable to
industry-specific manufacturing equipment also exist or are in
varlous stages of production. Quieted versions of equipment
typically sell for scme premium over unguieted ones. Certalnly,
situations will arise when the purchase of different or newer
equipment may be appropriate for production purposes, and these
situations may be effectively combined with noise conslderations.
Be aware that new equlipment may not necessarily be quieter,

Just because it's new. Noise specifications can play a signi-
ficant role in quieting an environment when an upgrading or
expansion program is undertaken, and they will be more important
as pressure increases on eguipment manufacturers to produce
quieter equipment.
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Administrative Controls

One possible form of noise control invelves administrative control.
One form of administrative control is to stretch your production
so that the actual noise exposure is kept just below daily
acceptable limits rather than allowing expocsures to be high one
day and low the next. Such noise contrel, however, 1s usually

a remote possibility.

A second possibility is to rotate workers: Exchange those

who work in noisy areas with those who work in quieter areas.

This alternative administrative contrel has been used on ¢ccasion,
but, because of different labor skills and wages, as well as
worker resistance, the implementation of this form of noise con-
trol is not usual. Furthermore, rotating the workers means that
more people become exposed to high-level noise. There is a
trade-off between exposing few workers to high-level noise for
long periods of time and exposing more workers to the high-level
noise for briefer periocds of time.

Room Treatments

As described previously, the presence of reflecting surfaces
(walls, floors, ceilings, and equipment)} in a workspace results

in the build-up of sound levels in the reverberant field. By
controlling the reflected sound (i.e., by preventing the re-
flections), reverberant field sound levels can be reduced by
several decibels. Generally, the reflections are prevented by use
of acoustically absorbent materials applied directly to wall or
ceiling surfaces or suspended from the ceiling in the form of
hanging baffles. The potential benefit of rcom treatment ranges
anywhere from 0 dB (no benefit) to as much as 12 4dB.

Equipment Location

The sound level drops off as one moves away from a noise source.
OQutdoors (i.e., in an acoustic free field), the sound level can
be reduced by as much as 6 dB for every doubling of distance.
Indoors, the effect of reverberation may limit the reduction ob-
tainable by relocating equipment, but when workers are stationed
close (within a meter) to nolsy machines and where space permits,
moving the noise sources (or the workers) may be beneficial.

This situation is often encountered where manned production equip-
ment is lined up in rows, and where a given operator may receive
as much nolse exposure from the machine behind him as from his
own machine. If there is no room to spread out equipment, a
likely alternative solution would be to shield the worker from
the sounds around him (see Machine Controls section). Also,
reverberant treatment may be of benefit. Refer to Figure 2.12.
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Another form of equipment location would be to relocate machine
service units that do not need constant attention, such as
pumps, fans, drives, hydraulic systems, and air and steam flows,
into unoccuplied spaces.

Simple Machine Treatments

Vibration Isclation--

Airborne nolse can be produced by any solid vibrating member of a
machine. The vibrating member alternately pushes and pulls
against the air, creating small pressure changes that tend to
radiate 1In all directions. The vibrating member may be driven
into vibration by contact with a primary moving part, or through
some intermediate solid linkages 1in contact with the moving part.
In such cases of "forced vibration," techniques of vibration
isolation may be applicable. In general, all vibration isolation
techniques aim at disassociating the vibrating member from the
force causing it to vibrate, generally by interposing a slightly
compressed "springy" material between the forces and the member.
An example would be supporting a panel on a machine by means of
bolts that pass through Neoprene grommets. Essentlally, the
panel is "suspended" from the machine by the Neoprene.

Close-fitted machine-mounted enclosures should be vibrationally
isolated to prevent the enclosure panels from becoming important
sound radiators.

Vibration Control--

Vibration control eliminates or reduces vibration at its source.
In the discussion on maintenance, several vibration control
techniques were mentioned, including the balancing of rotating
components and the elimination of unnecessary component contact.
Vibration control also includes mounting a vibration source on
special supports. This type of vibration control, actually a
form of vibration isolation, is considered separately because 1t
deals with the vibration itself (which could be a motor-pump
assembly, part of a machine, or the entire machine). Vibration
control systems can employ springs, Neoprene, cork, felt, or
glass fiber,

Vibration isolators are commercially available. They are
selected by specifylng the weight to be supported, the deflec-
tion required, and the lowest vibratory frequency of the unit
to be isolated. They are made from elastomers {compressed or
shear, ribbed Neoprene); other compressible materials (cork);
fibrous mats (felt, glass fiber); and steel springs.

Basic isolation requires a knowledge of the lowest forcing fre-
quency (f) of the machine to be isoclated, as related to the
natural frequency (fn) of the isolator when supporting the
machine and the weight on the footing to be isolated. The trans-
missibility of vibratory energy 1s greatest (and should be
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avoided) when the ratio of f/fn = 1. Isolation begins above

f/fn = Y2. As a general rule, a machine on a heavy rigid founda-
tion is well isoclated when the resonance frequency is less than
one-fifth of the lowest operating frequency. The latter is
usually that of rotary unbalance in the slowest rotating part.

If the machine is on a lightweight floor or is hung from a springy
roof, the ratic should preferably be less than one-fifth.
Vibrating pipes or suspended fans can be in this category. The
isolator plus machine resonance frequency fnn is determined from
fn = 0.5 /d or fn = 3.13 J17d, where d@ is the static deflection
of the 1solator under load in, respectively, millimeters or
inches. This relation holds only when the deflection is strictly
proportional to the load (linear systems).

To select spring isclators (Bell 1973)¥

* Establish that part of the total weight that is on the
footing in questilon.

« Determine the lowest forcing deflection required for degree
of transmission percent required (see Table 3.1); 5% is
normally adequate.

« Choose a suitable isolator that will sustain the load and
have the proper deflection. Isolator manufacturers often
list spring constants (1b/in. deflection).

» Ensure that the deflec¢tion is uniform for each footing.

= Ensure that the vibration isolation system is not shorted
out by rigid connections (electrical conduit, mechanical
supports, linkages, or pipe connections, etc.).

The selection of isolator pads follows the same general method,
and data from the suppliers as to the recommended grade, material,
and thickness are used. Many pads, however, are highly non-
linear and cannot be selected directly on the basis of the above
information.

A motor mounted on a platform 1s a typical isoclation problem.
This problem has a simple solution: Use four properly selected
vibration isclators.

¥Bell, L.H. 1973. Fundamentals of Industrial Noise Control.
Harmony Publicatilons, Trumbull, Connecticut.
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Table 3.1 Required static deflection (inches) for common
industrial speeds or forcing fregquencies {(base
1s assumed immovable).

Speed Vibration Transmission (percent)
rpm freq. 0.5% 1.0% 5.0% 10% 25%
3600 60 0.55 0.27 0.06 0.03 0.01
2400 40 1.2 0.62 0.13 0.07 0.03
1800 30 2.2 1.1 0.27 0.12 0.05
1600 27 2.8 1.4 0.29 0.15 0.07
1400 23 3.6 1.8 0.38 0.20 0.09
1200 20 §.9 2.5 0.52 0.27 0.12
1000 17 7.1 3.6 0.74 0.39 0.18
800 13 5.6 1.2 0.61 0.28
600 10 2.1 1.1 0.49
Loo 7 4.6 2.4 1.1

Other vibration problems can be more complex, and knowledge-

able suppliers should be consulted. Provide them with the machine
weight, operating frequencies, weight distribution on footing,

and test measurements, which should inelude acceleration, velo-
clty, and displacement at machine footings and at other points

on the machine, to aid in determining the isolator reguirements.
For example, machines with low forcing frequencies may require

a heavy concrete inertia block, generally 1.5 to 2.0 times the
welight of supported equipment. In addition, the inertia block
and entire support structure could rest on spring isolators.

Another problem is a machine on a limber floor. Such designs
and specifications call for special expertise. Complex vibra-
tion involiving more than one plane requires specialized
assistance from the suppliers or a qualified consultant. Under
optimum conditions, the reduction in noise level (in dBA) should
range from 2 dB for a machine with no vibrating panels, mounted
on a very heavy inertia block, to perhaps as much as 14 dB for

a heavy machine on a second-story, limber floor.

A special problem arises with punch presses or other sources of
periodic impulse noise. Here the problem is to reduce the trans-
mission of both the shock and the ensuing vibration. The optimum
choice of vibration isclator 1l1ls governed by the relation among
three time intervals. First is t,, the effective duration of

the exeiting shock. Second is t,, the perlod (time for one cycle)
of motion resulting from resonance between mass of the machine
and the effective stiffness of the vibration/shock isolator.
Third is t;, the interval between repetitions of the impulse.

The isolator should be chosen so that t;, < t; < £, to obtain
near-optimum results. The value of t, for a puncﬁ press or

shear is approximately the time between contact of the tool with
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the workpiece and the completion of the cutting action. This
can be determined from machlne parameters; direct measurement
with an oscilloscope gives more reliable data.

Surface Damping--

Frequently, lightweight metal (or plastic) parts are set into
bell-l1like vibration by multiple impact (e.g., parts impacting on
chutes) or by induced resonances caused by externally applied
forces. The resulting "free" vibration can be effectively
attenuated by application of externally applied damping materials.
Damping treatments include application of specially treated
aluminum tapes, application of troweled, painted, or sprayed-on
materials, and application of constrained layer "sandwiches" of
damping materials. In each case, the damping properties of
these materials are dependent on ftemperature, humidity, and
chemical exposure.

Other Simple Treatments--

At times, minor changes in the structure or functional design of
a machine can reduce noise effectively. Prime examples of this
technique are eliminating or softening (by padding) impacts at
linkages and securing rattling parts. More sophisticated methods
include changing the size or shape of main radiating structural
components (making them smaller) and providing air "leaks"
(perforations) in surfaces to make components less efficient
radiators of sound.

These and similar modifications should be made only when a part
has been clearly established as a main socurce of noise or vibra-
tion and when the ramifications of the proposed changes have
been checked thoroughly.

TECHNIQUES REQUIRING EQUIPMENT TO BE ADDED TO EXISTING MACHINERY

Other forms of noise control may involve some kind of modifica-
tion to the equipment. Some equlpment changes that reduce noise
exposure, however, can be accomplished without redesigning the
equipment. Such modifications may change the machine noise
emissions, may redirect the emissions, or may contain the emis-
sions. 1In some cases, the noise contrecls may require some
adaptation to new operating procedures — in effect, they may
require some "getting used to." Humans, as you know, are re-
luctant to change everyday habits. You should therefore work
closely with the people whom the control will affect. Let the
workers say what design features they consider essential, and
allow a reasonable time period before you evaluate the effects
of the changes on operations.

Shields and Barriers

An acoustical shield is a solid piece of material placed between
worker and noise source; it 1s often mounted on a machine. An
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acoustical barrier is a larger piece of so0lid material, usually
free-standing, on the floor. Both the barrier and the shield
functlion by deflecting the flow of acoustical energy away from
the worker. They are most effective when (1) the worker is close
to the nolse source (positioned in the near field of the noise
source), and (2) the smaller dimension of the shield or barrier
is at least three times the wavelength contributing most to the
nolse exposure received, and (3) when the ceiling and other
nearby reflecting surfaces are covered with sound absorptive
material. Shields or barriers can provide as much as 8 to 10 dB
of improvement under these ideal conditions. The farther the
worker is from the noise source, and the smaller the barrier, the
less effective is the barrier.

Because most common construction materials used in shield and
barrier designs provide considerably greater transmission loss
than 8 to 10 dB, the treatment material is generally not critical.
Material selection should be based on the (1) need for visual
access to the problem equipment and (2) the expense involved.
Typical materials used are light-gauge sheet metal, 1/2-in.
plywood, 1/4-in. clear plastic, or safety glass.

For best resulfs, and to minimize the addition of unwanted re-
flections, the machine side of a shield/barrier should be at

least partly lined with an acoustical absorbent material, pre-
ferably oll-resistant and cleanable (see Noise Control Materials
section). Handles and, if needed, casters can be provided for
ease of moving. Hinged sections can also be incorporated in the
deslign for physical access through the treatment, but care shculd
be taken, in segmenting the treatment, to minimize acoustical
leaks. OStrips of Neoprene can minimize leaks at joints or hinges.

Shields can be used as replacements for less acoustically ef-
ficient machine guards in many cases. In such cases, the shield
should be fitted carefully to cover all the noise leaks and
should be properly vibration-isolated.

Enclosures

Partial Enclosures--

When a barrier is wrapped around a machine, with its top more

or less open, it becomes a partlial enclosure. Such an enclosure
can be effective in reducing noise to workers nearby. The nolse,
however, escapes through the top and contributes to the rever-
berant sound in the workroom. In addition, specular (mirror-like)
reflection from the ceillng can contribute reflected-path levels
that can become obvious when the direct path is reduced by the
enclosure, as shown in Figure 3.1.
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ceiling

ray grazing top of barrier

receiver

barrier

source
machine

Figure 3.1. Source-barrier-receiver geometry. The angle into
acoustic shadow should be greater than 30° for at
least 10-dB attenuation. Ceiling reflection can
offset barrier attenuation if ceiling height is 1less
than 1.5 times distance from source to receiver.

These spill-over noise effects can be reduced by covering the
inside of the enclosure with acoustically absorbent material.
Also, suspended acoustically absorbent baffles may be placed
over the openings to reduce the escaping noise. If all other
machines in the workroom are qUleted, the ceiling reflection may
become apparent. Such reflections are usually specular, and the
patch of ceiling at which the reflection takes place can be
located geometrically on building plans. Acoustically absocorbent
material placed on the celling at this location will reduce the
reflected sound.

Partial (and total) enclosures will usually need access for in-
coming materlal, product, scrap removal, operator, maintenance
personnel, and vision. Doors, windows, and hatches will handle
most access problems, but the usual precautions about avoiding
leaks hold strongly at these openings. Hinged or sliding doors
can use a gasket for a seal. A convenient material is the
closed-cell foamed elastomer weatherstripping sold with a
pressure-sensitive adhesive. Special acoustical gaskets, de-
signed specifically for sealing leaks, are also available. For
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less stringent sealing, the magnefic strip gaskets used on
refrigerator doors supply both seal and positive closure. Hatches
can be dogged down by quarter-turn latches.

Windows for visual access may need internal illumination to make
visual monitoring easy. Heat build-up should be no problem with
an open top in a partial enclosure. If necessary, ventilation
openings (fitted with acoustically lined ducts or mufflers) can
be provided through the enclosure walls. Noise reduction may
remove acoustic signals that some workers use in evaluating the
performance of a machine. Hence, if the reduction is too great,
acoustic cues may have to be supplied separately, with a rugged
microphone (at the site where the essential information is
generated) feeding a small loudspeaker at the worker position.

Openings for workpiece, product, and scrap flow can permit noise
to escape. Such openings should be in the form of tunnels lined
with absorbent material. The length and unobstructed cross
section of the tunnel determine the amount of noise attenuation
obtainable. In the design, the acoustically absorbent material
can be selected for maximum effect on the noise spectrum at that
opening. Use of lined tunnels should be accompanied by some
degree of automation. Examples of some partial enclosures, which
can provide as much as 12 to 15 dB of nolise reduction, are shown
in Figure 3.2.

partial enclosure partial enclosure

Figure 3.2. Examples of partial enclosures.
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Total Enclosure—-—
If more than 12 to 15 dB of noise reduction are required, a total
enclosure is needed so that noise 1is contained more fully.

By virtue of their design, total enclosures can cause a heat
build-up problem. Heat build-up is handled by adding a ventilat-
ing blower, together with silencers for both supply and exhaust
air. Some internal ducting may be needed 1f there are heat-
sensitive components in the machine, but these ducts can also
selectively supply cooling air and remove hot air. The minimum
flow rate of cooling air, Q (in ¢fm), depends on W, the watts of
heat generated, and on AT, the temperature rise permitted

(degree F). For air cooling at sea level, Q = 1.76 W/AT. More
flow is needed at higher altitudes.

A total enclosure may require a change in work habits. The change
can be more acceptable 1f the people most involved — the workers
and the foremen — are given the opportunity tc enter intoc the
design discussions. Enclosures can also force consideration of
modernizing equipment, for example, automatic feed by conveyor,
which requires less perscnal attention to the machine. Such
automation may also offset the difficulties that arise from less
free access to the machine. In most instances, you will have
little difficulty with the acoustical aspects of enclosure

design. The chief job is to ensure an industrially viable design,
taking account of the requirements for access, minimum change

in productivity, and minimum installed cost. To meet these
requirements, you, as the noise control engineer, must work
closely with the industrial, plant, and process engineers, with
foremen and workers, with maintenance c¢rews, and with management.

As a general matter, enclosures should net touch any part of the
machine and should be vibration-isclated from the floor. Never-
theless, the enclosure must be pierced for such services as
electricity, air, steam, water, oil, or hydraulic power. These
services can be regrouped, together with mechanical controls, to
a convenient location and passed through a junction box that is
later packed and sealed. C(Cables, pipes, and conduit can pass
through cut-outs in metal cover plates for the junction box. If
deslred, an enclosure panel can be split and adapted for passage
of services through the enclosure wall. See Figure 3.3. A
resilient acoustical seal can then be made from two ring-shaped
pieces of 1/8-in. (or heavier) Neoprene. Slot each piece at

the pipe or conduit and overlap the two pieces with the slots
facing away from each other. Seal the straight edges with
strips of Neoprene or similar oil-resistant, heavy, resilient
material.

For mechanical controls operating through an arc-shaped hole or
slot in a panel, the seal can be of abutting multiple strips of
Neoprene. The control lever should be as thin as possible. Where
possible, replace the lever with a servo control operated from

the outside.
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sealing strip; glue line
1/8 X 3 inches Neoprene

semicircular cut-outs -

for services split washers of 1/8 inch Neoprene,

3 inches wide on radius

Figure 3.3. Split panels for services.

Many of the features of a convenient enclosure design are il-
lustrated in Figures 3.4 through 3.10. The general design is
based on panels secured (by quarter-~turn captive screws) to an
angle iron frame (see Figures 3.4 and 3.5). Thus, rapid access
is provided for all types of servicing of the machine. Thils type
of enclosure should be as close as possible to the machine. Up
to 20 dB of noise reductlion are usually easily obtained. The
angle iron frame can be of bolted sections, to permit guick and
complete disassembly and removal.

Machine vibration may still create a problem by vibrating the
floor, which then acts as a resonant soundlng beard to vibrate
the enclosure. This problem is handled by vibration-isolating
mounts, using steel springs, or elastomers in shear (Figure 3.6).
Special care in design is needed if the execiting force is of
short duration but is repeated, as in a punch press. Not all
vibratlon-isclator suppliers recognize the need for careful
selection of isolators in this speclal repeated-impact situation.
Be sure that you have enough data on the machines and the 1so-
lators to ensure an effective design. You will need data on
three time scales: (1) duration of the impact, (2) time between

impacts, and (3) the minimum period of oscillation of machine on
a suggested 1sclator.
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Figure 3.4. Welded angle iron frame. This frame can be welded
in segments that are bolted together.

1/8 X 1 inch cold-rolled steel stiffener
on panel, for panels thinner than 11 gauge

enctosure panel
gasket of closed ¢ell toamed elastomer

edge of angle iron frame

: quarter-tumn captive screw fastener: space
about every 6 to 9 inches. Wing screw
fasteners can be used if rapid access is
needed without tools.

Figure 3.5. Enclosure panels secured to frame by quarter-turn
fasteners.
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- enclosure panel

toe coving, bent 1/8 X 9 inches coid-rolled
steel; 5 inches deep, 4 inches high

vibration isolating mount, elastomer in shear;
‘static deflection at least 1/4 inch

strip seal to floor, 1/8 X 3 inches Neoprene

clearance about 1/2 inch

/////////////////////////

Figure 3.6. Vibration isolation and toe covering.

enclosure panel; usually stee!
tdamping sheet; can aiso be spray, trowel on

absorbent: seal raw edges with paint.
main surface to be vil-resistant and
cleanable

Figure 3.7. Enclosure panel interior treatment.
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angle iron stiffener for door frame

hinge spacer N

enclosure panel

hinge %\ T‘

door panel stiffener of 1/8 X 1 inch

cold-rolied steel —\l\

Figure 3.8. Door and hatch detail. Interior of doors and hatches
have same acoustical treatment as enclosure panel.
Secure doors by vibration-resistant latches or by
quarter-turn fasteners. Doors and hatches must make
airtight seal to enclosure panel.

door panel
gasket of closed cell foamed elastomer
(weatherstripping) \
N !

] enclosure panet

\_hold down ¢lamp; use quarter-turn screws

bead of silicone rubber to make resilient
gasket. use silicone | on window to
get quick reiease for servicing window

panel frame/stiffener of 1/8 X 1 inch
cold-rolled steel

glazing Plexiglas, Lucite, Lexan or safety glass

Figure 3.9. Window detail.



N

complete enclosure
Figure 3.10. Examples of enclosures.

For any machine, the time comes when major repiirs are due; ad-
ditions or changes may also be called for. The enclosure designs
suggested in Figures 3.2 through 3.10 afford some flexibility

in this regard. The panels can be made separately and fastened
in place with a gasket material {(such as weatherstripping) to
¢lose off leaks. If the panel materlal 1s metal, its resonances
can be distributed more uniformly in frequency 1i1f the panel is
reinforced by bolted-on angle irons (bolting adds damping). The
stiffeners should be placed so as to divide the panel into
smaller areas, no two of which should be the same size and shape.
Frames for doors, windows, and hatches can also be used as
stiffeners.

Windows pose a special problem because they are an acoustical
weak spot. Generally, if more than 20 4B of reduction are needed,
double glazing must be used. The inside layer should be safety
glass, because it must withstand rough handling and cleaning to
remove o0il, grease, and dirt. All panes should be set iInto soft
elastomer gaskets. Room-temperature-setting silicone rubbers
are useful. The visual access that windows provide should be
carefully thought out in terms of the information needed by the
operator. Glareless lighting of the components to be monitored
is helpful. In extreme cases, closed-circuit video monitoring
can be used.
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A special adaptation of the total enclosure for the machine is a
total enclosure for the operator when this is the more practical
or economical approach. Such enclosures may require alr intake
and exhaust fans, with noise traps, lighting, heating, or, in some
cases, air conditioning. As in machine enclosures, some inside
absorption — such as an acoustic tile celling — is recommended,

and special care must be taken in window and door de51gn to avoid
leaks. See Figure 3.11 for effect of leaks.

How can an enclosure be acoustically designed? First, establish
how much noise reduction is needed for the equipment being en-
closed at the location of interest cutside the enclosure
(typically the closest operator position). See Overall Noise
Reduction Requirement and Noilse Source Diagnosis sections. This
machine-specific objective is termed the required "insertion loss"
of the enclosure, and it should be expressed on an octave-band
basis. Second, estimate the required "transmission loss" of the
isclating wall of the enclosure, again on an octave-band basis.
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TRANSMISSION LOSS POTENTIAL

Figure 3.11. Effect of enclosure sound leaks on potential
noise reduction.
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For an enclosure that will be lined with sound-absorbing material,
the estimated required transmission loss in each octave band is
equal to the insertion loss plus 10 dB. For windows with bare
interior walls, the estimated required transmission loss in each
octave band is equal to the iInsertion loss plus 15 dB to 20 4B,
depending upon how conservative you wish to be.¥ Third, find a
suitable wall material that can provide the needed transmission
loss in each octave band. (See Table 3.2.) Actual cectave-band
‘transmission loss information 1s also provided in advertising
literature. There is a well-defined and accepted standard (ASTM
E90-61T, or latest version) for measuring transmission loss, and
you should verify that reported information 1s made in accordance
with that procedure.’

A problem occurs in calculating the net transmission loss when
the enclosure has panels, doors, hatches, windows, silencers, and
leaks, each with its own area Si and assoclated transmission loss
Lti‘ A formula, however, that can be used is:

-L;/10

t (3.1)

L, = 10 log S - 10 log } 8,10
This formula amounts to adding up all the sound power that
escapes and dividing by the total area. As an example, consider
a machine control room that has ceiling-high walls that separate
it completely from the rest of the shop, where the level 1is

100 dBA. The design of the wall is shown in Figure 3.12. The
ocbjective is to compare the performance of single- and double-
glazed windows at a midrange octave band. We assume that there
is negligible leakage through the roof and that all leaks have
been well sealed.

The calculations are shown below for one octave band. In a com-
plete analyslis, calculations must be carried ocut for all bands.

¥This estimation procedure 1is based on allowance for the build-up
of sound that will take place inside an enclosure — a phenomenon
that depends principally on the amount of absorption inside the
enclosure.

fDo not confuse transmission loss data with STC data, a related
material performance measure that is often glven in addition to
or in lieu of transmission loss data in advertising.
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Table 3.2. Transmission loss of common materials. The reader is
referred to Beranek, Noise and Vibration Control,*
and NIOSH's "Compendium of Materials for Noise Control,"T
for general information on the behavior of noise-
isolating material and the design of enclosure systems.

1b/sq Frequency
Material ft 125 | 250 | 500 |1000 | 2000 | 4000 | Bo0O
Lead
1/32-in. thick 2 22 24 29 33 40 43 4o
1/64-1in. thick 1 19 | 20 | 24§ 27 33 39 43
Plywood
3/4-in. thick 2 24 22 27 28 25 27 35
1/4-in. thick 0.7 17 15 20 24 28 27 25
Lead vinyl 0.5 11 12 15 20 26 32 37
Lead vinyl 1.0 15 17 21 28 33 37 43
Steel
18-gauge 2.0 15 | 19 31| 32 35 48 53
16-gauge 2.5 21 | 30 | 3% | 37 40 47 52
Sheet metal
{(viscoelastlic 2 15 25 28 32 39 4z 47
laminate-~core)
Plexiglas
1/4=-1in. thick 1.45 16 17 22 28 33 35 35
1/2-1in. thick 2.9 21 23 26 32 32 37 37
1-in. thick 5.8 25 28 32 32 34 4e 46
Glass
1/8~in. thick 1.5 11 17 23 25 26 27 28
1/4-1n. thick 3 17 23 25 27 28 29 30
Double (Glass
1/4%x1/2»1/4-1n. 23 24 24 27 28 30 36
1/4x6x1/4-1n. 25 28 31 37 40 43 47
5/8-in. Gypsum
On 2x2-in. stud 23 28 33 43 50 ho 50
On staggered stud 26 35 | 42 52 57 55 57
Concrete, U-in. ug 29 | 35 | 37 | 43 Ly 50 55
thick
Conecrete block,
6 in. 36 33 34 35 38 46 52 55
Panels of l6-gauge
steel, 4-in. ab- 25 35 43 48 52 55 56
sorbent, 20-gauge
steel

¥Beranek, L.L. 1971. ©Nolse and Vibration Control. MecGraw-Hill,
New York, N.Y.

TNIOSH Technical Publication No. 75-165. Compendium of Materials
for Noise Control.
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Ll 24 teet wide -
concrete block areas
3 feet high

glass glass
5 feet high
= ]
ke . i A fi e e e

giass area 105 sq ft

door and frame 24 sq ft

concrete block 135 sq ft

total 264 sq ft

Figure 3.12. Example of isolating wall.

-Li/10
Values of Si 10
3 L -Li/lo Single Double

i i 10 Glazing Glazing
Single Glazing 105 31 7.94 x 107 0.0834 —
Double Glazing 105 5 3,16 x 10”5 -_— 0.00332
Door 24 31 7.94 x 107" 0.0191 0.0191
Concrete Block 135 ks 3,16 x 1073 0.00427 0.00427

Sums 264 0.1068 0.0267

10 log 264 = 24,2
Lt (single) = 24.2 - 10 log (0.1068) = 34 4B
Lt (double) = 24.2 - 10 log (0.0267) = 40 dB.

Wrapping/Lagging

A special form of enclosure treatment is wrapping or lagging.

This kind of treatment can be used to insulate already enclosed
surfaces (e.g., piping or hoppers). The treatment consists of
application of an absorbent material over the radlating or
vibrating surface, followed by an outer coating of impervious
material, such as sheet metal or flexible mass-loaded vinyl. Such
treatments are less subJect to problems encountered with box-type
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enclosures, but are generally limited to use on regularly shaped
surfaces that do not require constant maintenance., Scme typical
constructions and attenuations¥® are given below (in d4B):

500 Hz 1000 Hz 2000 Hz

l1-in. glass fiber blanket with 1.5 4.8 13.8
aluminum foil covering

1-in. glass fiber blanket with 5.0 12.0 24,0
lead-impregnated vinyl

2-in. glass fiber blanket with 4.0 13.5 26.0

lead-impregnated vinyl
Notes:

» Glass fiber is 4 1b/ft?® (64 kg/m®) density. Lead vinyl is
0.87 1b/ft? (4.25 kg/m?)

+ Note low attenuation at 500 Hz, less at lower frequencies.
* Good seal at all joints is critical.

*+ Two layers of 2-in. glass fiber plus lead impregnated vinyl
between layers plus a cover layer of lead impregnated vinyl
would increase attenuation.

» Sheet lead of same weight/area could also be used.

» Sheet metal, plaster, or gunite (sprayed-on concrete) can
be used for greater TL of the covering layer.

Silencers

There are many types of noise control devices that are termed
"silencers." Duct silencers, for example, are cylindrical or
rectangular structures fitted to the intake or discharge of air
moving equipment, These "dissipative™ silencers function by
absorbing noise otherwise escaping from the intake or discharge.
The duct silencers are internally lined with acoustical material.

Commercially available duct sllencers are specified by the in-
sertion loss (by octave bands) and by other specifications, such
as velocity of flow, temperature, and allowable pressure drop.
Large industrial silencers are also known as snubbers and are
sometimes combined with spark arrestors. There is a great deal
of art in silencer design. One difficult problem with dissi-
pative silencers 1s fouling of the absorbent by particulate
matter,

*Dear, T.A. 1972. Noise reduction properties of selected pipe
covering configurations. In: the International Conference on
Noise Control Engineering. P. 138. Washington, D.C.
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Fans and blowers, when near or part of an operation, can be a
major noise source. Fan types used are propeller, axial, and
centrifugal. Blades on centrifugal fans may be radial, forward-
curved, or backward-curved; backward-curved blades are the
quietest. The resulting air noise is a combination of blade-pass
frequency and harmonic peaks plus broadband aerodynamic noise and
turbulence.

Reduced fan speeds will reduce noise, and replacement with lower
nolse level fans, such as backward-curved blade types, can be
considered. 1If this iIs not practical or economical, the air flow
noise can be reduced by commercial or custom-made silencers.
Custom-made silencers, which can be constructed in maintenance
shops, include acoustical labyrinths, parallel baffle silencers,

acoustic-1lined plenums, acoustic-lined ducts, and acoustic-lined
bends.

If duct walls are lined with an absorbent with absorption co-
efficient, a, then an estimate of the decibel reduction obtained
per foot of lined duct is given by:

1.4

AL = 12.6 Pa"""/S |

where AL = Change in sound pressure level
P = Acoustically l1ined perimeter of duct, inches
S = Cross section open area of duct, square inches

a = Coefficient of absorption (note that this is fre-
quency-dependent, so octave-band data will be used
to determine required 1nsertion loss and length of
duct to be treated). (3.2)

The above equation is applicable only for low frequencies (duct
width/X < 0.1). Beranek, in Noige and Vibration Control,* pro-
vides other means for determining muffler performance.

Plenum chambers can also be lined with sound-absorbing material.
An approximate relation for the reduction in level is:

AL = 10 log (aSp/Sb),
where a = Coefficient of absorption of liner
Sp = Area treated on plenum walls
Sb = Discharge area of blower. (3.3)

¥Beranek, L.L. 1971. Noise and Vibration Control. McGraw-Hill,
New York, N.Y.
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An absorbent-lined bend should add about 5-dB attenuatlon, with
length of treatment at about five times duct width. Commercial
silencers are available for greater attenuation to fit any fan
or duct size, and suppliers can give insertion loss at each
octave band under varied conditions of flow. Note that noise
travels both upstream and downstream, and silencers may thus be
needed on both intake and delivery sides of the fan.

The "reactive" muffler is another type of silencer used along
piping or ductwork systems or at engine exhausts. These devices
are designed to reflect pressure disturbances back toward the
necise sources, thus functioning in a different fashion than dis-
sipative silencers.

Acoustic tunnels, fitted to the infeed or discharge of otherwise
enclosed machinery, are another type of sllencer. They are simply
an acoustically lined passageway, dimensioned to accommodate the
product flow. Here, sanitation details are likely to be more
important than pressure losses caused by the use of the tunnel.
Acoustic labyrinths, such as are used on ventilated enclosures,
are a special form of acoustie tunnel.

In-line silencers are devices used in piping systems to smooth out
pressure disturbances in the plping systems.

Two special categories of silencers are those fitted to pneumatic
lines at pressure relief valves or exhaust ports on pneumatic
equipment (exhaust mufflers) or to air wipes and parts blow-offs
(parts ejection mufflers). These devices reduce the turbulence
normally associated with the exiting stream of air.* These
devices can serve as an inexpensive form of noise control for
such frequently encountered nolise sources. However, care must be
taken to ensure that air flowing through these devices is rea-
sonably clean, because the mufflers have a tendency to clog.

TECHNIQUES REQUIRING EQUIPMENT REDESIGN

Noise control at the source of the noise is highly desirable in
many cases, especially when the need to retrofit or otherwise
modify noise exposures is thereby eliminated. Usually, however,
the expertise and resources necessary to redesign equipment on a
large scale is beyond the means of the end user of a nolsy product.
Yet certaln techniques may be useful to end users and may serve

to eliminate the need for cother forms of nolse control.

¥*Jet noise is extremely sensitive to the air velocity. Noise reduc-
tion may therefore also be attalined by simply minimizing supply
pressure or increasing the cross section of the jet orifice. A
reduction of jet velocity can result in a 20-dB or greater noise
reduction.
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In general, noise emissions caused by impact types of noise
sources (e.g., hard parts on hoppers, cans on conveyors, etc.},
can be reduced by "softening" or preventing the impacts. Thus,
the plant should consider such treatments as:

Placing internal baffles in hoppers to encourage the
product to slide, rather than fall, onto hopper surfaces;

Machining cam contours to prevent cam follower impacts;

Changing chute slopes to encourage sliding rather than
bouncing;

Using soft material (e.g., Neoprene) or dashpot buffers to
reduce mechanical impacts;

Replacing metal conveyors at transfer drops with canvas
units, or reducing the height of the drops;

Lining conveyor sides with plastic railing;

Using timing mechanisms to space out conveyor line product
flows, thereby preventing product impacts;

Applying damping to the underside of conveyors, chutes,
hoppers, etc.

In other cases, it 1is possible to envision the use of alternativ
mechanisms to quiet noise emissions. Noisy hydraulic motors may
be replaced with electric drives. Pneumatic parts ejectors may
be replaced with mechanical mechanisms.

PERSONAL PROTECTION EQUIPMENT

There are basically three types of hearing protectors:

Ear muffs, which are devices that fit around the ears and
are supported either from a hard hat or from a head band
that connects the individual muffs;

Ear plugs, which are devices that fit within the ear canal;

Canal caps, which are devices that rest on the ear canal
opening and are supported by a head band.

Ear muffs come in a universal size and are available with foam-
liquid-filled cushions. Some devices fit only in one position
(e.g., Wwith the band over the head), while others are multi-
positioned, and can be worn with the head band over the head,
behind the head, or under the chin. Muffs cost more initially,
but they are cleanable, and replacement parts are available,
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Ear plugs come in many varieties. Disposable units (e.g.,
Swedish Wool) are worn once and discarded. Reusable units are
cleanable. Some devices are made 1in several sizes to accommodate
different-sized ear canals. Other come in one size that can be
adapted by their natural expansion when inserted in the canal,

or by removing one or more flanges on the unit. Some varileties
are custom-molded, and these are supposed to provide the most
comfortable and best fit.

Canal caps are avallable in only one size and configuration.

The laboratory-measured performance of the many brands and styles
of hearing protectors is described in the "List of Personal
Hearing Protectors and Attenuation Data," HEW Publication No.
(NIOSH) T76-120. The publication also includes a method for deter-
mining the in-use performance of any device, on the basis of the
frequency-by-frequency lab-measured attenuation and field-
measured noise data.

Note: OSHA has always regarded use of hearing protectors as a
secondary form of noise control, to be used only when englneering
or administrative controls are infeasible or as an interim mea-
sure while other forms of noise control are being Implemented.

In industrial plants, encouraging the use of protective equipment
for employees and supervisors usually requires an educational
program on ear protection. There should be continual follow-up
by supervisors to see that the program is accepted and that ear
protection 1s worn when needed. For reminders, place signs in
areas where protective equipment is mandatory. Supervisors
should be aware that if a plug or muff is uncomfortable, it may
not be worn.

When they are used properly, hearing protectors can reduce
potentially hazardous sound levels to nonharmful at-ear sound
levels for most types of industrial noise environments. Labora-
ftory measurements have shown that almost every hearing protector
can provide 25 dB or more of attenuation. It should be recognized,
however, that there may be significant differences between
laboratory-measured performance and actual field performance.

Hearing protector performance is highly sensitive to fit of the
device being used. Any acoustical leakage around the devices
that may result from improper fit, broken seals from eyeglass
frames or long halr, loss of pressure on cushions resulting from
stretched supports, or improperly maintained cushions can degrade
the hearing protector performance to the point that only 10 dB

or less of attenuation can be obtained. Unfortunately, workers
tend to use hearing protectors Improperly because looser fitting
devices are more comfortable.
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To insure hearing protectors serve as intended, they should always
be provided as part of a more comprehensive hearing conservation
program which includes, at minimum, annual fellow-up in the form
of audiometric testing of individual hearing levels. Any suc-
cessful hearing conservation program should also include education
of the end users to the proper use of hearlng protectors (as well
as to the potential hazard of improper use) and should provide

(1) professional advice as to proper fit and (2) a wide variety

of hearing protectors of all kinds (to account for individual
preferences and differences in ear sizes). In addition, the pro-
gram should be supported by management, to ensure company-wide
cooperation. Finally, it is important to be able to dispel some
of the myths asscciated with the use of hearing protectors:

* Hearing protectors do not degrade a normal hearing
person's abllity to hear sounds or understand speech
in high-noise environments. In fact, hearing protectors
can improve listening conditions. When hearing protectors
are worn, all sounds are attenuated, and the signal-to-
noise ratioc remains the same at each frequency. The
only difference is that the intensity of the sounds is
reduced. However, since different frequencies are
attenuated by different amounts, the user will need to
adjust to the alteration in the sounds he hears.

* Hearing protectors do not appear to cause hygiene problems.
Reusable devices can be cleaned and disposable devices
replaced as required.

There are certain problems associated with use of hearing pro-
tectors that should be acknowledged:

+ The devices may be uncomfortable, especially when first
worn and especially in hot environments, where perspiration
can cause ear muffs to slip or to irritate.

* The devices do make it more difflcult to hear in Zow noise
environments (i.e., under 80 dBA) and, in intermittent
noise environments, workers will naturally want to remove
the devices during quiet periods.

* Workers with preexisting hearing impairment may lose some
ability to hear certain sounds if the preexisting impair-
ment complements the attenuation of the protector.

+ Hearing protectors may make it difficult to localize a

particular noise. That is, they can interfere with the
ability to discriminate where a sound originates.
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4, NOISE CCONTROL MATERIALS

In this chapter, we describe the four types of materials most
often used in noise control: absorbers and isolators for airborne
sound, and vibration isolators and damping materials for con-
trolling vibration solidborne sound. Guidelines are also given
for selecting materials on the basis of ncnacoustic considerations.

ABSORPTION MATERIALS

With absorption, small amounts of sound energy are changed into
correspondingly small amounts of heat energy. Suitable materials
are usually fibrous, lightweight, and porous. The fibers should
be relatively rigid. If a cellular material is used, the cells
must intercommunicate. Foams should be reticulated to the proper
degree.

Examples of absorbent materials are: acoustical ceiling tile,
glass fiber, and foamed elastomers. Physically, the flow resis-
tance of fibrous materials is the meost important characteristic.
For optimum results, the flow resistance must usually be increased
as the thickness of the absorbent decreases, to maintain peak
absorption. Absorbent materials are employed in several applica-
tions, including muffler linings, wall, ceiling, and enclosure
linings, wall fill, and absorbent baffle construction.

The flow resistance can be sensed — rather crudely — by attempting
to blow through the material. Comparison with an accepted
material of the same thickness provides a personal calibration.
The effectiveness of an acoustically absorbent material is mea-
sured by the absorption coefficient. Ideally, this is the frac-
tion of the sound energy flowing toward the material that enters
it and is not reflected; thus, a perfectly absorbent material
would "soak up" all the sound incident on it. Industrially

useful acoustically absorbent materials have coefficients above
60% in the frequency range from 500 Hz and up.

Absorbent materials on room surfaces reduce the amount of rever-
berant sound in a plant space (see Figure 2.12), and thus reduce
the effects of reflected sounds. It is very important to recog-
nize that absorbents do not materially affect the transmission

of sound; thus, they should never be used as shields or barriers
or enclosure walls. The reduction of reverberant sound pressure
levels that could be expected by addition of an absorbent material
is glven as approximately 10 times the logarithm of the ratio of
the room constant obtained after adding the absorbent material,
divided by the original room constant. It is relatively simple,
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then, to estimate the new sound level from the new sound pressure
levels. Table 4.1 shows average absorption coefficients of
various absorbent materlals. Table 2.5 shows absorption coeffi~
clents of relatively nonabsorbent construction materials plus
those for some speclial materials.

Table 4.1. Sound absorption coefficients of common
acoustic materials.

Frequency (Hz)
Materials¥ 125 250 500 1000 | 2000 {4000
Fibrous glass
(typically 4 1b/cu ft)
hard backing
1l inch thick 0.07 |0.23|0.4810.83 |0.88 {0.80
2 inches 0.20 |0.55 |0.89 {0.97 ]0.83 |0.79
4 inches thick 0.39 |0.91 0.99 {0.97 [0.94 |0.89
Polyurethane foam
(open cell)
1/4-inch thick 0.05 |0.07 |0.10 [0.20 JO0.45 |0.81
1/2-inch thick 0.05 |0.12 |0.25 |1 0.57 |]0.89 |0.98
1 inch thick 0.14 | 0.30 | 0.63(10.91 |0.98 [0.91
2 inches thick 0.35|0.52]|0.8210.98 J]0.97 |0.95
Hairfelt
1/2-inch thick 0.05 ]0.07|0.29 |0.63 |0.83 |0.87
1 inch thick 0.06 |0.31 10.80]0.88 [0.87 |0.87

¥For specific grades, see manufacturer's data; note that the term
NCR, when used, 1s a single-term rating that is the arithmetic
average of the absorption coefficients at 250, 500, 1000, and
2000 H=z.

Note that for each doubling in the amount of absorption, you can
expect a 3-dB nolse reductlon in reverberant levels. The first
3-dB reduction is therefore relatively cheap to obtain; you must
add twice as much material to obtain a second 3-dB reduction.
Note, also, that the ultimate noise reduction potential would be
limited. You would not be able to reduce the sound level to below
that which would be obtained if there were no confining walls
present in the workspace.

The abscorption coefficient depends not only on the material but
also on what is in front and back of 1t. Most coefficients are
stated for an unobscured front, but with a rigid impervious
backing spaced varlous distances away from the materlial. Noise
control engineers use designations of the Acoustiecal and Insulating
Materials Association to descrilbe the material mountings:
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(1) Cemented to backing with about 1/8 in. air space
(2) Spaced 3/4 in. away by furring strips
(4) Laid directly on surface — very little air space
(7) Suspended 16 in. from the backing.

When the mounting is not specified, usually it is No. 1 or 4.

Absorbent maferials may have special facings. For resistance to
grease and water that would clog pores, a thin plastic film
covering is often used. Such films, as well as perforated vinyl
or sheet metal facings, tend to produce a maximum in the mid-
frequenecy absorption ccefficient. Absorbents protected by a

film still have exposed edges. These may be sealed by a latex
paint that anchors itself to the pores of the absorbent and closes
the edges. Some thin construction materials, notably plywood,

can show lnereased low-frequency absorption by panel rescnance,

if they are not securely fastened down.

The standard reverberation room method of measurement of absorp-
tion coeffilcient (ASTM CU23-66, or latest version) essentially
subjects the absorbent to sound from all angles. Data on absorp-
tion coefficients cannot be regarded as useful and meaningful
unless they have been obtained in this standard fashion.

TRANSMISSION LOSS MATERIALS

The sound isclation properties of materials are stated in terms of
transmission loss. As with absorption, the concept of energy flow
is used; here it is the energy transmitted through the material,
relative to that flowing toward it. Transmission loss is 10 log
(incident energy)/(transmitted energy), and it ideally increases
with frequency at the rate of about 5 to 6 dB per doubling of
frequency. Only a few laboratories in the United States are
qualified to make the standard measurement for determining trans-
mission loss (ASTM E90-61T, or latest version). Data on the
transmission loss of materials appearing in advertising literature
cannot be regarded as meaningful unless they have been determined
in this standard manner.

As a result of the search for a single number to indicate the aver-
age full transmission loss, the concept of sound transmission

class (STC) was developed. It is useful specifically in assessing
the degree to which intelligible speech is prevented from belng
transmitted through a wall. Use the STC with caution in indus-
trial work, however, because the noise spectrum can be much
different from that of speech. You will need the transmission

loss in each octave band for the proper application of isolating
materlals.
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DAMPING MATERIALS

Damping materlals are used to reduce resonance effects in solids.
Essentially, damping materials are absorbents for solldborne
sound, converting the vibrational energy into heat.

Damping materials are used in many applications. If a machine
panel (such as a belt guard) is subjected to vibration, it will
radiate sound strongly at its resonant frequencies. Damping the
panels or guards can reduce this radiated sound. In another
application, parts that fall into (and are carried along) metal
chutes can excite the chute panels by repeated impact. Installing
damping materials along the chute surfaces will reduce the noise,
but these materials must be selected with heat resistance and
mechanical integrity in mind. Damped stock tubes are avallable
for quieting screw machine operation. Panels for isolating en-
closures can transmit large amounts of sound in certain frequency
regions. Damping can help retain transmission loss in those
regions.

There are two types of damping materials: homogeneous and con-
strained layer. A homogeneous layer material is sprayed or
troweled on in a relatively thick coat, depending on the thickness
and type of metal to be damped. A constrained layer material
consists of a thin layer of the actual damping material with a
backing of thin metal or stiff plastice. The mechanical action is
one of making the damping layer much more effective than 1if it
were homogeneous. Constrained layer damping materials can be
purchased as an adhesive/metal foll tape combination, where the
adhesive 1s selected for 1its energy loss properties as well as
its adhesion. These damping tapes are especially useful on thin
panels (1/16-in. steel or less).

VIBRATION ISOLATORS

Vibration isolators act on the same principle as isolators for
airborne sound: introducing into the transmission path a material
whose wave~transmitting properties are as different as possible
from the medlum carrying the wave. For vibration in solids, such
materials are spring-like. Examples include resilient elastomer
and metal springs, elastomer pads, and, in extreme cases, air
springs. The weaker the spring, usually the greater the isolation.
Solid rubber or rubber-fabric pads are not too effective, because
the displacement i1s small and is not proportional to the load.

If an isolator is too weak vertically, it may not be laterally
stable. Side-restrained metal spring isolators are available to
avoid this difficulty. In extreme cases, it may be necessary to
use many isolators, all acting along lines that pass through the
center of gravity of the machine. Vibration lsolators can also
be used when the vibration situation is reversed, i.e., when a
delicate mechanism is to be protected from external shock and
vibration.

78



The proper amount of damping is needed with vibration isolation
in many applications. Steel springs alone are highly undamped;
if they rest on elastomer pads, there is much improvement.
MATERIAL SELECTION
The most commonly used materials for control of noise in industry
are absorbers and transmission loss materials for airborne sound
and vibration isolaters and dampers for solidborne sound., Selec-
tion of materials is governed by factors other than acoustical.
These factors may be broadly classified as environmental and
regulatory. Environmental factors include:

* Moisture, water spray, water immersion

* 011, grease, dirt

* Vibration

* Temperature

= Erosion by fluid flow.
Regulatory factors include:

* Lead-bearing material forbidden near food processing lines

* HRestrictions on materials that may be in contact with foods
being processed — glass, monel, or stainless steel permitted

* Requirements for material not to be damaged by disinfecting
* PFirebreak requirements on ducts, pipe runs, shafts

* Flamespread rate limits on acoustically absorbing materials

« Fire-endurance limits on acoustically absorbing materials

* Restrictions on shedding of fibers in air by acoustically
absorbing materials

* Elimination of uninspectable spaces in which vermin may hide
* Requirements for secure anchoring of heavy equipment

* Restrictions on hold sizes in machine guards (holes can
reduce radiated noise of vibrating sheets).
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A good example of the influence of these factors is seen in the
selection of absorbent materials for use inside machine enclosures.
It is typical of ordinary maintenance practice to coverlubricate
rather than to install or serviece o0il or grease seals. Hence,

it is common to find o0il and grease deposits on machines, often
with dirt, metal chips, and other debris. Such deposits greatly
degrade the performance of absorptive coatings, which are porous
materials that easily wick o0il and water. However, absorbent
materials are now available with a thin imperforate skin or film
covering of Mylar, Saran, or Tedlar, which prevents fluid wicking.
Nevertheless, the sheer weight of grease deposits will degrade
higher frequency performance even without wicking; fire hazards
will also be increased. Therefore, the film must be strong enough
that the deposits can be cleaned off with a cloth wet with warm
detergent, plus mild rubbing. Such maintenance will be necessary
with machine enclosures lined with absorbent materials. The time
between cleanings can be greatly lengthened if oil and grease
seals are installed or if deflecting shields are used on severe
0il spray, such as those from impacting parts in a punch press.

Curtaln types of isolating materials, such as lead-loaded vinyil,
are convenient for constructing an enclosure rapidly. Where
leaded materials cannct be used, as in some stages of food pro-
cessing, a barium-loaded type is available. Monel and stainless
steel are the only common metals usually permitted in contact
with food.

Fibrous absorbing materials in shop-made silencers and mufflers
can be eroded by high-speed gas flow, say, above 15 m/s (50 fps).
The fibers may pose a health hazard and c¢an also interfere with
machine operations. The situation is worsened if vibration is
present, as it tends to break and shake out small fibers. The
materizl used should have some bonding agent to hold fibers
securely in place. In addition, the absorbent can be covered
with wire screen or perforated metal. If the latter is used,
the ratio of open to total area should be greater than 0.3. The
effective absorption will be decreased 1f lesser open areas are
used. Foamed absorbent materials shed much less than fibrous
types, but all need sealing of raw edges by a film-making paint
or by a thin plastic cover.

FPire resistance 1s often required by building codes. Absorbent
materials are available with several degrees of resistance. With
suitable materials, fire breaks are sometimes unnecessary in
isolating walls that are filled with absorbent material. Since
local building codes may not be applicable tc structures that

can be described as a part of the machine, prudent language must
be used in describing the function of the enclosure.
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A most important nonacoustical factor in the selection of noise
control materials is net cost. You must always be aware of this
factor and should design so that labor-plus-materials cost 1is
minimized. A part of the net cost is also the loss in production
while a2 machine is being treated, so time to restore production
must be considered. Ease of maintenance must also guide the
selection. Achieving a viable design means that material selec-~
ticn cannot be accomplished on a purely acoustical basis.
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5. SELECTING AND USING A CONSULTANT
KNOWING WHEN A CONSULTANT IS NEEDED

Having read the previous chapters, you know you can deal with some
nolse problems on your own. If you are still unsure of the solu-
tion or if preliminary measures have proved unsatisfactory, it

may be time to consider the use of a consultant.

A consultant may be needed wnen the machine to be gquleted is
complex, with many noise sources of approximately equal strength.
Locating the sources and obtaining their relative noise strengths
will perhaps call for more sophisticated equipment and procedures
than you may have. If you find that the A-weighted sound level
at all points at a constant distance from the machine (but within
the eritical distance) covers a range of 5 dB or less, this is
likely to be the case.

You may also need a consultant for unusual situations. With belt-
driven blowers, for example, you may find a slow but consider-
able variation in sound level. Another is Impact noise, as fron
a punch press, where several events take place in rapid succession.
A narrowband analysis of a tape recording is usually called for.
Inadvertent tuning of some part of the machine may lead to pure
tone ringing that is difficult to locate. For such situations,
using a consultant is often the most rapid way of getting results.

If you have installed noise control means that don't work, you
may (albeit reluctantly) have to use a consultant to correct the
situation. Although this may be a painful decision, it will
usually occur but once. You should document the situation thor-
oughly and use the consultant to supply information on what went
wrong.

Sometimes you may be approaching a lawsuit, where data must be
obtained and presented (as an expert witness) by a disinterested
third party. Many consultants can provide thls complete service.

Once you have decided to obtain a consultant, how do you proceed?
You should first be warned that currently there is no legal bar
to anyone offering services as an "acoustical consultant." Con-
sequently, it is up to you to avoid those who are unsuitable
because of lack of training or experience, as well as simple
venality or greed.
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SELECTION OF A CONSULTANT

People billing themselves as consultants can be broadly classified
according to whether or not they have a specilal interest in recom-
mending a particular acoustical product or solution. Both types,
properly used, have their special advantages and disadvantages.
"Special interest consultants" are individuals who vary in thelr
backgrounds from product salesmen to professionals who are quite
capable in their line of business. Members of this group, who

are most commonly indicated by the degree of their association

with manufacturing or retail sales of acoustical products, should
be used directly only if, by use of the techniques described in
previous chapters, you have satisfied yourself that their solution
1s applicable to your problem. In this case, you have progressed
to the point where the "consulting" aspect consists mainly in
soliciting proposals for design and installation. The main problem
remaining is to write your contract in such a way that you are
guaranteed (to the extent possible) a solution to your problem

that is cost effective. The advantage of using this group directly
is that you avoid consultant costs. 1In effect, you are acting as
your own consultant.

The disadvantage in dealing with a product-oriented consultant is
that a costly mistake, out of proportion to the independent con-
sultant's fees, is rendered more likely. Examples abound of cases
in which thousands of dollars were spent in implementing a par-
ticular solution, only to find that no good was done. (A common
mistake is to use acoustical tile in situations where reverberant
noise is not the problem.) If there are any doubts in your mind
as to the proper method for solving your problem, then an "inde-
pendent consultant™ (one free from ties to a particular line of
products) should be called in. Since this "independent consultant”
is what is usually meant by the word "consultant," it is this type
of professional that will be discussed for the remainder of this
chapter. The word "independent" will be dropped.

In choosing a consultant, a first step 1is fo inquire of the two
organizations in the field that are interested in the gualifica-
tions of their members. The most inclusive is the Institute of
Noise Control Engineering (INCE), P.0. Box 1758, Poughkeepsie,
New York 12601. This group will have as members only those who
have passed suiftable examinations. Applicants must pass both the
Engineer-in-Training examination given for registered professional
engineers and a special examination on noise control engineering
that was first given in 1974. There will be no grandfathering —
the term applied to certification purely on the basis of past
activity in the field. It 1s expected that this certification

of noise control engineers will receive approval by and support
from the government agencies needing such engineers directly, or
in the contract work they support.
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The second source of information on qualified acoustical consul-
tants is the National Council of Acoustical Consultants (NCAC),

8811 Colesville Road, Suite 225, Silver Spring, Maryland 10910.
This group has a rigorous code of ethics requiring (as with all
registered professional engilneers) that no member be associated
with the saleof a product. Consequently, some consultants, other-
wise well qualified, are not members because of this association.
A membership 1list 1s available. Not all the completely classified
consultants are yet members.

You can also question the prospective consultant yburself. A
series of questions is given below. These guestions are rather
completely presented here, and you may wish to ask only those that
are pertinent to your particular task.
GUIDELINE QUESTIONS
Education

(1) what schools did you attend?

(2) What courses did you take bearing on acoustiecs?

(3) What degrees did you receive? When?

(4} In what special conferences, seminars, symposia, or
graduate courses in acousties have you been involved, either as
a student or as an instructor?

Experience

(1) For how many years have you been professionally active in
acoustics?

(2) Please supply a list of recent clients that you have
served, preferably in my geographical area, and on problems
similar to those in which I am interested.

{(3) What teaching or training have you done in acoustics, and
to what groups — university, industry, trade associations, civic
groups, engineers, symposia?

Status.

(1) Are you now an independent consultant? For how many
years? Full time or part-time?

(2) If part-time:

{2.1) Who is your chief employer or in what other
business ventures are you involved?
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(2.2) Is your employer aware and does he approve of
your part-time activity as an acoustical
consultant?

(2.3) May we contact your employer concerning you?

(2.4) What restrictions does your employer place on you
as a part-time acoustical consultant?

(3) Are you assoclated with the manufacture or sale of a
product that could create a conflict of interest in your activities
as an acoustical consultant?

Professional Affiliations

(1) Of what englneering or scientific societies or associa-
tions are you a member? (Representative ones are the Acoustical
Society of America, the Institute of Noise Control Engineering,
and the National Council of Acoustical Consultants.)

(2) What is your present grade of membership and length of
time iIn that grade, for each association?

(3) Have you been accorded any professional honors in these
associations, such as offices, committee chairmanships, awards,
or prizes?

(4) Are you a registered professional engineer? In what
states? In what disciplines?

(5) Of what professional engineer associations are you or
your firm a member?

(6) Of what trade associations, chambers of commerce, or
similar business groups are you or your firm a member?

Special Capabilities
(1) In what areas of acoustics do you specialize?

Noise measurement and control

Architectural acoustics

Hearing conservation

Shocek and vibration measurement and control
Nondestructive testing

Medical ultrasonics

Underwater acoustics

(2) What equipment do you have for conducting acoustical
measurements in the field? In the laboratory?

(3) With what national standards do you comply in conducting
your acoustical measurements?
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(4) Are you listed by any governmental or trade association
body as an acceptable or certified acoustical test laboratory?

(5) What equipment do you have for the absolute calibration
of test apparatus?

(6) Can you serve as an expert witness, either for your
client or as a friend of the court? What experience have you had?

Business Practice

(1) Please indicate your fee structure. Do you handle this
by hourly charges, estimates for total job, retainer charges, or
all of these?

(2) If you use a contract form, please supply a sample.

(3) In your charges, how do you treat such expenses as travel,
subsistence, shipping, report reproduction, and computer time?
(Note: Consultants usually charge to you the time spent during
travel for you on Monday through Friday, 8:00 a.m. to 5:00 p.m.
There may be a charge for use of highly specialized and expensive
equipment.)

(4) What insurance and bonding do you have?

(5) Are you operating as an individual, partnership, or
corporation?

{(6) What statements do you have in your contracts covering
commercial security, liability, patent rights?

(7) What restriction is there on the use of your name in
cur repcorts, in litigation, in advertisements?

(8) What is the character and extent of reports that you
prepare? Can you give examples?

(9) What facilities do you have for producing design shop
drawings on devices that you may develop for the specific purposes
of a consulting task?

(10) Where is your principal office? Do you have branch
offices? Where?

(11) What size is your staff? What are their qualifications?
Who will be working on this project?

The Proposal

Once you have selected a consultant, you can arrange to obtain his
services in several ways. With most professional people a verbal
commitment 1s sometimes all that is necessary. However, you may
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wish to request a written proposal that spells out the steps to
be taken in the solution of your problem.

Often, in a larger job, proposals from several points of view are
evaluated and used as one of the bases for the final selection of
the consultant. In thils case, answers to pertinent questions in
the preceding section may be sought in the proposal rather than
in the interview. If so, evaluation of the proposal from this
point of view is self-evident from the above discussion. If the
questions you are interested in are not answered to your satis-
faction, don't hesitate to ask for further clarification. 1In

the discussion below, we are concerned with the section of the
proposal that outlines the consultant's approach to your problem.

Aside from background qualifications of the consultant, the
proposal should answer the questions:

(1) How much is the service going to cost? Smaller jobs are
often bid on an hourly basis, with a minimum commonly specified
of one-half day's work, plus direct expenses. Larger jobs are
usually bid at a fixed amount, based on the work steps described.

(2) vhat is the consultant going to do? The answer to this
question may range all the way from a simple agreement to study
the problem to a comprehensive step-by-step plan to solve it.

(3) What will be the end result? The answer to this question
is all too often not clearly understood; the result is usually a
report that specifies the consultant's recommendation. If you do
not want to pay for the preparation of a written report, and a
verbal one will do, specify this in advance. Since the recommenda-
tions often call for construction to be carried out by others,
whose work is not subject to the consultant's control, results
usually cannot be guaranteed. Rather, an estimate of the noise
reduction to be attained is all that can be expected. If the
consultant is to provide drawings from which the contractor will
work, you must specify sketches or finished drawings. Generally,
sketeches are sufficient. If sgpecial materials are required, the
consultant should agree to specify alternative selections if
possible. If you want a guaranteed result, experimental work
will usually be necessary.

In the case of a proposal to quiet machine noise, the proposal,
if detailed, will probably call out the following steps:

(1) Determine the daily noise dose, so that the amount of
reduction required is known.

(2) From diagnostic measurements, determine the location and
relative strength of the major nolse sources on the machine in
question, all other competing noise sources being more than 10 dB
helow the intended noise.
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{(3) Design preliminary noise control means; discuss design
with production people for posslible iInterference with access to
the machine.

(4) Prepare and submit final recommendations in a report,
with construction data.

(5) In a post-report conference, resolve any questions or
compromises; submif memorandum of conference.

(6) If experimental work is needed, it can be added between
{(3) and (4) above.

Other Services

If you wish, the consultant can also, as additional services, pro-
vide monitoring of construetion to determine compliance with
specifications. The consultant can also make post-installation
measurements to confirm predictions and supply oral briefings as
needed.

By working with the consultant during his measurements, you can
learn a great deal about how to handle the special situation for
which he has been retained. However, he brings to the job an
instrument that is most difficult to reproduce: ears trained to
listen and to guide the use of the physical instruments. It takes
much practice and net a little aptitude to achieve this condition.
This aspect of a consultant's expertise is most difficult to
replace.

If the consultant 1s to serve as an expert witness for you, you
will find that he is not automatically on your side. Rather, he
1s more like a friend of the court, devoted to bringing out the
facts he has developed, with careful separation of fact from
expert opinion. Complete frankness is needed if you want to
avoid unpleasant surprises. For example, the consultant may be
asked by the opposing attorney for a copy of his report to you.
Thus, this report should be prepared with this eventuality in
ming.

If the consultant is retained to develop a quieter machine for
you, there should be a meeting of minds on handling of patent
rights. Ordinarily the patent 1is assigned to the client, with
perhaps a royalty arrangement for the inventor.

For many situations, the consultant will need photographs and
plans of machines and shop layout to facilitate his evaluation.
Permission to obtain these data can be handled in a manner con-
sistent with your industrial security system. A qualified con-
sultant will not have to be told to regard this material as
private, not to be divulged to others without your prior consent.
If you regard him as the professional person he is, your associa-
tilon can be fruitful to all concerned.
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6. CASE HISTORIES

The case histories presented here are intended to be useful to
production and safety engineers, health personnel, and other
factory personnel who are not specialists in noise control. The
case histories are examples of engineering tasks that have been
completed not only by professional noise control engineers but
also by nonacoustical specialists who used common sense to solve
their noise problems. Collected here are actual cases on various
industrial devices. These devices were typically machines used
in a production process; in some cases, they had been cited by
safety officials for unsafe high sound levels or by regulatory
agencies for violating local noise ordinances.

The case histories presented here were chosen primarily because
the amount of noise reduction actually achieved was measured.
Such engineering results, even if not directly applicable to
your situation, illustrate general principles that will point
the way to a successful result for your problems. Toward that
end, the treatments are described in detail in these case his-
tories.

CASE HISTORY DATA

The following outline presents the whole process of accomplishing
noise control, viable in both engineering and economic senses.
The outline will also serve as a check list to guide you in
learning and applying the principles of noise control engineering
that have been discussed earlier. The case histories that follow
contain the essential data for the simpler problems and somewhat
more for the complicated ones.

QUTLINE OF COMPLETE PROCEDURE FOR DEVELOFMENT OF NOISE CONTROL
1. Plant data

+ BSIC classification of industry
+ Location, address; division
» Product or process

2. Problem definition

.+ (Compliance plan

+ Compliance measurements, dally noise dose
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Diagnostic measurements and source locatlions

Design of experimental noise control

Design of final nolse control

Supervision of construction, installations

Post-installation checkout, performance evaluation

Oral briefings

Preparation of technical paper

Machine data

3.1 Identification

Make, model, serial number, factory number

Appearance (drawing or photo); identification
of significant parts, functions

Layout drawing of workroom, all machines shown

Location of aisles, vertical clearances; service
lines; conveyors; hazard-posted areas

3.2 Operating data

Functions of machine; relation to others

Type of input: gauge, size, shape of stock

Type of output: shape, size

Type of scrap: how collected

General product flow with respect to other machines
Use of automation: conveyors, robots

Services and ratings: electrical, air, water, fuel,
steam, hydraulic, internal combustion engine,
vibrator

Production rate (maximum)

Downtime: jams, breakdowns; repair, maintenance,
set-up; reload, idling; operator at rest room, meals

Constraints on operation: access, both physical and
visual, for worker, input stock, output product, and
scrap; access for repair, maintenance, set-up, reload;
safety, union regulations, sanitation, special
materials for food industries, rodent control; opera-
tor need for aural cues; limits on capital and
operating expenses

Special machine features: noise control features
already installed; use of vibration isolators; use
of air; evidence of overlubrication
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L, Nolse situation data

4.1 General observations (ear)
» Noise high or low pitched
* Directional location by cupping hands behind ears
*»+ Presence of pure tones

» Level constant, varying slowly or with much impact
noise

» Feeling of vibration in floor
* Workers communicating by word or sign

» Use by workers of aural cues in detecting and
evaluating machine performance, jams

4.2 Name, make, model, S/N
» Calibration data: when; traceable to NBS

»+ Check 1ist for diagnostic acoustical measurements;
SLM, oectave-band analyzer, 1/2-in. and l1-in. micros
phones, tripod, extension cord for microphone;
windscreens, calibrator and adaptors; accelerometery
control box for acceleration, velocity, displacement}
stroboscope; vibrating reed tachometer

*» Check 1list for optional equipment for diagnostic
acoustical measurements: two-channel tape recorder,
connecting cords, microphones for voice channel,
blank reel, AC cord, charger; range finder, measuring
roller, steel tape (centimeters and inches); flashw
light; pressure-sensitive labels; camera with wide-
angle lens, flash; spare batteries for all equipment
(alkaline only); ear muffs, safety glasses, safety
shoes, hard hat, paper towels, handsoap; pliers,
diagonal cutters, screwdrivers; circuit tester

4.3 Acoustical measurements
* A, C, peak and octave-band readings

* Measure at ear positions of worker, worker absent,
if possible, with all machines going, then with
machines in question selectively turned off

* Run machine at different speeds to locate resonances
» Run with portions of machine selectively disabled

* DMeasure rpm's with stroboscope, vibrating reed
tachometer

+ Measure at suspected noise sources on machine;
photograph the set-ups; locate microphone precisely
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The following pages contain 61 case histories. Some are prinhted
in this Manual for the first time; others appeared — in a slightly
different format — in the 1975 edition of the Manual. Case his-
torles written for this edition contain the names of the contri-
butors.
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4, Noise situation data

,1 General observations {(ear)
*+ Noise high or low pitched
* Directional location by cupping hands behind ears
» Presence of pure tones

* Level constant, varying slowly or with much impact
noise

* Feeling of vibration in floor
» Workers communicating by word or sign

» Use by workers of aural cues 1n detecting and
evaluating machine performance, jams

4.2 Name, make, model, S/N
+ Calibration data: when; traceable to NBS

* Check 1list for diagnostic acoustical measurements:
SLM, octave-band analyzer, 1/2-in. and 1-in. microe
phones, tripod, extension cord for microphone;
windscreens, calibrator and adaptors; accelerometery
control box for acceleration, velocity, displacementj
stroboscope; vibrating reed tachometer

+ Check 1list for optional equipment for diagnostic
acoustical measurements: two-channel tape recorder,
connecting cords, microphones for voice channel,
blank reel, AC cord, charger; range finder, measuring
roller, steel tape (centimeters and inches); flashe
light; pressure-sensitive labels; camera with wide-
angle lens, flash; spare batteries for all equipment
(alkaline only); ear muffs, safety glasses, safety
shoes, hard hat, paper towels, handscap; pliers,
diagonal cutters, screwdrivers; circuit tester

4.3 Acoustical measurements
* A, C, peak and octave-band readings

» Measure at ear positions of worker, worker absent,
if possible, with all machines going, then with
machines in question selectively turned off

* Run machine at different speeds to locate resonancesp
* Run with portions of machine selectively disabled

+ Measure rpm's with stroboscope, vibrating reed
tachometer

» Measure at suspected noise sources on machine;
photograph the set-ups; locate microphone precisely
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Set to octave band for which A-weighted spectrum at
ear of worker maximizes. Probe aroundé machine to
locate sources.

Locate around machlne an imaginary box that touches
all major surfaces; record the dimensions; at 1 m
away from box, obtaln sound levels for calculating
total sound power.

On slow A-scale, obtaln contours of equal sound level
around machine, others off; locate paths of workers
among contours. Repeat with all machines on.

4.4 Vibration measurements
= C, peak and octave-band readings
* Probe over the surface (pickup coupled so it is not
rattling) for acceleration levels
* Calculate velocity and power levels for selected
surfaces
* Run machine at different speeds to locate resonant
excitation of vibration
* Selectlvely disable parts of machine to locate
exciting sources
.5 Auxiliary data
*+ Data per (3.2)
* Unusual conditions: breakdowns; machine with bad
bearing, gears, loose parts
* Tape recordings of noise situations that are short-
lived or nonrepetitive, together with calibration
signal; also useful for later narrowband analysis,
judging rpm, pure tones
* Photographs of all pertinent parts of machine,
including close-ups of name plate
* Names, position, and possibly addresses of operating,
supervisory, and management personnel concerned
* Time of entry to plant, time spent at each machine,
time left plant
5. Development of nolise control
5.1 Preliminary report

Data, raw and reduced; evaluation, interpretation

Preliminary noise control recommendations, taking
full account of constraints in (3.2) above
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* Preliminary estimate of noise reduction expected
* Preliminary estimate of capitalized installed cost

* Preliminary estimate of possible change in productivity
and change 1n piece part cost

* Recommendations on use of automation
* Conference to discuss implications of report

5.2 Development of revised recommendations
* Remeasure as needed
* Re-estimate nolse reduction, costs
* Prepare recommended experimental program if problem
sufficiently unusual
* Prepare sketches showing acoustically essential
features of the noise control devices; if required,
prepare drawings
* Recommend special materials; provide alternate
suppliers
* Estimate construction, installation eccsts
5.3 Installation, use
* Monitor construction and installation for adherence
to acoustical specifications
* Introduce corrective measures for improperly installed
devices
* Evaluate emergency alternate materials
* Measure installed performance; correct deficlencies
* Measure daily nolise dose to applicable workers
New work

Recommend improvements if similar noise control is to be
applied to other machines of the same class

Recommend action on problems remaining

Provide briefings on results to technical and management
people

Prepare paper for publication
Help prepare formal compliance reports
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The following pages contaln 61 case histories. Some are printed
in this Manual for the first time; others appeared — in a slightly
different format — in the 1975 edition of the Manual. Case his-

tories written for this edition contain the names of the contri-
butors.
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TECHNIQUES THAT INVOLVE MINIMAL EQUIPMENT MODIFICATION

Operator Booth Treatments (see Qperating Frocedures
Total Enclosures)

Case History 1: Paper Machine, Wet End
Room Treatments (see room treatments)
Case History 2: Gas Turbine Test Station
Vibration Isolétion Treatments (see Vibration Controcl)
Case History 3: 800-Ton Blanking Press
Case History 4: Nail-Making Machine
Damping Treatments (see Surface Damping)
Case History Pneumatic Scrap Handling
Case History

Parts Conveying Chute

Case History Plastics Scrap Grinder

oo~ Oy U

Case History Hopper Nolse
Case History 9: Electriec-Powered Towing Machine
Simple Machine Treatments (see Simple Machine Treatments)
Case History 10: Blanking Press Ram
Case History 11: Spinning Frame

Case History 12: Boxboard Sheeter

Case History 13: Carding Machines
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CASE HISTORY 1: PAPER MACHINE, WET END
(OSHA Noise Problem)

Problem Description

The major nolse sources of the wet end of this paper machine were
the couch roll suctilon air movement, the pumps, and the whipper
roll. The whipper roll supplies a beating action on the felt of
the paper machline to provide continual web felt cleaning.

Problem Analysis
The sound level at the wet end is 92 to 94 4dBA in the operator

aisle. Higher readings of more than 100 dBA were obtained close
to the couch roll. See Figure 6.1.1 for a sketch of the area.
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control area
major noise source enclosed 10’ X 14’

//100 dBA - /94 dBA / /9248 /operator iste

%.cgch rol! / E I
: ” WET END l fU/CtIDn rolls

top hydropuiper

—~ I:]l ll ” I U | thickeners Q I
Jordans
| ” l L_.I bottom hydropulper

dock

H

filler hydropulper

Figure 6.1.1. Paper mill — wet end.
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Paper machine manufacturers have develcped a gquieter couch roll
in which the suction holes in the drum are 1n a staggered, rather
than a regular, pattern. However, the replacement cost of a
couch roll is high, and it will prebably be used only on mill
expansion projects or new mill construction.

An alternative method to reduce the operator noise exposure was
construction of a personnel booth to house the operator and the
operating controls during most of the operating shift. The wet
end paper machine operator spent an hour or less making couch roll
adjustments during a typical operating day. If the balance of
each day were 92~ to 94-dBA exposures in the mill operating
aisle, the resulting exposure would exceed the OSHA limits. How-
ever, if the cperator spent the 1 hr at 100 dBA (couch roll ad-
justments), 2 hr on general observations near machine at 92 dBA,
and the balance of the shift 1n areas under 90 dBA, including

a personnel booth, his daily nolse dose would be:

1 hr actual 2 hr actual _ B
2 hr allowed 6 hr allowed 5/6 = 0,83.

(100 dBA) (92 dBA)

Since this dose is less than 1.0, it 1s within the allowable noise
exposure of the present 0OSHA regulation.

Control Description

The recommendation for the wet end of the machine (couch roll and
whipper noise exposure) was to provide an operator enclosure with
operating controls and instruments, and with viewing windows to
cbserve machine operation.

Calculations indicated that the required 15-dB attenuation could
be attained with a simple structure consisting of 2 x l-in,
framing with 1/2-in. plywood walls inside and out, plus one solid
door and two windows 3 x §5 ft each, double glazed. The ceiling
and upper half of walls were covered with acoustic tile to reduce
reverberant noise. The room was provided with light, heat, and
air conditioning for worker comfort. In-plant construction cost
was $2,500.

Results

Results achieved by the enclosure are shown in Figure 6.1.2. In-
side sound level was reduced to 75 dBA, from outside levels of
92 to 9L dBA,.

Greater attenuation can be obtalined by purchasing special acoustic
shelters or by using more elaborate (from acoustic standpoint)
construction such as concrete block walls, double windows, or
interior sound absorption.
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Figure 6.1.2. Sound pressure levels at wet end of paper machine.

Comments

Most of the difficulties to be avoided are nonacoustical. It is

essential that the operator has no interference with visual moni-
toring of machine operation. This consideration fixes the booth

location and window placement,
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CASE HISTORY 2: GAS TURBINE TEST STATION
(Hearing Conservation and Speech Communication
Noise Problem)

Walt Jezowski

General Electric Company

Gas Turbine Division
Building 53-303

Schenectady, New York 12345
(518) 385-7544

Problem Description

Operations of a gas turbine test stand at the General Electric
Company's Schenectady, New York glant involve fabrication and as-
sembly workers on the 128,000-ft° workfloor surrounding the test
area. In particular, sound between G0 and 95 dBA was at times
present In the vicinity of the test stand where some 40 employees
work for varying periods of time.

Problem Analysis

The test station responsible for the high sound levels is par-
tially treated; the test stand is surrounded by a l4-ft-high
acoustically lined, open-topped barrier. Noise is emitted over
the top of the partially enclosed test area, which remains open
for crane accesslibility. Alternatives for reducing the sound
levels in the area surrounding the stand narrowed to treating

the room surfaces to reduce the effects of reverberation. Hanging
baffles, wall and ceiling blanket 1inings, and spray-on materials
were investigated, the latter eventually being selected for imple-
mentation. Prior to installation, estimates of the expected
acoustical benefit were made on the basis of calculations of the
existing and modified room constants.

Control Description

The selected treatment consisted of a 1-in.-thick layer of
sprayed-on cellulose~fiber-based material called K-13, available
from National Cellulose. The material is applied directly to
the surface to be coated, where it forms a permanent thermal

and acoustic lining. In this installation, approximately

28,000 ft? of ceiling and wall area were coated at a cost of
about $1.10/ft2.

Results
Alsle sound levels were reduced, as predicted, from 95 dBA to

90 dBA, as shown in Figure 6.2.1. The manned area surrounding the
test stand with above-930-dBA sound levels has been eliminated.
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Figure 6.2.1. Reduced aisle sound levels, as predicted.

Comments

In addition to having improved the acoustic environment, General
Electric also achieved added thermal insulation. Annual savings
of about 13¢/ft? are estimated in heating costs for the treat-
ment — one of the major reasons for selecting a surface-applied
material. Additional benefits include lower maintenance costs
{(there is no longer the need to paint the 65-ft-high ceiling

and wall areas) and improved light reflection and diffusion.
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CASE HISTORY 3: 800-TON BLANKING PRESS
(OSHA Noise Problem)

Problem Description

The 800-ton Verson press is a massive unit weighing about 275,000
1b, and mounted on four footings set on heavy concrete piers.
Production on this press was automoblle chassis steel sections of
1/4-in. steel about 10 in. wide and 8 to 10 ft long. Normal
operating speed was 30 strokes/min. Steel stock was fed to the
press from a reel., Noise levels were about 120 dB on impact,

105 dB at quasi-peak, and 94.5 dBA at operator location, which
was about 4 ft in front of the press.

Problem Analysis

As a starting point to the total solution of the noise problem, 1t
was decided to vibration-isolate the press and determine the
attenuation gained before working on other noise sources, which
are not part of this case history.

The press was operated in a single shot mode. Hence, gquasi-peak
readings for each octave band were more meaningful for ear effect
than rms readings (slow A-scale). The peak value is the maximum
level reached by the noise, whereas gquasi-peak is a continously
indicating measure of the average (over 600 msec) of the high
levels reached just before the time of indication and is thus
lower than the actual peak, but greater than slow A-scale values,

Vibration data were recorded for the support foundation, floor
near press, adjacent building column, and press structure at the
press feet, before and after installation of the isolators.

Control Description

From the data supplied on strokes per minute and press weight, the
isolators were specified to be Vibration Dynamics Corporation (of
La Grange, Illinoils) series BFM micro/level isolators, under the
press feet. No price lists are avallable because each isolation
problem is speciflically engineered and quoted. Cost was about
$2,000 for the isolators, and installation by in-plant labor was
probably about $1,000,

Results

Adding isclating pads reduced the vertical acceleration at the
pier by 9.5 dB, as shown in Figure 6.3.1. Most of the reduction
occurred in the 2-, 4-, and 8-~kHz bands. The vertical foot-to-
pler acceleration reduction was 30 dB.

Figure 6.3.2 shows the horizontal acceleration at the pier.
Adding isolation effected a 12-dB reduction in acceleration., The
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horizontal foot-to-pier acceleration was reduced 36 dB by the
isclating pads. Note that it is the vertical motion that is
responsible for most of the sound radiated by the floor.

Figure 6.3.3 compares the sound pressure level readings at U4 ft
before and after isolation (quasi-peak readings, single shot
operation). The calculated dBA levels show a reduction of 6.5
dB in the sound level.

Isolators reduced vibration in support foundation, floor, build-
ing, column, and pressure structure. It has been found that a
primary cause of background, or ambient, noise is the vibration
in the building structure, which is presumed to be caused by

the anchor bolt after-shock.

Caleulation here shows that there was a 105-dBA quasi-peak sound
level before isolation and a 98.5-dBA level after isolation.

With a relationship of about 10 dB guasi-peak to rms, a reduction
in level from 94.5 dBA to 88 dBA at operator location has been
made. Additional presses will add thelr own noilse and will in-
crease levels to above 90 dBA. Other operational noise sources
in the press must be controlled separately.
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Figure 6.3.3. Quasi-peak levels 4 ft from press foot, before and
after isolation.
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Comments

The major pitfall of this approach is that airborne sound level
reduction from vibration isolation is almost impossible to
prediect. However, a serious noise control program in such opera-
tions should include isclation devices for all presses.

A reward is that the die life and maintenance of such machines
is significantly increased for presses that are vibration-
isolated. Isolators improve operation and maintenance by re-
ducing failures of anchor bolts, foundation failure, or breaking
of press feet.
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CASE HISTORY 4: NATIL-MAXKING MACHINE#*
(OSHA Noise Problem)

Problem Description

A nail-making machine was operating under conditions causing
severe impacts. The vibration was solidly transmitted to a weak
concrete floor, which radiated considerable noise. There were
10 machines, operating at 300 strckes/min. Operator sound level
was 103.5 dBA.

Control Description

It was decided to use vibration-isolating mounts to reduce floor-
radiated noise. Because of the repeated shock situation, selec-
tion of the isolator followed these rules:

(1) The natural period of isolator plus machine should
be much greater than the shock pulse duration
(10 msec).

(2) The natural period of isolator plus machine should be
less than the time between pulses (200 msec).

Elastomer-type isolators were used, which had a static deflection
of 0.1 in. under machine load. This corresponds to a natural
period of 100 msec, thus fulfilling the design conditions.

Results

Figure 6.4.1 shows octave-band spectra at the operator's position
after all machines had been vibration-isolated. The sound levels
have been reduced about 8.5 dB to 95 dBA, a level still in excess
of permitted levels. Additional noise control is needed.

Comments

To maintain the isolation, maintenance people should be warned not
to short~circuit the isolators by any solid connection from machine
to floor. This short-circuiting can alsc occur when dirt and
grease are allowed to build up around the pods.

As a reduction to a sound level of 95 dBA 1s not considered satis-
factory for full-day operator exposure, additional noise reduction
could be obtained by the design of a barrier between the major
noise source in the machine and the operator. Depending on the
needs for vision through the barrier, plywood, lead-lcocaded vinyl
curtain, or Plexiglas could be used. Such a barrier should yield

¥From Crocker, M.J. and Hamilton, J.F. 1971. Vibration isolation
for machine noise reduction. Sound and Vibration 5 (11): 30.
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Figure 6.4.1. Operator position sound pressure levels, before and
after treatment of nail-making machine.

a reduction of 5 to 8 dB at the operator position. (For calcu-
lated design parameters, see Case History 52 and for rule-of-
thumb parameters, see Case History 14.) This noise reduction
should result in lowering of the sound level to 87 to 90 dBA.

Where there is a series of machines, additional reduction of
several decibels could be obtained by added room absorption,
either in the form of spray-on acoustic absorbent on ceilings and
walls or in the form of hanging absorbent baffles from the
ceilings.
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CASE HISTORY 5: PNEUMATIC SCRAP HANDLING
(OSHA Noise Problem)

Problem Description

In the folding carton industry, printed sheets are cut on Bobst
and similar cutting presses equipped with automatic strippers

for removal of waste material between cartons. When the press is
operated and is in good mechanical adjustment, there is no
serious noise problem. Often, however, nolse from the scrap dis-
posal system results in sound levels above 90 dBA on the press-
man platform.

This popular scrap disposal system (see Figure 6.5.1) uses a
herizontal air vane conveyor to move the scrap from under the
stripping station to the intake of a centrifugal fan that pushes
the scrap to a baler or to bins at a baler in a remote location.

The noise problem arises from the pieces of paper scrap striking
the sides of the intake conveyor under the press stripper, the
sides of the intake hood to the fan, and the fan and outlet ducts.
All these contributed noise that resulted in sound levels of over
90 dBA at the pressman station. Depending on amount of scrap and
size of pieces, the sound level reached 95 dBA on each stroke of
the press, normally making the noilse almost continuocus.

Problem Analysis

In this type of problem, it was not consldered necessary to make
octave-band measurements when simple direct sound level readings
would tell the story of the obvious problem before and the results
after damping. Octave-band sound pressure levels aid in deter-
mination of the noise source, but in this case the noise source
was known and before-and-after levels could be expressed in dBA.

Control Description

The sheet metal of the stripper intake, fan intake from horizontal
air vane, the fan, and outlet ducts were all damped (and trans-
mission loss improved) by gluing a layer of lead sheeting to the
outside surfaces, using a resin glue recommended by the supglier
of the sheeting. Sheeting used was 1/32-in. thick, 2 1b/ft*.

Other sheet damping materials that are on the market could have
been used as effectively, as discussed below.

Results

The damping of the sheet metal reduced the sound level at the
pressman platform to 88 to 90 dBA.
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The concept of using sheet lead tc damp the sheet metal ducts came
from supplier literature citing successful sheet metal damping on
ducts and fans and other surfaces. (Cost is about $0.90/ft?.)

For less damping, a 1 1b/ft? material may be used at $0.46/ft2,
For minimum damping, stiff roofilng felt may do. For even greater
damping, there are many products on the market in sheet form and
tape form. Suppliers can be consulted on specific problems;
prices range from $1.50 to $3.50/ft?.

For very high vibration and sound levels, a further duct treatment
step would be lagging, which is a spring-absorber-mass combination
of 1 to 3 in. of resilient acoustic absorbing material (glass
fiber or polyurethane) with a heavy cover sound barrier of sheet

- lead or lead-loaded vinyl sheetlng over the entire surface.
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CASE HISTORY 6: PARTS CONVEYING CHUTE
{OSHA Noise Problem)

This case was taken from published data,¥* because of the im-
portance of jillustrating the method for other applications.

Problem Description

Chutes for conveying small parts can radiate much noise from the
impact of parts on the sheet metal of the chute. The noise (for
a given part) can be reduced by keeping to a minimum the distance
the part must fall to the chute. For reducing the remaining
noise, the chute can be stiffened and damped.

Control Description

Constrained layer damping 1s used, in which the treatment can be
rlaced on elther the parts side or the underside of the chute.
If placed on the parts side, the metal layer should be wear-
reslstant to the impacftlng parts. In this example, 30-caliber
cartridge cases were carried in the chute shown in Figure 6.6.1.

; 14 gauge steel chute

20 gauge galvanized steel

0.035 inch cardboard

Figure 6.6.1. Chute for conveying cartridge cases.

The bottom of the chute was lld-gauge steel, which was lined with
0.035-in. cardboard and then covered with a wear plate of 20-
gauge galvanized steel. Rubber deflector plates were positioned
to funnel parts to the center of the chute, so that they would
not hit the untreated sides of the chute,.

Results
Figure 6.6.2 shows the spectra measured 3 ft to one side of the

chute. The sound level has been reduced from 88 dBA to 78 dBA,
a decrease of 10 dB. Greater reduction could have been obtailned

¥Cudworth, A.L. 1959. Field and lzboratory example of industrial
noise control. Noise Controcl 5 (1): 39.
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if multiple layers of thinner cardboard were used (in solid con-
tact with the cover sheet). Still better would be replacement
of the cardboard by commercially availlable damping materials
specifically formulated for constrained layer use.

Comments

Much noise still comes out of the top of the conveyor. A cover
over 1t, lined with absorbent, should reduce the noise an addi-
tional 5 to 10 dB. Prior to any noise control effort, the

relative amounts of noise from top and bottom should be deter-
mined.
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CASE HISTORY 7: PLASTICS SCRAP GRINDER#*
(OSHA Noise Problem)

Problem Description

In the molding room, primary noise sources are scrap grinders
and plastic granulators. The noise has increased during the past
few years because of the growth in the number of grinders and
increasing toughness of the newer plasties.

Problem Analysis

Sound level maxima of 125 dBA in the initial grinding phase have
been recorded, and 100 dBA 1s common.

Control Description

Although the optimum mechanical conditions of the plastics scrap
grinder, such as sharp blades, prcper screen size, blade-to-screen
clearance, and proper feeding procedures, help reduce grinder
noise on existing equipment, this alone could not bring the unit
within acceptable noise limits. Much of the noise came from
resonant excitation of metal panels.

A damping material was applied to all surfaces; hopper, in-
teriors of pedestals, stands, and covers. In general, a 1/k-in.
coating has been satisfactory for most grinders from bench
models to 18- x 30-1in. throat grinders.

Results

The before-and-after results of the treatment, shown in Figure
6.7.1 (each for one load of U4 1b of polycarbonate), bring sound
levels down to the OSHA criterion, reducing the maximum sound
level from 100 @BA to a range of 88 dBA to 90 dBA.

Comment

Some manufacturers now offer quieted versions of plasties
pelletizers for sale.

¥Morse, A.R. July 1968. Plastic Technology.
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CASE HISTORY 8: HOPPER NOISE
(OSHA Noise Problem)

Elliot{ H. Berger

E-A-R Corporation

7911 Zionsville Road
Indianapolis, Indiana 46268
(317) 293-1111

This case history describes noise control efforts for a source
of industrial noise common to many industries — that of assembly
components being dropped into steel plate hoppers.

Problem Description

The hoppers in this case were open-topped and a 1little over 63
in. long x 40 in. wide x 21 in. high on one long side, sloping
down to 38 in. high on the other long side. Hopper panels are
1/4-in. steel, except for the lower 17 in. of the widest long
side, where 1/2-in. steel doors are employed to enable an
operator to remove parts. The operator works at a product as-
sembly station positioned between two hoppers, each of which 1is

a meter away from the operator's ears.- In this case, the project
sponsor sought to reduce the operator noise exposure, although no
specific noise reduction objective was stated.

Problem Analysis

The hopper noise, clearly associated with Impacts of metal parts
onto the hopper surfaces, can only be generated by hopper metals
and assembly parts being set into vibration for the force of the
impacts. The E-A-R Corporation, a manufacturer of damping
materials, was called upon to evaluate the potential benefit of
treating the hopper panels with damping materials. The subsequent
investigation consisted of making noise measurements on an untreated
and a treated hopper. Figure 6.8.1 shows the time history of

the untreated hopper noise at the operator's position. Here, the
unweighted sound pressure is displayed, and the pen tracing cor-
responds approximately to what a sound level meter set fto fast
response would indicate. Because the noise occurrence is brief,
tape recordings were made for detaliled laboratory analysis.

The tape recordings were reduced in a laboratory to obtain
narrowband analyses of the nolse emissions of the treated and
untreated hoppers for purposes of comparison.

Control Description

Treatment consisted of covering the exterlor of one hopper with

a layer of 3/16-in. E-A-R C-2003 damping material that, in turn,
was covered with an outer layer of 1/8-in. steel. Bostik ad-
hesive was used to bond the damping material to both steel sur-
faces. The outer perimeter of the steel cover plate, which
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Figure 6.8.1. Overall sound pressure level vs time of noise
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No. 10471.

slightly overhung the damping layer, was welded around the edges
to the base plate. The entire sandwich-like treatment con-
stituted what 1s called a constralned layer damping system — an
efficient system for dilssipating vibratiocnal energy. One side
of the hopper — the side with the door - was left entirely
untreated.

Results

Measured noise reduction varied according fto frequency but
amounted to a 9-dB reduction of the sound level — from

122 dBA to 113 dBA during the 2-sec interval of maximum noise
output. Figure 6.8.2 shows the reductions obtained in 1/3-
octave bands. The measured reduction is limifed malinly by sounds
of vibrating parts escaping into the area from the open hopper
top.

Comments
Application of sheets of damping material constrained by an outer
layer similar to the base structure material can be an effective

nolse control in numerous other situations where products strike
structures and excite vibrations. For example, products are
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Figure 6.8.2. Noise reduction from damping.

often transported through plants by conveyors. Sheet metal de-
flectors, bucket elevators, chutes, and other components of the
conveyance system are llikely candidates for damping treatments.

Extensional damping, where the damping material is bonded to the
base structure but is not covered by a constraining layer, may
also be effective and i1s simpler to apply. More damping material
would be required, however, and the damping material would be
left exposed {(a possible source of concern to industries such as
food processors).¥*

Noise reduction obtainable by such treatment can be predicted

by measurement of the "loss factor" of the untreated surface and
by estimation of the "loss factor" of the treated surface. The
former is accomplished by measuring the decay in acceleration
levels of the nolse-radiating surface and the latter by using the
treated surface materials' dynamic properties and the appropriate
theory.

Other treatments that might have equal benefit to damping in
special situations include:

« Minimizing the force of impacts by reducing free-fall
distance of the parts causing impact;

®Generally, a layer of damping material at least as thick as the
base structure is used.
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. Minimlizing the force of impacts by "padding" the struck
surfaces, wear factors permitting;

. Reducing the noise-~radiating area of the impacted structure,
e.g., by using perforated or expanded sheet metal instead of
s30l1lid sheets.

Damping materials alter the after-the-fact vibrational response of
a system to an externally applied force. Thus, application of
damping material will reduce the tendency of a surface to ring
after it is struck or will retard the propagation of a disturbance
travelling away from its point of origin. Damping materials are
useful in quieting the ringing of impacted surfaces or in mini-
mizing the area of noise radiation. Note, however, that damping
materials have only a small effect on the during-the-fact vibra-
tions response of a system to an externally applied force. 1If,
then, your noise problem is caused by a "forced" vibration of a
surface {(e.g., vibration of a pipe wall caused by turbulence of
the contained fluid), damping materials are inappropriate as a
remedy and you should look for other ways to ameliorate the prob-
lem (e.g., improve the transmission loss of the pipe wall by
wrapping it) (pp. 68-69).
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CASE HISTORY 9: ELECTRIC-POWERED TOWING MACHINE
(OSHA Noise Problem)

Robert C. Niles

Uniroyal, Inc.

Oxford Management and Research Center
Middlebury, Connecticut 06749

(203) 573-2000

Problem Description

At the Uniroyal tire manufacturing facility, in Opelika, Alabama,
noise to which a "Green Tire Truck Tugger" operator is exposed
was measured and found excessive under OSHA regulations. The
employee operates a "stand-up" electric-powered towing machine
that moves green tires from the tire bullding machines to the
spray machine and returns with empty trucks from the curing
process.

Problem Analysis

The problem 1s the noise caused by hauling the empty trucks. The
"truck" that carries the tires consists of a metal frame with
hollow metal elliptical prongs that hold the green tires (Figure
6.9.1). When the "truck" is empty, the prongs vibrate and act
like a sounding drum, emitting a loud noise. The loudest noises
occurred on concrete floors because of unevenness caused by globs
of rubber on the floor. Metal plate alsles were quieter.

Nolse at the operator's ear measured 100 dBA when he was towlng
the empty trucks — a sound level that exceeds the OSHA allowable
1limit. In addition to the operator exposure, adjacent employees
are subjected without warning to a loud intermittent noise, which
1s motivationally depressant.

Control Description

The prongs were filled with a rigid foam, developed by Rubicon
at Naugatuck through the cooperation of Mr. Thomas Haggerty.

It 1s an MDI, polyurethane foam, formula RIA Nos. 553A and 553B.
The product i1s shipped as liquid foam in two parts, which are
combined on the job. Cost 1s estimated at about $1 per kilo-
gram, depending upon quantity and comes to about $10 per truck.
As a company, Uniroyal does not furnish the material directly.
For the supplier nearest the use point, please contact Mr.
Thomas Haggerty at the Uniroyal Naugatuck Plant, Phone: (203)
729-5241, extension 225. The formula is fireproof and nontoxic.

Results

The origlnal and after-treatment nolse data were taken by riding
the tugger next to the operator. Both sets of data were taken in
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Figure £.%8.1. GOreen tire storage truck.
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a warehouse in order to ensure low ambient noise conditions. The
same tugger, same route, and ambient sound levels were used for
both the "before" and "after" tests.

The noise abatement program of filling the prongs with a rigid

foam resulted in a 10-dB reduction, adequate to alleviate the
noise problem as defined by OSHA.
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CASE HISTORY 10: BLANKING PRESS
(OSHA Noise Problem)

Problem Description

In forming operations, large blanking presses are used. The ram,
which is like a connecting rod in a reciprocating engine, 1is
hollow. The forming die runs in grooves on the side of the
press, like a piston in the c¢ylinder of a reciprocating engine,
and completely closes off the end of the hollow ram. There are
slots in the ram that are used normally when the press is used in
blanking operations to extricate the work from the die, similar
to removal of a cookie from a cookle cutter. These slots are

in the side of the ram (see Figure 6.10.1). When the press is

weatherstripping
Lcement

~~\

ram slot and cover
ram slot cover plate \_t .
L-.__._ ram plate (typical)

through bott

FRONT

PRESS FRAME

SLOT

NOTE:

use Neoprene
gasket both

sides; seal
washers and joints
with weatherstripping
cement

Figure 6.10.1. Method used to cover slots in blanking press ram.
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being used in the forming mode, these slots are not required,
and when the die "snaps through," it cuts off the work. This
gives rise to high sound levels.

Problem Analysis

In a vibration-isclated forming press, operator position sound
levels were Ly = 94 dBA, Lg = 100 dBC in the "slow" reading
position. An octave-band measurement disclosed that sound
pressure levels in the 250-, 500-, 1000-, and 2000-Hz bands were
much higher than in other bands. This ringing noise, which had
a maximum near 2 kHz, was easily discernible by ear. By careful
listening, it was determined that the source was radiation from
the slots 1n the ram.

The technical conclusion was that the hollow ram interior, with
the slots, was essentially behaving as a shock-excited Helmholtz
resonator. A Helmholtz resonator is a closed volume of air
connected by a tube to the ocutside air; it resonates at various
frequencies (as when air is blown across a glass jug opening).

The one approach that would obvicusly work would be to fill the
cavity in the ram with rubber-like material. Another approach
would be simply to plug the slots, thus keeplng the noise inside
the ram. The second approach was chosen because it was easy to
try, inexpensive to test, and allowed the machine to be re-
converted easily to a blanking operation.

Control Description

The ram slots were each covered with a plywood plate sealed with
a Neoprene gasket, as shown in Figure 6.10.1. Weatherstripping
(nonhardening sealant) was used to prevent small leaks. These
control measures were easily installed.

Results

The first attempt was satisfactory and achieved a 6-dB reduction
of quasi-peak sound level from 99 to 93 dBA. See Figure 6.10.2.
Applying this to the observed slow A-reading of 95 dBA yields
the observed 88 dBA.

This case history demonstrates both the simplicity {(the solu-
tion) and the complexity (the resonator) of noise control. It
also demonstrates a more subtle feature: Simple solutions are
worth trying if there 1s a good physical reason for them.
Comments

The obvious pitfall here would be to apply this solution to a
press that had not first been vibration-isolated. If the press
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Figure 6.10.2. Quasi-peak readings of blanking press after ram
ringing was contained.

were on other than plers isolated from the building, or had sheet
metal guards, one would probably not have been able to measure
any improvement. Filling the ram cavity would have been ancther
pitfall. It would have accomplished the nolse reduction, but

would have prevented easy reconversion of the press to blanking
operation.
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CASE HISTORY 11: SPINNING FRAME
(OSHA Noise Problem)

Problem Description

Cord manufacturers use a machine called a spinning frame to con-
vert yarn to cord. In the process of spinning this yarn into
cord or thread, lint or small pieces of yarn fall away. At

each spinning station along the frame, alr suction removes this
l1int by a system that works essentlally llke a vacuum cleaner.
This system requires a rather large alr-moving system for each
spinning frame, and the nolse created by these alr-moving systems
causes the ambient sound levels to range from 88 to 93 dBA at

the work statlons throughout this system. This unit was a
Whitins Model M-2.

Problem Analysis

Measurements were made with a Type 2 sound level meter. At about
1 in. from the alr exhaust of the lint scavenger system, the
sound levels were: Lp = 100 dBA, Lg = 100 dBC. The majJor nolse
source was unquestionably the air escaping from the lint removal
system, as was verified by the fact that Lp = Lg. Thilis problem
is common in high-velocity air systems.

Control Description

The obvious solutlion to a problem of thls nature 1s to use a
muffler or an acoustical isolator. However, a more fundamental
approach considered was to slow the escaping alr at the scavenger
exhaust. This slowing could be accomplished by simply giving

the exhaust vent a bigger open area, as shown in Figure 6.11.1.
The velocity of the escaping alr was estimated to be 115 ft/sec
(the fan moved 1800 cfm through an area of about 37 in.2?).

Simply to open the fan cover was not practical, since the alr
must be directed upward.

The reason this control approach 1ls a good one to consider can
be best summarized in the followlng relationship:

X = 10 log,, (Vo/Vn)s s

where X is the reduction in decibels, V, is the original air
velocity, and V, is the new alr veloclty.

This equation is widely used by noise control engineers to esti-
mate the relative nolse reduction 1f air stream slowdown is
possible.
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NOTE:
1 - for final assembly, seal all gaskets with

nonhardening weatherstripping cement
2 - make certain existing fan cover is strong

enough to support modification
vent - muffler, to be designed and \
attached only if required .

new air exhaust stack, directs
air upward to vent - muffler

existing fan cover, modified to
accept new air exhaust stack

Pigure 6.11.1. Air exhaust vent modification for spinning machine
nolse control.
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The deslgn increased the area through which the air exhausted by
a factor of 10: from 0.26 ft? to 2.6 ft?. Because the flow is
practically imcompressible, V /Vp = 10-! and X = 50 dB reduction.
However, the net noise reduction will ordinarily be less because
other noise ‘sources are still present. A rule-of-thumb is to
expect a useful reduction of, at most, 10 dB if a major source

is completed removed. The chilef exception to this rule is the
intense and often high-frequency pure-tone single source, such
as a whistle, steam vent, or automatic control valve.

Results

The noise was measured, wlth all but one fan cover unchanged; it
was Ly = 93 dBA and L¢c = 94 4BC, a reduction of 7 dB. It is
thought that this reduction fairly well represents the back-
ground level wlithout this fan running.

Comments

The most common pitfall In a treatment of this kind is to attempt
to do a makeshift or sloppy final Job. Care must be taken for
the final result to be effective. A professicnal metal shop can
fabricate the device shown in Figure 6.11.1 easily, in quantity,
and possibly less expensively than it could be fabricated in your
plant. The rubber gaskets and sealant are both important to

the overall effectiveness of the Job.
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CASE HISTORY 12: BOXBOARD SHEETER
(OSHA Noise Problem)

Problem Description

The sheeter, starting from large rolls of boxboard about 6 ft
in diameter, cuts the web to length with a rotary knife that
can be adjusted to rotary speed, and therefore sheet length, by
means of variable speed drive (Reeves Drive). The cut sheets
are delivered to pallet. The speed is about 700 ft/min.
Problem Analysis

At the operator control station near the sheeter (see Figure
6.12.1), the sound level was found to be 93 dBA. C(Close-in probe

shéet web . sheet web
(in) TR
|

control vemts (see FIG. C 7.2)
operator . f variable speed drive
% | «1§ 61t highX 3.51t X 3.5 1t
b e e = . in steel cabinet

Figure 6.12.1. Floorplan of sheeter for boxboard.

readings at the variable speed drive were high, indicating that
the drive is a major noise source. Readings were as follows:

96 dBA close to front drive guard, in aisle

98 dBA close to front drive guard, in aisle 3

105-107 dBA close to front drive vent openings.
The drive box enclosure was a steel shell 6 ft high, 3.5 ft wide,
and 3.5 ft deep, having two vent openings in the side for

natural air cooling (see Figure 6.12.2).

Other operator locations that were far from the drive were
checked:

90 dBA: operator at delivery

88 dBA: operator at rollstand in feed (see Figure 6.12.3
for general layout).
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Layout of sheeter and operators.

From the close-in readings, the drive was determined to be the
major noise source and not the roll unwind stands, rotary

cutter, or delivery
Control Description

To reduce the drive
declded to line the

belts to finished pallet of boxbocard.

noise within the steel box enclosure, it was
interior walls with an acoustic absorbing
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polyurethane foam with a layer of 0.017-1in.-thick sheet lead to
provide damping of the steel surface panels. To reduce the nolse
coming out of the alr vents, an acoustic trap was designed to
absorb the nolse at the vents but zallow full normal air circula-
tion. This acoustic trap is shown in Figure 6.12.2.

Results

The sound level at the operator control panel near the drive unit
was found to be 89 dBA, reduced from 93 dBA. In addition, some
reduction was obtalned in other operator positions:

86—87 from 90 dBA, operator at delivery
86 dBA from 88 AdBA, operator at roll stand.

Sound levels close-1n to the vents were reduced to 94 dBA from
105 dBA; this is not an operator position.

Sound-absorbing polyurethane foam with a lead septum designed for
combined damplng and absorption 1s avallable from various sup-
pliers at less than $4/ft; material cost was about $400, and in-
house labor to glue 1n place and fabricate a holder for the

sound trap was about another $400; total cost was about $800.

Comments

Without close-1n reading to locate the drive unit as the major
noise source, the conclusio