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Foreword

The need for practical working knowledge in the environmental sciences for
those in the building professions will continue for the foreseeable future.
Acoustics, like lighting and the thermal environment, is an environmental sci-
ence that has become a recognized and respected discipline within the past
half century. The fruits of these expanding bodies of scientific knowledge,
i.e., practical engineering applications, are increasingly being taken seriously
on a widespread basis by architects, engineers, and planners in the solutions
of acoustical problems in and around buildings.

Although there are a few exceptions, adequate courses in acoustics have
been notably lacking in schools of architecture and engineering. A number of
us, including Professor M. David Egan, were fortunate in learning about
acoustics at the Massachusetts Institute of Technology through the pio-
neering and inspirational teaching of the late Professor Robert B. Newman
and his colleagues, Professors Leo Beranek and Richard Bolt. Some of their
former students, like M. David Egan, have gone on to spread the word not
only through design applications of their knowledge but also through lecturing
and teaching efforts.

With his earlier book Concepts in Architectural Acoustics (McGraw-Hill,
1972), Professor Egan identified the pressing need for a textbook which
would cut through to the core of the information needed to understand
acoustics problems and to develop practical solutions. The book could hardly
be called a textbook in the traditional sense, since the verbal descriptions
were few and the major emphasis was on graphic displays of concepts as
well as engineering data and problem-solving techniques. This unique
approach, as he has found with his students at the Clemson University Col-
lege of Architecture and elsewhere, appealed to most students of architec-
ture and engineering (of all ages) who need comprehensive yet
encapsulated treatments of the environmental sciences. Concepts in Architec-
tural Acoustics became a widely used text not only in architectural schools but
in the offices of practicing professionals as well. Indeed, many acoustical
consultants recommend the book to clients when the need for a little more
understanding of technical details exists.

In this new text, Architectural Acoustics, Professor Egan has retained all
the desirable features of its predecessor and has updated the material with
the experience gained this past decade, as well as added several new useful
features such as checklists on design and problem areas in building acous-
tics. The clarity of the illustrations and format of tables of engineering data
greatly enhance the usefulness of the book for reference. Like its prede-
cessor, Architectural Acoustics emphasizes concepts and aids the designer/
decisionmaker in judging the relative importance of acoustical considerations
in the context of the overall building environmental system.

xiii



This book is an important contribution to the better understanding of
building acoustics problems in a growing multidisciplinary design
environment.

William J. Cavanaugh
Fellow, Acoustical Society of America
Natick, Massachusetts

XiV  FOREWORD



Preface

The goal of this book is to present in a highly illustrated format the principles
of design for good hearing and freedom from noise in and around buildings.
The over 540 illustrations are not merely supplements to the text as with
nearly all traditional books. In this book, the illustrations are the core of the
coverage of basic principles of sound and hearing, sound absorption and
noise reduction, sound isolation and criteria for noise, control of HVAC sys-
tems noise and vibrations, auditorium acoustics design, and electronic sound
systems.

The book is written for architects, interior designers, engineers, and all
others concerned with the design and construction of buildings who need to
know the basics of architectural acoustics, but who do not have the time
needed to digest wordy presentations. The book is a successor to Concepts
in Architectural Acoustics (McGraw-Hill, 1972) with the overwhelming
majority of the illustrations, case histories, and example problem solutions
either entirely new or substantially revised.

The late Professor Robert B. Newman was the author’s mentor and
teacher in graduate school. His course on architectural acoustics was the
inspiration to become an acoustical consultant. The message of that course,
offered by Professor Newman for nearly four decades at the MIT School of
Architecture and Planning and at the Harvard University Graduate School of
Design, was that designers who understand the basic principles of acoustics
possess an important new tool for shaping the built environment. The inten-
tions of this book, therefore, are similar. That is, to diffuse knowledge of
acoustics and to promote its creative applications in design. Hopefully, not
only better acoustical environments, but also better buildings should result.

The book also contains numerous checklists of design aids, data tables
of sound absorption and sound isolation properties for a wide variety of
modern building materials, case study examples, and step-by-step practical
problem solutions. Extensive references are provided so that the interested
reader can dig deeper. The appendix includes a metric system conversion
table for common building acoustics terms and a summary of useful
formulas.

M. David Egan, P.E., FASA
Anderson, South Carolina
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Introduction

Almost all acoustical situations can be described by three parts: source, path,
and receiver. Sometimes the source (human speech, HVAC equipment) can
be made louder or quieter. For example, strategic placement of reflecting
surfaces near the speaker in lecture rooms, churches, and auditoriums can
reinforce and evenly distribute sound to all listeners. The path (air, earth,
building materials) can be made to transmit more or less sound. When
required, double-wall and other complex constructions can be designed to
interrupt the sound path, thereby providing satisfactory sound isolation and
privacy. The receiver (usually humans, although sometimes animals or sensi-
tive medical equipment) also can be affected. Usually building occupants will
hear better, or be more comfortable, if distracting HVAC system noise can be
controlled or if intruding environmental noise can be isolated or removed. In
most situations, it is best to focus on all three parts. For example, concen-
trating only on the direct path for sound travel through common walls may at
best result in costly overdesign or at worst, no solution at all!

Acoustical requirements always should be considered during the earliest
stages of design. Even though corrections can be accomplished during the
mid- and latter stages of design, it usually is very difficult to change shapes,
room heights, and adjacencies within buildings when spatial relationships and
budgets have been fixed. Similarly, deficiencies in completed spaces are
often extremely difficult and costly to correct. For example, the addition of an
electronic, sound-reinforcing system to an auditorium which is excessively
reverberant may exaggerate deficiencies rather than improve listening condi-
tions. This kind of acoustical surprise should not occur if designers under-
stand the basic principles of acoustics. Successful designers provide the
spatial relationships, cubic volumes, shapes, and the like so their buildings
maintain design quality while best serving their intended purposes, whether it
be for work, play, or rest.

Designers should not rely on oversimplified articles in trade magazines,
misleading advertisements and incomplete technical data from manufacturers,
or highly specialized texts written in technical jargon. The goal of this book,
therefore, is to provide a comprehensive framework for the study of acous-
tics as well as a long-term resource for designers. The designer should be
able to anticipate the acoustical problems inherent to most buildings, solve
those of a routine nature, and determine when professional assistance is
required. A reference source for information on qualified acoustical consul-
tants is the biennial Directory of the National Council of Acoustical Consul-
tants (NCAC). The Acoustical Society of America (ASA) also maintains a
listing of persons and firms offering acoustical consulting services.

Xix



The designer who understands the essential elements of architectural
acoustics will be able to best collaborate with acoustical consultants by

asking the right questions, identifying alternative solutions, and implementing
successful designs. The illustration below identifies essential elements of

architectural acoustics and the corresponding chapters in the book.
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Chapter 1

Basic Theory



SOUND AND VIBRATION

Sound is a vibration in an elastic medium such as air, water, most building
materials, and the earth.” An elastic medium returns to its normal state after a
force is removed. Pressure is a force per unit area. Sound energy progresses
rapidly, producing extremely small changes in atmospheric pressure, and can
travel great distances. However, each vibrating particle moves only an infinites-
imal amount to either side of its normal position. It “bumps’* adjacent particles
and imparts most of its motion and energy to them. A full circuit by a dis-
placed particle is called a cycle (see illustration below). The time required for
one complete cycle is called the period and the number of complete cycles per
second is the frequency of vibration. Consequently, the reciprocal of frequency
is the period. Frequency is measured in cycles per second, the unit for which is
called the hertz (abbreviated Hz).

Vibration of Particle in Air
The back and forth motion of a complete cycle is shown below.

maximum particle at rest

Position of Position of sir
dispiacement\

./ Amplitude
Amphtude /
(maximum dlspiacement

during vibration) .

Pure Tones

A pure tone is vibration produced at a single frequency. Shown below is
the variation in pressure caused by striking a tuning fork, which produces an al-
most pure tone by vibrating adjacent air molecules. Symphonic music consists
of numerous tones at different frequencies and pressures (e.g., a tone is com-
posed of a fundamental frequency with multiples of the fundamental, called
harmonics) . To find the period corresponding to a frequency of vibration, use
the following formula:

1
sz_f

where T, = period (s/cycle)
f = frequency (cycles/s or Hz)

*Noise i1s unwanted sound (e.g., annoying sound made by other people or very loud sound which may cause
hearing loss )

2 BASIC THEORY



For example, a frequency of 63 Hz has a period T, of 1/63~0.02 s/cycle
(roughly 30 times longer than the period at 2000 Hz).

D

Compression
(maximum pressure)

| Period (Tp)
'—/\ Normal atmospheric
/pressur*e
Rarefaction
\.Ze M—’//(minimum pressure)

| riod (Tp |
%

Peak fmpiitude

>

Sound pressure

Time

Complex Sounds

The variation in pressure caused by speech, music, or noise is shown
below. Most sounds in the everyday world are complex, consisting of a variety
of pressures which vary with time. The threshold of hearing for humans is one-
millionth of normal atmospheric pressure.

High sound pressure

4§ (loud sounds)
Low sound pressure
@ (soft sounds)
5 v/
n
@
= \—Normal atmospheric
o pressure
3 >
Time

BASIC THEORY 3



FREQUENCY OF SOUND

4 BASIC THEORY

Frequency is the rate of repetition of a periodic event. Sound in air con-
sists of a series of compressions and rarefactions due to air particles set into
motion by a vibrating source. The frequency of a sound wave is determined by
the number of times per second a given molecule of air vibrates about its neu-
tral position. The greater the number of complete vibrations (called cycles),
the higher the frequency. The unit of frequency is the hertz (Hz). Pitch is the
subjective response of human hearing to frequency. Low frequencies generally
are considered “boomy,” and high frequencies “screechy’” or “hissy.”

Most sound sources, except for pure tones, contain energy over a wide
range of frequencies. For measurement, analysis, and specification of sound,
the frequency range is divided into sections (called bands). One common
standard division is into 10 octave bands identified by their center frequencies:
31.5, 63, 125, 250, 500, 1000, 2000, 4000, 8000, and 16,000 Hz. An oc-
tave band in sound analysis, like an octave on the piano keyboard shown
below, represents a frequency ratio of 2:1. Octave-band ranges of three other
musical instruments are also shown below.

Fr‘eq.uencg (Hz)
4].5 3 125 250 500 1000 2000 4000

| l rombonle ' |
ey

C l Cello
' ‘ <: Violin :>

OO0 0

[Tockave COEFGAB

7 octaves

Further divisions of the frequency range (e.g., one-third or one-tenth oc-
tave bands) can be used for more detailed acoustical analyses. Sound level
meters can measure energy within octave bands by using electronic filters to
eliminate the energy in the frequency regions outside the band of interest. The
sound level covering the entire frequency range of octave bands is referred to
as the overall level.



WAVELENGTH

As sound passes through air, the to-and-fro motion of the particles alter-
nately pushes together and draws apart adjacent air particles, forming regions
of rarefaction and compression. Wavelength is the distance a sound wave
travels during one cycle of vibration. It also is the distance between adjacent
regions where identical conditions of particle displacement occur, as shown
below by the wire spring (called a “'slinky”* toy). When shaken at one end,
the wave moves along the slinky, but the particles only move back and forth

about their normal positions.
|Nawelen5th|

Wavelength

Sound waves in air also are analogous to the ripples (or waves) caused
by a stone dropped into still water. The concentric ripples vividly show pat-
terns of molecules transferring energy to adjacent molecules along the surface
of the water. In air, however, sound spreads in all directions.

To find the wavelength of sound in air at a specific frequency, use the fol-
lowing formula:

_ 1130

B==Ff
where A = wavelength (ft)
f = frequency (Hz)

Shown below is the wavelength in air from the to-and-fro motion of a vi-
brating tuning fork. The movement of the prongs alternately compresses and
rarefies adjacent air particles. This cyclical motion causes a chain reaction be-
tween adjacent air particles so that the waves (but not the air particles) prop-
agate away from the tuning fork. Remember sound travels, but the elastic me-
dium only vibrates.

Rarefaction (displaced gir
particles spread apart)

Compression (displaced air
/-particles pushed together)

Tuning fork
(with prongs
vibrating) Wavelength (X))
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SOUND SPECTRUM

Because most sounds are complex, fluctuating in pressure, level, and fre-
quency content, the relationships between sound pressure level and frequency
are required for meaningful analysis (data so plotted are called a sound spec-
trum) . This requirement is similar to indoor climate control, where thermal
comfort cannot be specified as a 70°F temperature alone because comfort
also depends on relative humidity, air motion, and so on. Sound spectra are
used to describe the magnitude of sound energy at many frequencies. The fre-
quency scale given below is an octave-band scale because the ratio of succes-
sive frequencies is 2:1, the ratio for an octave in music. In acoustics, the ex-
tent or width of octave bands is geometric. For example, the octave band for a
center frequency of 125 Hz contains sound energy from 125 <+ V2 Hz to 125
X V2 Hz.

The line graph at the right depicts the octave-band spectrum for a noise
consisting of the sound energy measured within octave bands (see bar graph
at left). The line graph is plotted at the respective center frequencies of the
bands. Also shown on the graph is the sound level of a 512-Hz tuning fork.
Note that the tuning fork produces sound energy at a single frequency only. A
tuning fork will vibrate at the same frequency if struck lightly or forcefully, but
the sound levels produced can differ greatly.

Bar graph picture of sound Line graph picture of sound

Height of bar shows sound Dot is heightiof bar
level equivalent to sound raph at a specific octave-
ene.rgclﬂ in shaded area and center freguency

(called™ "bandwidth') ,
Line connects dots to show
fCOmPDSIte picture of Frequencies

>

contained in a sound (called
sound spectrum')

'

8 512 Hz tuning fork (vibrates

-1
|
I
|
: at single -Freq.uancH)
|
P

Sound pressure level (dB) >

Sound pressure |evel (dB)

I | [
125 250 500 (000 >
Freq.uencﬁ (Hz)

125T 250 500 1000

—I125VZ | Range for
125 octave-band center
2 freguency of 125 Hz

Fr&q.uencEj (Hz)

If a pianist uses both forearms to simultaneously strike as many piano
keys as possible, the resulting noise will be broadband because the sound pro-
duced will be spread throughout a wide range of frequencies. A graph of this
noise, therefore, would plot as a wide, flat spectrum.
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VELOCITY OF SOUND

Steel

Airborne
sound

Sound travels at a velocity that depends primarily on the elasticity and
density of the medium. In air, at normal temperature and atmospheric pressure,
the velocity of sound is approximately 1130 feet per second (ft/s), or almost
800 mi/h. This is extremely slow when compared to the velocity of light,
which is about 186,000 mi/s, but much faster than even hurricane winds.

In building air distribution systems, the air velocity at registers, diffusers,
and in ducts is so much slower than the velocity of sound that its effect can
be neglected. For example, an extremely high air velocity of 2000 ft/min
(about 33 ft/s) in a duct is less than 3 percent of the velocity of sound in air.
Consequently, airborne sound travels with equal ease upstream and down-
stream within most air ducts!

However, sound may travel at a very fast 16,000 ft/s along steel pipes
and duct walls as shown below. It is therefore important to block or isolate
paths where sound energy can travel through building materials (called
structure-borne sound) to sensitive areas great distances away where it may
be regenerated as airborne sound.

In buildings, the effect of temperature on sound also is negligible. For ex-
ample, a 20°F rise or drop in room air temperature is significant, but would
cause only a 2 percent change in the velocity of sound in air.

Air Airborne sound
(1130Ft/s velocity)

Cello

K Fan-coil unit

Pin (contacts floor ———f
causm% structure - borne
sound

Structure -borne sound in
steel pipes (16,000 %%/s)

Circulating pump
S Boiler

Structure - borne
sound in concrete
(12,000f¢/s)

Airborne sound
,’\\ |

\—— Structural tee

Reinforcing oteel (steel
has less damping” than

concrete 5o sound will be
Concrete transmitted more e951|5)
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FREQUENCY RANGES OF AUDIBLE SOUNDS

8 BASIC THEORY

Hearing ranges for both young and older persons (> 20 years old) are
shown below. A healthy young person is capable of hearing sound energy
from about 20 to 20,000 Hz. Hearing sensitivity, especially the upper fre-
quency limit, diminishes with increasing age even without adverse effects from
diseases and noise—a condition called presbycusis. Long-term and repeated
exposure to intense sounds and noises of everyday living can cause permanent
hearing damage (called sociocusis), and short-term exposure can cause tem-
porary loss. Consequently, the extent of the hearing sensitivity for an individual
depends on many factors, including age, sex, ethnicity, previous exposure 1o
high noise levels from the workplace, gunfire, power tools, rock music, etc. All
other hearing losses (e.g., caused by mumps, drugs, accidents) are called
nosocusis. An audiologist should be consulted if a “'ringing’* sensation occurs in
ears after exposure to moderately loud noise or if sounds seem muffled or dull.

Also shown below are frequency ranges for human speech (divided into
consonants, which contain most of the information for articulation, and
vowels), piano music, stereo sounds, and acoustical laboratory tests (e.g.,
tests used to determine absorption and isolation properties of building mater-
ials) . Human speech contains energy from about 125 to 8000 Hz. Women's
vocal cords are generally thinner and shorter than men'’s, so the wavelengths
produced are smaller. This is the reason the female frequency of vibration for
speech is normally higher. Wavelengths in Sl and English units are indicated by
the scales at the top of the graph above the corresponding frequency.

Wavelength ocales

4lbm 22m llm 55m 2.Bm l4m 0.1m 3Hcm (7em Bbem 4.3em Llem lem
4 72 3¢ 18 9 45 225 I-k' oW 3% 1% W Ve
1 ] 1 | I ] ] 1 1 i I

3 N I O

Hearing range for youn

C Hearing range for old

Speech

C Voutls IConsonmt_’{)
Middle 'C"
== fsl

C lhcousltical I[abora‘r.‘lnrg tl%s‘ts || D

I 1 I [} [} |
5 16 315 63 125 250 500 (900 2000 4000 BO0O 16,900 32,000
20 20,000

delity stereo

Frequency (H1)

*Vibrations below 20 Hz are not audible, but can be felt.

Reference

E. H. Berger et al. (eds.), Noise and Hearing Conservation Manual, American Industrial
Hygiene Association, Akron, Ohio, 1986.



SENSITIVITY OF HEARING

The graph below shows the tremendous range of sound levels in decibels
(abbreviated dB)* and frequency in hertz over which healthy young persons
can hear. Also shown on the graph is the frequency range for “"conversational’’
speech, which occurs in the region where the ear is most sensitive. For com-
parison, the region where symphonic music occurs is indicated on the graph by
the large shaded area extending at mid-frequencies from below 25 dB to over
100 dB (called dynamic range). The dynamic range for individual instruments
can vary from 30 dB (woodwinds) to 50 dB (strings). The lowest level of
musical sound energy that can be detected by the audience largely depends on
the background noise in the music hall (see Chap. 4), and the upper level de-
pends on the acoustical characteristics of the hall (see Chap. 3). Electronically
amplified rock music in arenas and coliseums far exceeds the maximum sound
levels for a large symphonic orchestra. Rock music, purposefully amplified to
be at the threshold of feeling ("'tingling”” in the ear), is considered to be a sig-
nificant cause of sociocusis.

D

Threshold of feeling curve
( listeners report tickle inears)

Symphonic misic

Dunamic range
for symphonic
music

e e
L~ ~——

/ Speech S

gsi;ivitg

drops off greatly
at low frequencies ,\

level (dB)

Sound

>

Frequency (Hz) \7
Maximum sensitivity occurs

here at 4000 Hz due to
resonance in ear canal

Threshold of audibility curve

(minimum sound pressures ear
can detect)

*Decibel is the unit used to express the pressure (or intensity) level of sound energy. In this book, sound fevelis
always measured in decibels by precision sound level meters at a specific frequency or weighting.
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INVERSE-SQUARE LAW
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Sound waves from a point source outdoors with no obstructions (called
free-field conditions) are virtually spherical and expand outward from the
source as shown below. A point source has physical dimensions of size that
are far less than the distance an observer is away from the source.

Distance d, doubled at
position 2 (ares of wave
quadrupled, so intensity is /4)

Portion of sound wave
at position |

Sound source of
power (W) in watts

Distance ( d)

Power is a basic quantity of energy flow. Although both acoustical and
electric energies are measured in watts, they are different forms of energy and
cause different responses. For instance, 10 watts (abbreviated W) of electric
energy at an incandesent lamp produces a very dim light, whereas 10 W of
acoustical energy at a loudspeaker can produce an extremely loud sound. Peak
power for musical instruments can range from 0.05 W for a clarinet to 25 W
for a bass drum.

The intensity from a point source outdoors at a distance d away is the
sound power of the source divided by the total spherical area 4nd? of the
sound wave at the distance of interest. This relationship can be expressed as:

w

I= Zna?

where = sound intensity (W /m?)
W = sound power (W)
d = distance from sound source {m)

If the distance is measured in feet, multiply the result by 10.76, because 1 m?
equals 10.76 ft2.




The inverse-square law for sound is:

L _(da?
I, d,

where = sound intensity (W /m?2)
d = distance from sound source (ft or m)

Note: To derive the inverse-square law, consider a wavefront at positions 1 and 2 as
shown on the above illustration. At position 1, W = [,4nd,?, and at position 2, W =
I,4nd,?. Since the energies are the same (because the source is the same), /,4nd,? =
L4nd,2. Therefore, I/, = d;?/d,, which is the inverse-square law for sound.

BASIC THEORY 11



DECIBELS
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4B W/m?

150 -[]-10"
(Threshold of pain)

Lr—(m[-I

o-Jpl-10-1?
(Threshold of audibility)

Ernst Weber and Gustav Fechner (nineteenth-century German scientists)
discovered that nearly all human sensations are proportional to the logarithm of
the intensity of the stimulus. In acoustics, the bel unit (named in honor of
Alexander Graham Bell) was first used to relate the intensity of sound to an in-
tensity level corresponding to the human hearing sensation. Sound intensity
level in bels equals the logarithm of the intensity ratio //l,, where I, is the min-
imum sound intensity audible to the average human ear at 1000 Hz. Decibels
(prefix deci- indicates that logarithm is to be multiplied by 10) can be found
by the following formula:

L, =10 Iog‘,—Jr
0

where L, = sound intensity level (dB)
| = sound intensity (W /m?2)
Iy = reference sound intensity, 10-'2 (W /m?2)

The illustration on the following page gives the decibel level of some fa-
miliar sounds. The human hearing range from the threshold of audibility at O dB
to the threshold of pain at 130 dB represents a tremendous intensity ratio of
10 trillion (10,000,000,000,000) to 1. This is such a wide range of hearing
sensitivity that it may be hard to imagine at first. For example, if a bathroom
scale had a sensitivity range comparable to that of the human ear, it would
have to be sensitive enough to weigh both a human hair and a 30-story
building! Logarithms allow the huge range of human hearing sensitivity to be
conveniently represented by smaller numbers.

It is difficult to measure sound intensity directly. However, sound intensity
is proportional to the square of sound pressure, which can more easily be
measured by sound level meters. In air under normal atmospheric conditions,
sound intensity level and sound pressure level are nearly identical.



COMMON SOUNDS IN DECIBELS

Some common, easily recognized sounds are listed below in order of in-
creasing sound levels in decibels. The sound levels shown for occupied rooms
are only example activity levels and do not represent criteria for design. Note
also that thresholds vary among individuals.

Subjective

Decibels ¥ Examples evaluation
=140 @ Jet engine ( 75t away)
= ‘ Painful (2nd
Tgwee_.hald ) F—1130 @ Jet aircraft during takeoft (300 $t amag') dangerous)
or pain tom—
T:rpeshaid ) =120 @Hard rock band (with electronic amplification)
of feeling = ® Thunder (nearby)
= Deafeni
—110  ®Accelerating motorcycle at few £t awayt WSS
—1100 @Auto horn (104t aua%J
== ® Crowd noise ab football game
=l a0 ®Printing press Very loud
— ®Pneumatic concrete breaker
E ®Computer equipment room
Threshold Y = 50% @Cafeteria with sound -reflecting surfaces
E:F hearing |oss
long-term g . , . :
: 70 @B-757 aircraft cabin during flight Loud
EAposure) _ ® Crackling of plastic food ws;'apgers (2 1 sway)
f;? 60 e@Near highway traffic ( when >55dBA, road
Speech and ral trad¥ic annoy most people)
50 @O0ffice activities Moderate
{40 @50t stereo music in residence
30 e@Residence without stereo playing” (late at Faint
A night)
== 20 ® Whisper
®Audiometric testing room
g @Rustle of |eaves in breeze '
® Human breathing Very faint
Threshold — 0
of hearing

(or audivility)

*dBA are weighted values measured by a sound level meter. See page 31 for details of electronic weighting net-
works which modify the sensitivity of meters.

t50 ft from a motorcycle can equal the noise level at less than 2000 ft from a jet aircraft.

tContinuous exposure to sound energy above 80 dBA can be hazardous to health and can cause hearing loss for
some persons
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NOISE REDUCTION WITH DISTANCE

14

BASIC THEORY

Outdoors in the open and away from obstructions, sound energy from
point sources drops off by 6 dB for each doubling of the distance from the
source. (According to the inverse-square law, the intensity ratio for a doubling
of distance is 22 = 4, and the corresponding decibel reduction is 10 log 4, or
6 dB.) Sound energy from line sources (e.g., stream of automobiles or rail-
road cars) drops off by 3 dB for each doubling of distance. This is because
line sources consist of successive point sources which reinforce each other.
Thus the spread of sound energy is cylindrical, not spherical. Cylindrical surface
areas increase in proportion to the radius (distance), whereas spherical sur-
face areas increase in proportion to the square of the radius. The graph below
shows noise reduction due to distance for point and line sources. Additional
reductions can be caused by large buildings, earth berms, trees and vegetation,
and other environmental effects (see Chap. 4).

45 Point souréascc,pneriom
opreading at 6d® per doubling

20 |- [GF distance ) /
AL -
= ~ Line source (cylindrical
£ [epreading at 3dB per doubling
TG of distance) et

L
1% / }-—,—-—""'f
2 5 I '/
@
w
‘o
Z 0 1 1
10 30 e0 120

Distance from source (ft)

An area source, produced by several adjacent line sources (e.g., rows of
cheering spectators at sports events) or large radiating surfaces of mechanical
equipment, has little reduction of sound energy with distance close to the
source. Within distances of b/n to ¢/n, where b is the short and ¢ the long di-
mension of an area source, sound energy drops off by 3 dB for each doubling
of distance. Beyond distances of ¢/, the drop-off will be 6 dB for each doub-
ling of distance outdoors (cf., E. J. Rathe, “Note on Two Common Problems
of Sound Propagation,”” Journal of Sound and Vibration, November 1969,
pp. 472-479).

b= ghort

§ : dimension
€= lon 3
d.mek




LOGARITHMS MADE EASY

Logarithm Basics

The first step to find the logarithm of a number is to express it as a digit
from 1 to 9 multiplied by 10 to a power. A logarithm usually consists of two
parts—the characteristic, which is the power of 10, and the mantissa, which is
the decimal found in log tables (or from pocket calculators). In solving loga-
rithms, remember that

105 = 100,000

104 = 10,000

103 = 1000

102 =100

10" =10

10° =1 (= means equal to by definition)
10-' = 0.1

102 = 0.01

102 = 0.001

and when the decimal point is shifted to the left by n places, the number is to
be multiplied by 10"; when the decimal is shifted to the right by n places, the
number is to be divided by 10". This may seem complicated at first, but after
reviewing a few examples it should become routine.

4,820,000.0 = 4.82 X 10° = 5 X 10° (= means approximately equal to)
~__

Numbers ending in 0.5 and greater should be rounded up as shown by the
example above. If less than 0.5, the decimal should be dropped.

0.0000258 = 2.58 X 105 =~ 3 X 10-5
8,400,000,000.0 = 8.4 X 109 =~ 8 X 10°

The following shortened logarithm table can be used to quickly find the
mantissa of numbers from 1 to 9.

A USEFUL LOG TABLE
Number Mantissa

0
0.3
0.48
0.6
0.7
0.78
0.85
0.9
0.95

DN HLEWN =
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In almost all acoustical problems, it is not necessary to work with small
fractions of decibels. Use either the log table above, or a four-place log table,
and round the final answer to the nearest decibel. A pocket calculator that
finds an entire logarithm in one step is very handy when working with decibels.

The following examples represent logs of very large and very small num-
bers. Remember, the first step is to arrange the number as a digit times 10 to
a power.

R

log (4,820,000.0) = log (5 X 10%) = 6.7 = 6.7
enter number
column to find

log (0.0000258)

log (3 X 10-5) = — log (%x 105)

= —log (0.33 X 10%) = —log (3 X 10%) = g—4.48
log (8,400,000,000.0) = log (8 X 10°) = 9.9

Antilogarithms

The antilogarithm of a quantity, such as antilog (x), is the number for
which the quantity x is the logarithm. For example,

[ ¥
antilog (6.7) = 5X 106 = |5 X 108

enter mantissa
column to find

antilog (-4.48) = -3 X 10 =%x 104 =033 X 104 = 3 X 10-5

When the mantissa of a log falls between values in the log table on page
15, use the closest mantissa to find the corresponding number from 1 to 9.

Properties of Logs

1. log xy = log x + log y
2. Iog$=logx—logy

3. log x" = nlog x
4. log1 =0

*This property is important in acoustical analysis because openings in building elements have no resistance to
sound flow which then can be expressed as 0 dB of isolation.



Powers of 10 Review

Remember, the symbol 102 is a shorthand notation for 10 X 10 X 10 =
1000. Also, the product of two powers of the same number has an exponent
equal to the sum of the exponents of the two powers:

102 X 103 = (10 X 10) X (10 X 10 X 10) = 10°
or

102 x 103 — 10{2+3] = 105
Additional examples follow:

107 X 105 = 1017 +5 = 1012

0= _ -9 +12 = (-9 + 12
10 = 109X 10+2= 10 ) = 10

When combining exponents, be careful of the signs. Dividing by a negative
exponent such as 10-'2 is equivalent to multiplying by its reciprocal, 10+'2.

ﬁ= 103 X 10+12 = 10(-3+12) = 109
10-12

You have now learned to handle powers of 10 and logarithms, which are
fundamental relationships needed to describe how humans perceive sound and
how building materials affect sound energy. Several examples are presented
below and on the following pages.

Examples

1. The intensity / of a rock music group is 8.93 X 102 W/m?
Find the corresponding sound intensity level L,
/
L,= 10 log 107

8.93 X 102
10—12

L,= 10 (10.9509) = 110 dB

I

10 log = 10 log (8.93 X 10%)
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J ))))

2. Loud speech, measured at 3 ft away, has a sound intensity level L, of 73 dB.

Find the corresponding intensity /.
_ /
L,= 10 log J0-7

73

/
10 log 102
Next, divide both sides of the equation by 10.
< = log 302

The above expression states that the log of a ratio (//10-'?) is equal to 7.3.
When the number for which the log is 7.3 (i.e., antilog) is found, set it equal
to the ratio.

| '
antilog (7.3) = 1.995 X 107

from mantissa table
or pocket calculator

Therefore,

/
1.995 X 107 = 757

and by cross multiplication

/= 1995 X 107 X 10-2 = 1.995 X 105 W/m?



EXAMPLE PROBLEM (INVERSE-SQUARE LAW)

Location | \ \ Location2
|
X
=N \\ N
104t (d) J
80 ¢t (di3)

1. A car horn outdoors produces a sound intensity level L, of 90 dB at 10 ft
away. To find the intensity /, at this first location, use

/
L,=10 |ng
90 = 10Iog%

/
9.0 = log 10'_12
[

'
antilog (9.0) = 1.0 X 10°
Lo

I

10-12
1.0 X 10° X 10-'2 = 103 W/m? at 10 ft away

1.0 X 10°

|

2. If the sound intensity /is known at a given distance in feet away from the
source, sound power W can be found by the following formula.

j= W
4nad?

X 10.76

By cross multiplication

_ 1
W = 4nd? X 10.76 X !

Since I, = 10 W/m? at 10 ft away

= _.._1 =3 =
W=4X314 X 102 X 10'76)( 10 0.12 W
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3. The intensity level L, at 80 ft away can be found by the inverse-square law.
First, find the sound intensity /, at the location 80 ft away.

I, — \d,

=)

1, _\10
-3
10 =64
I
64/, = 103
= 6l4 X 103 = 1.56 X 105 W/m?2 at 80 ft away
Next, find L,

I 1.56 X 10~
L;=10log 5557 = 10log —— 55—

L,= 101log (1.56 X 107) = 10(7.1931) = 72 dB at 80 ft

This means a listener moving from location 1 at 10 ft away to location 2 at
80 ft away would observe a change in intensity level of 18 dB (that is, 90
dB - 72 dB). This reduction would be judged by most listeners as “"very
much quieter” (see table on the following page). However, a car horn at
72 dB would still be considered “‘loud’” by most people.

711¢8

40 80
Distance from source (£%)

Note: From 10 to 80 ft away is three doublings of distance (i.e., 10 to 20 ft, 20 to
40 ft, and 40 to 80 ft). Therefore, three doublings X 6 dB/doubling = 18 dB reduc-
tionand L, = 90 — 18 = 72 dB at 80 ft away.



CHANGES IN SOUND LEVEL

The table below is an approximation of human sensitivity to changes in
sound level. Sound intensity is not perceived directly at the ear; rather it is
transferred by the complex hearing mechanism to the brain where acoustical
sensations can be interpreted as loudness. This makes hearing perception
highly individualized. Sensitivity to noise also depends on frequency content,
time of occurrence, duration of sound, and psychological factors such as emo-
tion and expectations (cf., O. L. Angevine, “Individual Differences in the An-
noyance of Noise,”" Sound and Vibration, November 1975). Nevertheless, the
table is a reasonable guide to help explain increases or decreases in sound
levels for many architectural acoustics situations.

Change in Change in
Sound Level (dB) Apparent Loudness

1 Imperceptible (except for tones)
3 Just barely perceptible
6 Clearly noticeable ~

10 About twice (or half) as loud

20 About 4 times (or one-fourth)

as loud

* For example, distance to the point source outdoors is halved or doubled.

The change in intensity level (or noise reduction, abbreviated NR) can be
found by:

NR=1L,-1L,
and
NR = 10 log 5
I,
where NR = difference in sound levels between two conditions (dB)
I, = sound intensity under one condition (W /m?)
I, = sound intensity under another condition (W /m?)

Note: By substitution of the inverse-square law expression from page 11 into the

above formula
2
NR = 10 log (%2)
1

and therefore, in terms of distance ratio d,/d,

NR = 20 log (g.z)
1

for point sources outdoors, where d’s are the distances.
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EXAMPLE PROBLEM (MUSIC MAN)

-----

The measured sound intensity level L, of one trombone is 80 dB. To find
the sound intensity level L, from 76 trombones, first find the intensity I, of one

trombone.
L, =10 Iog11
lo
s Iy
80 = 10 |G'g“,‘0—_12
. l
8.0 = log 10-12
/
1.0 X 108 = 10'_12

/, =10 X 108 X 102
I, = 10~ W/m2 for one trombone

To combine the intensities of 76 trombones, each producing 80 dB at a lis-

tener’s position, find the intensity /, of 76 trombones. /, will be 76 X |, =
76 X 104 W/m2

L, = 10Iogb
lo
76!/ 76 X 104
=10 |OQW]2—= 10'09T
= 10log (7.6 X 109)
L,= 10 (9.8808) = 99 dB for 76 trombones

This is not as great an increase as might at first be expected. It would
take 100,000 trombones to reach the threshold of pain at 130 dB (although
the threshold of disgust might be reached at a much lower level). A composer
is aware that a large number of instruments playing the same score may not
produce a tremendous sound impression. Large numbers of instruments are
used to achieve the desired tonal texture or blend in the overall sound from the
individual instruments. For example, one solo violin by its location and fre-
quency range may dominate portions of an orchestral performance.
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DECIBEL ADDITION

Because decibels are logarithmic values, they cannot be combined by
normal algebraic addition. For example, when the decibel values of two
sources differ by O to 1 dB, 3 dB should be added to the higher value to find
the combined sound level. Therefore, the sound level of two violins, each
playing at 60 dB, would be 60 + 3 = 63 dB, not 60 + 60 = 120 dB (which
would be near the threshold of pain!). This is similar to lighting, where two
35-W fluorescent lamps are not twice as bright as one. The following table
can be used to rapidly combine sound levels.

When Two dB Add the Following dB
Values Differ by to the Higher Value
Qor1 3
20r3 2
4t08 1
9 or more 0

When several decibel values are to be added, use the table to find the
combined value by adding the decibels two at a time. For example, to find the
combined sound level of 34 dB, 41 dB, 43 dB, and 58 dB, add as follows:

de
24
> = 42
41
> 5848
43
> = 58
58
48 or
%
> = 58
58
= 55dB
4
> = 45
43

Notice that 43 + 58 = 58 dB and 34 + 58 = 58 dB because the higher
sound level (by > 9 dB) swamps out the lower sound level.

To find the combined sound level of 82 dB, 101 dB, 106 dB, 102 dB,
90 dB, and 78 dB, add as follows:
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82
> = 10!
101
71~
> - 107 = |0BdB
102
=107
30
> s 90
18

Using different orders of addition may give results that differ by 1 dB,
which is normally not too significant. However, to achieve the greatest preci-
sion, combine decibels logarithmically. For example, using a pocket calculator,
first compute 10”, where x is the decibel value divided by 10, sum 10" an-
swers for all decibels to be combined, and then take 10 log of the sum. The
simplified table method can be used to check your answer.

The table also can be used to subtract decibel values. For example, it is
necessary to subtract decibel values to find the noise from a printer if the mea-
sured noise level in a computer room is 80 dB and the background noise level
with the printer turned off is 73 dB. According to the table, because the two
decibel values differ by 7, subtract 1 dB from the higher value. Therefore, the
printer noise alone would be 80 — 1 = 79 dB.

Note: If a number of equal decibel values are to be combined, add 10 log n to the dec-
ibel value, where nis the number of equal decibel values. For example, if n = 76 trom-
bones at an L, of 80 dB each, then the total L, = 80 + 10 log 76 = 80 + 10(1.8808)
= 99 dB for 76 trombones.



HUMAN EAR

The sketch below is a general description of how the human ear functions.
The ear can detect sounds over a wide range of loudness and frequency. In
addition, it has the ability to detect individual sounds (e.g., familiar voice) from
within a complex background of loud, unwanted sounds (in a noisy, crowded
room, called cocktail party effect). However, perception of speech can be
nearly impossible at noise levels above 80 dBA (cf., J. C. Webster, ‘‘Noise
and Communication” in D. M. Jones and A. J. Chapman (eds.), Noise and
Society, Wiley, New York, 1984).

Sound energy, which travels through the ear canal, first impinges on the
eardrum membrane causing it to vibrate. Eardrum vibrations are then trans-
mitted across the middle ear by the lever action of three small bones (called
hammer, anvil, and stirrup due to their shapes). The motion of the eardrum
over a large area is thereby converted into a more forceful motion over a
smaller area of the stirrup which contacts the oval window of the snail-shaped
cochlea. The middle ear cavity contains air at atmospheric pressure due to the
eustachian tube which connects to the throat (this is why it helps to swallow

Middle ear

External ear (shaped to
enhance sound pressure at
eardrum and to help

determine location of
gound source )

Ear bones (hammer, anvil,
and stirrup)

Semicircular canals
(to control equilibrium)

Auditory nerve

fibers ('send impulses
1o brain where

signals are interpreted
as sound)

Cochlea (hair cells of
basilar membrane vibrate

: id in § i
Ear canal (amplifies sound to aid in frequency recognition)

by resonance, protects and
dfrects sound waves to eardrum)

; Eustation tube (connection 1o
Eardrum (vibrates to transfer energy throat, which provides pressure
through ear bones to cochlea) balance at eardrum)

e

ORI IR IR IR IR IR IIRNR,

ear Inner ear
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or yawn when experiencing sudden pressure changes such as rapid airplane
descents) . Vibrations of the stirrup are transmitted through fluid in the cochlea
to hair cells where they are converted into electrical impulses. These impulses
are transmitted by the auditory nerve fibers leading to the brain where they are
interpreted as sound.

Long-term and repeated exposure to loud sounds can cause permanent
damage to the inner ear (commonly called nerve deafness). When it is neces-
sary to shout to be heard by normal-hearing persons less than 3 ft away, the
noise may be hazardous to ears. In this situation, wear hearing-protection de-
vices such as earplugs (which fit snugly into the ear canal), earmuffs (which
fit over and around the ear), or both when noise levels exceed about 100
dBA.

Reference

L. L. Langley et al., Dynamic Anatomy & Physiology, McGraw-Hill, New York, 1974,
pp. 330-345.



NOISE EXPOSURE LIMITS

In 1971, the U.S. Department of Labor established the Occupational Safety
and Health Administration (OSHA) and adopted regulations to protect against
hearing loss caused by exposure to noise in the workplace. The permissible
daily upper limit of noise exposure in A-weighted decibels (abbreviated dBA)
for continuous noise is shown on the graph below for 1983 rules and regula-
tions. Single-number decibels in dBA units are measured by sound level meters
with internal electronic networks that tend to discriminate with frequency like
the human ear does at low sound levels. Note that amplified rock music at 120
dBA and higher would exceed even the shortest permissible noise exposure.
Exposure to impulsive noise such as gunfire or impact noise from heavy ma-
chinery should not exceed 140 dBA peak sound level.

120

|15%

110

100 Overexposure
Ve
O -\-—
= 80 \""—-:dl :
2 70
S5 Permissible
_g 60 exPosure
o
0

1

u
o

0O 4 & 12 le 20 124
Duration per day (hr)

*Upper limit (not design value) for exposure to continuous noise in the workplace without hearing testing program
or use of hearing-protection devices.

Although exposure limits are given in dBA, only octave-band (or nar-
rower) analysis of noise will give a more complete picture of how severe the
problems are at specific frequencies. This kind of detailed information (called
frequency analysis) is also needed to determine the corrective measures be-
cause solutions for high-frequency noise problems may differ considerably from
those for low-frequency. Corrective measures can involve reducing noise levels
at the source (e.g., by redesign of noisy equipment or industrial processes),
interrupting the path (see Chaps. 2 and 4 for principles of noise control by ab-
sorption and isolation), protecting the receiver (by using individual hearing-
protection devices), or combinations of all these measures. An effective
hearing conservation program normally consists of five phases: (1) education
(to inform about harmful effects of noise), (2) sound surveys (to determine
daily noise exposure of workers and identify the sources of noise), (3) engi-
neering and administrative controls (to reduce noise levels and, if necessary,
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to reduce workers’ exposure to noise), (4) use of hearing-protection devices,
and (5) audiometric testing (to examine hearing at regular intervals). Ac-
cording to OSHA, hearing conservation measures are mandatory when workers
are exposed to sound levels of 85 dBA or more for 8 h per day. For the

basics of hearing conservation programs, see L. H. Royster, J. D. Royster, and
E. H. Berger, “Guidelines for Developing an Effective Hearing Conservation Pro-
gram,”” Sound and Vibration, May 1982, pp. 22-25.



LOUDNESS PERCEPTION

The curves on the graph below (called equal loudness contours) show
conditions of sound level and frequency which listeners perceive as being
equally loud. Because variations occur from individual to individual, the curves
represent averages for many test subjects. The number on the curves is the
loudness level, called the phon. Therefore, sounds which produce an equal
sensation of loudness will have the same phon value. Note that an increase in
sound level at low frequencies is usually perceived as being much louder than
an equivalent increase at high frequencies.

High-frequency sounds (> 2000 Hz) are generally more annoying than
middle- or low-frequency sounds because human hearing is less sensitive to
low-frequency sounds. However, any noise which is abrupt, intermittent, or
fluctuates widely can be extremely annoying. It also is hard to disregard sound
that contains information such as speech or music.

As sound level increases, Maximum sensitivit

sensitivity becomes oceurs between 2000

more uniform with and 4000 H1 (where

frequency ( contours most cpeech information
N are flatter) is concentrated )

120 phon

100

tive impression of listeners)

At low sound
levels, sensitivity
to low fregquencies
drops off sharply

ual loudness contours

ek
subjec

Sound |evel (dB)
(

v

Frequency (Hz)

References

D. W. Robinson and L. S. Whittle, “The Loudness of Octave-Bands of Noise,” Acustica,
vol. 14, 1964.

S. S. Stevens and H. Davis, Hearing, Wiley, New York, 1938.
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SOUND LEVEL METERS

Sound level meters contain microphones which transform sound pressure
variations in air into corresponding electric signals. The signals are then ampli-
fied internally and measured by electronic filters, which reject all signals outside
the selected frequency band, or by electronic weighting networks, with the re-
sults in decibels displayed on a digital readout or range indicator.

The weighting networks tend to represent the frequency characteristics of
human hearing by modifying the sensitivity of the meter in patterns similar to
specific equal loudness contours on page 29. The standard weighting net-
works are identified as A to E, and the resultant decibel values are abbreviated
dBA, dBB, etc. The primary difference between the standard weightings is that
the A weighting tends to considerably neglect low-frequency sound energy;
the B weighting moderately; and the C weighting hardly at all. Some meters
also have a flat response, which has no frequency discrimination. The single-
number result for a flat response is called the overall decibel level.

For detailed analysis of sound energy, sound level meters with narrowband
““frequency analysis'’ filters should be used (e.g., octave band for most
sources, one-third octave band or narrower for more detailed analyses). Fre-
quency analysis of sound (graphic plot of level vs. frequency) is extremely im-
portant because human response to sound and noise control by absorption
(see Chap. 2) and isolation (see Chap. 4) are frequency dependent.

Although weighting networks do not provide direct information on the fre-
quency content of measured sound energy, they can be used to determine if
the sound energy is primarily above or below 1000 Hz. For example, if the
dBC reading exceeds the dBA reading by 20 decibels or more, the measured
sound energy is primarily low frequency. If the difference is 10 decibels or less,
the measured sound energy is primarily mid- and high frequency.

¢——Microphone (te convert sound
energy into electric signals)

& Digital readout (to display
sound level in decibels)

«——Case (to protect
electrical components )

Va octave- band Filter (to reject
all signals outside selected band)

Reference

G. M. Hynes, “"How To Select a Low-Priced Sound Level Meter,”" Sound and Vibration,
May 1983.
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A-WEIGHTED SOUND LEVELS

A-weighted sound levels (in decibels, abbreviated dBA) largely ignore
low-frequency sound energy just as our ears do. Nevertheless, single-number
decibel values in dBA often cannot totally represent human perception of noise
and the effects of noise on human comfort. For example, the graph of noise
levels for a residential whirlpool tub shows two widely varying sound spectra
which have identical single-number dBA values (curves 1 and 2 shown
below) . However, the noises represented by the spectra would be perceived
by listeners as sounding vastly different: low-frequency noise caused by “gur-
gling™ turbulence from water jets and “humming’* pump noise (curve 1), and
high-frequency noise caused by “splashing’* impact from the water stream
filing the tub (curve 2). Single-number sound levels, therefore, should be used
with caution because human hearing perception does not respond to sound in
a simple, decibel-averaged manner. In addition to sound level, an individual's
sensitivity to sound varies with frequency content, duration, and psychological

factors.
Curve | (whirlpool water norzles
and pump operating )
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~
™
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7 \\
/ ~
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- ~
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In spite of these limitations, the dBA can be used to predict community re-
sponse to many kinds of environmental noise, including vehicular transportation
noise. Therefore, noise ordinances and regulations use the dBA unit as a mea-
sure to specify limits on noise. Shown below is the frequency discrimination in
dB for A weighting. Note that the curve connecting the plotted “weighting
dBs’’ is similar to the shape of equal loudness contours at low sound levels.

A Weighting (dB)
63 Hz 125Hz 250Hz 500 Hz 1000 Hz 2000Hz 4000Hz 8000 Hz

—-25 =15 -8 -3 0 +1 +1 -1
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An example computation for sound level in dBA from sound levels in oc-
tave bands at 125 to 4000 Hz follows:

125 4 -

68

5
g x B
500 G4 - 3 = G > o = 11 4BA
000 6% + 0 = &5
-

2000 57 + | = 58
4000 67 + | = 68

68

]
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SOUND SPECTRA FOR COMMON NOISES

The graph below shows sound spectra (plotted on a standard grid typi-
cally used by acoustical consultants) for three common household appliances.
The vacuum cleaner noise is broadband because it consists of a complex mix-
ture of sound generally spread throughout a wide range of the audible spec-
trum. The mixture may include “whining’* noise from the suction air intake,
“whistling’’ noise from the corrugated hose, and "'screeching” impeller noise.
The electric shaver and hair dryer are complex sounds which have identical
single-number sound levels (in dBA). However, they would not sound the
same to a listener because their sound energy and frequency characteristics
differ widely. The shaver noise is “‘whining’* and the hair dryer "'hushing.” Re-
member the equal loudness contours show that individuals are most sensitive
to high-frequency sounds such as whining, hissing, or whistling noises.

Middle frequency High frequency

Home vacuum
Y cleaner (at 3ft) \
£ | -
z 70
~
o
S 1
o
< /;'3(\
o eD & o ——d
o
S

8

~ 50 / / ¥ / ]
s Electric shaver Electric hair dryer
= (at 12 $t) (at | 4t )
® G8 dBA 6B dBA
a 40 i |
3
&
-
S
3 30 1 | 1 1 1 1

3 |25 250 500 000 2000 4000 8000
Octave-band center -Freq,uenclj (Hz)

Note: Sound pressure level L, is more conveniently measured than sound intensity level
L, For most architectural acoustics situations, they can be considered equivalent. The
reference value for L, in this book is 0.00002 N/m? (newtons per square meter), the
minimum sound pressure at 1000 Hz audible to young persons with normal hearing.
Decibel values are meaningless without a reference value!
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NOISE LEVEL DATA

The table presents noise data at octave-band center frequencies for fa-
miliar residential, outdoor, transportation, and building activity noise sources.
Intermittent or peak noises may exceed the data given in the table by 5 dB or

Sound Pressure Level (dB) dBA
Example Source 63 Hz 125Hz 250 Hz 500 Hz 1000 Hz 2000 Hz 4000 Hz 8000 Hz
Home
Alarm clock at 4 to 9 ft (ringing) 5 46 48 55 62 62 70 80 80
Electric shaver at 1Y% f 59 58 49 62 60 64 60 59 68
Vacuum cleaner at 3 fi 48 66 69 73 79 73 73 72 81
Garbage disposal at 2 ft 64 83 69 56 55 50 50 49 69
Clothes washer at 2 10 3 ft (wash cycle) 59 65 59 59 58 54 50 46 62
Toilet (refiling tank ) 50 55 53 54 57 56 57 52 63
Whirlpool, six nozzles (filling tb) 68 65 68 69 rAl ral 68 65 74
Window air-conditioning unit 64 64 65 56 53 48 44 37 59
Telephone at 4 10 13 ft (ringing) . 41 44 56 68 73 69 83 83
TV at 10 ft 49 62 64 67 70 68 63 39 74
Stereo (teenager listening level ) 60 72 83 82 82 80 75 60 86
Stereo (adult hstening level) 56 66 75 72 70 66 64 48 75
Violin at 5 ft (fortissimo) w 9 91 87 83 79 66 92
MNormal conversational speech at 3 ft 57 62 63 57 48 40 63
Outdoors
Birds at 10 ft - 50 b2 54 57
Cicadas . . - 35 51 54 48 57
Large dog at 50 ft (barking) ; 50 58 68 70 64 52 48 72
Lawn mower at 5 ft 85 87 86 84 81 74 70 72 86
Pistol shot at 250 ft (peak impulse levels) E " i 83 91 99 102 106 106
Surf at 10 to 15 ft (moderate seas) 7 72 70 71 67 64 58 54 78
Wind in trees (10 mifh) 33 35 ) 37 35 43
Transportation
Large trucks at 50 ft (55 mi/h) 83 85 83 85 81 76 72 65 86
Passenger cars at 50 ft (55 mi/h) 72 70 67 66 67 66 59 54 71
Motorcycle at 50 ft (full throttle, without 95 95 91 91 9 87 87 85 95
baffle)
Snowmabile at 50 ft 65 82 84 75 78 77 79 69 85
Train at 100 ft (pulling hard) 95 102 94 90 86 87 83 79 94
Train siren at 50 ft 88 90 110 110 107 100 91 78 109
Car horn at 15 ft . " 92 95 90 B8O 60 97
Commercial turbofan airplane at 1 mile (from 17 82 82 78 70 56 79
takeoff flight path)
Military helicopter at500 ft (single engine, 92 89 83 B1 76 72 62 51 80
medium size)
Interiors
Amplified rock music performance (large 116 17 119 116 118 115 109 102 121
arena)
Audiovisual room 85 B9 92 90 89 87 85 80 94
Auditorium (applause ) 60 68 75 79 85 B84 75 65 88
Classroom 60 66 72 77 74 68 60 50 78
Computer equipment room 78 75 73 78 80 78 74 70 84
Dog kennel B 90 104 106 101 89 79 108
Gymnasium 72 78 B4 89 86 80 72 64 90
Kitchen 86 85 79 78 77 72 65 57 81
Laboratory 65 70 73 75 72 69 65 61 77
Library 60 63 66 67 64 58 50 40 68
Mechanical equipment room 87 B6 85 84 83 82 B8O 78 88
Music practice room 90 94 96 96 96 91 91 90 100
Racquetball court 82 85 80 85 83 75 68 62 86
Reception and lobby area 60 66 72 77 74 68 B0 50 78
Teleconference 65 74 78 80 79 75 68 60 83
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more, depending on the source or environment. For many practical problems,
however, the data can be considered to be typical source levels at the given
distance and condition, or average general activity levels for interiors. The data
can be used for design purposes if proper consideration is given to especially
loud equipment or sources which may exceed it, unusual site conditions, and
any other conditions that deviate from normal. For example, it is prudent to
measure transportation noise at proposed building sites near highways, air-
ports, etc., so design data will represent existing noise sources and reflect
specific site features. Note also that many modern aircraft, trucks, and office
equipment are not as loud as examples in the table.

Note: Sources for noise level data include Journal of the Acoustical Society of America,
Sound and Vibration, Noise Control Engineering Journal, and technical publications of the
U.S. Environmental Protection Agency and National Bureau of Standards (U.S.).
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DECIBEL SCALES FOR SOUND INTENSITY, PRESSURE, AND POWER

Sound pressure level L, may be considered equivalent to sound intensity
level L, in most architectural acoustics situations. These levels in decibel units
are affected by the environment in which the sound is measured. Sound power
level L, on the other hand, is a more fundamental measure of a source of
sound. It expresses the amount of energy or power that is radiated by a given
source, regardless of the space into which the source is placed. Thus Ly, un-
like L, and L,, is independent of the acoustical characteristics of the space in
which the sound is heard. L, is somewhat analogous to the lumen rating of
lamps in lighting, and L, and L, to the footcandle level or illuminance in a room
(cf., M. D. Egan, Concepts in Architectural Lighting, McGraw-Hill, New York,
1983). The table below summarizes various characteristics of sound intensity,
sound pressure, and sound power levels. Refer to Appendix C for a method to
convert Ly, to L,

Sound Sound Sound
Intensity Level Pressure Level Power Level
Symbol L L, Lw
Express as 10 log 20 log £ 10 log WWO
Units L, measured in dB L, measured in dB Ly, measured in dB

Reference value®

At reference value
Pain threshold value
At pain threshold value

| measured in W /m?

b = 10-2 W/m?
L, =0dB

I =10 W/m?
L, = 130 dB

p measured in N/m?
(or pascal, Pa)
Po = 2X105N/m?

L, = 0dB
p = B3 N/m?
L, = 130 dB

* Usually taken as the lowest audible value for young persons with good hearing.
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W measured in Watt

W, = 10-2 W
(1pW)
Ly = 0dB



Chapter 2

Sound Absorption



SOUND-ABSORBING TREATMENT

When sound impinges on the boundary surfaces of a room, part of its
energy is absorbed and transmitted, and part is reflected back into the room.
Sound levels in a room can be reduced by effective use of sound-absorbing
treatment, such as fibrous ceiling boards, curtains, and carpets.

In the room with no acoustical treatment shown below, office workers
hear direct sound energy from the computer equipment as well as reflected
sound energy from the ceiling, floor, and walls. The computer operators, on
the other hand, primarily hear direct sound from the nearest sound source, the
computer. If sound-absorbing materials are added to the room, the office
workers will hear considerably less sound because the reflected sound is re-
duced in their part of the room. The sound level near the computer equipment,
however, is due mainly to direct sound and remains unchanged.

Room with No Acoustical Treatment

EPlam:e.r ceiling

+——Plaster wall

Reverpberant
noise of computer

\

Gompuber
eguipment

L—Tile floor

Room with Sound-Absorbing Treatment

—Suspended Sound-absorbing ceiling
(with plenum above)

| 4

& Sound-absorbing’ AN
wall panels

N &~
S Lower noise |evels

/ﬂ from computer

3 ’
}g
: \/

Carpet (static dissipative)
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NOISE REDUCTION OUTDOORS AND WITHIN ENCLOSURES

Free Field

Free-field conditions occur when sound waves are free from the influence
of reflective surfaces (e.g., open areas outdoors, anechoic rooms"). Under
free-field conditions, sound energy from point sources (e.g., warning siren,
truck exhaust) spreads spherically and drops off 6 dB for each doubling of dis-
tance from the source. Line sources of vehicular traffic consist of successive
point sources which reinforce each other. Sound energy from line sources
spreads cylindrically, not spherically, and drops off only 3 dB for each doubling
of distance.

%ound decag in free field"

\/where I=- e

© | 64dB reduction
> I trom doubling

— } distance for pointy source
o -

° i

< |

= |

& i

d1 d'a.-'- Zdl %

Distance from source Clog scale)

Reverberant Field

Indoors, sound energy drops off under free-field conditions only near the
source (usually < 5 ft for small rooms) . Because room surfaces reflect sound,
there will be little further noise reduction with distance away from the source
(called reverberant field) . The more absorption in a room, the less the buildup
of sound energy in the reverberant field. As shown on the graph below, the re-
verberant buildup of sound is lower for situation 2 than for situation 1 due to a
greater amount of absorption.

* Anechoic rooms have sound-absorbing wedges | = 2 ft deep) on all six enclosing surfaces to simulate the free
field These extremely “dead” rooms allow indoor study of and research on direct sound without room reflection

effects.
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Reverberant field Q '
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Note: Beyond distance d =~ Va/6n from the source, the sound level is relatively con-
stant and depends primarily on the total room absorption a, where a is measured in
sabins.
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EFFECT OF ADDING SOUND-ABSORBING TREATMENT TO ROOMS

Sound level (dB)

100
Untreated room (gypsum board
/uualls and ceiling, concrete floor)
qo T Y
3dB :
Ceiling treated with |10dB |
/absorbmg materials
&0 -
Ceiling” and walls
/treated Gd®
N\ N
\
70 \\ %7
\ ©dB drop per
M, doubling’ of distance
< (outdoor reduction)
60 L ! Ny )
0.7 2 20 100

The addition of sound absorption to the ceiling of a small room (< 500
ft2) can reduce the reverberant sound levels by 10 dB as shown below for an
example noise source. However, close to the source, the reduction will be only
about 3 dB. If the ceiling and all four walls are treated with sound-absorbing
material, the sound level in the reverberant field drops an additional 6 dB, but
the sound levels near the source (in the free field) are not affected. Note that
no reduction is achieved from further sound-absorbing treatment. Also, in this
example the room initially was completely enclosed by sound-reflecting sur-
faces and had few furnishings to absorb sound energy. Thus a reduction of 6
to 8 dB in reverberant noise is more likely the upper limit for furnished spaces

of comparable size.

Free field

Reverberant field

Distance from sound source (ft)

As more sound-absorbing treatment
is used, the reduction of sound level
With distance becomes more like

the reduction outdoors
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SOUND ABSORPTION COEFFICIENT

The effectiveness of a sound-absorbing material can be expressed by its
absorption coefficient «. This coefficient describes the fraction of the incident
sound energy that a material absorbs. Theoretically, it can vary from O (no
sound energy absorbed) to 1.0 (perfect absorption with all incident sound
energy absorbed) . Coefficients are derived from laboratory tests or estimated
from measurements in finished rooms. In the laboratory test, sound energy
from all directions is incident on the sample being tested (called random
incidence) .

% absorbed Sound absorption
Joreflected  To ADSOrDEC, 1 SrveSricient (o)

| £t
h7‘/
f——— 1
|
£ : ! o 100 |.0
i l
| J
Open window*
40 &0 0.80
12" thick glass fiber
a8 2 0.02

4" thick brick

*1 fi? of perfect absorption is equivalent to 1 sabin

The total room absorption (i.e., the sum of all room surface areas times
their respective sound absorption coefficients) for a space can be found by:

a=2xSa

where a = total room absorption (sabins)
S = surface area (ft?)
o = sound absorption coefficient at given frequency (decimal percent)
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Note: To find metric sabins, divide a by 10.76.

Absorption coefficients for building materials normally vary from about
0.01 to 0.99. However, acoustical testing laboratories sometimes report coef-
ficients which exceed perfect absorption of 1.0. This apparent impossibility can
occur because of peculiarities of testing methods (e.g., effects from size of
test specimen or exposed edges of test samples) and diffraction of sound
energy.

Materials with medium to high sound absorption coefficients (usually
> 0.50) are referred to as sound-absorbing; those with low coefficients (usu-
ally < 0.20) are sound-reflecting. The effect of a difference in coefficients be-
tween two materials at a given frequency is shown by the following table.

Difference in Coefficient Effect for Most Situations

< 0.10 Little (usually not noticeable)
0.10 10 0.40 Noticeable
> 0.40 Considerable

Exceptions to the difference in absorption coefficient a given in the table
are rooms used for hearing research, testing of sound-absorbing materials, and
the like. For example, reverberation rooms used to measure “‘random inci-
dence’” a's must have highly reflective surfaces (<< 0.20). Even very small
differences in a for the enclosing surfaces are therefore extremely important.

Note: Sound absorption coefficients for normal incidence «,, (i.e., sound waves perpen-
dicular to the surface of the absorber) can be measured using a closed tube, called an
impedance tube. With the sample to be tested placed at one end of the tube, pure
tones can be generated and measured within the tube to determine the absorption effi-
ciency of the sample. For materials with low absorption coefficients, a,2"/,; for mater-
ials with very high coefficients, a,= a. Details of the test are given by ASTM C 384.
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REVERBERATION ROOMS

Reverberation rooms are fairly large (usually > 10,000 ft*), and all interior
boundary surfaces are highly sound reflecting (a < 0.05 at 125 to 4000 Hz).
Walls normally are painted concrete block, metal panels, or concrete. To pro-
vide isolation from exterior noises, enclosing constructions usually consist of
double or triple layers (e.g., double walls, floated floors) and must be com-
pletely isolated from the rest of the building. That is, a room is constructed
within a room!

Reverberation rooms can be used to measure the absorption efficiency of
building materials (under provisions of ASTM test method C 423), sound
power levels of noise-producing equipment (ANSI S1.21, ASHRAE 36), and
can be the source or receiving room for sound transmission loss TL tests
(ASTM E 90) and impact noise tests (ASTM E 492).

To measure sound absorption, a large sample of the material (72 ft?) is
placed in the reverberation room. The time it takes a test sound signal to
decay by 60 dB (roughly to inaudibility) after the source of sound is stopped
is measured first with the sample in the room and again with the room empty.
The difference in decay time defines the efficiency of the absorbing material.
For example, the shorter the decay time, the more efficient the sound-
absorbing material being tested.

Large rotating vane (to Large ope.ninF (to
rovide "diffuse’ sound accommodate floor - ceiling
field throughout room ) constructions for TL and

impact tests, see Chap.4)

>10,000 ft* reverberation
room (for acoustical tests
under confrolled conditions)

Removable wall (to provide
opening for TL test panel)

‘Floated tloor (to isolate
etruc.turauj transmitted
soynd )
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The sketch above depicts an example reverberation room which has a ro-
tating vane to help achieve a diffuse reverberant sound field during test mea-
surements by constantly changing the orientation of the surfaces enclosing the
sound waves. The goal is to achieve diffusion over as wide a frequency range
as possible. In addition, panels can be removed to provide openings between
adjacent test rooms for evaluating the sound isolation effectiveness of wall and
ceiling systems. The two adjacent rooms must be completely isolated from
each other and from the rest of the building.

Test References
“Standard Test Method for Sound Absorption and Sound Absorption Coefficients by
the Reverberation Room Method,” ASTM C 423.

""Standard Method for Laboratory Measurement of Airborne Sound Transmission Loss
of Building Partitions,” ASTM E 90.

"*Standard Method of Laboratory Measurement of Impact Sound Transmission Through
Floor-Ceiling Assemblies Using the Tapping Machine,” ASTM E 492.
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EFFECT OF THICKNESS ON ABSORPTION EFFICIENCY

Sound absorption by porous sound absorbers (identified on drawings by a
“ribbon candy’’ symbol) is predominately the indirect conversion of sound en-
ergy into thermal energy. The impinging sound wave has its energy reduced
largely due to frictional flow resistance from the walls of mazelike intercon-
nected pores. The amount of absorption that can be achieved is determined by
the physical properties of thickness, density, and porosity for most porous
materials, and fiber diameter and orientation for fibrous materials. Manufac-
turers try to optimize these properties to achieve high sound absorption effi-
ciencies. Fibrous sound absorbers (such as glass fiber or mineral fiber) are
sometimes referred to as fuzz.

As shown by the curves below, thickness has a significant effect on the
efficiency of a porous sound absorber. It is also essential that the internal
structure of a porous material has interconnected pores. For example, plastic
and elastomeric foams which have closed, nonconnected pores provide little
sound absorption although they may be effective thermal insulators.

A simple test to determine if a porous material can be an effective sound
absorber is to blow through it. If the material is thick and passes air under
moderate pressure, it should be a good absorber.

.0

E‘T

|" Yhick fuzz
; (glass fiber or mineral fiber)

©
®

o
:

o
Y
1

Sound absorpbion coefficient (%)

125 250 500 1000 2000 4000
Freguency (Hz)

o

Note: Porous sound absorbers are extremely poor sound isolators! Due to their soft,
lightweight, interconnected structure, sound energy easily passes from one side of the
material to the other. See Chap. 4 for a discussion of the principles of sound isolation.
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RELATIVE EFFICIENCY OF SOUND ABSORBERS

The

basic types of sound absorbers are porous materials, vibrating (or

resonant) panels, and volume resonators (called Helmholtz resonators) . Po-
rous sound absorbers (thick materials or thin materials with airspace behind)
should be placed at location of maximum compression for impinging sound
waves (e.g., A/4 distance from backup wall surface). Combinations of porous
materials and vibrating panels or volume resonators can provide the uniform, or
“flat,”” sound absorption with frequency required in recording or radio/TV
studios.

Thin Porous Materials (Convert sound energy into heat by friction)

Sound absorption coefficient (%)

Thin Fibrous
pane| (Fuzz)

|.0r Airepace (to increase
Iow-grequenog
absorp‘tian)

0.8

O.6

0.4

2'thick fuzz with airspace behmd
(low-frequency sound-absorbing
efficiency increases with airspace
depth increase )

|'/2" thick +urz without
airspace behind

| 1 - |

|000 2000 4000

1
|26 250 500
Freq-uenmj (Hz)
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Thick Porous Materials

Hard backup
surface

’LThick fibrous

panel| (fuzz)

Perforated facing

0.6 / . /—High-Fre vency

i ; sound-abserbin

4" thick fuzr with efficiency is reduced

perforated facing because <olid areas
of facing reflect

sound waves
0.4 s

4" thick furzr Clow-fregquency
sound-absorbing efficiency
increases with thickness

increase)
0'2 =

Sound absorption coefficient (XD

L 1 1 1 1 I
|25 250 500 000 2000 4000
Frequency (Hz)

Vibrating Panels* (Convert sound energy into vibrational energy which is
dissipated by internal damping and radiation)

.o
Resonant panel
0.8r Airepace (4cts 45 —
N 'gpr.l::ﬁg: absorbing

3(‘5’553

©
o
T

——— Panel ( without fibrous
material in airepace)

°
X 3

Panel (with fibrous material in
airgpace to broaden absorption)

S
»~
A SN

Sound dbsorption coefficient (o

L 1 1 1 | |
62 |25 250 500 |00 2000
Frequency CH1)
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Volume Resonators* (Reduce sound energy by friction at opening and by
interreflections within cavity)

Slotted concrete
block volume

1.0 resonator
Open cell (air
mass creates
resonance conditions)
0.5+
]
~ t——\olume resenater (very nerrow range
& of marimum absorption)
<
Q@ =
3 0.6
o
) Volume resonator with fibrous
s /materia1 in cavity (Yo increase high-
0.4 - ! frequency absorption and widen
3 extent of low-frequency absorption
S by damping effects)
a
.
@
O 0-2- e .
Q
<
3
O o L 1 1 1 I I

3 125 250 500 000 2000
F'rea,uencl.j (Hz)

*These specialized types of sound absorption can be used to supplement porous materials or to absorb specific
low-frequency sound energy (e.g., 120-Hz “hum™ from electrical equipment).
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NOISE REDUCTION COEFFICIENT

The noise reduction coefficient NRC is the arithmetic average, rounded off
to the nearest multiple of 0.05, of the sound absorption coefficients a's at
250, 500, 1000, and 2000 Hz for a specific material and mounting condition.
The a's at 125 Hz and 4000 Hz, although measured during the ASTM C 423
test, are not used to calculate the NRC. Therefore, the NRC is intended as a
single-number rating of sound-absorbing efficiency at mid-frequencies. It is not,
as its name implies, the difference in sound levels between two conditions or
between rooms (see also Chap. 4). The NRC can be found by:

(L BTN + eoo + 000 + 2000
4

NRC =

where NRC = noise reduction coefficient (decimal percent)
o = sound absorption coefficient (decimal percent)

Be careful when selecting a product based on its NRC alone. Because the
NRC is an average number over a limited frequency range, two materials may
have identical NRCs but very different absorption characteristics. In addition,
because the NRC does not include the a's at 125 Hz and 4000 Hz, it should
not be used to evaluate materials for rooms where music or speech perception
is important (e.g., music practice rooms, courtrooms). As shown by the two
curves at the top of the graph below, fibrous acoustical board panels have far
greater absorption at 125 Hz than shredded-wood formboard. Although the
a's differ by more than 0.50 at 125 Hz, the NRCs differ by only 0.15. Where
low-frequency absorption may not be an important factor (e.g., lobbies, small
offices ), the NRC can be an adequate rating to compare materials.

Fibrous acoustical board
/(NRG = 0.90 for mounting E)
1.0

0.1

L L
0.8 ° Shredded-wood formpoare

‘;“ 2 (NRC = 0.75 for mounting’ A)
) 1% "
< EI ]

L | Sw
i 2y
S Do
9 &+
c 0.4 En: '\
3 il cc:;.%“oa:oh?wg oA A
- 3 G or m 1A
-lt—:_ /...'nr. f
S
W
o
@
o
<
8
w

o L 1 3 1 1 l
128 180 500 000 2000 &oOpDO
Freguency (H 1)

50 SOUND ABSORPTION



EXAMPLE PROBLEM (NRC COMPUTATION)

Find the NRC for a carpet with the following sound absorption coefficients:
0.20 at 250 Hz, 0.35 at 500 Hz, 0.45 at 1000 Hz, and 0.55 at 2000 Hz.

_0.20+ 035+ 0.45 + 055 _ 165
- 4 T4

NRC = 0.39

This answer must be rounded off to the nearest 0.05 increment. Therefore,
the NRC for this carpet will be 0.40.
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SOUND ABSORPTION DATA FOR COMMON BUILDING MATERIALS AND
FURNISHINGS

Sound Absorption Coefficient NRC
Material 125 Hz 250 Hz 500 Hz 1000 Hz 2000 Hz 4000 Hz Number*
Walls!13.8.12
Sound-Reflecting:
1. Brick, unglazed 0.02 0.02 0.03 0.04 0.05 0.07 0.05
2. Brick, unglazed and painted 0.01 0.01 0.02 0.02 0.02 0.03 0.00
3. Concrete, rough 0.01 0.02 0.04 0.06 0.08 0.10 0.05
4. Concrete block, painted 0.10 0.05 0.06 0.07 0.09 0.08 0.05
5. Glass, heavy (large panes) 0.18 0.06 0.04 0.03 0.02 0.02 0.05
6. Glass, ordinary window 0.35 0.25 0.18 0.12 0.07 0.04 0.15
7. Gypsum board, 1/2 in thick (nailed to 2 X 4s, 16 in 0.29 0.10 0.05 0.04 0.07 0.09 0.05
oc)
8. Gypsum board, 1 layer, 5/8 in thick (screwedto 1 X 055 014 008 004 0.12 0.11 0.10
3s, 16 in oc with airspaces filled with fibrous
insulation )
9. Construction no. B with 2 layers of 5 /8-in-thick 0.28 0.12 0.10 0.07 0.13 0.09 0.10
gypsum board
10. Marble or glazed tile 0.01 0.01 0.01 0.01 0.02 0.02 0.00
11, Plaster on brick 0.01 0.02 0.02 0.03 0.04 0.05 0.05
12. Plaster on concrete block (or 1 in thick on lath) 0.12 0.09 0.07 0.05 005 0.04 0.05
13. Plaster on lath 0.14 0.10 0.06 0.05 0.04 0.03 0.05
14. Plywood, 3/8-in paneling 028 0.22 0.17 009 0.10 0.11 0.15
15. Steel 0.05 0.10 0.10 0.10 0.07 0.02 0.10
16. Venetian blinds, metal 0.06 0.05 0.07 0.15 0.13 0.17 0.10
17. Wood, 1/4-in paneling, with airspace behind 0.42 o 0.10 0.08 0.06 0.06 0.10
18. Wood, 1-in paneling with airspace behind 0.19 0.14 0.09 0.06 0.06 0.05 0.10
Sound-Absorbing:
19. Concrete block, coarse 0.36 0.44 0.31 0.29 039 0.25 035
20. Lightweight drapery, 10 oz/yd?, flat on wall (Note: 0.03 0.04 0.1 0.17 024 035 0.15
Sound-reflecting at most frequencies. )
21. Mediumweight drapery, 14 oz/yd?, draped to half area 0.07 0.31 0.49 0.75 070 060 055
(i.e., 2 ft of drapery to 1 ft of wall)
22. Heavyweight drapery, 18 oz/yd?, draped to half area 0.14 035 0.55 0.72 070 0.65 0.60
23 Fiberglass fabric curtain, 8 1/2 oz/yd?, draped to half 0.09 032 0.68 083 039 0.76 0.55
area (Note: The deeper the airspace behind the drapery
{up to 12 in), the greater the low-frequency
absorption. |
24. Shredded-wood fiberboard, 2 in thick on concrete 0.15 0.26 0.62 094 0.64 092 060
{mtg. A)
25. Thick, fibrous matenal behind open facing 0.60 0.75 0.82 0.80 060 0.38 075
26. Carpet, heavy, on 5/8-in perforated mineral fiberboard 037 0.41 063 085 0.96 092 0.70
with airspace behind
27. Wood, 1/2-in paneling, perforated 3/ 16-in-diameter 0.40 080 0.80 0.50 0.40 0.30 0.65
holes, 11% open area, with 2 1/2-in glass fiber in
airspace behind
F]mla ")
Sound-Reflecting:
28. Concrete or terrazzo 0.01 0.01 0.02 0.02 0.02 0.02 0.00
29. Linoleumn, rubber, or asphalt tile on concrete 0.02 0.03 003 0.03 0.03 0.02 0.05
30. Marble or glazed tile 0.01 0.01 0.0 0.01 0.02 0.02 0.00
31. Wood 0.15 0.11 0.10 0.07 0.06 0.07 0.10
32. Wood parquet on concrete 0.04 0.04 0.07 0.06 0.06 0.07 0.05
Sound-Absorbing:
33. Carpet, heavy, on concrete 0.02 006 0.14 0.37 0.60 0.65 0.30
34. Carpet, heavy, on foam rubber 0.08 0.24 0.57 0.69 on 0.73 055
35. Carpet, heavy, with impermeable latex backing on foam  0.08 0.27 0.39 034 0.48 0.63 0.35
rubber
36. Indoor-outdoor carpet 0.01 0.05 0.10 0.20 0.45 0.65 0.20
Ceilings's 8 ¢
Sound-Reflecting:
37 Concrete 0.0 0.01 0.02 0.02 0.02 0.02 0.00
38. Gypsum board, 1/2 in thick 0.29 0.10 0.05 0.04 0.07 0.09 0.05
39. Gypsum board, 1/2 in thick, in suspension system 015 0.10 005 0.04 0.07 0.09 0.05
40. Plaster on lath 0.14 0.10 0.06 0.05 004 003 0.05
41. Pywood, 3/8 in thick 0.28 0.22 0.7 0.09 0.10 0.1 0.15
Sound-Absorbing:
42 Acoustical board, 3/4 in thick, in suspension system 0.76 093 0.83 099 099 094 0.95
(mtg. E)
43 Shredded-wood fiberboard, 2 in thick on lay-in grid 0.59 051 053 0.73 0.88 0.74 0.65
(mtg. E)
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Sound Absorption Coefficient

NRC
Material 125 Hz 250 Hz 500 Hz 1000 Hz 2000 Hz 4000 Hz Number*
44. Thin, porous sound-absorbing matenal, 0.10 0.60 0.80 0.82 0.78 0.60 0.75
3/4 inthick {mtg. B)
45. Thick, porous sound-absorbing material, 2 in thick 0.38 0.60 0.78 0.80 0.78 0.70 075
(mtg. B), or thin matenal with arspace behind
(mig. D)
46. Sprayed cellulose fibers, 1 in thick on concrete (mtg. 0.08 0.29 0.75 0.98 093 0.76 0.75
A)
47. Glass-fiber roof fabnc, 12 oz/yd? 0.65 0.7 0.82 0.86 0.76 0.62 0.80
48. Glass-fiber roof fabnc, 37 1/2 oz/yd? (Note: Sound- 0.38 0.23 017 0.15 0.09 0.06 0.15
reflecting at most frequencies. )
49. Polyurethane foam, 1 in thick, open cell, reticulated 0.07 on 0.20 0.32 0.60 0.85 0.30
50. Parallel glass-fiberboard panels, 1 in thick by 18 in 0.07 0.20 0.40 0.52 0.60 067 0.45
deep, spaced 18 in apart, suspended 12 in below
ceiling
51. Parallel glass-fiberboard panels, 1 in thick by 18 in 0.10 0.29 0.62 1.12 1.33 1.38 0.85
deep, spaced 6 1/2 in apart, suspended 12 in below
ceiling
Seats and Audience!" 57911
52, Fabric well-upholstered seats, with perforated seat 019 037 056 067 061 059
pans, unoccupied
53. Leather-covered upholstered seats, unoccupied! 0.44 054 0.60 0.62 0.58 050
54, Audience, seated in upholstered seats* 0.39 057 0.80 0.94 0.92 0.87
55. Congregation, seated in wooden pews 057 061 0.75 0.86 0.91 0.86
56. Chair, metal or wood seat, unoccupied 0.15 0.19 0.22 039 038 0.30
57. Students, informally dressed, seated in tablet-arm chars  0.30 0.41 0.49 084 0.87 084
Openings'®"
58. Deep balcony, with upholstered seats 0.50-1.00
59. Diffusers or grilles, mechanical system 0.15-0.50
60. Stage 0.25-0.75
Miscellaneous'® 8 '
61. Gravel, loose and moist, 4 in thick 0.25 060 065 070 0.75 0.80 0.70
62. Grass, marion bluegrass, 2 in high 0.1 0.26 0.60 0.69 0.92 099 0.60
63. Snow, freshly fallen, 4 in thick 0.45 075 0.90 0.95 0.95 0.95 0.80
64. Soil, rough 0.15 0.25 040 055 060 0.60 0.45
65. Trees, balsam firs, 20 fi? ground area per tree, B ft high  0.03 0.06 0.1 0.7 0.27 031 0.15
66. Water surface {swimming pool ) 0.0 0 0.0 D.02 002 0.03 0.00

*NRC (noise reduction coefficient) is a single-number rating of the sound absorption coefficients of a material. It is an
average that only includes the coefficients in the 250 to 2000 Hz frequency range and therefore should be used with
caution. See page 50 for a discussion of the NRC rating method.

tRefer to manufacturer’s catalogs for absorption data which should be from up-to-date tests by independent acoustical
laboratories according to current ASTM procedures.

tCoefficients are per square foot of seating floor area or per unit. Where the audience is randomly spaced (e.g.,
courtroom, cafeteria), mid-frequency absorption can be estimated at about 5 sabins per person. To be precise,
coefficients per person must be stated in relation to spacing pattern.

§The floor area occupied by the audience must be calculated to include an edge effect at aisles. For an aisle bounded
on both sides by audience, include a strip 3 ft wide; for an aisle bounded on only one side by audience, include a strip 1
1/2 ft wide. No edge effect is used when the seating abuts walls or balcony fronts (because the edge is shielded) .
The coefficients are also valid for orchestra and choral areas at 5 to 8 ft2 per person. Orchestra areas include people,
instruments, music racks, etc. No edge effects are used around musicians

TCoefficients for openings depend on absorption and cubic volume of opposite side.

Test Reference

““Standard Test Method for Sound Absorption and Sound Absorption Coefficients by
the Reverberation Room Method,” ASTM C 423. Available from American Society for
Testing and Materials (ASTM), 1916 Race Street, Philadelphia, PA 19103.

Sources
1. L. L. Beranek, "‘Audience and Chair Absorption in Large Halls,” Journal of the
Acoustical Society of America, January 1969.

2. A. N. Burd et al., ""Data for the Acoustic Design of Studios,”" British Broadcasting
Corporation, BBC Engineering Monograph no. 64, November 1966.

3. E. J. Evans and E. N. Bazley, “Sound Absorbing Materials,” H. M. Stationery Office,
London, 1964.
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4. R. A. Hedeen, Compendium of Materials for Noise Control, National Institute for Oc-
cupational Safety and Health (NIOSH), Publication no. 80-116, Cincinnati, Ohio,
May 1980. (Contains sound absorption data on hundreds of commercially available
materials. )

5. H. F. Kingsbury and W. J. Wallace, "Acoustic Absorption Characteristics of
People,”" Sound and Vibration, December 1968.

6. T. Mariner, “‘Control of Noise by Sound-Absorbent Materials,” Noise Control, July
1957.

7. J. E. Moore and R. West, “In Search of an Instant Audience,”” Journal of the
Acoustical Society of America, December 1970.

8. R. Moulder and J. Merrill, *'Acoustical Properties of Glass Fiber Roof Fabrics,”
Sound and Vibration, October 1983.

9. "Performance Data, Architectural Acoustical Materials,”” Acoustical and Insulating
Materials Association (AIMA ). (This bulletin was published annually from 1941 to
1974.)

10. W. E. Purcell, "Materials for Noise and Vibration Control,” Sound and Vibration,
July 1982,

11. W. Siekman, "Outdoor Acoustical Treatment: Grass and Trees,”" Journal of the
Acoustical Society of America, October 1969.

12. "Sound Conditioning with Carpet,” The Carpet and Rug Institute, Dalton, Ga., 1970.

Note: For flame spread ratings of finish materials, refer to current edition of *‘Building
Materials,”" available from Underwriters’ Laboratories (UL), 333 Pfingsten Road, North-
brook, IL 60062.
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LABORATORY TEST MOUNTINGS

Laboratory tests to determine sound absorption efficiency should be con-
ducted according to the current ASTM C 423 procedures. The types of
mounting shown below are intended to represent typical installation methods
for sound-absorbing materials used in buildings. Mountings A, B, D, and E
apply to most prefabricated products, F to sound-absorbing mechanical air-duct
linings, and C is used for specialized applications. Numerical suffix indicates dis-
tance in millimeters that the test specimen is from test room surface (e.g.,
E-400 is mounting depth of 400 mm or 15 3/4 in).

When data is reported, the mounting method used during the test always
should be indicated along with the sound absorption coefficients. Without iden-
tifying the mounting method, sound absorption data will be meaningless. For
example, a product having an advertised sound absorption coefficient of 0.80

Test specimen Test specimen
Test room Mounting fixture
/ surface /

Type A mounting

Specimen ?:PT:MG
Adhesive

Shim
N /_Ggpsum board

Tupe B mounting Type E mounting’
Open facing Specimen
Sound-absorbing Sheet metal
2:};%3] ‘/Mounting fixture
"""" Mounting depth i

Angle/

Type € mounbing

Mounting
depth

/—6pecimen

Test room
surface

'.1I'Iulpe D mounting Type F mounting
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was used in a finished space; however, a sound absorption coefficient of only
0.40 was achieved because the actual installation (mounting A) did not
duplicate the laboratory test, which had a deep airspace behind the sound-
absorbing material (mounting E).

Samples to be evaluated by the ASTM C 423 laboratory test are installed
on the floor of the reverberation room as depicted above. Therefore, the illus-
trations for mountings A through F appear to be upside down for ceiling appli-
cations.

Mounting depth

(®)
Solid\ ‘

Test room
surface

Shade Orapery

Type 6 mounting

Hanger rod Test room
(not paralleN wall surface

to wall)

Drapery (shown
at 1007% fullness)

>5 4% (minimum)

Type H mounting
(to simulate spaced absorbers)

Note: Numerical mounting designations by the Ceilings & Interior Systems Construction
Association (CISCA|) correspond to the ASTM mountings as follows: 1is B, 2 is D, 4
isA,bisC,6isF, and 7 is E.

References

“Practice for Mounting Test Specimens During Sound Absorption Tests,”” ASTM E 795.

""Standard Test Method for Sound Absorption and Sound Absorption Coefficients by
the Reverberation Room Method,”” ASTM C 423.
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PREFABRICATED SOUND-ABSORBING MATERIALS

Generic examples of the numerous commercially available prefabricated
sound-absorbing materials are shown below. Most sound-absorbing tiles and
panels are not sufficiently durable for wall application. For walls, use fibrous
materials with protective open facings (e.g., perforated or expanded metal,
perforated hardboard, metal slats), fabric-covered panels, or shredded-wood
formboard.

Use membrane-faced or ceramic tile materials for humid environments
such as swimming pools, locker rooms, and kitchens. (Sound energy readily
passes through membranes with a thickness of less than 1 mil.)

Observe manufacturer's recommendations for the cleaning and painting of
porous sound-absorbing materials. Lightly tint or stain, rather than paint,
sound-absorbing materials, because painting can seriously diminish the sound-
absorbing efficiency by clogging the openings. For many situations, spray ap-
plications can achieve a thinner coating than brushes or rollers. (The out-of-
print AIMA booklet “"How to Clean and Maintain Acoustical Tile Ceilings”
presents useful guidelines.) When in doubt, a painted specimen can be tested
according to the provisions of ASTM C 643 to determine effects of paint (or
compare painted to unpainted specimens following ASTM E 1050 procedures
for determining absorption using an impedance tube).

Regular Perforated Tile* Textured and/or Patterned
Tile or Panel

-----------

-----------
...........

-----------

...........
...........

-----------

Slotted Tile or Panel

RERLY

T

LI

Membrane-Faced or Ceramic Tile
Materials
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Shredded-Wood Formboard Smooth Spray-On Material’

(Mineral or Cellulose Fibers)

]
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i ll,
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*Openings provide about 15 percent open area to allow panting without brnidging over the holes. Avoid using oil

and rubber-base paints which may clog pores. Materials with large perforations normally can be painted without se-
rious reduction of sound-absorbing efficiency

tUse spray-on materals at 1 to 3 in thickness on hard backup surface or apply to open lath, which can provide
increased absorption at low frequencies due to resonant-panel effects
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AREA EFFECT FOR SPACED SOUND ABSORBERS

The efficiency of a sound-absorbing material can be affected by its distri-
bution and location in a room. For example, 25 panels of sound-absorbing ma-
terial, each 2 ft by 2 ft, will absorb more sound energy per panel when spaced
in a “‘checkerboard’’ pattern on a 200-ft? plaster ceiling than a uniform cov-
erage of the same material.

This increase in efficiency (called the area effect) is due to the diffraction
of sound energy around the perimeters of the spaced sound-absorbing panels
and to the additional absorption provided by the exposed panel edges. The ef-
ficiency of sound-absorbing panels increases as the ratio of perimeter to sur-
face area increases. The 25 spaced absorbers have a ratio of perimeter to sur-
face area 5 times the ratio for the 25 uniform-coverage absorbers. Sound
energy reflected from the hard-surfaced plaster adjacent to the absorbent
edges in the checkerboard configuration tends to spill over onto the absorbing
panels. Therefore, the spaced absorbing material absorbs more sound energy
than would be accounted for by its area. This kind of surface treatment also
can be used to achieve a diffuse sound field, which is desired in music practice
rooms. Note that the total absorption contributed by spaced absorbers in this
example will only be slightly less than the absorption provided by coverage of
the entire 200-ft2 ceiling.

Checkerboard Pattern Uniform Coverage
Plaster
Sound - absorbing panels 204t
(2+t by 2fteach) f }

10t

Reference

T. W. Bartel, “'Effect of Absorber Geometry on Apparent Absorption Coefficients as
Measured in a Reverberation Chamber,”” Journal of the Acoustical Society of America,
April 1981.
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SUSPENDED SOUND-ABSORBING PANELS AND UNITS

Sound-absorbing materials are commercially available for installation in a
spaced regular pattern. When these units (or panels) are installed with all
edges and sides exposed, they can provide extremely high absorption per
square foot of material because at least six surfaces will be exposed to sound
waves. Absorption data for spaced units are normally presented in terms of
sabins per unit at the recommended spacings. Note that the total absorption
from suspended units is limited by the quantity that can be installed at the rec-
ommended spacings. For example, suspended units tend to shield each other
when their density (expressed as ratio of exposed surface area of absorbers
to area of ceiling) exceeds 0.5.

Examples of parallel, honeycomb, and egg-crate layout patterns of sus-
pended, sound-absorbing panels are shown below. Suspended spaced ab-
sorbers can be used where a uniform or continuous application of conventional
sound-absorbing materials is not feasible (e.g., industrial plants with extremely
high ceilings) .

Parallel

Sound Absorption

Sound- absorbing Efficiency
pane| ( rows spaced
>W apart) Good

&

Egg Crate

Note: Suspended flat-panel and spaced sound-absorbing units (e.g., prisms, cones,
tetrahedrons) should be well braced to prevent motion from air circulation in rooms.
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APPLICATIONS FOR SOUND-ABSORBING MATERIALS

Reverberation Control

Sound-absorbing materials can be used to control reverberation so speech
will not be garbled. The larger the room volume, the longer the reverberation
time because sound waves will encounter room surfaces less often than in
small rooms. Each doubling of the total amount of absorption in a room
reduces the reverberation time by one-half. Sound absorption can make the
sound seem to come directly from the actual source rather than from every-
where in the room. For example, in recreational facilities, it is important that in-
structions and warnings be identified with the actual source location.

Noise Reduction in Rooms

When correctly used, sound-absorbing materials can be effective in con-
trolling noise buildup within a room. However, they have a limited application
for noise control and are not the panacea for all noise problems. For example,
each doubling of the total amount of absorption in a room reduces the noise
level by only 3 dB. Thus, as with other aspects of sound behavior, the law of
diminishing returns can quickly limit the effectiveness of this approach to noise
control. In large open-plan rooms, sound-absorbing materials can contribute to
speech privacy by causing sound energy to decrease with distance according
to the inverse-square law (see Chap. 6).

Echo Control

Sound-absorbing materials can be used to control echoes (usually simulta-
neously with controlling reverberation). Echoes are long-delayed, distinct re-
flections of sufficient sound level to be clearly heard above the general rever-
beration as a repetition of the original sound. Flutter echo, which can be heard
as a “'rattle’” or “clicking” from a hand clap, may be present in small rooms
(or narrow spaces with parallel walls) . It also can be effectively controlled
with sound-absorbing materials. Control measures for creep echo (useless
sound reflections concentrated near and along smooth concave surfaces) are
presented in Chap. 3.
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REVERBERATION TIME

Until the pioneering work of Wallace Clement Sabine, beginning in 1895 at
age 27, criteria for good listening conditions in rooms were largely nonexistent.
Professor Sabine was asked to improve the atrocious listening conditions for
speech in the new lecture hall in the Fogg Art Museum, Harvard University,
Cambridge, Massachusetts (Richard Morris Hunt, architect; see plan and sec-
tion drawings below ). Sound in the hall would persist for about 5 1/2 s due
to the multiple reflections from the hard-surfaced plaster finish materials in the
hall. Because most English-speaking persons can complete 15 syllables in
5 1/2 s, words were almost impossible to understand nearly everywhere in
the hall.

— Concave,sound-reflecting
resr wall creates hot cpots
and echoes (Lo correct,
treat with ‘deep’ fuzz or

—Concave dome and lunettes reshape)
focus sound (to correct,
suspend panels underneath
1o reflect sound energy
toward audience)

/] 5
f\ K Lectur‘
Plﬂ‘b'For

Section

Plan

Sabine recognized that the problem of the persistence of reflected sound
energy was due to the size of the room* and its furnishings, including the occu-
pants. He called this persistence the “‘duration of audibility of residual sound.”
Repeated tests were conducted in the hall using organ pipes as noise sources.
The organ pipes had an initial sound level in the hall of about 60 dB above a
young listener’s threshold of audibility at a frequency of 512 Hz.

“The size of a room affects the average length of reflections, called the mean free path. The mean free path is ap-
proximately equal to 4V/S, where V is room volume in cubic feet and S is surface area in square feet.
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Sabine used his disciplined sense of hearing to judge when the sound from
the organ pipes ceased to be audible. The time it took the sound to decay the
estimated 60 dB (or to one-millionth, 1/1,000,000) of its initial sound level
was measured by chronograph and defined by Sabine to be what is now called
the reverberation time. Sabine was able to conduct his tests only at night (be-
tween midnight and 5 a.m.) when it was relatively quiet—after the streetcars
stopped running and before the milkmen started rattling their carts over the
cobblestones.

With the help of two student laboratory assistants, seat cushions were
borrowed from nearby Sanders Theater. These 3-in-thick cushions were made
of porous, sound-absorbing hair-fiber material covered with canvas and light
damask cloth. The more cushions brought in, the greater the total room ab-
sorption and the lower the reverberation time. Sabine found that he could
lower the reverberation time to about 1 s when nearly 550 cushions, each
about 1 m long, covered the platform, bench seats, aisles, and rear wall to the
ceiling. Consequently, the first unit of sound absorption was a meter length of
a seat cushion from the Sanders Theater!

The results of Sabine’s work made it possible to plan reverberation time in
advance of construction. For the first time, desired reverberation time in
rooms, at least at 512 Hz, could be the result of design, not luck or faithful re-
production. The equation which Sabine defined and proved empirically is:

T=0057

where T = reverberation time, or time required for sound to decay 60 dB
after the source has stopped (s)
V = room volume (ft3)
a = total ft2 of room absorption (sabins, so named to honor
W. C. Sabine)

The above formula (often referred to as the Sabine formula) is generally
used by testing laboratories to compute absorption coefficients and is appro-
priate for use in most architectural work. It is reasonably accurate when sound
field conditions are diffuse (e.g., sound absorption uniformly distributed) and
room dimensions do not vary widely (e.g., compact rooms without one ex-
tremely long dimension, rooms without deep side pockets, or transepts in a
church). It should not be used for recording studios or anechoic chambers,
which have extremely high ratios of absorption to room volume. In these cases
the Eyring formula should be used (see Appendix A).

References

L. L. Beranek, “The Notebooks of Wallace C. Sabine,” Journal of the Acoustical Society
of America, March 1977.

L. L. Beranek and J. W. Kopec, “Wallace C. Sabine, Acoustical Consultant,”” Journal of
the Acoustical Society of America, January 1981,

W. D. Orcutt, Wallace Clement Sabine, A Biography, Plimpton, Norwood, Mass., 1933
(no longer in print, but should be available in most university libraries ) .

W. C. Sabine, Collected Papers on Acoustics, Dover, New York, 1964 (reprint of 1922
Harvard University Press publication) .
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OPTIMUM REVERBERATION TIME

The preferred ranges of reverberation time at mid-frequency (average of
reverberation at 500 and 1000 Hz) for a variety of activities are given on the
bar graph below. The ranges, based on the experience of normal-hearing lis-
teners in completed spaces, are extended by dashed sections at the ends of
the bars to indicate the extreme limits of acceptability. Satisfactory listening
conditions can be achieved in auditoriums which have different reverberation
times within the preferred range, provided other important acoustical needs are
fulfilled. In general, large rooms should be nearer the upper end of the reverber-
ation time ranges than smaller rooms of the same type (see Chap. 3). For ex-
ample, liturgical organ music is composed for church- or cathedral-sized rooms;
chamber music is intended for small rooms.
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Note: Long reverberation times degrade speech perception of hearing-impaired persons
far more than normal-hearing persons. For hearing-impaired and elderly listeners, rever-
beration times should be well below most of the values in the graph (e.g., < 0.5 s for
satisfactory speech perception).

Reference

R. B. Newman, "Acoustics’” in J. H. Callender (ed:), Time-Saver Standards for Archi-
tectural Design Data, McGraw-Hill, New York, 1974, p. 696.

64 SOUND ABSORPTION



EXAMPLE PROBLEM (REVERBERATION TIME)

A classroom 60 ft long by 35 ft wide by 15 ft high has sound absorption
coefficients a's of 0.30 for walls, 0.04 for ceiling, and 0.10 for floor. All a’s
are at 500 Hz.

«

Walls (average \Plaster ceiling (x=0.04)

%= 0.30) I5$t (height)
,Tile floor (%=0.10) :

1772 $+ (2 room
width shm@/ I

b

P

G0ft (length)

Find the reverberation time T at 500 Hz in this space with no occupants and
no sound-absorbing treatment.

1. Compute the room volume V.

V=60 X 35 X 15 = 31,500 ft®

2. Compute the surface areas S.

Ceiling S=60 X 35 = 2100 ft?

Walls S=2 X 35 X 15 = 1050 ft?
S=2 X 60 X 15 = 1800 ft?

Floor S=60 X 35 = 2100 ft?

3. Compute the total room absorption a using a = ISa.

S a a (sabins)

Ceiing 2100 X 0.04 = 84
Walls 2850 X 0.30 = 855
Floor 2100 X 0.10= 210

Total a = 1149 sabins
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Note: Include air absorption in total for large rooms at frequencies greater than 1000
Hz (see Chap. 3).

4. Compute the reverberation time T using 7 = 0.05 -g.

a V _0.05X31,500 _ 1575 _
T—-0.0Ba 1149 —1149—1.375 at 500 Hz

Acoustical ceilin
panels (%= 0.85 )g L Chalk board

Find the reverberation time T if 50 percent of the ceiling surface (along the pe-
rimeter of the room) is treated with acoustical panels at a of 0.85. The central
area remains sound-reflecting to help distribute sound energy from lectern end
toward rear of the room.

1. Compute the total room absorption a using a = £ Sa.

S a a (sabins)
Bare ceiling 1050 X 0.04 = 42
Treated ceiling 1050 X 0.85 = 892
Walls 2850 X 0.30 = 855
Floor 2100 X 0.10 = 210

Total a = 1999 sabins

2. Compute new reverberation time T.

_ V _0.05X31,500 _ 1575 _
T=005 5 = o2q50doo = 1208 = 0.79 s at 500 Hz

The reverberation time is reduced to below 1 s with 50 percent ceiling
treatment for unoccupied conditions. This represents a reduction of

% X 100 = 42 percent, which is a “clearly noticeable’ change.
Absorption provided by teachers and students will further reduce reverberation
depending on the number of occupants, their distribution throughout the room,
and the clothing worn.
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HOW TO COMPUTE SURFACE AREAS

Rectangular

S=LXWwW

Triangular

=1

Half Circle

A
259

To find total absorption in a room, first compute the surface areas of
ceiling, walls, and floor and then multiply by their respective sound absorption
coefficients. Next, add absorption from occupants and furnishings. A wide va-
riety of surface shapes, along with corresponding formulas to find area, are
shown below. Areas of irregular shapes can be found by subdividing the sur-
face into smaller areas of equal widths. The more divisions by parallel lines, the
greater the accuracy. For alternate methods to compute areas of irregular
shapes, see p. 667 in J. N. Boaz (ed.), Architectural Graphic Standards,

Wiley, New York, 1970.

Square

N

—

Altitude (A) is perpendicular
distance from base (B) to
opposite corner

Area (5)

Area (S)
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Half Parabola

%)
Il
(XIS
=
X
m

Irregular Divide by equally spaced parallel lines (B)

B
k x * T—H
S =B X X (length of

parallels, counting first / N/ ~——]

and last at 1/2 length)

Note: For a review of trigonometry, see pp. 144-145 in M. D. Egan, Concepts in Ar-
chitectural Lighting, McGraw-Hill, 1983. A comprehensive self-study review of mathe-
matics for architecture is presented by M. Salvadori, Mathematics in Architecture,
Prentice-Hall, Englewood Cliffs, N.J., 1968.
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ROOM NOISE REDUCTION

The buildup of sound levels in a room is due to the repeated reflections of
sound from its enclosing surfaces. This buildup is affected by the size of the
room and the amount of absorption within the room. The difference in decibels
in reverberant noise levels, or noise reduction, under two conditions of room
absorption can be found as follows:

a
NR = 10 log a—f

where NR = room noise reduction (dB)
a, = total room absorption after treatment (sabins)
a, = total room absorption before treatment (sabins)

The chart below also can be used to determine the reduction of rever-
berant noise level within a room due to changing the total room absorption.
For example, if the total amount of absorption in a space can be increased
from 700 to 2100 sabins, the reduction in reverberant noise level NR will be
about 5 dB. (See dot on chart scale at absorption ratio of a,/a, = 2100/700
= 3.) Since absorption efficiencies vary with frequency, the NR should be cal-
culated at all frequencies for which sound absorption coefficients are known.

Reduction in reverberant noise level (dB)

o 5 1o) 13
| 2 3 5 okt 20

Ratio of total reom absorptions (82/a,)

*Pracucal upper limit of improvement for most situations

The NR is the reduction in reverberant noise level. This does not affect the
noise level very near the source of sound in a room. Also, as indicated on the
chart, a reduction in reverberant noise level of 10 dB (an increase in absorp-
tion of greater than 10 times the initial value before treatment) is the practical
upper limit for most remedial situations.
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EXAMPLE PROBLEM (ROOM NOISE REDUCTION)

A small room 10 ft by 10 ft by 10 ft has all walls and floor finished in ex-
posed concrete. The ceiling is completely covered with sound-absorbing spray-
on material. Sound absorption coefficients a's are 0.02 for concrete and 0.70
for spray-on material, both at 500 Hz.

Spray-on sound=
absorbing treatment

Conecrete walls and
£l oor

Find the noise reduction NR in this room if sound-absorbing panels are
added to two adjacent walls. The sound absorption coefficient o is 0.85 for
panels at 500 Hz.

Sound - absorbing”
wall panele

Concrete +loor

1. Compute the surface areas S.

S=5X 10 X 10 = 500 ft? of concrete
S =10 X 10 = 100 ft2 of spray-on material

2. Compute the total room absorption a, with spray-on material on the ceiling.
a, = XSa = (500 X 0.02) + (100 X 0.70) = 10 + 70 = 80 sabins

3. Compute the total room absorption &, with sound-absorbing panels covering
two walls and spray-on material on ceiling.

a =XSa= (300 X 0.02) + (200 X 0.85) + (100 X 0.70)
=6+ 170 + 70 = 246 sabins

4. Compute the noise reduction NR.
a, 246
NR = 10 Iog‘,_‘,—1 =10 IOg_BO_ = 10 log (3.075 X 109°)
= 10(0.4878) =5 dB
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This would be a “'noticeable” improvement. (See the table Changes in
Sound Level, p. 21, in Chap. 1.) With no treatment, the total absorption in
the room would only be 600 X 0.02 = 12 sabins. Therefore, treating the
ceiling alone provides

NR = 10 Iog?—g = 10log 6.67 = 10(0.8241) = 8 dB

which is a “'significant’’ reduction. However, initial conditions of all hard sur-
faces in unfurnished rooms rarely occur.

Find the noise reduction NR if all four wall surfaces are treated with fabric-
covered panels and the floor is carpeted. The sound absorption coefficient o of
the carpet is 0.50 at 500 Hz.

Sound = absorbing’ wall
panels (all walls treated)

Carpeted floor

1. Compute the total room absorption a; with sound-absorbing panels on all
walls, spray-on material on ceiling, and carpet on floor.

a =XLSa= (400 X 0.85) + (100 X 0.70) + (100 X 0.50)
= 340 + 70 + 50 = 460 sabins

2. Compute the noise reduction NR for these improvements compared to room
conditions of spray-on ceiling treatment alone.

NR

10 Ingg—::= 10log%g= 10 log (5.75 X 10°)

10(0.7597) = 8 dB

The results from both parts of the problem are summarized below.

Surfaces Treated Room NR
(in addition to ceiling) (at 500 Hz)
Two walls 5 dB
Four walls and floor 8 dB

Note: The NRs given in the above table would not be as great at low frequencies be-
cause sound absorption coefficients usually are smaller at low frequencies than at mid-
or high frequencies.
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NOISE REDUCTION FOR HIGH-NOISE ENVIRONMENTS

Low Ceiling, Machines Widely Spaced

In the example shown below, machines are widely spaced so that in-
stalling efficient sound-absorbing treatment on the ceiling and upper walls can
reduce reverberant noise levels throughout the room. However, the sound-
absorbing treatment will be of little benefit to the individual equipment opera-
tors in the free field because the direct sound energy will reach the operator
before it reaches the sound-absorbing materials.

5 —__ :
vipment | Sound-absor bing’
%gbor‘in free ceiling
$ield'of own machine (to reduce
reverberand

( absorption does

not help) noisé levels)

S

High Ceiling, Machines Closely Spaced

In the example of closely spaced machines in a room with a high ceiling,
room surface treatment can be effective if reverberant noise levels are higher
than the free-field noise of some machines. A reduction in reverberation will
help make machine noise more directional (by reducing the reflected sound),
allowing workers to be more responsive to their own machines. However, op-
erators of closely spaced machines may be in the free field of several ma-
chines, which would be unaffected by ceiling and upper-wall treatment.

Sound-absorbing’
baffle

(only moderate
help when machines
are closely spaced
in room with high
ceiling)
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Enclosure To Contain Machine Noise

The sound-isolating enclosure shown below can be designed to provide
noise reduction near the source so individual operators can be close to their
machines without experiencing high noise levels. Enclosures can be designed
with operable viewing panels to allow rapid access when needed (see Chap. 4
for sound-isolation principles, materials, and constructions).

Top panel of
— enclosure

View panel
( laminated-monolithic
glass double window)

Sound-isolating
enclosure (fully lined
with sound- absorbing
material)

Note: Where noisy machines are located close to walls, sound-absorbing wall treat-
ment may provide useful noise reduction.

References

P. D. Emerson et al., Manual of Textile Industry Noise Control, Center for Acoustical
Studies, North Carolina State University, 1978 (contains over 20 case studies).

P. Jensen et al., Industrial Noise Control Manual, U.S. Department of Health, Education,
and Welfare, December 1978 (contains over 60 case studies on a wide variety of
industries ) .

R. B. Newman and W. J. Cavanaugh, "Design for Hearing,” Progressive Architecture,
May 1959.

W. G. Orr, Handbook for Industrial Noise Control, National Aeronautics and Space Ad-
ministration, NASA SP-5108, 1981.
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TRANSONDENT FACINGS

Sound-transparent facings (called transondent) may range from 5 to 50
percent or more open area, depending on absorption requirements. Facings
tend to reduce the effectiveness of sound-absorbing materials by reflecting
high-frequency sound waves. In general, the lower the percentage of open area
in the facing, the less absorption of high-frequency sound energy. Sizes of
holes, number of holes per unit area, and dimensions of solid area between
openings also affect the reduction in absorption. Transondent facings such as
perforated sheet metal, expanded metal, or punched and pressed metal can be
used alone in front of sound-absorbing materials, or in combination with wood
slats or other large-scale protective elements.

Examples of open metal materials and a table of perforation sizes and
spacings for facing materials are shown below.

V4" st aggered holes /' gha gered holes 17/e4" eta ed holes
st %a‘gg.o. (&O?Zopen) av 5/’ B;ao. (sbﬁaopen) av 5/ie’ fﬁ?@syo open)

Note: When painting open facings, use rollers, not sprayers, to reduce the likelihood
that the openings will become blocked. Be careful also to avoid using facings with very
tiny holes which may easily become clogged with paint.

Perforation Sizes and Spacings
Hole Diameter (in) Spacing (in oc)

3/16 0.50°
5/32 0.40
1/8 0.30
3/32 0.22!
1/16 0.15
1/32 0.08

* Do not exceed this spacing for hardboard material (e.g., pegboard).

t Most suitable for wall materials. Holes are small enough to discourage jabbing with sharp objects
and large enough so facing can be carefully painted without becoming clogged.

Reference

W. R. Farrell, “Sound Absorption for Walls,”" Architectural & Engineering News, October
1965.
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PERFORATED FACINGS

Perforated facings can be used to protect and conceal porous sound-
absorbing materials or, if highly transparent to sound waves, to conceal sound-
reflecting or diffusing surfaces. When used over a solid backup surface without
fuzz (fibrous materials) in the cavity, perforated facings can act as multiple
volume resonators to selectively absorb sound with the individual holes sharing
a common volume. Partitioned (or subdivided) cavities can provide wider ab-
sorption near the resonant frequency.

As shown by the graph below, the thinner the facing, the more efficient
the absorption of sound energy at mid- and high frequencies. The higher the
percentage of open area (from numerous, closely spaced perforations to re-
duce size of solid areas), the more efficient the absorption of sound energy at
high frequencies. Sound transparency increases as the size of the holes and
number of holes per unit area increases, and as the distance between holes
decreases.

N
\\‘— Thick fac ing

Sound absorption coefficient Cg

>

Freguency (Hz?

The critical frequency f. for circular perforations, above which sound ab-
sorption efficiency drops off rapidly, can be found as follows:
¢ ~ 40P
g D
where f. = critical frequency (Hz)
P = open area ( % )
D = hole diameter (in)

SOUND ABSORPTION 75



For example, 25 percent open perforated facing with 1/4-in-diameter
holes will have a critical frequency of

[ 80X 25 _

0.25

Precise analysis should also take into account the thickness of the facing and
depth of the airspace behind the facing (cf., P. V. Briiel, Sound Insulation and
Room Acoustics, Chapman & Hall, London, 1951, pp. 114-123).

Reference

T. J. Schultz, Acoustical Uses for Perforated Metals, Industrial Perforators Association,
Milwaukee, Wis., 1986, pp. 14-20.

76 SOUND ABSORPTION



PROTECTIVE FACINGS FOR WALL ABSORPTION

When absorption of high-frequency sound energy is not critical, the open
area of protective facings need only be greater than about 10 percent to con-
trol reverberation or noise buildup within rooms. As a consequence, a wide va-
riety of textures and forms can be used to satisfy this requirement. When ab-
sorption is used to control echoes, however, protective facings should have a
higher percentage of open area from numerous, closely spaced openings. To
conceal the sound-absorbing material behind most facings, tint the material
black by spraying with nonbridging water-base paint or use a dark sound-
transparent protective cover (e.g., burlap or open-weave fabric) .

"to 2' thick fuzz

) Protective cover
Furring (e.g. insect screen,
supports menks cloth, burlap)

Brick "open' ZConcrete block Z;.ulpt,ured tile

facing 'open'facing or screen block
( cores perpendicular  facing
to fuzz)
Reference

R. B. Newman and W. J. Cavanaugh, ‘'Acoustics”" in J. H. Callender (ed.), Time-Saver
Standards for Architectural Design Data, McGraw-Hill, New York, 1966, p. 622.
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RESONANT PANELS

Resonant panels are sound-absorbing panels which are designed to pro-
vide low-frequency absorption ( < 250 Hz). Example applications for resonant
panels are music practice rooms, radio/ TV studios, and the like. Resonant
panels absorb energy from sound waves by vibrating at a frequency deter-
mined by the geometry and damping characteristics of the panel.

To decrease the resonant frequency, use wide spacings between supports
(> 2 ft), thin panel materials (e.g., plywood, hardboard), and “‘deep’’ air-
space behind panels. To increase the resonant frequency, use close spacings
between supports, thick panel materials (or perforated, thin panel materials
with sound-absorbing material located close behind the panel), and shallow or
narrow airspace behind panels.

It is prudent to test unique resonant panel designs in reverberation rooms
to evaluate their performance. The resonant frequency f, can be estimated by:

. 170
" Vwd
where f, = resonant frequency (Hz)

w = surface weight of panel (Ib/ft?)

d = depth of airspace behind panel (in)

Thin weod resonant panel —————p
( 8bsorbs low - freguenc
sound energy by vibrating )

Airspace behind parel
(acts as spring, affecting
resonance of panel) \‘ J

f'l
Depth of airspace (d)

Reference

V. 0. Knudsen and C. M. Harris, Acoustical Designing in Architecture, Wiley, New York,
1950, p. 120 (paperback reprint is available from the Acoustical Society of America,
500 Sunnyside Blvd., Woodbury, NY 11797).
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SUGGESTED SOUND-ABSORBING TREATMENT FOR ROOMS

Although the NRC rating method has the limitations presented earlier in
this chapter, it can be an adequate index to evaluate sound-absorbing materials
for use in treating the noncritical spaces listed below. The last two groups in
the table represent many of the spaces where the NRC by itself does not pro-
vide sufficient information. Therefore, special study may be required to deter-
mine the specific absorption needs. For example, absorption for ceilings in
open-plan offices, where sound can reflect over partial-height barriers,
destroying speech privacy, should be evaluated only by noise isolation class
prime NIC' ratings (see Chap. 6), although a minimum NRC is given.

Preferred Ceiling Wall
Type of Space NRC Range Treatment Treatment

Private offices, large offices, small conference rooms, 0.65 t0 0.75 Full None required

hospitals, laboratory work spaces, libraries, retail

shops and stores
Lobbies, corridors, gymnasiums 0.65 t0 0.75 Full Yes
Secondary and college classrooms, large meeting 0.65 t0 0.75 Partial Yes

rooms
Kitchens, cafeterias, laundries, restaurants =0.75 Full Usually none required
Computer equipment rooms, school and industrial > 0.75 Full Yes

shops, machinery spaces
Auditoriums, theaters, radio/TV studios, music
practice rooms, audiovisual facilities, churches,
courtrooms, chapels, mechanical equipment rooms,
open-plan schools, language laboratories, factories
Open offices

(These spaces in particular require special study to
determine the appropriate type, amount, and location of
sound-absorbing treatment. )

> 0.80 Full Yes (see Chap. 6)
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CHECKLIST FOR EFFECTIVE ABSORPTION OF SOUND

80 SOUND ABSORPTION

1. Apply sound-absorbing materials on surfaces that may contribute to excessive

reverberation, produce annoying echoes, or focus sound energy. In audito-
riums and similar facilities, use sound-absorbing materials to control echoes
and reverberation. Excessive reverberation can seriously interfere with listening
conditions, especially for hearing-impaired and older persons. A doubling of
the existing absorption in a room will reduce the reverberation by one-half.

. Do not use sound-absorbing materials on surfaces which should provide useful

sound reflections (e.g., above lecterns in auditoriums ). Sound-reflecting sur-
faces must have sound absorption coefficients well below 0.20 and be prop-
erly shaped and oriented (see Chap. 3).

. Use sound-absorbing ceilings to control the buildup of noise within rooms, un-

less the floor is carpeted and the room is filled with heavy draperies and other
sound-absorbing furnishings. Sound-absorbing materials are commercially avail-
able that have a factory-applied surface finish which is reasonably durable for
ceiling applications as well as satisfying appearance, light reflectance, and
other architectural and fire safety requirements.

. Place absorption on the walls of very high rooms, small rooms, or long and

narrow rooms, where flutter echo may occur. In very large rooms with low
ceilings, wall absorption is rarely beneficial unless needed to prevent flanking
of sound energy around partial-height barriers in open plans. Sound-absorbing
wall panels that have a fabric finish and hardened edges to maintain their
shape are commercially available.

. Be sure the mounting method used is best suited for the amount of absorption

desired. The actual method of mounting is important because it will affect ab-
sorption efficiency. For example, sound-absorbing materials directly attached
with mechanical fasteners (mounting A) are poor absorbers of low-frequency
sound. However, when attached to furring supports (mounting D), they will
provide more absorption at low frequencies; and when used in suspended
ceiling systems (mounting E), they can provide considerable low-frequency
absorption. To achieve maximum absorption from special sound-absorbing
materials and units, such as suspended baffles and spaced absorbers, install
them at the spacings recommended by manufacturers.

. Do not overestimate the noise control benefits from sound absorption. Re-

member, it takes a doubling of the existing absorption to achieve only 3 dB of
noise reduction! It requires an enormous increase in existing absorption to
achieve 6 dB of noise reduction. Consequently, in most situations, 3 to 6 dB is
the practical limit of noise reduction benefits from adding sound absorption to
rooms.
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ANCIENT THEATERS

Open-air Greek and Roman theaters (constructed about 2000 years ago)
most often had good listening conditions for drama and instrumental recitals by
small groups. The Greek theaters usually were located on steep hillsides in
quiet rural locations. Successful sites had few gusty winds (which cause noise
when they blow past trees, buildings, and audience ). Seating layouts were
semicircular so the audience would be close to the stage, thus reducing sound
energy loss by distance (see Chap. 1 for inverse-square law). The tiers were
constructed with a steep rise (> 20°) to provide good sight lines, permit re-
flected sound energy from the orchestra floor, and reduce attenuation caused
by the seated audience. The unoccupied seats (with backs or risers sloped
backward by about 10°) and the heads of the audience also scattered sound
to adjacent areas (cf., R. S. Shankland, "*Acoustics of Greek Theatres,”
Physics Today, October 1973). In addition, actors wore masks which exag-
gerated their expressions and reinforced their voices since conical-shaped
megaphones were built into the mouths of the masks. However, onstage whis-
pers were not audible throughout the audience area. Some characteristic de-
sign features of ancient theaters are shown below.

Hard-surfaced overhang

to provide sound
reflections toward
audience)

Sloped tiered seatine'
(fo provide good sight
lines and low 4dudience
attenuation)

Skene (sound-reflectin
surfaced "scene building'
for performers)

Proskenion (raised
acting area, later
called "proscenium')

Orchestra (semicireular,
sound-reflecting
performing area )

Semicireular seating
(%o place audience close
to performers)

Modern open-air theaters should be designed to achieve low noise intru-
sion (see Chap. 4) and satisfactory distribution of sound. However, an enclo-
sure is required to achieve the reverberation and fullness of tone needed for
modern symphonic music and opera (especially since the nineteenth century).

Note: For comprehensive studies of the development of the ancient theater, see
M. Bieber, The History of Greek and Roman Theater, Princeton University Press,

Princeton, N.J., 1961, and G. C. Izenour, Theater Design, McGraw-Hill, New York,
1977.
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DIRECTIVITY CONTOURS FOR SPEECH

The polar coordinate graph below plots contours of sound levels for
speech. The shapes of the contours show the directional characteristics of
speech at low frequencies (<500 Hz to represent vowels, which contribute to
the tone of an individual's speech) and at high frequencies (= 4000 Hz to re-
present consonants, which strongly influence intelligibility of sibilants). 0° is the
direction the speaker is facing, 180° the direction behind the speaker. Sound
levels at low frequencies are diminished very little at the sides (90° orienta-
tion) and moderately at the rear (8 dB lower). However, sound levels at high
frequencies are diminished by about 6 dB at the sides and 20 dB (about one-
fourth as loud) at the rear. When speakers turn their backs to the audience,
consonants can become completely inaudible!

Speech Contours (500 and 4000 Hz)

] i " ] ' + .
Conversationa| —— 0° (straight ahead direction)
speech effort 6060

5048 1

Directivity contour
(spund level of
speech in horizontal
plane)

Auditorium Plan with Speech Contour Overlay

Straight ahead
orientation of speaker

Preferred seat locations
(where speech is
sufficiently loud )

.

Directivity contour
for speech

Lectern ( opeaker's
location)
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AUDIENCE SEATING

Sound level outdoors falls off with distance (as sound spreads outward it
loses energy according to the inverse-square law) and from audience attenua-
tion (as sound grazes the seated audience it is scattered and absorbed) .
When steeply sloped seating is used, the sound level outdoors falls off prima-
rily with distance. An overhead sound-reflecting panel or ceiling, as shown by
the illustration at the bottom of the page, can provide reflected sound to rein-
force the direct sound. For example, installing a hard, sound-reflecting enclo-
sure outdoors near the sound source can greatly improve listening conditions
by reflecting sound energy toward the audience and by shielding the audience
from noise sources located behind the enclosure.

Level Seating Outdoors

Sound path ('rays’ only show
direction of sound travel because
sound s wave pnenomenen )

f sound path

Steeply Sloped Seating Outdoors

“——0OSloped tiered sesting (to
provide good sight |ines
and |ess audience attenuation)

Level Seating Indoors

Hard, sound-reflecting ceilin

(to provide useful reflecte
sound toward audience, increasing
loudness and clarity)

Reflected
sound path
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SIGHT LINE BASICS

Unobstructed sight lines (i.e., straight lines drawn from eyes of seated oc-
cupants to stage area) from all seats to the front of the forestage allow full
view of performers and unobstructed propagation of the direct sound. Sight
lines are normally drawn to converge at a point on stage called the arrival point
of sight APS. Audiences should be able to hear and to see clearly and com-
fortably to fully perceive the intended effects of performances. Laterally stag-
gered seating layouts can achieve satisfactory every-other-row vision for back-
to-back seat dimension B of 40 in for continental seating and 36 in for radial
and parallel aisle seating. Nonstaggered seating layouts cannot achieve satis-
factory conditions for every-other-row vision (cf., G. C. |lzenour, Theater
Design, McGraw-Hill, New York, 1977, p. 26). Shown below are sight lines
for every-row and every-other-row seating layouts, and average seating

dimensions.
5" (eye heigh 2
to top of heads
Vi -
sight line (to 44" (eye height
converge at APS) above +loor)

Tread width of tier
Average Seating Dimensions

Unobstructed
angle of view

Sight line

gl

Every-Row Vision Every-Other-Row Vision

Note: To achieve liveness within a reasonable room volume, the back-to-back seat
dimension B and center-to-center seat dimension W should be as small as possible
consistent with the requirements for comfort and life safety.
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SIGHT LINE LAYOUTS

For proscenium theaters, lateral sight lines (shown in plan view below )
normally should be within a preferred “view angle’ of 30°. View angle is mea-
sured from the perpendicular at the end of the proscenium opening. In multi-
purpose auditoriums, the proscenium line may vary from full width for ballet
and symphonic orchestra (often located downstage to provide orchestra en-
closure of shallow depth) to smaller widths for drama and music performance
by soloists or small ensembles.

Stagehouse

"Snow trim' reduces E Per%rmin% ares of stage
permanent proscenism \ occluded From view of
width \. audience at side seats
i
aetdil

Preferred 30° limit on
lateral view angle (to
avoid distertion of perspective)

Side wall (wide!g offset —If 7
for increased sedting x
capacity ) 200N Marginal seats for narrow
proscenium openings

Preferred width limit . n— 90 ft preferred distance
on seating for ballet / 1 "N limit on seating for drama

140 £4 preferred distance
|imit on seating for opera
( based on visual perception)

Plan View

Floor and balcony slopes should be designed so seated audience will have
unobstructed view of entire performing area, performers, and scenery. For ex-
ample, the vertical sight lines shown below illustrate acceptable viewing condi-
tions and preferred layout of seating in the front of auditorium where an unin-

Detail at Stage

Stage apron——x

<40" height (to
avoid "neck craning’
at front rows)

Arrival point of sight APS
(intersection of sight line
a8t edge of stage apron)

Vertical

E sight line
44" (eye height
abwegﬁloor)g
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terrupted view of entire stage floor is essential for ballet. Balconies should not
have excessive floor slope (> 26°), and the top balcony should not be more
than 65 ft above the stage to avoid vertigo. A balcony view of the first few
rows of main floor seating also may be desirable to achieve a sense of congre-
gation with audience below and the proscenium arch should not obstruct the
view of bottom 7 ft of the backstage wall.

Section View

Curtain |ine
/_n .l

: Plaster line (front surface
FEV_O'F proscenium)

]

]

]

ik

1 Vertical limit onsight lines €

M o pes (e 2bode ocal o pane) u-7 |23
o @

: Preferred line- aF-saght - T

| to first rows > gl =

I -/ —7 .=

I Focal plgne ot |evel - // c ng-

[l of APS and stzge A LT -

|

Gradua| floor slope (to avoid—
conditions where balconies
muet be too steep)
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CHECKLIST FOR LECTURE ROOMS

When auditoriums are used primarily for speech (e.g., theaters, confer-

ence rooms, classrooms), the design goal should be high intelligibility of
spoken words throughout the room. To achieve high signal-to-noise ratios

(> 15 dB), rooms should be shaped to direct sound from the speaker's loca-
tion toward the audience, designed to avoid echoes and “hot’" (or “bright’’)
spots, and planned to have low background noise levels. Important acoustical
parameters affecting the perception of speech in lecture rooms are summarized
by the list below.
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. To help achieve satisfactory loudness, provide compact room shape with rela-

tively low room volume. Volume per seat ratio should be 80 to 150 ft* per
person.

. Reverberation times should be less than 1.2 s from 250 to 4000 Hz for thea-

ters and less than 0.8 s for classrooms. Long reverberation times reduce the
intelligibility of speech the same way noise masks speech signals (see Chap.
6) . Select sound-absorbing finishes so absorption will be constant within the
frequency range for speech. It is preferable to place absorption on side walls
rather than on ceilings. In small rooms, use sound-absorbing panels with air-

space behind to prevent ""boominess’ at low frequencies.

. Distance between speaker and the rear of the audience area should be short

so that loudness will be sufficient throughout the room and the audience will
have ability to see the person talking. For drama, it is difficult to see expres-
sions of performers beyond 40 ft, gestures beyond 65 ft, and large body
movements beyond 100 ft. For fan-shaped rooms, seating should be within
140° angle measured at the location of the speaker (see auditorium plan on
page 83).

Ceiling or overhead sound-reflecting surfaces should provide short-delayed
sound reflections directly to the audience (i.e., path differences between direct
and reflected sound should be less than 34 ft).

. Seating should be sloped greater than 7° to provide good sight lines and re-

duce audience attenuation. (Without electronic speech reinforcement, 1000
seats is about the upper limit for drama using a proscenium stage; 700 seats
using an open or thrust stage; and 400 seats using an arena stage. )

. Background noise levels from the mechanical system should not exceed 34

dBA or noise criterion NC-25. Enclosing constructions should reduce intruding
noise to below this preferred criterion to avoid interference with desired
sounds and prevent distractions (see Chap. 4). Even lower limits should be
considered where rooms are to be used by young children, older adults, or
hearing-impaired persons.

. When seating capacity exceeds about 500, provide a sound-reinforcing

system to augment the natural sound from source to listener (see Chap. 7).
Smaller lecture rooms, courtrooms, conference rooms, and the like may also
require a sound-reinforcing system to assist weak-voiced speakers and to pro-
ject recorded material evenly. (Be careful because electronically reproduced
sound may sound “harsh™ and unnatural when played in rooms with extremely
low reverberation times. )



REFLECTION, DIFFUSION, AND DIFFRACTION

Reflection (x > 4 A)

Reflection is the return of a sound wave from a surface. If the surface di-
mension x is larger than about 2 to 4 times the wavelength A of the impinging
sound wave, the angle of incidence</ will equal the angle of reflection<r. For
example, 1000 Hz corresponds to a wavelength of 1.1 ft; therefore, a surface
dimension (length or width) of about 4, = 4 X 1.1>~4 1/2 ft will reflect
sound energy wavelengths of 1000 Hz and above. When an array of sus-
pended panels is used to direct reflected sound energy toward the audience,
the individual panels should be of varying sizes to prevent creating a “‘rasping’’
sound.

y*
'\—Flﬁt sound-reflecting panel
LReFlected sound path

Diffusion (x = A)

Diffusion is the scattering or random redistribution of a sound wave from a
surface. It occurs when the surface depths of hard-surfaced materials are com-
parable to the wavelengths of the sound. Diffusion does not “break up’* or ab-
sorb sound—sound is not fragile or brittle! However, the direction of the inci-
dent sound wave is changed as it strikes a sound-diffusing material. Diffusion
is an extremely important characteristic of rooms used for musical perform-
ances. When satisfactory diffusion has been achieved, listeners will have the
sensation of sound coming from all directions at equal levels.

Diffusing panel (typical length
and width surface dimensions are
3t 1o |0Ft with random depbhs (*)
of 6in to 2¢t)

sound paths
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Diffraction (x < A)

Diffraction is the bending or "flowing’* of a sound wave around an object
or through an opening. For example, a truck located behind a building can be
heard because the sound waves bend around the corners. In auditoriums, be-
cause impinging sound waves will readily diffract around panels that are smaller
than their wavelength, suspended panels must be carefully designed to be
large enough (length and width) to effectively reflect the desired wavelengths
of sound.

A single frequency can be emphasized (called diffraction grating effect)
when an array of small overhead panels are of equal length and width or ver-
tical projecting slats on walls are of equal depth and spacing. This phenom-
enon must be avoided because it can impart an odd tonal distortion to music
due to cancellation effects.

Diffracted
sound paths

- - Q
I Di.F.Fractian ‘gratingll ( 5?“'13“ Par\elﬁ

at equal width (x) and equal
spacing )

Reference

R. W. Leonard, L. P Delsasso, and V. O. Knudsen, “Diffraction of Sound by an Array
of Rectangular Reflective Panels,”” Journal of the Acoustical Society of America,
December 1964.
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WAVELENGTH AND FREQUENCY FOR SOUND IN AIR

The scale below shows the relationship of wavelength and frequency for
sound in air under normal conditions of temperature and atmospheric pressure.
For example, below 1500 Hz many musical instruments are omnidirectional
(i.e., they radiate sound energy in all directions). From the scale, at 1500 Hz
the wavelength of sound is 0.75 ft, or 9in,and 4 A = 4 X 9 = 36 in. There-
fore, panel dimensions greater than 3 ft will be required to reflect sound energy
at 1500 Hz (and higher).

Wavelength (f1)
075
50 20 10 5 2 | 405 02 O
1
1

T

20 50 100 200 500 1000 12000 5000 10,000
Frequency (Hz) 1560

......... R R %’
Bass spunds Mid-frequency sounds Treble sounds

Most musical instruments do not, however, radiate sound in all directions
at the same sound level. The directional characteristics of example wind instru-
ment (trombone) and string instrument (cello) are shown below. The shaded
portion between sound rays on the illustrations indicate where the sound level
is within 3 dB of its maximum level. Note that sound from a trombone is di-
rected primarily toward the front at high frequencies and to the ceiling at low
frequencies. For a comprehensive presentation of the complex directional char-
acteristics of musical instruments, see J. Meyer, Acoustics and the Perform-
ance of Music, Verlag Das Musikinstrument, Frankfurt, F.R.G., 1978.
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Sound toward ceiling Sound toward ceiling
(or overhead pantls
of orchestra shell)

Cello at 500 Hz Trombone at 650 Hz

Sound reflected toward audience
(if not obstructed by other musicians)

_ Sound toward sudience
("highly directional
pattern)

Cello at > 2000 Hz Trombone at > 2000 Hz
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PATTERN OF REFLECTED SOUND

Shown below in order of increasing effectiveness for distributing sound are
concave, flat, and convex sound-reflecting surfaces. The shading on the illus-
trations indicates the distribution pattern of reflected sound energy from
equivalent lengths of reflector.

Concave Reflector

Concave sound-reflecting surfaces (such as barrel-vaulted ceilings in
churches and curved rear walls in auditoriums) can focus sound, causing hot
spots and echoes in the audience seating area. Because concave surfaces
focus sound, they also are poor distributors of sound energy and therefore
should be avoided where sound-reflecting surfaces are desired (e.g., near
stage, lectern, or other source locations in rooms) .

L4

Focused reflected

sound
d

Flat Reflector

Flat, hard-surfaced building elements, if large enough and oriented prop-
erly, can effectively distribute reflected sound. The reflector shown below is
tilted slightly to project sound energy toward the rear of an auditorium.

I Angle of tilt

Spread
reflected sound
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Convex Reflector

Convex, hard-surfaced building elements, if large enough, can be most ef-
fective as sound-distributing forms. The reflected sound energy from convex
surfaces diverges, enhancing diffusion, which is highly desirable for music lis-
tening. In addition, reflected sound from convex surfaces is more evenly dis-
tributed across a wide range of frequencies.

Widely spread or
ditfuséd reflected sound
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RAY DIAGRAMS

Ray-diagram analyses can be used to study the effect of room shape on
the distribution of sound and to identify surfaces which may produce echoes.
A ray diagram is an acoustical analogy to the specular reflection of light where
the angle of incidence £/ of an impinging sound wave equals the angle of re-
flection £, with angles measured from the perpendicular to the surface. That
is, sound waves are reflected from surfaces in the same way a billiard ball,
without spin, rebounds from a cushion. Because of this, small mirrors or
silvered paper can be used with architectural drawings (or small-scale models)
in a darkened room to reflect light from a point source. The patterns of re-

flected light demonstrate, during the design process, the effect of room shape
on the distribution of sound.

Billiard Table

j:(——-Besm of light
& from point source

= Reflected beam
G of light
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Some limitations of ray-diagram studies are as follows:

1. Sound reflects in the manner indicated by ray diagrams only when surface
dimensions are large relative to the wavelength A of sound being evaluated
(=42).

2. Normally, the source of speech or music will not radiate from a fixed position.
Optimum room shape therefore depends on a careful balance of the best
sound distribution from several source positions to the listening area.

3. A detailed evaluation of diffusion of sound by room surfaces is not possible
with ray diagrams. Therefore, scale models which allow frequency-scaled
acoustical studies are often used in design, particularly in rooms where music
perception is important (cf., V. O. Knudsen, ‘Model Testing of Auditoriums,”
Journal of the Acoustical Society of America, February 1970, pp. 401-407).

In spite of these limitations, ray diagrams can be an important design tool
in establishing optimum room shape. The table below is a design guide that
can be used with ray-diagram analyses to evaluate general listening conditions.
The difference in length between the reflected sound path and the direct sound
path at any listening position is directly related to the time difference which the
ear detects. For example, if a reflected sound wave is heard 1/17 s or later
after it was first heard as a direct sound, the reflected sound wave can be per-
ceived as a discrete echo. A familiar example of this situation would be the
echoes from cliffs in mountain regions, where reflected sounds are heard as
distinct repetitions of the direct (or original) sound. The sound path difference
in feet from a sound delayed by 1/17 s (about 0.06 s) can be found as fol-

lows:
Distance = velocity X time = 1130 X 0.06 = 68 ft
Sound Path Time Delay
Difference (ft) Gap (ms) Listening Conditions
< 23 < 20 Excellent for speech and music
23 to 34 20 to 30 Good for speech, fair for music
34 to 50 30 to 45 Marginal (blurred)
50 to 68 45 to 60 Unsatisfactory
> 68 > 60 Poor (echo if strong enough)
References

L. L. Beranek and T. J. Schultz, “"Some Recent Experiences in the Design and Testing of
Concert Halls with Suspended Panel Arrays,” Acustica, vol. 15, 1965.
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Note: For an overview of acoustical modeling fundamentals, see R. G. Cann, “Principles
of Acoustical Scale Modeling,” Sound & Video Contractor. July 1985, pp. 30-35. Small-
scale models at 1:20 and 1:50 scale ratios are useful for the study of initial design alter-
nates, while larger scale ratios of 1:10 are best for detailed analyses of complex sound
fields in concert halls.
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RAY-DIAGRAM GRAPHICS

An inexpensive protractor to measure angles, a pencil, scale, and paper
are all the equipment required for ray-diagram calculations. Shown below is an
auditorium section with sound path differences calculated to front and middle-
rear audience locations from a typical source location.

Path difference = reflected path — direct path

(¢r) at normal to
reflecting surface

N Sound -reflecting ceiling
~

h o
“*
\i:/ P~ Normal \\fé'm Reflected sound path
1 e, to ceiling N&)
rd \g} N .
\ 9 Direct sound path

Angle of incidence (&)
/ equals angle of reflection

Seat location Seat location
no. | no. 2

Example Ray-Diagram Measurements (Distances are shown in parentheses on
above drawing)

Front location no. 1:

Path difference = (11 + 18) — (12) = 17 ft
Excellent for speech and music because path difference is less than 23 ft.
Middle location no. 2:

Path difference = (16 + 26) — (33) = 9 ft

Excellent for speech and music because path difference is less than 23 ft.
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SOUND PATHS IN AUDITORIUMS

The initial-time-delay gap is the time interval between the arrival of the di-
rect sound and the first reflected sound of sufficient loudness. It should be
less than about 30 ms (path difference < 34 ft) for good listening conditions
because sounds within this time interval can coalesce as one impression in a
listener’s brain.

Early-arriving reflected sound energy is important for clarity and definition
of music. "'Early”” sound is usually defined as the direct and reflected sound ar-
riving within the first 80 ms. Clarity can be defined as the ratio of early sound
energy to late or reverberant sound energy. Auditoriums with narrow shapes
support direct and early-reflected sound because the initial-time-delay gaps will
be short. In the design of auditoriums, ray diagrams can be used to determine
initial-time-delay gaps. The initial-time-delay gap also strongly influences a lis-
tener’'s perception of the size of an auditorium (called intimacy) .

The listener in the auditorium shown below will hear the direct sound first
and then, after the initial-time-delay gap, reflections from the walls (path 1 on
the drawing), ceiling (path 2), stage enclosure (path 3), and so on. These
arrival times and sound levels are indicated by the bars on the sound level vs.
time graph shown below.

Sound Paths from Stage in Auditorium

Stage enclosure
reflection (3)

Direct sound
path
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Sound Level vs. Time Graph for Auditorium

Direct sound
( reduced by audience attenvation)

Reflected sound ( pattern
affects "tonal texture' of music)

=

i (1Y (2)

(3) &————Number refers to
reflected path on
. drawing of auditorium
Initial-time-
delay ga
3y gop H
¥

Sound level (dB)

Time (ms)

Early sound Late sound

&0ms
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CEILINGS

The preferred ceiling shape and height depend on the intended use of the
room. For example, ray-diagram analysis indicates that the hard, sound-
reflecting flat ceiling shown below provides useful sound reflections which
cover the entire seating area in a lecture room. Useful sound reflections for
speech are those which come from the same direction as the source and are
delayed by less than 30 ms. However, by carefully reorienting the ceiling, as
shown by the lower illustration, the extent of useful ceiling reflections can be
increased so that the middle-rear seats actually receive reflections from both
ceiling planes.

The average ceiling height H in auditoriums with upholstered seats and ab-
sorptive rear walls is approximately related to the mid-frequency reverberation
time T as follows:

H =~ 20T

where H = ceiling height (ft)
T = mid-frequency reverberation time (s)

Flat Ceiling Ceiling area providing
LusePul r(-:i'-‘ler.-t‘ucme.‘l

Avera

eilin
heigh 8

)

R
—~®
Io

Sloped Ceiling Increased ares iding useful
P g ir:f:_-FIr-;r.1:,ia:|ri§(NElJJJrNI M

To of Flat’ ceiling Emmple)

For concert halls, where long reverberation is a design goal, high ceilings
are preferred and all walls should be sound-reflecting. In addition, ceilings that
are diffusing can improve audibility of lateral sound by diminishing the strength
of ceiling reflections [cf., A. H. Marshall, **Acoustical Determinants for the Ar-
chitectural Design of Concert Halls, ** Architectural Science Review (Australia),
September 1968, p. 86].
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ECHOES

An echo is the distinct repetition of the original sound and is sufficiently
loud to be clearly heard above the general reverberation and background noise
in a space. To determine if echoes are present in completed spaces, sharply
clap your hands or slap two books together. Listen for any strong repetition of
the original clap. Note the direction and strength of any echoes and how long it
takes any “‘fluttering’" or “ringing’* to drop off to inaudibility. For speech sig-
nals, echoes can be perceived when the time intervals between the direct and
reflected sounds are greater than 60 ms (about 1/17 s). In auditoriums,
sound-reflecting flat or concave rear walls and high or vaulted ceilings are po-
tential echo producers. The following pages show design techniques which can
be used to prevent echoes. The graph below shows the amount in decibels an
echo is above or below the direct speech for time delays (ms) in rooms with
a reverberation time of about 1 s at mid-frequencies. An echo that falls in the
shaded area on the upper right of the graph will be annoying to most listeners
(> 50 percent disturbed).

Sound level of echo above
direct sound level (dB)

Soynd level of echo pelow
direct sound level (dB) &

No annoyance

0 100 200
Time delay (ms)

300 400
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ECHO CONTROL PRINCIPLES

Potential echo-producing surfaces should be treated with efficient sound-
absorbing materials (see Chap. 2) or shaped as shown below. The front por-
tion of the ceiling is lowered to reduce the delayed reflections from overhead
and reoriented to provide useful reflections toward the rear of the auditorium.

Potential Echo-Producing Surfaces

1 ——Reflected path of
"cue bgll" echo from
ceiling and rear wall
@_____=——

Potential echo zone

Revised Ceiling Profile (To prevent echoes and distribute sound evenly)

Revised ceiling prof-ieJ

(to prevent echoes and
provide useful reflections)

% Deep’, sound-absorbing
rear wall treatment
(to control echoes )

-
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Sound-Absorbing Wall Treatments

"“Deep” treatment can be provided by either thick sound-absorbing mater-
ials or thin sound-absorbing materials installed with an airspace behind as
shown below.

Wood furring supports

21" thick sound-absorbing
blanket or board ( 22"wide
airspace behind fuzz)

(—Sound-trsnsparent
P facing (eg., insect
screen, burlap)

LFuz: and furring can be spray
painted black with water-base
Protective wood slats (240% open) paint To conceal treatment
( cee Chap.2)
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REAR-WALL ECHO CONTROL TREATMENT

A flat, sound-reflecting rear wall can produce echoes or unwanted, long-
delayed reflections in medium to large auditoriums. Three solutions to control
“slap’* echoes (i.e., sharp return of sound) from a rear wall are shown below.

Perforated facings, which are highly transparent to sound waves, can be
used to conceal sound-absorbing treatment (e.g., dome at Rotunda, University
of Virginia) or sound-diffusing treatment (e.g., curved surfaces over stage at

Orpheum Theatre, Vancouver, B.C., Canada).
Sound-Absorbing Treatment

(Extend deep treatment
from seated head level )

Echo-Producing Rear Wall

(Eetomtcaiing: wal 'Deep) sound- absorbing treatment
reentrant angle) such 25 glass-fiber blanket (or
board)supported by furring

Path &/

of echo

Protective spund-transparent
Surface Modulations or facing ( called "$ransondent")
“Rumples”’
(Use cylinders with different

radii for optimum diffusion) Splayed Wall

(To produce useful short-
. sica delayed reflections)
Large-scale irregularities or
modulations at culinder diameter

> 2 (to provide diffusion) Splayed surface (to direct

sound downward )

Optional sound-transparent
facing (to provide visual
barrier)

Carpet (with pad underneath)
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SIDE WALLS

Ray-diagram analyses are useful in the horizontal plane to study sound en-
ergy reflected from the side walls. These /ateral reflections help create a
favorable auditory spatial impression (or intimacy), which is essential for the
satisfactory perception of music performances. Early sound reflections from
side walls can add strength to the direct sound.

The initial-time-delay gap ITDG can be found by subtracting the direct
sound path D from the reflected sound path R. Both paths are measured to a
listener seated near the centerline of the hall, halfway between the conductor
and the first balcony face (or rear wall). ITDG in milliseconds equals the path
difference (R — D) in feet times 0.9. For concert halls, ITDG should be less
than 20 ms.

Wide fan shapes and semicircular floor plans usually do not provide
strong, early lateral reflections because the side walls will be located too far
apart. Unless overhead sound reflectors can be used to help overcome the ab-
sence of lateral sound reflected from walls, music will sound distant and lack
fullness of tone. The "‘reverse’’ fan shape (rooms with decreasing width to-
ward rear) can provide strongest lateral reflections and spatial impression for
music.

Fan Shape (For lecture room)

Poor distribution from this surface
(to improve, reorient as shown by
dashed |ines on rectangular shape
gxample )

Focused sound at L
from concave rear wall
(listener hears echo)

Concave rear wall

(ooures 02t B 5 o ol b i Y
D absorbing material to
a1 stage (82 i s prevent %ocusfng and

location) echoes )
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Rectangular Shape (Dashed lines indicate preferred orientations for a lecture
room)

Poor distribution from this
surface pecavse listener

at L hears long-delayed
reflection or eche ( dashed
lines indicate reoriented wall)

J
(é———Lar' e-scaie, s0.ncC-
N\ diffusing surfaces
- or
Deep, sound- dvsoroing
material

Lkearmnted wall also provides
better distribution toward
rear of room

Stepped Shape (Alternate elements of side walls are parallel to provide lateral
reflections toward audience for music hall)

Side wall elements
paralle! To centerline of
auditorium ( to provide
lateral reflections)

11— Zone of strong
|ateral sound

o) » O
) L
(source at ( listener at
conductors W e center seat on
osition) r/_ S main «Plorir)

CHEMES Y

s o,

e e
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Reverse Fan Shape (Side walls at rear reflect sound toward audience for
definition of music)

Converging side wall
( to provide greater [ength of
wall contributing lateral
reflections)

Zone of strong
lateral sound
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PATTERNS OF REVERBERANT DECAY

Examples of sound decay in large and small rooms are shown below. A
noise source (e.g., broadband noise from a loudspeaker, a bursting fully in-
flated balloon, or the “‘blast’* of a blank fired from a starter’s revolver) can be
used to determine the time it takes the sound to fall off, or decay, by 60 dB.
The starter’s revolver has directional characteristics and a sound spectrum sim-
ilar to speech.

Because the noise source is abruptly stopped or impulsive, its decay can
be recorded and displayed on a graph of sound level vs. time. This graphical
information can provide the designer with a greater understanding of the
acoustical quality of rooms. For example, spikes on the decay curves shown
below indicate echoes. Double-sloped decay curves could indicate room
resonances or reverberance from coupled spaces such as large stagehouses or

transepts.

Reverberant Decay of Sound in Large Room

AN Impulsive sound from revolver

firing blanks or -
iring blanks or from
burs%fng balloon /Yﬂw

10 to 20 dB early deca Large room
Time (important for mli&l(.) =St SR

¢—Echo (indicated b .
gpike on decay curvg)* Masking of decay
can occur due Lo

Terminal decay b
g I segquent |o
(important for stop Z;eecﬁor musiucd

leve| (dB)
60 dB decay

{/z—Moment |, chords of pipe organ)
- shot or burst
< bceurs &Background noise
o
w A\
/4
T>2sec
Time (sec)

* Echo may be due to rear wall or other remote sound-reflecting surface
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Reverberant Decay of Sound in Small Room

N 9teady broadband noise
from loudspeaker

:r—Noiee abruptly stopped

60 dB decay

Sound leve! (dB)

|

parallel walls (indicated

/—Flutter echo due to hard
by spikes on decag curve)

T<| sec
Time (sec)

Small room

Background noise

An articulation index Al, a measure of speech intelligibility, can be derived
from laboratory analysis of electronically recorded reverberation (cf., J. P A.
Lochner and J. F. Burger, ""The Influence of Reflections on Auditorium Acous-
tics,” Journal of Sound and Vibration, October 1964, pp. 426-454). The Al for
symphonic music should be 0.4 to 0.5; for organ music, less than 0.2: and for
drama, greater than 0.7 (i.e., very high intelligibility conditions) .
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ARTICULATION INDEX

110

The articulation index Al is a subjective measure of speech intelligibility. It
can be calculated from the scores of a group of experienced listeners with
normal hearing who write sentences, words, or syllables read to them from se-
lected lists. The graph below relates Al to the percentage intelligibility of clearly
spoken sentences or words that skilled listeners hear correctly. For example, if
a speaker calls out 100 words and a listener correctly hears 90, the Al would
be greater than 0.7, which indicates “'very good’’ intelligibility conditions.
Sampile lists, which can be used to establish Als in a room, are presented in
Appendix D.

Poor to Very good
fair _ Good for cammun&a‘bion
maam@---- %@ﬁ ;74
100 |+
I | " —
5entences—>// //
;{ 80 |- /] //
o
S Words
? o0 |- A
aQ
3
5
S 40
<
Q
D
3
L 20 it Vi
Q
0 /
)
S
; b 1

0 0! 0z 03 04 05 06 0.7 0% 049 1.0
Articulation index (AL)

The plan view of the lecture room shown below has superimposed on it a
plot of seat locations having equal Als in decimal percent (called Al contours).
The contours shown indicate “very good'’ speech listening conditions (Al >
0.70) near the source located at the left end of the stage platform. Note also
that the Al drops off with distance from the source. Reshaping of the ceiling
and control of echoes off the rear wall could raise the Al at these remote loca-
tions.
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r Source

1
ébo Stage platform

AT contour (AT
decreases with
distance from source)

Al is relatively
constant in this
part of room

Equal Al Contours in Lecture Room

An objective evaluation test method, called the rapid speech transmission
index (RASTI), has been developed to electronically measure speech intelligi-
bility in rooms. The method uses a modulated test signal spectrum to simulate
speech at 500 Hz and 2000 Hz. For details of the method, see T. Houtgast
and H. J. M. Steeneken, "'A Review of the MTF Concept in Room Acoustics
and its Use for Estimating Speech Intelligibility in Auditoria,”” Journal of the
Acoustical Society of America, March 1985.

Note: For communication requirements (e.g., speech, drama, musical comedy) high
Als are essential for optimum listening conditions. Conversely, to achieve satisfactory
speech privacy, a low Al is desired. An Al of 0.05 to 0.15, or 4 to 14 percent of the
words heard correctly, usually indicates satisfactory speech privacy conditions (see
Chap. 6).
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FLUTTER ECHO

Flutter echo is usually caused by the repetitive interreflection of sound en-
ergy between opposing parallel or concave sound-reflecting surfaces. Flutter is
normally heard as a high-frequency ringing or buzzing. It can be prevented by
reshaping to avoid parallel surfaces, providing deep sound-absorbing treatment,
or breaking up smooth surfaces with splayed or “‘scalloped” elements. A 1:10
splay (or > 5° tilt) of one of the parallel walls will normally prevent flutter
echo in small rooms.

Flutter Echoes

In small rooms flutter can be most noticeable at specific locations of noise
source and listener.

..................................................................................

sound O Source |

Corridor

Small room with concave wall

Pitched-Roof Flutter Echo

The echo phenomenon shown below (called pitched-roof flutter) can
occur in rooms with nonparallel walls.

Flutter
echo sound paths
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SMALL ROOMS

Audible resonance is the emphasis of sound energy at particular frequen-
cies. It can occur in small rooms entirely finished with sound-reflecting mater-
ials when the dimensional ratios are whole numbers (e.g., cube). This phe-
nomenon is sometimes referred to as the “"bathroom tenor'' effect.
Consequently, preferred ratios of room dimensions may be recommended to
prevent resonance (or “boominess’) by achieving even distribution of low-
frequency sound energy (cf., M. Rettinger, Acoustic Design and Noise Control,
Chemical Publishing, New York, 1973, pp. 376-379). However, because most
rooms contain absorptive materials such as carpets, curtains, and furnishings,
the provision of preferred dimensional ratios usually is unimportant.

Sound-Absorbing Surfaces Opposite Sound-Reflecting Surfaces

In the small music practice rooms shown in plan view below, the amount
of sound which will reflect between hard, sound-reflecting surfaces will be min-
imized by installing sound-absorbing materials on adjacent walls or at two op-
posite corners. Effective treatment finishes can be provided by sound-
absorbing panels furred out from the backup wall or heavy fabric curtains hung
100 percent full (i.e., 2 ft of curtain to 1 ft of surface width). To enhance
low-frequency absorption, be sure there is a deep airspace between the sound-
absorbing treatment and the backup surface.

Sound -reflecting
walls

Adjacent-Wall Treatment

Sound- absorping
panels ]

Airspace ( to increase—
low-frequency absorption
and reduce "boominess" )

Corner Treatment
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Nonparallel-Wall Surfaces (In the Sound-Diffusing Wall Modulations
example below, sound-absorbing (Large-scale cylindrical, triangular, or
ceiling or fully carpeted floor other surface irregularities can be
normally will be required if walls are used to provide diffusion)
hard-surfaced)

Cylindrical sound-

reil

ecting panels
(different radii)

" i

Sound=-absorbi
panels (to control
echo at 40°corner) [

LSnund—reNec‘tfng Triangular sound-
walls reflecting panels

(random depths)
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CONCAVE SURFACES

Concave wall and ceiling surfaces usually require treatment to prevent an-
noying sound reflections which reduce intelligibility of direct sound. Concave
shapes (circle, ellipse, parabola) cause reflected sound to converge at a focal
point. For example, sound energy may be concentrated in certain areas (called
focusing) or reflected along smooth concave surfaces (called creep echo, or
the “‘whispering gallery effect’ because low voice levels can be heard at con-
siderable distances away).

Shown below are problem situations and corresponding corrective mea-
sures. Note that focusing can be more noticeable for low-frequency sound en-
ergy because most finish materials are less absorptive at low frequencies.

Problem Solution

Focused sound Surface undulations: Large-scale, random-sized
surface undulations can provide diffusion to
minimize focusing of reflected sound energy (e.g.,
convex brick surfaces at M.I.T. Chapel, Cambridge,
Mass., Eero Saarinen, architect).

Sound
s0urce

Creep Sound-absorbing treatment. Acoustically transparent
material (e.g., spaced wood slats or open metal
grille) conceals actual enclosure, which can be
treated with deep sound-absorbing material to
reduce reflected sound energy and creep echoes.

~"%ound
,,4\_ source ©
Sound -
trangparent
facing

Sound-absorbing
Sound source 4 treatment s
O (whisper)
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An example of the whispering gallery effect occurs in the Union Terminal
Building, Cincinnati, Ohio (see sketch below). Sound energy is reflected along
the domed ceiling surface allowing persons at opposite ends of the rotunda
(> 180 ft apart) to easily converse at whisper voice levels; however, persons
only a few feet away from the speakers cannot hear the conversation! Other
examples where similar effects occur include the dome of St. Paul’'s Cathedral,
London, England, and the old Senate Chamber at the U.S. Capitol, Washington,
D.C.

"—Creep echo path
( reflections along
hard surface of

dome )

Talker Listener
( at 'whispering' ( hears reflected
voice level) sound from above)

Creep Echo from Dome

Note: Domed planetariums can be designed to avoid focusing by using a sound-
transparent liner on which the sky images are projected. The plenum above the perfo-
rated liner can be treated with either deep sound absorption or sound-diffusing ele-
ments.

Shown below are examples of poor distribution of sound in domed audito-
riums. In the auditorium shown at the left, the extent of seating affected by fo-
cusing will be far greater than indicated because source locations on the stage
will vary.

Orehestra

shell —\'

Focused sound

Auditorium (Focused reflections Motion Picture Theater (Useless
from concave-shaped ceiling) reflections from dome)
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SOUND REFLECTORS

An effective sound reflector has a hard surface, such as thick plaster,
double-layered gypsum board, sealed wood, or acrylic plastic, and is signifi-
cantly larger than the wavelength of sound it is designed to reflect. For ex-
ample, at a frequency of 500 Hz, the wavelength of sound is about 2 ft. Con-
sequently, an 8-ft-diameter panel (i.e., dimension about 4 times the
wavelength) should be used to reflect sound energy greater than 500 Hz.
However, sound energy less than 500 Hz can bend around the panel, en-
hancing reverberance at low frequencies.

The sound-reflecting pulpit canopy shown below can provide useful rein-
forcement of the direct sound as well as prevent long-delayed reflections and
potential echo conditions from the high ceiling. In the church example shown
below, the organ and console are located within the sanctuary, not in a gallery
or other deep recess. For guidelines on space requirements and preferred
placement of pipe organs, see H. Klotz, The Organ Handbook, Concordia Pub-
lishing, St. Louis, Mo., 1969, pp. 102-116.

Section View of Church

Suspended canopy Hard, sound-reflecting
above elevated ceiling
pulpit

Organ and choir located
together with line-of-sight
to congregation

Note: In churches, an interior of thin wood paneling applied to furring can be an unin-
tended, effective vibrating panel sound absorber (see Chap. 2). The absorption by the
panel action can reduce low-frequency reverberation considerably, giving an unpleasant
“shrill”* characteristic to music. If wood is desired, vibrating-panel effects can be avc_)ided
by adhering the wood directly to a rigid backup wall or by using closely spaced furring
supports (< 1 ft apart).
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Pulpit Canopy Details

Reflected sound
path toward
congregation

Direct sound
path
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CHECKLIST FOR WORSHIP SPACES

In spaces for worship there is the need for acoustical properties to support
both intelligible speech and sufficient reverberance for music. It may be pos-
sible to satisfy both needs by providing a long reverberation time for music
(about 2 s at mid-frequencies) and an electronic, sound-reinforcing system for
speech articulation. In some churches, the most important part of the service
may be either speech or music, which will determine the optimum reverber-
ance. For example, if organ music is the most important, a long reverberation
time (>2 s) will be required for enhancement of tone and blending. (It should
be noted, however, that many organ builders seem to emphasize reverberance
to the exclusion of other equally important acoustical properties for music, such
as even distribution of sound energy, sufficient lateral reflections, and tonal bal-
ance.) Reverberance can also help the congregation avoid the feeling of
"*singing alone’* during hymns or sung responses or “‘speaking alone’ during
prayer or responsive readings. The volume, finishes, and shape of a worship
space will affect the articulation of speech and quality of music.

Listed below are guidelines to help designers achieve conditions for good
hearing in worship spaces.

1. Music is best supported in churches with relatively narrow plans (providing
short initial-time-delay gaps) and high room volume. Wide plans, which wrap
the congregational seating around the pulpit/choir area, do not provide suffi-
cient lateral sound. Its absence contributes to an impression of distant sound,
lacking fullness of tone. For planning purposes, volume per seat ratio should
be 180 to 300 fi? per person for churches where speech is the most impor-
tant part of the service; 200 to 400 ft3 per person for churches where music
is the most important part. Avoid deeply recessed seating areas which shield
listeners from reverberant sound.

2. Pulpit or lectern should be elevated and located close to the walls. In spaces
with especially high ceilings, use a pulpit canopy (with upward tilt) to enhance
the direct sound and to prevent long-delayed reflections from the ceiling.

3. Avoid domes, barrel vaults, and other concave shapes which focus sound en-
ergy. To mitigate focusing effects, concave ceilings can be “flattened™ in the

Pulpit canopy (to cantilevered (or
Kprevent long - delayed '$lying") balecony
reflections From ceiling)

\

\ T
\ T
2

Elevated pulp[t Sloped soffit

Flat Ceiling
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center or treated with sound-diffusing elements such as uneqqal facets. If the
focal point is far above the seating (> 1/2 floor-to-ceiling height), reflected
sound will be weaker than it would be if the ceiling were flat.

Dome ( does not provide
useful reflections)

Al is poor at
rear pews

Lﬁngth-to-wfdth ratio (L/W)> 2

™

Pulpit

Domed Ceiling

4. Lay out seating to achieve good sight lines and minimum pew-to-pulpit dis-
tances to enhance speech perception. Pew cushions and carpeting used only
in the seating areas can provide constant sound absorption, so reverberance
does not vary greatly with the number of occupants present. Where carpet is
used primarily to control footfall impact and shuffling noises, use carpet having
low pile weight and low pile height, installed without a pad underneath. Loop
pile will be more sound reflective than cut pile of the same weight. Do not use
carpet in the chancel or choir areas, or in pew areas if active participation of
congregation is desired.

5. Wall and ceiling surfaces generally should be sound-reflecting (concrete, thick
plaster, or double layer of thick gypsum board or thick wood supported by
closely spaced studs) with large-scale irregularities, splays, or bumps such as
deep coffers to contribute to desired reverberance, diffusion, and lateral reflec-
tions (to surround listeners with sound). In general, avoid materials which se-
lectively absorb sound energy at low frequencies (e.g., single layer of thin
wood or gypsum board). For example, adding a second layer of 5 /8-in-thick
gypsum board to 5/8-in-thick gypsum board supported by 1 x 3 wood furring
with fibrous insulation fill between furring can reduce absorption at 125 Hz by
one-half (absorption coefficient reduced from 0.55 to 0.28).

6. Underbalconies may need special treatment such as sloped soffits and depths
restricted to less than the opening heights. Shape balcony faces and rear walls
with large splays or convex elements to avoid long-delayed reflections and
echoes (or carefully treat with limited amount of sound-absorbing finishes ).

7. Locate choir, organ, and organ console close together (< 40 ft apart) to
achieve balance between organ tone and choral music. Surround both with
sound-reflecting surfaces shaped to blend and project sound toward the con-
gregation. Ceiling height above the choir should not be too low (< 20 ft).
The choir must clearly hear the organ for proper support and rhythmic gui-
dance. If the organist is also the choir director, orient the organ console so the
choir can see the hands of the organist. Avoid using carpet and pew cushions
in the choir areas because the absence of sound-absorbing materials at these
critical locations have an overwhelming influence on loudness and pattern of
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early sound energy distribution. Choir areas should be somewhat elevated with
direct line of sight to the congregation (not located in deep recesses).

. Organ pipes should be located in the open where they will be acoustically con-

nected or coupled to the sanctuary (not in deep recess or transept) with di-
rect line of sight to the congregtion. Provide space (> 1.5-ft clearance) at
sides and rear of organ to allow servicing. O}gans can have freestanding pipes
or pipes in a wood panel casework (to blend sound and help develop har-
monics) . All ranks of the organ must be clearly heard. If the organ is to be
visually hidden, place pipes in a shallow recess (> 125 t* for each stop or
set of pipes) finished in hard, sound-reflecting materials. Use sound-
transparent grille with framing members less than 2 in wide and deep, with
spacing between to provide more than 75 percent unobstructed open area.

—— Wood panel casework

Stop (set of pipes,
usually one pipe for
each Key or pedal)

—— Wind chest (contains
set of valves to control

airto pipes )

Chest of Organ Pipes

9. To prevent interference with meditation, prayer, and appreciation of worship

10.

services, background noise levels from the mechanical system should not ex-
ceed noise criterion NC-25 for large spaces, or NC-30 for smaller spaces. En-
closing constructions must reduce intruding noise to levels below these criteria
(see Chap. 4). In small sanctuaries, be careful to control the noise produced
by air outlets and return grilles because occupants will be seated closer to
these terminal devices than they would be in large spaces. Isolate noise and
vibrations of the organ blower (see Chap. 5).

To achieve intelligible speech in reverberant spaces, use the highly directional,
central electronic sound-reinforcing system to concentrate amplified speech
over the congregational seating area and allow the sound to come from the di-
rection of the pulpit location. As an alternative to the preferred central system,
use a distributed system such as a dense array of cone loudspeakers located
overhead or a pew-back system with signal-delay features (see Chap. 7). In
churches with flexible seating, overhead distributed systems can be designed
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to switch off loudspeakers located above the unoccupied areas (see
illustration below) .

Loudspeaker
zone no. |

Loudspeaker
Zone no, 2

Zones for Overhead Distributed System

Note: To respond to the special needs of hearing-impaired persons, consider installing
an assistive listening system (e.g., magnetic induction loop, FM radio, infrared) which
allows the individual listener to control the sound level through a headset or connection
to personal hearing aid. For a comprehensive review of these basic systems, along with
a directory of manufacturers, see R. Brook, ““Sound Systems for the Hearing Impaired,”’
Theatre Design & Technology, Summer 1983, pp. 22-25.
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AIR ABSORPTION

As sound waves pass through air, energy is absorbed. This phenomenon
is called molecular relaxation because the air molecules absorb energy when
they bump each other. The amount of absorption is insignificant at frequencies
below 2000 Hz and above 10,000 Hz. However, the effect of air absorption
should be included when calculating the total room absorption of large spaces
and when sound propagates over great distances outdoors (see page 266n).

The curves below show air absorption a,, in sabins per 7000 ft°, so be
careful to divide the room volume by 1000 before multiplying by the a,, coeffi-
cient from the graph. When estimating air absorption for large spaces, use an
a,, of 8 per 1000 ft® at 4000 Hz. If thermal conditions are to be precisely con-

trolled by the HVAC system, use a,, at the anticipated air temperature and rela-
tive humidity conditions.
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Note: Air absorption is the reason thunder “cracks’™ when heard up close, but 'I‘rum-
bles”* when heard from a distance—the high frequencies are attenuated by the air! It is

also why jet aircraft “‘rumble” when far overhead, yet “'screech” at high frequencies
when nearby at airports.

Reference

C. M. Harris, *Absorption of Sound in Air versus Humidity and Temperature,” Journal of
the Acoustical Society of America, July 1966,
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CHECKLIST FOR MULTIPURPOSE AUDITORIUMS

124

The list below presents important acoustical parameters affecting the de-
sign of multipurpose school auditoriums (e.g., middle and high schools, col-
leges) with seating capacities in the range of 1000 to 2000.

1.

2,

Site: Select a quiet exposure far away from highways, flight paths, or noisy in-
dustries.

Space Use: Multipurpose uses include lectures, dramas, instrumental recitals,
and symphonic music. Consequently, a full-frequency-response sound-
reinforcing system will be required (see Chap. 7).

. Interior Location: Use corridors, storage rooms, and other “'buffer”” spaces to

isolate the auditorium from noise. Avoid locations adjacent to music rehearsal
rooms, mechanical equipment rooms (e.g., do not locate HVAC equipment
under the stage), carpentry shops, and other noisy spaces. Enclosing con-
structions should be based on the principles presented by Chap. 4. For ex-
ample, all doors to the auditorium should be solid, heavy, and gasketed around
their entire perimeters to be airtight when closed. Treat corridors and lobbies
with generous amounts of sound-absorbing materials to control noise buildup.
Dead spaces tend to induce occupants to speak at lower voice levels.

Buffer zone (to isolate auditorium
from shop and mechanical room)

Auditorium | 2berdge | oo

2[L.r:adfng

Carpentry
Stagehouse cho

QfFices | Mechanical
equipment

rm.

Rest rooms

e

y (¢an buffer suditorium
" from nois)

—.__1“__‘ A . . I v st

Layout Using Buffer Spaces

ROOM ACOUSTICS

4. Volume: Volume per seat ratio should be 200 to 240 ft3 per person, which

can be achieved with a room volume less than 500,000 ft3. The preliminary
shape can be based on visual or seating considerations alone. However, to
emphasize lateral reflections, plans that are rectangular, roughly square, or only
slightly fanned are preferred. Arrange seating to provide the audience with
good sight lines (e.g., moderately sloped seating layouts at >7° ) and to min-
imize the distance to the performing area.



5. Reverberation: Use the Sabine equation to determine the reverberation times
at 125, 500, and 4000 Hz. This is the formula generally used by acoustical
testing laboratories. Published absorption data on most building materials are
intended for use in this formula. Be sure to include air absorption, which may
be significant at high frequencies in large spaces. The reverberation time T
should be 1.4 to 1.9 s at mid-frequencies (i.e., average of reverberation at
500 and 1000 Hz), 1.3T at 125 Hz, and 0.8T at 4000 Hz. At high frequen-
cies, too much reverberation usually means “harsh” or “rasping” listening
conditions. At low frequencies, too much reverberation usually sounds
“"boomy,"" whereas too little sounds “shrill.”" The following general guidelines
can be used to select finish materials and furnishings.

Ceiling: Use sound-reflecting materials such as concrete, thick wood, or thick
gypsum board. However, if required for control of reverberation, the perimeter
along both sides and rear can be sound-absorbing (about one-third to one-half
of the ceiling area covered in a horseshoe pattern) or use a checkerboard pat-
tern consisting of alternate areas of sound-absorbing and reflecting materials.

Side Walls: Use sound-reflecting and diffusing surfaces with as many irregulari-
ties as possible (e.g., sunken panels, splays, and undulations) . For variable
sound absorption, hang large amounts of fabric curtains or banners along the
rear portion of side walls or in cubic volume above suspended sound-reflecting
panels.

Rear Wall: Use diffusing surface with large-scale irregularities or, if this is not
possible, treat with carefully placed deep sound-absorbing finish to control
echoes.

Floor: Carpet all aisles, except in front of the stage, to aid in footfall impact
noise control. Do not use carpet in seating areas.

Seating: Use fabric-upholstered seats (never leatherette, thin metal, or
plastic) . Absorptive seating will help provide ‘stable’” reverberation condi-
tions, so the reverberation will be nearly the same when the auditorium is full
as when it is partially occupied. Use seating that does not selectively absorb
sound at low frequencies. Continental seating layouts have greater spacing be-
tween rows than conventional seating with center aisles. However, continental
seating in large auditoriums can present a vast uninterrupted sea of absorptive
people to performers on stage.

6. Ray Diagrams: Use ray-diagram analyses to properly orient the ceiling and
side walls, especially near the proscenium. Ceiling and wall surfaces should
provide useful sound reflections (i.e., early reflections with < 28 ft path differ-
ence from direct sound) and diffusion. Avoid vaults, domes, and other con-
cave surface shapes.

7. Background Noise: Background noise should be low so it will not cover up or
mask performances (see Chap. 4). The HVAC system should be designed so
its noise will not exceed the preferred noise criteria. Control air velocities at
room registers and grilles, and use internal sound-absorbing duct linings
and/or mufflers to prevent duct-borne noise transmission in both the supply
and return air-distribution systems (see Chap. 5).

8. Stage Enclosure and Orchestra Pit: Shape to provide good distribution of
strong early reflections and diffusion. The reverberation time of the stage-
house should be approximately equal to that of the auditorium. Reverberation
will be longer when surfaces surrounding the stage are shaped to interreflect
or scatter sound rather than to reflect sound toward the absorptive audience.

The orchestra pit, sized at about 14 to 16 ft2 per musician, should have a
removable sound-absorbing curtain (or panels) along its rear wall to allow the
conductor to control loudness in the pit.
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Unsatisfactory loudness 7

(too loud a2t front rows) 7
>|.&H
H
Low Shell (Side panels > 50 ft Preferred High Shell (Stage ceiling
apart) > 30 ft high, side walls < 50 ft

apart, and shell < 30 ft deep)

9. Balcony: Use balconies to reduce the distance to the farthest row of seats
and/or to increase seating capacity. Keep the overhang shallow (i.e., depth
less than twice the opening height), slope the soffit, and treat the face with
sound-diffusing elements (or sound-absorbing material) to prevent echoes.

Section Section

4 Average distance

from stage to
ceating areas

Average distance from
[stage to seating areas

; D2 >0, i
. Balcony |
Plan Plan
Auditorium with Balcony Auditorium without Balcony

10. Sound-Reinforcing System: Provide a central space just above and slightly in
front of the proscenium opening to accommodate a cluster of loudspeakers
(see Chap. 7). Be sure the audience has line of sight to the high-frequency
horns of the cluster. Locate the control console for the sound system at a cen-
tral location in the audience seating area. A far less effective alternative loca-
tion is the rear of auditorium in a separate room which can be opened to allow
the operator to attempt to hear the sound being controlled.

126 ROOM ACOUSTICS



HOW TO COMPUTE CUBIC VOLUME

Because reverberation time is directly proportional to the size of a room, it
is extremely important that cubic volume be correctly computed. For example,
if cubic volume is x percent in error, predicted reverberation time would be a
corresponding x percent in error. For most situations, a change of 10 percent
or more in reverberation can be detected by listeners. Volume of rooms that
are cubic or rectangular solid in shape can be readily computed by multiplying
length times width times height. Shown below are volume formulas for several
regular and irregular shaped rooms. In many designs, it is best to subdivide
room volume into smaller volumes, such as in an auditorium: main hall,
orchestra pit, underbalcony, abovebalcony, and so on. The resulting total
should be far more accurate than an estimate based on average overall dimen-
sions of length, width, and height.

W
2
V=LXWXH v=EExH
Rectangular Solid or Cube Cylinder

+
v="8 % V=rH(R—-%)
Barrel Vault Dome (Segment of sphere)
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_BXA
== X H
Prism

=‘é- (2HW + 2AB + HB + WA)

Irregular
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EXAMPLE PROBLEM (VOLUME COMPUTATION)
A classroom/small theater is described by the plan and section drawings
below. Find the total cubic volume V in this room.

40' 80’

]lf W

25’ 40 15’
1 ;
Stage \-Seating Stage volume Seating area
Plat?arm volumes
Plan Section

1. Subdivide the room into three volumes: irregular, rectangular solid, and prism.

Rectangular colid
volume

.

15’

Prism volume
|rregular volume

2. Compute cubic volume for each volume using formulas from preceding pages.
Total cubic volume is sum of three subvolumes.
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TOtaI VOlume V - vunegular + Vrectangmar solid + Vpnsm

V.

irequl

o =& (2HW + 2AB + HB + WA)

=%[:2x15x351+

(2 X 15 X 40) +
(15 X 40) +
(35 X 15) ]

=LX WXH

Vrec:languiar solid

=80 X 40 X 15 48,000

L BXAL

pdsm 2

H

= X 40 = 8,000
Total V = 78,500 ft°
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EXAMPLE PROBLEM (REVERBERATION TIMES)

The reverberation time in a 250,000-ft* high school auditorium is calcu-
lated below for full and one-half occupancy conditions. An auditorium of this
type, which serves many functions, must be designed with a compromise re-
verberation time. For example, a short reverberation time is desirable for
speech activities and a long reverberation time is needed for instrumental
music, chorus, and organ music. Consequently, a mid-frequency reverberation
time of 1.8 s at 500 Hz is selected from the chart on page 64. This reverbera-
tion time will be appropriate for music activities, where blending is needed, and
will not be too long for speech activities, especially if a properly designed
sound-reinforcing system is used (see Chap. 7).

For guidelines on how to select reverberation times at low and high fre-
quencies, see page 125. In this example school auditorium, the reverberation
time at 125 Hz should be about 1.37 = 1.3 X 1.8 = 2.3 s. If the preferred
reverberation times from the table below can be achieved, the bass ratio there-
fore will be approximately 1.3. This ratio of low- to mid-frequency reverbera-
tion times is a very important characteristic of rooms where music is to be
performed (see page 155).

To find the required total absorption a, use the Sabine formula rearranged

SO:

_ 0.05Vv

a="F
=005 2850'000 = 6944 sabins at 500 Hz
125 Hz 500 Hz 4000 Hz
Preferred reverberation time (s) 23 1.8 1.4
Required total absorption from Sabine
formula (sabins) 5435 6944 8929

Using the required absorption totals in the above table as a goal, calculate
absorption a in sabins for all surfaces by multiplying given surface area in ft?
times the respective sound absorption coefficient a. The table on the following
page shows the step-by-step computation process at sound frequencies of
125, 500, and 4000 Hz.
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125 Hz 500 Hz 4000 Hz

Material Area (ft2) a sabins a sabins o sabins

Fully Occupied
Ceiling:

Gypsum board (in suspension

system) 8150 0.15 1223 0.05 408 0.09 734
Side walls:

Plaster on concrete block 5700 0.12 684 0.07 399 0.04 228
Rear wall:

Thick fibrous blanket behind

open facing 1500 060 900 082 1230 0.38 570
Aisles:

Carpet on foam rubber 1600 0.08 128 0.57 912 0.73 1168

Wood 250 0.15 38 0.10 25 0.07 18
Orchestra pit and apron:

Wood 950 0.15 143 0.10 95 0.07 67
Proscenium opening:

(Moderately furnished stage) 1100 0.40 440 0.50 550 0.60 660
Air:

(Coefficient per 1000 ft3) - " " - "8 2000
Audience:

Seated in upholstered seats

(includes edge effect) 4500 039 1755 0.80 3600 0.87 3915

Total absorption (sabins) 5311 7219 9360

One-Half Occupied
Total absorption in auditorium
less audience absorption from

“fully occupied’’ computation 3556 3619 5445
Seats:
Fabric, well-upholstered seats 2000 0.19 380 056 1120 0.59 1180
Audience:
Includes edge effect 2500 0.39 975 0.80 2000 0.87 2175
Total absorption (sabins) 4911 6739 8800

Finally, use the absorption totals (highlighted above) in the Sabine
formula: 7= 0.05V/a = (0.05 X 250,000) /a = 12,500/a to find the rever-
beration times summarized below.

Reverberation Time (s)

Conditions 125 Hz 500 Hz 4000 Hz
Fully occupied 2.4 1.7 1.3
One-half occupied 25 1.9 1.4

Since the anticipated normal use condition will be between one-half and
full occupancy, the above computations show that the auditorium satisfactorily
meets reverberation time criteria.
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OPTIMUM REVERBERATION TIME

The graph below presents optimum reverberation times at mid-frequencies
(average of reverberation at 500 and 1000 Hz) for auditoriums with volumes
of 10,000 to 1,000,000 ft® A deviation of as much as 10 percent from op-
timum reverberation generally will be satisfactory if other important attributes
of room acoustics have been successfully achieved. For music perception, re-
verberation adds to the fullness of tone, blended sound, and richness of bass
frequencies.
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VARIABLE SOUND ABSORBERS

When the reverberation time must be varied to satisfy the requirements of
different activities in a room, the sound-absorbing treatment can be designed
to be adjustable. For most situations, listeners can detect a change in reverber-
ation greater than or equal to 0.1 s. Surfaces or furnishings can be designed to
expose either sound-absorbing materials (see column at left) or sound-
reflecting materials (see column at right) . In rooms for music, be careful to
avoid placing absorption near the sources of sound where it can adversely af-
fect early sound energy.

Retractable Sound-Absorbing Curtains

Curtains can be adjusted to vary the amount of absorption and, when
stored in a recess, to expose a sound-reflecting backup surface. For music per-
ception needs, curtains should be stored in a high transmission loss enclosure

so they will contribute almost no absorption.
‘\-'—ieaq velour curtain \Sound—raﬂacting

( draped to 100% fullness) packup wall
Pocket (to house curtain
anrgn gpmd abQOrptlon )
noe- des'red )

Note: A visually opaque, sound-transparent screen (called transondent) can be placed
in front of curtains to allow changes in curtain extension without affecting appearance.
This prevents the adjustment of the curtains for visual, not acoustical, reasons. Be
careful where music perception is important because the deep airspace behind the
sound-transparent screen could absorb too much low-frequency sound energy by acting
as a volume resonator.

Sliding Facings

Two panels of perforated material can be used to vary absorption by
sliding one panel in front of the other. The holes are lined up for maximum ab-
sorption and are staggered (or offset) for maximum reflection. The latter
alignment blocks the path to the sound-absorbing treatment installed behind
the panels.

Eeao. sound-adbsorbing \

“reatment Sound-reflecting facing
Two panels or sound-transparent (because holes are staggered,
racing material X shielding fuzz behind panels)

*Holes lined up to provide maximum absorption,
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Hinged Panels

Sound-absorbing material installed on back of sound-reflecting panel can
be swung into position to vary conditions from hard to soft.

. . =

Sound - absoroing Sound-reflecting
mater al panel

Rotatable Elements
The details shown below are similar to the rotatable prism elements at

I'Espace de Projection, IRCAM, Paris, France (V. M. A. Peutz, acoustical con-
sultant) which have three sides: reflecting, absorbing, and diffusing.

: ; 3 : 2 4 4 3
i ' 4
s B i~ i “v\/\:/\'_/

50.ng-aps0rbing 5ide Sound -reflecting and
(«'%n ceep vol%me benind) sound-diffusing sides

Note: Variable absorption also can be used to adjust the reverberation during orchestra
rehearsals in music halls so rehearsal conditions match performing conditions, when the
audience is present.
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VARIABLE VOLUME EXAMPLES

Shown below and on the facing page are examples of auditoriums where
the cubic volume can be varied to match reverberance and patterns of re-
flected sound energy to the intended functions. The reverberation times
needed for intimate drama (< 1 s) and symphonic music (> 1.8 s) require
radical changes in volume with corresponding changes in seating capacities. In
the following examples, seating capacities vary from more than 3000 at the
top to less than 1000 at the bottom. Below are depicted variable volume con-
figurations at Jesse Jones Hall, Houston, Texas (CRS Sirrine, architects and
BBN, acoustical consultants) and on page 137, variations at Edwin Thomas

Orchestra shell

Movable sound-reflecting
ceiling (>800 hexagonal-
shaped, damped steel
panels )

Concert hall (3100 seats)

Fly loft

Sound-transparent, stee!
mesh Soffit panel
Movable sound-reflecting

ceiling (lowered to reduce
cubic volume)

Stored orchestra
shell

-~

Orchestra pit

Opera house /theater (800 geats)

Jones Hall
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Hall, University of Akron, Akron, Ohio (CRS Sirrine, architects and V. O.
Knudsen, acoustical consultant). In practice, there is the almost irresistible
economic temptation for owners to use the largest seating capacity for all
functions.

. Movable sound-reflecting
PN /ceiiing (> 3600 convex -
shaped, damped steel

\
panels )
gﬂ Flying balcony (open

at rear wall)

22
L

| |

ks

e

SR
:-\.év: ,:,h": 22
i
o

R
-a;.;:ﬁ'

Orchestra shell

Concert nall ( 3000 seats)

Stored orchestra
shell

Movable sound-reflecting
ceiling (lowered to
reduce cubic volume)

Flkj loft

Orchestra pit

Opera house (2300 seats)

!

i | o .

S
j !

Fly loft
Forestage Movable sound-reflecting
extension ceiling in lowest position

Drama theater (400 seats)

Thomas Hall

rOOM acousTics 137



BASIC THEATER STAGES

The basic theater stages are the proscenium stage (where the performing
area is largely in a coupled stagehouse viewed through a “picture frame”’
opening), the open, or thrust, stage (where the performing area extends into
the audience area), and the arena stage (where the performing area is entirely
surrounded by audience). In the open and arena stages, sound-reflecting walls
and ceiling (or suspended panels) are extremely important to help compen-
sate for the directivity of high-frequency speech signals. Because the human
voice is more directional at high frequencies than at low frequencies, consider-
ably less high-frequency sound energy (10 to 20 dB lower) is radiated behind
the performer than in front of the performer. In addition, this portion of the fre-
quency range strongly influences speech intelligibility.

Stage or
perrorming area

Audience
sealing area

Proscenium Open or Thrust

Arena

Note: For preliminary estimates of stage areas, use an area based on 15 to 20 ft2 per
musician for stages for orchestra alone. Add 800 ft2 for chorus.
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STAGE ENCLOSURES FOR ORCHESTRA

Panels constructed of thick plywood, damped sheet metal, or heavy
gypsum board can be used on stages to surround (or enclose) the sources of
sound. These sound-reflecting and diffusing panels (called a stage enclosure,
or orchestra shell) can help distribute balanced and blended sound uniformly
throughout the listening area by connecting (or “coupling””) a portion of the
stagehouse cubic volume to the volume within the main hall. Stage enclosures
(< 2 percent open) increase loudness by preventing sound energy from being
absorbed by scenery in the fly loft and wings. The fly loft is the volume above
the stage where scenery is “flown’" out of sight when not in use. Therefore,
this portion of the stagehouse normally is highly sound absorptive. When not
needed to support music performances, enclosures should be designed to be
dismantled and stored compactly without interfering with other stage functions.

The surfaces surrounding an orchestra should also contain small-scale ir-
regularities to blend and reflect the high-frequency sound energy from the va-
rious instruments. The enclosure can contribute to good music-listening condi-
tions onstage (i.e., provide balance between various sections of the
orchestra), where it is essential that musicians and chorus members clearly
hear themselves and each other to perform as a coordinated group (called en-
semble) . Note that the specific arrangement of musicians depends on the
number of musicians and style of music to be performed. It is prudent to de-
sign enclosure panels so they can be adjusted ('‘tuned”) while the orchestra
performs in rehearsal.

Plan of Stage Enclosure

N

Stagehouse wing

Orchestra and chorus position—\\

Orchestra position\

Recital position

/2 stagehouse width

(full widé‘/h should be about
2W to allow space for
performer assembly, scenery,
curtaing, and workspaces

Sound - reF!ecting and
diffusing vertical panels
(about | to 2Ib/Ft? density)

Proscenium opening width
(W)
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Stagehouse Section

Gridiron (to provide access
to and support for cables, >6Fft
winches, and other equipment)

Fly or stage loft below
gridiron

L
————1

Fly loft should be >1.5H
( to contain scenery and
hangings and to conceal
Sound-reflecting and diffusing panels, Pipe, and other
overhead panels (2 @ surface equipment)

orientations ) 5
R

~

Fire curtain

Wood stage floor installed

on sleepers with » 24t —

airspace below (to enhance ) )

by resonance bass sounds Proscenium opening

from stringed instruments height (H)

with end pine which contact |

Floor) : f—f\fpron or forestage
-~

Note: The fixed height of the proscenium opening H usually varies from 20 to 35 ft
(and higher for opera). The fixed width of the proscenium opening W varies from 30
to 80 ft, depending on the type of theatrical or orchestral production.
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FORESTAGE CANOPIES

Sound-reflecting panels, suspended in front of the proscenium, reflect
sound energy from the stage to the audience and decrease the initial-time-delay
gap. These panels, called forestage canopies, extend the orchestra shell into
the auditorium. This extension can enhance the direct sound needed for inti-
macy and can also reflect sound energy from the orchestra pit back toward the
pit. The openings between the panels allow sound energy to flow into the
upper volume so it can contribute to the low-frequency reverberance in the
main auditorium below (needed for warmth) .

Forestage Canopy (To extend contained shell )

Seund - reflecting
forestage canopy

i
h& Ma.l -

|
198

[l . i
tontained orenestra shell

Coupled Stagehouse (With open articulating shell to allow flow of low-
frequency sound energy)

[} ]

] i Articulating orchestra shell panels
'(f'rtaon:ﬂ:Seg;cunedcgra:;;tg:w ( uJi'It,': adljugs‘_cable orientation and height
flow into main auditerium) to control mix of reflected sound)

! r TIN| |
Stage nangings (remove N l ‘ ] 3
ortie pack) A z}-
. P b

s, Lo

5lot (to absorp energy——4—
from brass and tumpani
instruments )

The reverberation time of stagehouses should be approximately equal to
or less than that of the main auditorium, unless the stagehouse is to be used
as a "‘coupled’ reverberant chamber. To achieve a reverberant stagehouse for
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an articulating shell, do not specify unpainted concrete block or install sound-
absorbing materials on the walls of the stagehouse, and keep the fly loft free
of materials which absorb sound. The side walls of articulating shells should be
5 to 10 percent open; the overhead panels should be 15 to 50 percent open,
depending on the height of the panels.
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ORCHESTRA PITS

Orchestra pits should be designed so music can be blended and balanced
with sound from the stage. The section below shows the elements of a tradi-
tional orchestra pit located between the proscenium stage and the audience.
Guidelines which give square feet per musician can be misleading in sizing
orchestra pits because risers require extra space and the elbow room a musi-
cian requires varies from instrument to instrument (e.g., musicians playing
cellos or trombones require more space than those playing clarinets ). Never-
theless, for preliminary planning purposes, provide more than 16 ft2 per musi-
cian. Also shown below are pit layouts which use movable reflectors to ac-
commodate more than 100 musicians and less than 40 musicians.

Orchestra Pit Details

Projection of apron (to permit Edge of stage apron (to be as
performers to pe close to Thin as possible )
audience)

Removable, solid pit railing with lower
height at conductor's position

2 ; ?5F¢ (to reflect sound toward sta
Overhang volume (to provide — eyl and reduce sound level at fron
space for adjustable sound rows in audience)
reflectors and absorbpers) \

S : 3%:%@‘

Adjustaole apsorption (curtaing >78t |
or removable panels to reduce <‘
sound level of brass instruments

and to blend and balance
orchestral sound )

Removaple, sound-absorbing
panels (to vary absorption

Trap room (or ‘acoustical moat’) in pit)

Orchestra Pit Layouts

Movable sound-reflecting
Ypanels (to vary size of pit)

\ e

/ AN

Side Area for Overhang Area for Edge of stage
stage HO musicians of stage 100 musicians apron
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BALCONIES

Balconies can be used in large auditoriums to reduce the distance to the
rear seats and to increase seating capacity (e.g., narrow halls with shallow
balconies can achieve optimum intimacy) . The basic elements of a balcony are
shown below. To prevent echoes or long-delayed reflections off the balcony
face, apply deep sound-absorbing finish, tilt or slope the surface facing the
stage so sound will be reflected toward nearby audience, or use diffusing
shapes, such as convex elements, to scatter sound.

Basic Elements

Balcony face or front Depth o* balcony
overhang (3)

Sight line To front
or;se-tnrrd of ceiling f?\
-

Height of Jnderbalcony
opening (H)

Sloped soffit (performers —
on stage should have -
line-of-sight o soffit)

Note: For good sight lines, the highest seat in the balcony should not exceed a 26°
angle to horizontal at stage floor (e.g., drawn from curtain line or bottom of motion
picture screen).

Examples of Poor Balconies

Persons seated deep under a balcony (or transept in a church) cannot re-
ceive useful reflected sound from the ceiling and are shielded from the rever-
berant sound. The listening conditions are therefore very poor because sound
will be weak and dull. The example balcony designs shown below should be
avoided because they shield the audience in the rear seats from most reflected
sound.

Seats in shadow of balcony
overhang (no line-of-sight
to ceiling in main hall)

Reflected
sound
paths
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BALCONY DESIGN EXAMPLES

Concert Hall and Opera House

In a concert hall, the depth D of the underbalcony should not exceed the
height H of the opening. This restriction on the depth helps reverberant sound
energy reach listeners seated in the rear rows. In an opera house, D should not
exceed 1.5H. The balcony soffit should be sloped to reflect sound toward the
heads of the listeners seated underneath and to better connect, or couple, the
underbalcony volume with the volume of the main hall. When the vertical sepa-
ration H between side balconies is sufficient, the balcony soffits can be de-
signed to provide useful lateral reflections to the audience at the center of the
main level seating area.

In halls with a central sound-reinforcing system, be sure the audience in
the last row has line of sight to the cluster. If this cannot be achieved, use
underbalcony loudspeakers with signal-delay features (see Chap. 7).

D<H

adj
it

coff;

Motion Picture Theater

Direct reinforced sound from loudspeakers located behind the screen al-
lows deeper balcony overhang. Therefore, in motion picture theaters and sim-
ilar facilities, D should not exceed 3H, although 2H is still the preferred limit in
theaters where other functions occur.

L D<2H
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Flying Balcony

The cantilevered balcony (or flying balcony) is open at the rear, allowing
reverberant sound energy to surround the audience seated underneath. D can
be longer than the conventional balcony of the same H because reverberant
energy will be greater at the rear rows. An early example is the flying balcony
completed in 1889 in the auditorium-theater in the Auditorium Building, Chi-
cago. Unfortunately, the elliptical ceiling in this 4237-seat reverberant audito-
rium (Adler and Sullivan, architects) did not evenly distribute reflected sound
energy, but focused sound into the central seating area causing hot spots and
interference.

L D

Reverberant
sound
energy

"Flying balconu (can nave — I __ o
D>H because reverberant sound el
energy will be directed Toward
rear seats U"defneath)
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EVALUATION GUIDE FOR MUSIC PERFORMANCE SPACES

How To Use Evaluation Guide

The scales on the evaluation guide can be used by listeners to record their
subjective impressions of spaces for music performance (e.g., concert halls,
churches, recital halls). Place a checkmark in the section of the scale which
best represents your individual judgment of the specific attribute or condition.
The primary purpose of the evaluation guide is to encourage users to become
familiar with important acoustical properties of rooms where music is per-
formed. The guide is not intended to be used to rank the best or worst spaces
because there always will be a wide range of individual judgments, even
among experienced listeners and performers. Recognize also that it is ex-
tremely difficult to separate judgment of a hall from either judgment of the
quality of a particular musical performance, or from longstanding personal mu-
sical preferences.

Subjective Judgments of Music Performances

Subjective impressions can be recorded for the following conditions (see
evaluation guide on page 149):

Clarity (listen to beginnings of musical notes and observe degree to which
individual notes are distinct or stand apart)

Reverberance (listen to persistence of sound at mid-frequencies)

Warmth (listen for strength or liveness of bass compared to mid- and
treble frequencies)

Intimacy (listen to determine if music sounds as though played in a small
room regardless of actual size)

Loudness (listen for direct sound and reverberant sound; evaluate during
louder passages for comfort conditions and weaker passages for audibility )

Diffusion (listen for envelopment of terminal sounds or feeling of immer-
sion in sound; compare conditions with eyes open and closed)

Balance (listen for relative strength and quality of various sections of
orchestra, and between orchestra and soloist or chorus)

Sounds which interfere with perception of music performances may also
be observed. The most common are the following:

Background noise (sounds other than music or from audience, heard
during times solo instrumentalists play faintest notes, or when hall is empty)

Echoes (notice direction and strength of any long-delayed, discrete sound
reflections)
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Use a separate evaluation sheet for each seat where performance is to be
evaluated. Absence of "‘dead spots,” that is, locations where music is very
weak, and minimum variations in listening conditions throughout space indicate
good uniformity. Remember, there are no absolute or “‘correct’” answers. Sub-
jective impressions by individuals are the only evaluations that really matter.

Overall Impression

The box at the bottom of the guide should be used to record your overall
impression of the musical performance at a given seat location. It is suggested
that traditional academic ratings be used: A (for best ever, a most memorable
listening experience) to F (for one of the worst, a truly bad listening experi-
ence), with C for average experience. Always keep in mind that this guide is
intended to be used to develop an understanding of specific music perform-
ance conditions and, by careful observation, how they may be affected by ar-
chitecture.
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EVALUATION GUIDE

(Place mark on section of scale which best represents your impression of listening condition. Use separate
sheet for each seat where performance is to be evaluated. )

CLEAR SOUND L | I | L I BLURRED SOUND

(varies from clear or distinct to blurred or muddy)

LIVE REVERBERANCE | ! I 1 I | DEAD REVERBERANCE

(liveness or persistence of mid-frequency sounds)

WARM BASS L I 1 I | | COLD BASS

(relative liveness of bass or longer duration of reverberance at bass compared to mid- and treble frequencies)

INTIMATE SOUND L L | I I REMOTE SOUND

(auditory impression of apparent closeness of orchestra)

SATISFACTORY UNSATISFACTORY

LOUDNESS LOUDNESS (too weak
| | 1 I 1 | or too loud)

(indicate early or direct sound (symbol D) and reverberant sound (R) on scale)

RICH DIFFUSION POOR DIFFUSION
(expansive sound) L I I L | I (constricted sound)

(envelopment of sound which surrounds listener from many directions)

GOOD BALANCE | | | I | | POOR BALANCE
(observe between musicians and soloist or chorus, among sections of orchestra)

SATISFACTORY UNSATISFACTORY
BACKGROUND NOISE BACKGROUND NOISE
(very quiet) L | | | ! I (very noisy)

(from HVAC system, or intruding noise from ancillary spaces or outdoors)

ECHOES L INo L IYes Direction:
(long-delayed reflections that are clearly heard)

Music Performance Space: Date:

Seating Capacity: Cubic Volume: ft3
Orchestra/Conductor: Composer/Work:

Seat Location: Seat No.:

(Use space at right to sketch floor plan, or cut and paste seating layout
from program booklet. )

OVERALL IMPRESSION
(Refer to instructions on preceding pages. )
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EVALUATION GUIDE (EXAMPLE APPLICATION )

(Place mark on section of scale which best represents your impression of listening condition. Use separate
sheet for each seat where performance is to be evaluated.)

CLEAR SOUND L / | L L | BLURRED SOUND
(varies from clear or distinct to blurred or muddy)

LIVE REVERBERANCE | n/ I 1 __| DEAD REVERBERANCE
(liveness or persistence of mid-frequency sounds)

WARM BASS | |/ L L L ] COLD BASS
(relative liveness of bass or longer duration of reverberance at bass compared to mid- and treble frequencies)

INTIMATE SOUND L \/ L ! I | REMOTE SOUND
(auditory impression of apparent closeness of orchestra)

SATISFACTORY UNSATISFACTORY
LOUDNESS LOUDNESS (too weak
L | R L D | | | or too loud)

(indicate early or direct sound (symbol D) and reverberant sound (R) on scale)

RICH DIFFUSION / POOR DIFFUSION
(expansive sound) | ] 1 | 1 | (constricted sound)
(envelopment of sound which surrounds listener from many directions)

GOOD BALANCE | v ! . ! ! | POOR BALANCE
(observe between musicians and soloist or chorus, among sections of orchestra)

SATISFACTORY UNSATISFACTORY
BACKGROUND NOISE / BACKGROUND NOISE
(very quiet) | I | | | I (very noisy)

(from HVAC system, or intruding noise from ancillary spaces or outdoors)

ECHOES LL_J No L 1 Yes Direction:
(long-delayed reflections that are clearly heard)

Music Performance Space: @[hhg_m;]_c,ﬂa“ Date: |3 Feb 95
Seating Capacity: _2., 000 Cubic Volume: 625,000 3
1

> : =— =={seatu
Orchestra/Conductor: Dy, Whom Composer,’Work:Shos akov "_‘" — = ‘5
Seat Location: Mﬂlﬁ lgug!} near ﬁidb ma" Seat No.: = —
(Use space at right to sketch floor plan, or cut and paste seating layout Ge.a,t__xj_-:‘_ —
from program booklet. ) K9 | ==

B + OVERALL IMPRESSION @Gt%e,

(Refer to instructions on preceding pages.)
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MUSIC CONDITIONS AFFECTED BY ROOM ACOUSTICS DESIGN

The table below presents music listening conditions along with room
acoustics properties which influence the corresponding subjective judgments of
music performance. If a hall is to be successful, its design must satisfy all
these requirements.

Subjective Music Acoustical Properties
Conditions of Room

Clarity and intimacy Initial-time-delay gap (< 20 ms)
Shape and proportion (e.g., length-to-width ratio < 2, or use
suspended sound-reflecting panels)

Avoidance of deep underbalconies

=W N

Reverberance (or Volume (300 ft3/person for rectangular halls, 450 ft3/person
“liveness'’) for surround halls) to provide sufficient reverberance (1.6 to
2.4 s at mid-frequencies)

2. Shape and proportion
3. Furnishings and finishes (sound-reflecting walls and ceiling)
4. Audience capacity and seat spacing (< 9 ft?/person including
aisles)
Warmth 1. Relationship of absorption at low frequencies to mid-
frequencies (bass ratio > 1.2)
2. Thick, heavy enclosing surfaces
3. Width of room (height-to-width ratio > 0.7)
4. Size and shape of sound-reflecting side walls
5. Coupled spaces (stagehouses, understage moats)
Loudness 1. Volume (and other reverberance properties listed above)
2. Distribution of sound-absorbing finishes
3. Stage enclosure and sound-reflecting surfaces at front end of
room
Diffusion 1. Large-scale wall and ceiling surface irregularities, quadratic-
residue diffusers
2. Shape and proportion (e.g., narrow widths, large height-to-
width ratios)
3. Finishes and furnishings
Balance and 1. Size of stage enclosure (and use of risers for musicians)
onstage hearing 2. Shape of sound-reflecting panels near orchestra (stage

enclosure design)
3. Distribution of sound-absorbing finishes (and audience seating
in surround hall)
Adjustability of overhead sound-reflecting panels

-
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SABINE AND THE CONCERT HALL

After Wallace Clement Sabine completed his pioneering work to improve
the listening conditions in the 436-seat lecture room of the Fogg Art Museum
at Harvard University, he continued his studies testing a wide variety of rooms
and measuring the sound absorption properties of numerous common building
materials. Because of this work on room acoustics, in 1898 Sabine was asked
to serve as acoustical consultant on the new Boston Symphony Hall (McKim,
Mead, and White, architects). It was to be the first hall designed using scien-
tifically derived principles of room acoustics.

Sabine favored the rectangular “’shoebox’* shape of the Boston Music Hall,
the Leipzig Neues Gewandhaus, and other successful nineteenth-century Euro-
pean halls. In addition to recommending the proportion of length to width, he
attempted to achieve a long reverberation time for music (> 2 s for the fully-
occupied hall) . He also recommended splaying the sides of the stage (to
better project sound toward the audience), narrowing the stage width (to pro-
vide intimacy for orchestra performance), coffering the ceiling and constructing
deep side-wall niches and pilasters (to diffuse sound throughout the hall), and
controlling ventilation system noise. Nearly a century after its completion in
1900, Boston Symphony Hall is still rated as one of the outstanding concert
halls in the world.

Shown below are plan and section views of three traditional rectangular
halls: Boston Symphony Hall (see photo of interior on cover of book), Leipzig
Neues Gewandhaus, and Vienna Grosser Musikvereinssaal.

Symphony Hall, Boston, Massachusetts (Completed 1900, seating capacity
263 1-persons)
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Stage of Boston Symphony Hall

Neues Gewandhaus, Leipzig, German Democratic Republic (Completed
1886, seating capacity 1560-persons, destroyed during World War Il)
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Grosser Musikvereinssaal, Vienna, Austria (Completed 1870, seating
capacity 1680-persons)
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The table below compares important characteristics of the three halls:
height to width ratio H/W, length to width ratio L/W, ratio of volume (ft3) to
audience areas (ft?), and reverberation time T at mid-frequencies (500/ 1000

Hz).
Volume to Seating

H/W L/W Area Ratio T (s)
Boston 0.8 1.7 40 1.8
Leipzig 0.7 1.7 34 1.6
Vienna 0.9 1.6 44 2.1
Modern criteria > 0.7 <=2 > 45 1.6t0 2.4
References
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W. J. Cavanaugh, "Preserving the Acoustics of Mechanics Hall,” Technology &
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CHECKLIST FOR CONCERT HALLS

When auditoriums are used primarily for music performances, the design
goal is to achieve throughout the hall: satisfactory level of sound or loudness,
referred to as dynamic range by musicians; definition of music perception, i.e.,
clarity, reverberance, and intimacy; and appropriate tonal balance and texture.
The list below summarizes important acoustical properties of rooms needed to
achieve satisfactory music perception.

1. Reverberation time at mid-frequencies (i.e., average of reverberation at 500
and 1000 Hz) when hall is occupied should be 1.6 to 2.4 s for opera, sym-
phonic, organ, and choral music. An empty hall should have longer reverbera-
tion times. See page 64 for preferred ranges of mid-frequency reverberation
times for a wide variety of activities. Music in rooms with appropriate reverbera-
tion times sounds full-toned, live, and blended. In rooms with too much
reverberance, music sounds “muddy’ and indistinct.

2. For music performances, the bass ratio, a measure of the low-frequency re-
sponsiveness of a room, should be greater than 1.2. The bass ratio is the re-
verberation time at low frequencies (i.e., average of reverberation at 125 and
250 Hz) divided by the mid-frequency reverberation time. For example, if the
mid-frequency reverberation time is 2 s and the low-frequency reverberation
time is 2.4 s, the bass ratio will be (2.4 + 2) = 1.2. Higher values of bass
ratio, indicating fullness of bass tone or “warmth,”” may be acceptable in es-
pecially large halls. Reverberation times should increase about 10 percent per
octave below 500 Hz to allow fundamental frequencies of musical instruments
to persist sufficiently and to avoid masking from low-frequency background
noise. Avoid thin (e.g., < 3/4-in-thick wood) or lightweight materials (not
attached to a rigid backup surface), which absorb low-frequency sound en-
ergy by panel action. When coupled to the hall, a reverberant volume under
the stage platform can be used to enhance low-frequency reverberation for the
audience near the stage (see example below).

Stage platform

Floor in audience seating area

Reverberant sound energy

] S L RLEES

Mozt volume (>20% open
to auditorium)

Curtains (fo adjust sound
absorption in moat)

Section

Acoustical Moat

3. Intimacy can be achieved by providing an initial-time-delay gap ITDG of less
than 20 ms for reflected sound energy. For symphonic music, rectangular halls
should have length-to-width ratio L/ W of less than 2 to produce strong lateral
reflections. Listeners prefer conditions under which sounds are different in
each ear. An important goal, therefore, is to achieve strong lateral reflections
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from the side walls. Ray-diagram analyses should be used to assure ITDGs
from side walls are less than 23 ft (i.e., 20 ms X 1/1000 X 1130 ft/s). In
wide halls, the first reflection will be from the ceiling, producing similar sounds
in both ears. The ratio of early lateral sound energy to total early energy in-
creases as the height-to-width ratio H/ W of the hall increases (i.e., less wide
halls) . Several highly regarded traditional rectangular concert halls in Europe
have H/ W ratios greater than 0.7. Ray-diagram analyses also can be used to
design suspended sound reflectors (convex or flat panel elements sloped
about 45° to the horizontal) so early reflected lateral sound will be provided.
Area of suspended panel arrays typically should be 40 to 50 percent of the
stage area. To aim sound to desired locations, individual panels should be ad-
justable in height and orientation. This feature also allows “‘tuning”* of the hall.

Ceiling coffers (to
enhange difFusion ) RN

Suspended, adjustable Height (H)

sound ~reflectin Ipane.i-.;
(to provide short 1TDGs )

Steeply sloped wall panels — =
(to pravidz |ateral — =J
sound and diffusion) k

(to enhance direct sound
of orchestra)

N

Suspended Sound-Reflecting Panels

4. Loudness is determined by cubic volume, sound absorption, and shape of
front end of hall. It contributes to the definition of music. For rectangular con-
cert halls, volume per seat ratio should be 300 ft® per person; for surround

Main floor seating Sloped seating

Stage {-etage

Rectangular Hall Surround Hall
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halls, 450 ft* per person.* Loudness can be measured by placing a standard
fan sound source onstage. For concert and opera halls, mid-frequency sound
levels (from a standard reference source: ILG blower driven by a 1/4-hp elec-
tric motor) should be 52 to 58 dB. For music perception during performances,
peak levels often are 890 dBA or more at fortissimo playing (very loud), de-
pending on dynamic range of instruments and passage being performed. How-
ever, preferred listening levels are normally less than 80 dBA.

5. Audience absorption can be a significant factor in concert hall design. Limit
seating density to 6.5 to 9 ft? per person because the more the audience is
spread out, the more sound it absorbs. Halls with fewer than 2000 seats can
be designed to provide optimum intimacy and loudness for symphonic music.

6. Halls should have diffusing surfaces, such as deep coffers, carved decorations,
large-scale pilasters, or projecting piers at 1/4 A (i.e., > 6 1/2 in deep for
500 Hz and above) on side walls, balcony faces, ceilings (e.g., exposed
beams, boxed-in air ducts), and stage walls, so that listeners perceive re-
flected sound from many directions. Even uniform coffers can enhance diffu-
sion because the angle of incidence for sound waves from the stage will differ
from front to rear coffers. It is especially important that musicians hear each
other to play well. Sound-diffusing surfaces near musicians can provide useful
early interreflection of sound energy. Avoid flat surfaces, which can cause
“harsh’ or "'glaring’’ listening conditions for music. The quadratic-residue dif-
fuser was invented in the 1970s by Dr. Manfred Schroeder to provide con-
trolled diffusion in concert halls (cf., M. R. Schroeder, Number Theory in Sci-
ence and Communication, Springer-Verlag, Berlin, 1986). These diffusers,
constructed to have wells of varying depths, have found wide application in re-
cording studios, where they are called Schroeder boxes. A prime number (i.e.,
no whole number larger than 1 goes into it evenly) divided into each of the
squares of the series of all numbers less than the prime number yields a re-
mainder (or residue) sequence. This sequence can be used to establish pro-
portion for varying depths in a diffuser. The table below shows how residues
are determined for the prime number 11. For example, 5 squared is 25, the
prime number 11 goes into 25 twice (2 X 11 = 22), and the remainder is 3

(25 — 22).
Number n: 123 4 5 6 7 8 9 10
Number squared n*: 149 16 25 36 49 64 81 100
Remainder sequence

(n? divided by prime

number) : 149 5 3 3 5 9 4 1

Example sound-diffusing shapes are shown below. Quadratic-residue diffusers
QRDs for the prime number 7 are used at Segerstrom Concert Hall, Costa
Mesa, Calif. (QRDs designed by J. R. Hyde, acoustical consultant).

Folded-Panel Surface

Depth
S N

H

\—51oped sound-reflecting
panel (varying depths)

*Audience absorption is not directly related to the number of occupants. It is proportional to the total floor area of
seating, including part of the fioor area of the aisles (see definition of the edge effect in Chap. 2). The ratio of
volume (ft?) 1o audience area (fi), including orchestra seating, should be more than 45 for concert halls.
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Convex Modulations

\Cglindrical sound-reflecting
panel (varying radii)

Remainder sequence
for prime number 7
(establishes depths)

O OOOOOOODIOCHOCHOOD0

Backup surface
or rigid base

Well
depth -

well
width

Q—;Thfn fin divider (1o
form wells of varying
depths)

Recessed sound-reflecting
strip (e.g., wood, concrete,
acrylic plastic)

"’Quadratic-Residue’’ Diffuser (Prime no. 7)

Shallow well—
Deep well
(% A)
Nw\/'-)\ height
N /

N

lsometric view of QRD wall panel

7. Sound-reflecting surfaces near the stage and orchestra should contribute to
satisfactory tonal texture (i.e., subjective impression due to change or se-
quence of signal delays and levels of the sound reflections ). These critical sur-
faces should be shaped so sound energy will reflect back toward the stage,
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providing performers with the essential sensation of responsiveness of the
hall. Tonal texture is strongly affected by the acoustical properties of the hall,
the composition and placement of the orchestra members, and the program
selection and style of the conductor.

8. Avoid echo-producing surfaces onstage and in the hall. Discrete, flutter,
creep, and other echo phenomena must be avoided. Nevertheless, some
sound energy should return from the rear of rectangular halls to the stage so
that the performers can gauge the responsiveness of the hall to their efforts.
The balance between these conflicting goals is very delicate and requires
careful tuning.

9. Background noise levels must be near the threshold of audibility (NC-15 or
RC-15 for concert halls) to achieve high signal-to-noise ratios for good lis-
tening conditions and to allow musicians to produce the greatest possible au-
dible dynamic ranges. (See Chap. 4 for preferred noise criteria NC levels for a
variety of listening spaces. Do not exceed NC-20 for most auditoriums.) Lob-
bies and circulation corridors, when carefully designed, can act as buffers to
noise.

10. Other important factors affecting the acoustical success of concert halls include
psychological aspects of design such as: color (e.g., most orchestra conduc-
tors prefer white and gold interiors to blue interiors ) ; use of wood (most mu-
sicians believe wood is essential in concert halls even though other materials
reflect sound equally welll) ; seating arrangement (provide good sight lines
and comfortable seats); reference of listeners to other halls (which estab-
lishes personal norms) ; ancillary spaces (e.g., "'dead’ foyers or lobbies,
which tend to create the impression of solemnity when entering a more rever-
berant environment, instead of “live’”’ foyers or lobbies, which tend to create
the impression of dryness by contrast) ; amenities such as spacious ‘green’”
rooms to enhance morale of performers; etc.

Note: A special orchestral composition called “'Catacoustical Measures,” by T. J.
Schultz and D. Pinkham, can be used to help evaluate listening conditions by measuring
reverberance during pauses in both empty and occupied concert halls. This composition
was scored by D. Pinkham to have musical interest while at the same time producing
the entire frequency range of an orchestra with even distribution of frequencies from in-
dividual instruments (cf., T. J. Schultz, “Problems in the Measurement of Reverberation
Time,"" Journal of the Audio Engineering Society, October 1963, pp. 313-315). The
composition can also be used to facilitate the tuning process.
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CASE STUDY 1: WOODRUFF CENTER, EMORY UNIVERSITY

Woodruff Health Sciences Center Administration Building
Emory University
Atlanta, Georgia

The section view of the Woodruff building at Emory University shows the
classrooms and auditorium below the plaza level and the medical school ad-
ministration offices above. The auditorium was designed to accommodate 500
people on two levels, primarily for lectures, convocations, and related speech
activities. The balcony soffit was sloped to increase the size of the opening to
the audience seated underneath (D < 2H), and to provide line of sight to the
central loudspeaker cluster for persons in the last row (see Chap. 7). The
sound-reflecting oak ceiling panels were oriented to evenly distribute sound en-
ergy throughout the auditorium. Concave balcony face and rear walls were fin-
ished with glass fiberboard covered with Belgian linen (i.e., deep absorption to
prevent echoes and control reverberation) . The ceiling above the suspended
panels was covered with glass fiberboard to further control reverberance. Mid-
frequency reverberation time is 0.8 s. Heavy enclosing concrete constructions
and duct treatment reduce mechanical equipment noise to noise criteria NC-25
(see Chaps. 4 and 5).

Architect: Heery Architects & Engineers, Inc. (Atlanta, Georgia)
Acoustical Consultant. Office of M. David Egan ( Anderson, South Carolina)

UF#ices\

Classroom level

Auditorium

Xﬂaza [evel

Building Section
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Glass fiberboard attached to Fabric-covered glass

ceiling (to control reverberation) / fiberboard with airspace
behind (to prevent

Suspended oak panels (to echoes from concave

reflect sound toward audience) ballc%ng face and rear
wal

Sloped balcony soffit

Stage platform

Auditorium Section

Deep, sound- absorbing
rear wall treatment

Sloped side walls (to project
sound toward audience and
To prevent flutter echo at
stage )

Suspended oak
panels

Auditorium Reflected-Ceiling Plan
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> e
E. Alan McGee/ Atlanta

Administration Building and Exterior of Auditorium Wing from Plaza Level

E. Alan McGee/Atlanta

Auditorium from Balcony

Reference

R. Yee, “"Woodruff Medical Administration Building,”” Contract Interiors, October 1977,
pp. 74-77.
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CASE STUDY 2: BOETTCHER CONCERT HALL

Boettcher Concert Hall
Denver, Colorado

Boettcher Concert Hall, completed in 1978, is a 360° surround music hall
designed to place the audience of 2750 close to the performers. More than 80
percent of audience is less than 65 ft from performers. Audience seating is or-
ganized into several “'terrace block™ balconies rather than a single circular
amphitheater pattern. This increases the area of reflective surfaces near the
audience. Balcony faces are thick plaster shaped in convex ribbon patterns (to
diffuse sound), balconies are steeply sloped (to reduce audience attenuation),
and seats have sound-reflecting high wood backs (to increase intimacy). This
1,315,000-ft? hall has an overhead canopy (panel array) consisting of 106
adjustable, suspended, sound-reflecting circular-convex 1/2-in-thick acrylic
plastic saucers (to improve onstage listening conditions and reflect sound to
audience seated near stage). Mid-frequency reverberation time is 2 s and
volume-to-audience-area ratio is 51 (to provide sufficient liveness at mid-
frequencies and warmth at low frequencies).

Architect: Hardy, Holzman, Pfeiffer Associates (New York, New York)
Acoustical Consultant: Jaffe Acoustics, Inc. (Norwalk, Connecticut)
Sound System Designer: David H. Kaye (Boston, Massachusetts)

‘Suspend;e%] s0UN l-reilecting Flying palcony
saucers' (to retlec

sound toward audience) r—Terrace block seating
eﬁﬂse \

Acoustical moat (%o enhance
low-frequency reverberation)

Hall Section
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cteeply sloped terrace
olor.bf %ea't'mg ( to reduce
audience attenvation)

Hall Plan

Hall from Upper-Level Balcony

References

C. Jaffe, "360-degree Symphony Halls and Music Pavilions,” Audio Engineering Society,
New York, Preprint No. 1092, November 1975.

R. H. Talaske et al., Halls for Music Performance, American Institute of Physics, New
York, 1982, pp. 16-17.
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CASE STUDY 3: DUNHAM AUDITORIUM, BREVARD COLLEGE

Dunham Auditorium
Brevard College
Brevard, North Carolina

The 500-seat auditorium, originally completed in 1957, had an extremely
short mid-frequency reverberation time for music (< 0.6 s), poor diffusion,
and poor coupling from stage to audience. To increase reverberance, the orig-
inal sound-absorbing ceiling was removed, opening the entire auditorium to the
attic volume above. In addition, the proscenium walls were removed to further
increase the total effective cubic volume of the room by more than 40 percent.
Windows along the side walls were filled in with masonry (to improve sound
isolation from outdoor noise) and finished with large-scale gypsum board
“bumps” (to provide diffusion and enhance lateral sound). The renovated au-
ditorium reopened in 1981 with significant improvements in room acoustics,
which greatly enhanced conditions for performance and perception of music.
Mid-frequency reverberation time now is 1.4 s and improved volume-to-
audience-area ratio is 44 (to increase liveness and warmth). Length-to-width
ratio L/W s 1.5.

Architect: Daniels-Worley, Architects (Brevard, North Carolina)
Acoustical Consultant: Office of M. David Egan (Anderson, South Carolina)

—Sloped baleony face Wing
(taP prevent gcho
toward stage)

1 :
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I
|
Lobby E Sesting Stage
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1
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Face of new stage —
extension
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View toward Stage (before renovation)

View toward Rear Wall (before renovation)
Robert L Darvels, AlA
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Deep balcony at Sound-avsorbing tile Attic volume
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A B. Swtong
View toward Stage (after renovation)

View toward Rear Wall (after renovation)
R. B. Srong
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CASE STUDY 4: STUDIO B, TODD-AO FILMS

Studio B, Todd-AO Films
Hollywood, California

The film production studio shown below contains electronic control equip-
ment for mixing and editing of prerecorded sound tracks. Loudspeakers are lo-
cated behind a large perforated projection screen and “‘surround’ loudspeakers
are located on the side and rear walls. The walls are treated with thick glass fi-
berboard and mineral fiber behind a transondent protective facing of wood
slats (see also Chap. 2). Three thicknesses of sound-absorbing material were
randomly distributed on the walls to help achieve a relatively “dead’’ space
with the desired reverberation times of 0.5 s at 125 Hz, 0.4 s at 500 Hz, and
0.4 s at 2000 Hz.

Acoustical Consultant: Charles M. Salter Associates, Inc. (San Francisco,
California)

e |

AREEE

d‘l
Studio from Control Room

(with lovdspeakers of varying thickness behind open

Projection screen Fibrous sound-absorbing panels
Ylocated behind ) Kwood slat facing

Bird's-Eye View Perspective
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CHECKLIST FOR ROOM ACOUSTICS DESIGN

170 ROOM ACOUSTICS

. The level of the background noise (e.g., HVAC, intruding environmental

sources) must be sufficiently low to avoid interfering with the intended activi-
ties (see Chaps. 4 and 5).

. Sound energy must be evenly distributed throughout the listening space.
. Avoid echoes and any focusing effects. In small rooms for conferences or

music practice, with relatively little sound absorption, avoid parallel surfaces
and shapes which might emphasize certain frequencies (e.g., ratio of any two
of the length, width, and height dimensions should not be a whole number).

. The desired sounds must be sufficiently loud. Shape room surfaces to provide

useful sound reflections toward the audience. If size of auditorium and its use
require an electronic sound-reinforcing system, carefully integrate the system
with the room acoustics design (see Chap. 7).

. Provide the proper reverberation time characteristics. The reverberation time

must be long enough to properly blend sounds, and yet short enough so there
will be sufficient separation of successive sounds necessary for intelligibility. In
rooms for both speech and music, there is a natural conflict. A long reverbera-
tion time is desirable for music so that successive notes blend together, giving
richness in bass frequencies. However, for speech the reverberation time
should be short so that the persistence of one syllable does not blur or mask
subsequent syllables.

. Provide short enough initial-time-delay gaps for the early sound reflections in

concert halls and similar spaces. Initial-time-delay gaps should be less than 30
ms (i.e., a sound path difference < 34 ft) to provide useful reinforcement of
direct speech sounds.
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FUNDAMENTALS OF SOUND ISOLATION

A doorbell, as shown at the right on the facing page, can be used to
demonstrate the basic principles of sound isolation. With no isolation, the
doorbell produces 70 dB at a few inches away. When the doorbell is sur-
rounded by a 3/4-in-thick enclosure of low-density, porous glass fiberboard
(called fuzz), the transmitted noise is reduced by only 3 dB. Porous sound ab-
sorbers are very poor isolators because air molecules can readily pass through
them. By themselves they act as sponges; they absorb sound but do not pre-
vent its transmission!

When the doorbell is surrounded by a 1/2-in-thick plywood enclosure
with an airtight seal around its edges, the noise is reduced by 28 dB (from 78
dB within the enclosure to 50 dB outside). This is a tremendous change in
noise level and would be perceived by most observers as about one-fourth as
loud. The plywood enclosure is an effective barrier because it is solid, has suf-
ficient mass, and is sealed airtight around the edges. The seal is essential be-
cause even a very small opening can noticeably increase the transmitted
sound.

When the doorbell is surrounded by a 1/2-in-thick plywood enclosure fully
lined with 3/4-in-thick fuzz, the noise is reduced by 29 dB. However, the noise
outside is further reduced to 43 dB because the sound-absorbing lining reduces
the buildup of reflected sound energy within the enclosure by 6 dB.

The illustrations on the left show the effect that nearby reflective surfaces
have on noise. A noise source close to a reflective wall surface can be 3 dB
higher than in the open. When in a corner where two reflective wall and floor
surfaces surround the source, the noise can be 6 dB or more higher. Both of
these increases could be reduced by sound-absorbing surface treatment. As
shown by the doorbell enclosure without a sound-absorbing lining, the buildup
in a reverberant room can be 8 dB or more. Therefore, the most effective
sound-isolating enclosures are heavy, airtight, and have sound-absorbing
linings.
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Sound-Reflecting Surfaces Enclosures for Noise Isolation

Noise source (located

f I d fl
away trom walls an oor \N 1048
(®) C

B
\‘5ound level measured away
from retlective surfaces

Sound -reflecting
wall surface
% &7d8

— 3 "thick fuzz

Sound level increased
by 3dep

Sound~-reflecting wall
[)and floor surfaces T84dB S0dB

—'/2" thick plywood

Soft, sirtight seal
[ g

Sound leve!l increased
by &d®
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VIBRATION OF BUILDING ELEMENTS

Sound waves impinging on building elements, such as walls, floor, or
ceiling, produce back-and-forth motion. The magnitude of this motion or vibra-
tion depends on the weight (or mass) of the building element—the greater
the weight, the greater the resistance to motion and the less sound energy
transmitted.

ason 1]
Lightweight, hollow -core Heavy masonry we

wood door (no gaskeling)

= -

Transmitted sound Inciden
Conly slightly reduced ) soculgz *

=

Transmitted sound
(grestly reduced)

Incident
sound

Lightweight Construction Heavyweight Construction

In addition to weight, other factors affect wall motion. For example, certain
natural frequencies (also called “favorite frequencies”) for bending waves can
exist, depending on the stiffness of the construction. When these waves are
excited by impinging sound energy, the resistance to sound transmission is
greatly reduced (a phenomenon called the coincidence effect) .

TL curve predicted— ,
by 'mass’ of construction N7

PN
= Coincidence i
S dip ( >10 dB i

ot for many
9 materias)

’

c 3
S -
i - Plateau height (controlled
@ (ng:.gggn':'gih | by bending'stiffness’)
® internal "damping’)
—

L Y
7

Frequency (Hz)

TL Curve for Single-Layer Wall
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Transmission loss (abbreviated TL and measured in decibels) is a mea-
sure of how much sound energy is reduced in transmission through materials.
The more massive a material, the higher its TL. However, due to coincidence
effects, the TL at some frequencies will be far less than would be predicted by
only considering the mass of a material. This effect is shown on the above
graph of TL versus frequency.

Transmission loss can be expressed as follows:

TL=L|_‘L2

where TL = sound transmission loss (dB)
L, = sound level in laboratory source room (dB)
L, = sound level in laboratory receiving room (dB)

and 1
TL = 10 Iog;

where TL = sound transmission loss (dB)
1 = sound transmission coefficient (no units)

1 is the ratio of the sound energy transmitted by a material to the incident
sound energy.
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EXAMPLE PROBLEMS (TRANSMISSION LOSS)

1. Find the TL of a material that has a sound transmission coefficient 1 of
6.0 X 10-4,

L= 10Iog%

1
Vg

10 log (0.167 X 10¢)
10 log (1.67 X 103)
TL = 10 (3.2227) = 32 dB

2. The TL of a heavy concrete block wall construction is 40 dB. Find the 1 for

this wall.
_ 1
TL = 1l.'JI0g;|T =
N
N S
40 = 10¥og‘r s
4 = 1og 1 N
L= 1x10
%

©= 107% or 0.0001 of incident sound energy is transmitted.

3. An open casement window has a TL of O dB. Find the t for this opening.

TL=1OIog%
0'="10log
gT

Becauselog 1 =0

t = ¥ for an opening (all incident sound energy is transmitted!)
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MASS LAW

According to the mass law for homogeneous building materials, such as
glass, wood, and concrete, the TL and sound transmission class rating (abbre-
viated STC) increase by about 5 for each doubling of surface weight (in
pounds per square foot). STC is a single-number rating of TL performance for
a construction element tested over a standard frequency range. The higher the
STC, the more efficient the construction is for reducing sound transmission.
(See pages 199-201 for further details on the STC rating method. )

STC data for a variety of building constructions listed below have consid-
erable scatter about the theoretical mass law curve. Nevertheless, the trend
clearly indicates that heavier materials provide better sound isolation. This is
the fundamental principle of sound isolation for architectural acoustics.

55 y
50 - 4
12 / 9
i 8
- // *°IU
(9]
— 40
~ 2 /(
o >
- 2 5® 6 \-—Mass law curve
2 30
|
.% /
g "
w
L 20
S 4®
el
| 2 5 10 20 50 100

Surface weight (1b/ft?)

Building Constructions (number indicates data point on graph)

Glass:

1. 1/8-in-thick monolithic float glass
2. 1/4-in-thick monolithic float glass
3. 1/4- + 1/8-in-thick double-layer glass window with 2-in airspace between
panes
Doors:
4. 1 3/4-in-thick hollow-core wood door, no gasketing
5. 1 3/4-in-thick solid-core wood door, with gaskets and drop seal
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Walls:

6. 2 by 4 wood studs with 1/2-in-thick gypsum board layer on both sides

7. 2 by 4 staggered wood studs with 1/2-in-thick gypsum board layer on both
sides

8. 4 1/2-in-thick brick
9. Two wythes of 4 1/2-in-thick brick separated by 2-in airspace with metal ties
between layers

Floors / Ceilings:
10. 4-in-thick reinforced concrete slab

11. 6-in-thick reinforced concrete slab

12. 18-in steel joists with 1 5/8-in-thick concrete on 5/8-in-thick plywood with
carpet and pad on floor side, and 5/8-in-thick gypsum board attached to joists
on ceiling side
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TL IMPROVEMENT FROM INCREASING WEIGHT

The table below gives the STC ratings for 3-in-thick dense concrete

(12 Ib/ft? per inch of thickness) and for three successive doubled thicknesses
of 6in, 12 in, and 24 in.

Weight (Ib/ft?): 36 72 144 288
STC: 42 46 51 58

Mass law follows the law of diminishing returns. As shown by the above
data, the STC of a homogeneous construction increases about 5 for each
doubling of weight. However, it is the initial doubling that provides the most
practical improvement. Each successive doubling produces proportionally less
STC (or TL) improvement per unit weight and a greater increase in cost per
unit STC (or TL) increase. Consequently, complex constructions are required
when it is necessary to achieve high STCs and TL improvements, especially at
low frequencies. The graph below shows transmission loss performance for
3-in-thick and 12-in-thick concrete.

A /
12" thick concrete—, .
3" thick concrete V

/

3848

Transmission loss (dB)

=22

Freguency (Hz )
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EFFECT OF STIFFNESS ON TL

The sound isolation efficiency of materials depends on stiffness as well as
mass. For example, the graph below shows TL performance for two plywood
layers of equivalent total weight. According to the mass law, the TL perform-
ance should be the same. However, the grooved, less stiff layer has much
higher TL performance, especially at mid- and high frequencies.

ﬁ

% T —

/~

Transmission loss (dB)

-,

>15dB
coincidence dip

/

A
W' Tzzzzzz7777

3

Frequencg (Hz)

7

As shown by the above graph, the coincidence dip can be greater than 15
dB for stiff materials. This significant difference in TL is caused by the altered
response to bending waves, which are excited by the impinging sound energy.
Bending waves are similar to the wave motion in a rope shaken at one end.
The exaggerated sketch below shows bending-wave coincidence for a wall.

Bending wavelength "

o & i NG Direction of
2 ‘g? ; | 5 e S ‘ bending wave
(" e gy . . n..-o .-' '- In uJaH
r‘I'Q- CRUIC R & '.
‘?.l,. .,..'FQ‘ : . . ‘ )
‘km'. '.'UO * i legctloﬂ of
<. SV . incident sound

e

fw’aveleng'th (N) of
incident sound

Angle of
incidence

waves in air (2t
‘grating'angles)

To achieve high TL performance, use double-wall constructions with wide
separation between layers, light-gauge metal studs instead of wood studs, or
metal channels to “resiliently” support gypsum board layers. These elements,
if properly installed, can reduce the stiffness of a barrier. The ideal sound-
isolating construction would be heavy, limp, and airtight !
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TL FOR SINGLE WALLS

The graph below shows transmission loss performance based on equal
surface weight for several materials. The curve describing TL performance for
most single (or homogeneous) walls consists of three basic parts: the low-
frequency mass-controlled region at about 6 dB per octave slope; the plateau
region of relatively constant TL which depends on bending stiffness and in-
ternal damping of the material; and the critical frequency (and mass-
controlled) region above the plateau, usually at 10 dB per octave slope. Con-
sequently, high-frequency hissing or whistling sounds can be isolated by a ma-
terial which allows low-frequency rumbling sounds to be easily transmitted.

60
Mass law curve Lead
( 6dB per octag\
50 b slope) \
Y
40 - -/ Steel
& 7 s/ Concrete block
S 30 | / Glass ( or gypsum board)
8 |
c 20k / Fir plywood
[}
‘E L Plateau width Platesu
g ] U wi hefght
b ]
-
= 1 1 1 1 1 1 B T | 1 1 i

3.5 @3 125 250 500 1000 2000 4000 8000 (6,000 32,000
Frequency (Hz)

The stiffer a wall, the lower the plateau height, meaning the poorer the
sound-isolating performance. Conversely, the limper a material, the higher the
plateau height and the better the sound-isolating performance. As shown by
the curves, lead has the highest plateau height and the best sound-isolating
performance on an equivalent weight basis. The more damping a wall has
(e.g., energy loss from internal friction), the narrower the plateau width, re-
sulting in better sound-isolating performance. Notice that plywood and lead
have far narrower plateau widths than steel. When plywood is struck, it
“thuds'’ because of its internal damping. When steel is struck, it “rings’" be-
cause it has far less internal damping. For example, sheet metal air-conditioning
ducts are poor isolators of sound and, as a consequence, often must be en-
closed by gypsum board when they pass through noisy areas (see Chap. 5).

The TL at 500 Hz of homogeneous materials can be estimated by the

formwie: TL = 20 + 20 log G
where TL = transmission loss at 500 Hz (dB)
G = surface density (lb/ft?)

Surface densities for common building materials are: brick at 10 Ib/ft? per inch
of thickness, concrete block at 6 to 12 Ib/ft? per inch, plywood at 3 Ib/ft? per
inch, and plaster at 9 Ib/ft? per inch.
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SOUND LEAKS

Sound leaks, like water leaks, must be prevented because sound will travel
through any size opening with little loss. As any homeowner knows, even the
most expensive roofing system will leak when it is raining if there is only one
tiny hole in it! For sound, the more effective a solid construction is as a sound
isolator, the more serious the sound leak. For example, a 1-in? hole in a 100-ft?
gypsum board partition can transmit as much sound energy as the rest of the
partition, thereby destroying its sound-isolating effectiveness.

Consequently, when sound isolation is required, always seal cracks and
open joints in partitions, avoid back-to-back electrical outlets, and eliminate all
other potential sound leaks. The example partition shown at the left on the
facing page has sound leaks along both the head and floor tracks. By caulking
the perimeter of the gypsum board base layer on both sides, the TL can be in-
creased by more than 20 dB.

Sound leak at intersection
of masonry wall and ceiling
(due to openings at poorly
fitted ceiling anrds)

Sound leak at edge joint
(due to deflection of floor
slab and lack of sealant)

Sound Leaks at Walls
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Partition Leaks Electrical Outlet Leaks

Two layers of | Back-to-back
gypsum board_\ outlets
on steel studs J =3 ﬁll

Sound
leaks

Floor track or runne.r—T Sound
leak
| Side-to-side
I outlets
—4r 4 e

!

Caulking bead under —J Sound
floor track (does leak
not block sound leak!)
F;brqus insulation
(to'deaden' cavity
| airspace)
} Caulked outlet box
qgeninge and perimeter
N2 joint (Yo prevent sound leaks)
gy - ’,ﬂ,——nv—-
o
Caulked perimeter aF—J JORIY | -

base layer on both sides o - "
of partition ( to prevent L_____--——a
s5ound leaks ) >2ft separation so

at least one stud will
be between outlets

Reference
E. Ellwood, “The Anatomy of a Wall,” Sound and Vibration, June 1972.
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EXAMPLE SOUND LEAKS IN DOORS

The graph below shows the loss in TL effectiveness for “leaky™ doors.
Openings such as louvers, gaps at thresholds, and the like have a TL of O dB.
Therefore, these sound leaks can seriously reduce the TL of doors.

D

©

=)

§ Gasketed, solid-core

— wood door (no return

= a_fr louvers or visien

‘@ lights)
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1=

2 i "Leaky" door
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L —_—
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Example leaks in doors and corrective measures are presented below.
When doors must provide high sound isolation, use solid-core wood |(or fiber-
filled hollow metal) doors which are gasketed around their entire perimeters in
order to be airtight when closed, or use proprietary ‘‘acoustical’’ doors, which
come from manufacturer complete with gasketing and stops.

Sound

Leak Corrective Measure

Louver Avoid. Route air through separate
branch duct, or use muffler to cor-
ridor (see Chap. 5)

Vision panel Use at least 1/4-in-thick glass, lami-

at low TL nated glass, or two separate panes
of glass

Undercut Use threshold gasket or effective

threshold

drop seal
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EFFECTS OF SOUND LEAKS ON TL

The graph below shows the reduction in TL caused by sound leaks such
as unsealed open joints, openings in electrical boxes, and the like. For example,
an opening only 0.01 percent of the wall surface area can reduce the TL from
50 to 39 dB (see dashed lines on graph). The higher the TL (or STC) of a
construction, the more serious the sound leak. A leak of 1 percent in a
gypsum board partition can reduce its TL by 15 dB (from 35 to 20 dB). How-
ever, in a heavy masonry construction with a significantly higher TL of 60 dB,
the same 1 percent area of leak will cause a far greater reduction of 40 dB
(from 60 to 20 dB). The plateau heights of the curves show the highest TLs
that can be achieved at a percent sound leak no matter how effective the wall
TL. For example, a total of 1 percent sound leak area would limit a wall TL to

20 dB.
60 | -
Sound leak 7
?“f:F of totalj ,’, \r
— surtace area 7’ 0ol
© 50 | s Z -
< No leaks—37
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2 40 et —
- 29 I
- |
= ! 0.1
9 30 :
o I
I
i |
% ] I 1.0
w 2 —
£ — :
< i
P I
— 10 e 1
10 20 30 40 50 60 70
Transmission loss without leak (dB)
Reference

D. D. Reynolds, Engineering Principles of Acoustics, Allyn and Bacon, Boston, 1981,
pp. 327-328.
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TL FOR DOUBLE WALLS

The TL of a wall can be increased by separating the wall layers with an
airspace to form a double-wall construction. For the wood stud constructions
shown below, TL increases as the width of the cavity airspace increases. Fur-
ther increases in TL can occur if sound-absorbing material is added to the air-
space because absorption reduces the buildup of sound in the airspace. Shown
below are example double-wall and double-stud constructions. The double-stud

Sound-Isolating
YN Effectiveness
wood stud

Wood Studs

Good

3" thick glass-
fiber blanket or
batt insulation

A" thick gypsum
board

2x4 sole plate
4@-/

0”2

Better

x4 gole plates
separated by > |"
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construction breaks the direct sound transmission path through the studs from

layer to opposite layer because there are two independent framing systems

separated by 1 in or more. This construction technique widely separates both
sides of the wall, so the full benefit of the cavity absorption can be achieved.

Note: TL performance of the double-wood-stud construction can be greatly improved

when the weight of the gypsum board is doubled by adding a 1/2-in layer to both

sides. Do not attach the additional layers to the inside of the wood stud framings be-
cause a small air gap between these two gypsum board inner layers (< 2-in separa-

tion) can be a significant short circuit through the wall acting as a "'bridge,”” which
reduces TL by more than 10 dB at sound frequencies below 250 Hz.

One layer of /2" thick
gypsum board each side
of wood stud framing

/—F[brous insulation

Poor Low-Frequency Isolation

Two layers of /2 thick
g;psm board each side
of double wall framing

/—Fibrous insulation

T T YR

Better Sound Isolation
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TL FOR COMPOSITE CONSTRUCTIONS

When a “weaker’’ element, such as a window or door, is used in a con-
struction, the composite TL for the combination is usually closer to the TL of
the weaker element than to the “'stronger.”” Composite TL can be found by:

Composite TL = 10 log %

where TL = transmission loss (dB)
S = surface area (ft2)
T = sound transmission coefficient (no units)

Combinations of brick with a TL of 50 dB and single glass with a TL of 20
dB are shown below. Because the sound isolation provided by the glass is so
much lower than the sound isolation provided by the brick, only one-eighth
glass (or 12 1/2 percent of wall surface area) will reduce the overall effec-
tiveness of the composite construction to 29 dB!

Wall Composite TL (dB)
All Brick 50

HHE

10048 5048
One-Eighth Glass 29
10048 H 7148
One-Fourth Glass 26
=

10045 : A 74 48

One-Half Glass 23
100dB 1 7748

All Glass 20
10048 »04dB
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EXAMPLE PROBLEMS (COMPOSITE TL)

1. A 12.5-t? window with a TL of 20 dB is in a 100-ft2 brick wall which has a
TL of 50 dB. Find the composite TL of this window-wall construction. First,
find the sound transmission coefficients for brick and glass.

Glass (122 882)

Brick (87V2ft?)

For brick: For glass:
= 1 - 1

TL=10log TL=10log

50 = 10 log - = ]
= 097 20 = 10log;

1 _ 1

5-logt —Iog;

o =

= 10 o = 107
t= 108 = 10-2

Next, find the composite TL.

Composite TL = 10 log E‘Z

101 100
°9710-5x 875) + (10-2 X 12.5)

100

= 10|09W— 10 log (8 X 102)

Composite TL = 10 (2.9031) = 29dB

2. A 3 by 7 ft louvered door which has a TL of 10 dB at 500 Hz is located in
one wall of a conference room. The 18 ft long by 8 ft high wall with a TL of
45 dB at 500 Hz is staggered wood stud construction with two layers of
gypsum board on both sides. Find the composite TL at 500 Hz for this wall-

door construction.

Louvered door /
(3%t by 7¢1L)

psum board wall ]

ey 873 ]

First, find the sound transmission coefficients for the gypsum board wall con-
struction and the louvered door.
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For wood stud wall: For louvered door:

1

TL=10log% TL=10log

1 1

45 =10log 10 = 10 log ¢
—— ST |
4.5-—Ic»g‘r 1—Iogt

L — 316 x 104 1 -1 x 10

T ' 1

1=0.316 X 10-4 T=10""

Next, find the composite TL.

Composite TL = 10Iog~§';5§
_ 8 X 18
=10l09 376 % 10-5 x 123) + (10-7 X 21)
= 10log 7 1ex= = 10 log (6.84 X 10')

Composite TL = 10 (1.8351) = 18 dB at 500 Hz
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TL CHART FOR COMPOSITE CONSTRUCTIONS

The graph below can be used to find the composite TL. To solve the first
example in the preceding example problems, first find the percentage of the
weaker component (glass at 12.5 ft2): 12.5 + 100 = 12.5 percent. Next,
subtract the TL of the weaker component (glass) from the TL of the stronger
component (brick): 50 — 20 = 30 dB. Enter the bottom scale at 30 dB to
find the intersection with the 12.5 percent curve. Then read across to the ver-
tical scale at the left to find the correction number to be subtracted from the
higher TL value. (See dashed lines on graph.) Therefore, the composite TL
will be 50 — 21 = 29 dB. By combining TLs two at a time, the graph also can
be used to find the composite TL for multi-component constructions.

. 60 I
— 50

-?3) 40 |- /1'7‘ /
.:E_ 30 ,/ /14
3 //, zr// {/
_:: 20 ?:'i_---- ----- _._-.—_-—.......,-...---—.———_.——-/f—- ),///,/ A
C

@ /,A///I/(/ .
) gl
S0 / /

3 / [/ / s

9 :, " r—"lo of total area /S A1 AT

© occupied by door, ARV ATAN WA

2 7| window, oropening VAN AV

£ ¢ A 17

& . [ /]
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LN AN ALY ST

2 3 \\ 7 74 N EIRAU

S & o o | b v~ cl;-'g"{

% 2 / // / fi

2 any / / }

3 / / |

o |

O | 1

| 2 3 4 5 6781910 20.30 40 50 o0
(TL of wall) = ( TL of door, window, or opening ) in dB

Note: The following general guidelines may be used to plan sound-isolating composite
constructions. If the percentage of a weaker element is less than 25 percent, the TL of
the weaker element should not be more than 5 dB lower than the TL of the stronger el-
ement; if 25 to 50 percent, the TL should not be more than 2 dB lower; and if greater

than 50 percent, the TL of the weaker element will be the composite TL.
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NOISE REDUCTION BETWEEN ROOMS

The noise reduction NR between rooms is the arithmetical difference in
sound levels L's in the rooms. That is, the NR is the noise in the source room
at a sound level of L, less the noise transmitted into the receiving room at a re-
duced sound level of L,.

NR=L,-L,

where NR = noise reduction (dB)
L, = sound level in source room (dB)
L, = sound level in receiving room (dB)

The NR at a given frequency is independent of the noise level in the source
room. For example, if the NR is 40 dB and L, is 96 dB, L, will be 96 — 40 =
56 dB. If L, is lowered to 62 dB in this example, L, will be 62 — 40 = 22 dB.

Common wall (acts as large— —Noise reduction
diaphragm, radiating sound (NR in dB)
into receiving room)

Transmitted sound level — Sound level in Source
from source room (L2 in dB) “room (LiindB)

%

Receiving room Source room

=

_

The NR is dependent on the three basic factors listed below.

1. Area of wall transmitting sound (S in ft?). The size of the common barrier is
important because it will be the source of sound in the receiving room. When
a sound wave strikes the front side of a wall, its energy causes the wall to vi-
brate. This vibration sets into oscillation the air particles along the back (or

opposite) side of the wall. These vibrating air particles then radiate sound into
the receiving room.

2. Absorption in receiving room (a, in sabins). The noise buildup is greater in re-
verberant rooms than in “'dead,”” or highly absorptive, rooms.
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3. Transmission loss of common wall (TL in dB). TL is a physical property de-
termined by standard laboratory tests. However, in buildings the TL of a bar-
rier varies with edge support conditions, barrier size, and the quality of con-
struction. Sound leaks and flanking paths also can ruin any TL prediction. For
walls, TLs may range between 20 dB for lightweight partitions to 60 dB (or
more) for heavy, well-sealed constructions.

The above three factors can be related to NR by the following formula:

NR = TL + 10Ioga—§

where TL = sound transmission loss of common barrier (dB)
a, = absorption in receiving room (sabins)
S = surface area of common barrier (ft?)

The term 10 log (a,/S) may range between about +6 dB and —6 dB. If
the barrier size in square feet coincidentally equals the sabins in the receiving
room (the situation in many small enclosed office spaces with sound-
absorbing ceilings), 10 log (a,/S) will equal O because 10 log 1 equals O. In
this situation NR will equal TL. However, for most situations, the NR will be
higher or lower than the TL of the barrier, as shown by the graphs on the fol-
lowing page. If the common wall is constructed of two or more materials
(e.g., base construction with window or door), the composite TL should be
substituted for TL in the above formula.
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ROOM ABSORPTION EFFECTS

The TL performance of a given wall construction varies with its design and
where it is installed. In the examples below, the sound level L, is the same in
both source rooms and, as shown by the floor plan illustrations and TL curves,
the common partitions are identical. Although the L,'s are equal, the L,’s and
NRs are not! This is because the noise reduction is greater when sound energy
is transmitted into a large, highly sound-absorbent (dead) receiving room than
when transmitted into a small, reverberant (live) receiving room. The trans-
mitted sound does not build up in a dead room as much as in a live room.

All surfaces are
sound-reflecting
¢ "live" room)

N
Common
partition .‘
1 ; Py
1]
e
o
z
L| 16
IZD 5
. ?
Source room  Receiving room Freguency (H1)
Small, Reverberant Receiving Room
Common partition
All SL:eraces are
sound- absorbin A
('dead" room) ;\
. T
l o)
e
g oL
g z
Lz H S
& B 5
— ; . Q
Receiving room  Source room Frequency (Hz) &

Large, Absorbent Receiving Room
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EXAMPLE PROBLEMS (NOISE REDUCTION)

1. In an apartment building, two adjacent living rooms have a party wall con-
structed of 4-in-thick brick which has a TL of 40 dB at 500 Hz. The surface
area S of the wall is 200 ft2, and both rooms have 300 sabins of absorption
a, at 500 Hz. Find the sound level L, in room 2 if the sound level L, in room 1
is 74 dB.

First, find the noise reduction NR between the rooms.
a;
NR =TL + 10 log Y

=40 + 1010g 320 = 40 + 10 log 1.5

NR = 40 + 10 (0.1761) = 41.8 dB

Next, find the sound level L;.

NR=L,-L,

and therefore

L,=L,-NR

L, =74 — 418 =32.2= B3@8 at 500 Hz in room 2

2. The common partition between a private office and a mechanical equipment
room has a surface area of 100 ft2 and a TL of 35 dB. The office has 200
sabins of absorption. Find the sound level L, in the office if the sound level L,
in the mechanical equipment room is 98 dB.

Common partition

Cornpressor—\
U#Ficg Mechanical equipment room

First, find the noise reduction NR between the rooms.

NR = TL + ut)lo(_:,""—‘,;2

=35 + 10109202 = 35 + 10 log 2

NR =35 + 10 (0.3010) = 38 dB
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Next, find the sound level L, in the office.
NR = L\] = Lz
and therefore

L=t~ NR

L, =98 — 38 = 60 dB which would be perceived as noisy by
most listeners

3. Find the TL for the 90-ft2 common partition between the two adjoining dormi-
tory rooms shown below. Ceiling height in the rooms is 9 ft. Sound absorption
coefficients o’s are 0.04 for gypsum board walls and ceiling, and 0.69 for the
carpeted floor. Absorption of the bed is 15 sabins. Noise level in the receiving
room should not exceed 22 dB. Likely noise level from a stereo in the source
room is 82 dB.

Drywall partition
(I0Ft by 9Ft high)

. 1244 . Stereo
[ il \

10Ft

Dormitory room Dormitory room

First, find the absorption in the receiving room using the formula a = X Sa.

Surface area (ft2) o a
Walls 2(12 X 9) =216

2(10 X 9) = 180
Ceiling 10 X 12 = 120

516 X 0.04 = 21

Floor 10X 12 =120 X 069 = 83

Bed 15
a = 119 sabins

Next, find the required NR. Finally, find the required TL.

NR =L, - L, TL=NR - 10 log %2
NR = 82 - 22 = 60 dB

=60 - 10Iog%§~

=60-101log (1.3) = 60— 10 (0.1139)
TL=60-1= 59dB
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LABORATORY TESTS FOR TL

The TL test panel (or “specimen’’) shown below fills an opening be-
tween two completely separated (no common footings, connecting ties, or
the like) reverberation rooms constructed of thick, massive walls. The walls
will transmit far less sound energy than the test panel and, therefore, virtually
all the sound energy transmitted between the rooms will be through the panel
being tested. This is necessary so TL data from different laboratories can be
compared.

The difference between sound levels in the source room L, and receiving
room L, is the transmission loss TL in decibels of the test specimen. The
sound transmission coefficient 1 is the ratio of radiated sound power W, to in-
cident sound power W,, where W is measured in watts. For example, a TL of
40 dB would mean 1/10,000 of the incident sound power was radiated into
the receiving room.

Note that the TL will be about 6 dB higher when incident sound waves are
perpendicular to surfaces than when at "field”" incidence (the usual situation in
rooms where sound impinges from all directions). When sound waves from
highway traffic or from aircraft are parallel to building facades, TL performance
may be significantly lower than TL measured in laboratories.

TL Teet panel
(sound-transmitting
area > G4ft?)

fThfck. heavy walls

T Incn%en | Transamitted 'i
r sound en rgy sound energy 4
| =] =
2L, (dB) 2 i
| W, (watts) 1 (watts) A

Source reom Receiving room
References

“'Laboratory Measurement of Airborne Sound Transmission Loss of Building Partitions,”
ASTM E 90.

“Field and Laboratory Measurements of Airborne and Impact Sound Transmission,” I1SO
Recommendation R 140.

R. E. Jones, “Effects of Flanking and Test Environment on Lab-Field Correlations of Air-
borne Sound Insulation.”" Journal of the Acoustical Society of America, May 1975.
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FLANKING

In addition to sound leaks through openings in common barriers, sound
energy can bypass constructions through indirect paths (called flanking) . Ex-
ample flanking paths, which can seriously degrade the TL of common barriers,
are: open ceiling plenums and attics, continuous side walls and floors, air duct
and pipe penetrations, joist and crawl! spaces, and many others. Some of the
potential flanking paths in wood frame gypsum wallboard constructions (called
drywall) are shown by the section illustration below. To achieve the full sound
isolation potential of common barriers, flanking paths must be prevented by
careful design of all connections, penetrations, and adjacent framing systems.

= —Air ductin ceiling plenum
(—~F|an|v.in5 Through common
< air duct (see Chap. 5)
Flanking through open

ceiling plenum

r——Flanking Through continuous
subflooring (and joist space )

Example Flanking in Drywall Construction

Intersecting continuous glazed walls can become flanking paths which seri-
ously reduce the sound isolation between rooms (see plan view below at
left) . For example, using fibrous-filled aluminum mullions instead of cementi-
tious grout-filled mullions at the intersection of a window wall and an STC-45
drywall common barrier can reduce the STC by 5. Hollow mullions can reduce
the STC by 10, and continuous glazing without mullions by 15.

Continuous Glass Grout-+illed aluminum
glass wsll wall —\ ‘/—mullion(fnterrup‘ts

flanking path )

L ¢—Airtight, neoprene
| gasketing seal

between rooms

Continuous Glazing Glazing with Mullions
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STC RATING SYSTEM

Until the early 1960s, the “nine-frequency average’’ was used to establish
a TL rating for building constructions. The nine-frequency average TL proved to
be an undesirable rating system because it implied that good sound isolation at
one frequency could overcome or cover up poor isolation at another.

The modern sound transmission class STC system rates the entire TL
curve at speech frequencies from 125 to 4000 Hz, using a standard contour
as the reference. (The method does not, however, evaluate performance at
low frequencies below 125 Hz where music and mechanical equipment noise
levels often may be high.) The STC of a construction is the TL value at 500
Hz that the standard contour intersects at its final rating position.

The rating positions for example constructions A and B, which have nearly
identical average TLs, are shown on the graph below. The STC rating for con-
struction B is 9 below the rating for construction A, reflecting the significant
sound-isolation weakness (coincidence dip) at 1000 Hz.

Construction Average TL (dB) STC

A 40 42
B 41 33
@0 i
Construction B
50 r 7 =r— Congtruction A
pr ii
T 5TC 52 = A :: oTC contour
42 & |
40 2 = = i 7 = — 5TC contour
Sf5TC 3 i = = = 8 dB limit for

2% i & construction B
~ 30 ==
o y 4
- " 4
@ 20
2.
< 6TC rating is TL
° 2t 500 Hz for
w 10 final position of
{; contour
1{}]
=
S
Lol

4p 6% 100 |eD 250 400 @30 1000 |e00 2500 4000 6300
3.5 50 &0 125 200 35 500 800 1250 2000 3150 5000 8000

One-third octave-band center frequency (Hz)
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STC CONTOUR

The STC contour and standard grid shown below can be reproduced on a
transparent overlay, which then can be used to determine STC ratings ac-
cording to the ASTM procedure outlined on the following page. The STC con-
tour is similar in shape to the TL curve for 9-in-thick brick. This heavy con-
struction has proven successful as an isolator of speech signals in apartments
in Western Europe, where sound control codes have existed for many years.
Again, special precautions must be taken where mechanical equipment noise
or amplified music must be isolated because the STC method does not eval-
uate TL performance below 125 Hz.*

* The U.S. Gypsum Co. has developed a modified STC rating called the MTC rating, with the M representing
music, machine, and mechanical equipment noise sources. Their technical publications provide both STC and MTC
ratings for numerous drywall constructions. MTC ratings follow STC rating procedures, but do not permit deviations
below the STC contour at 125 and 160 Hz. However, if there are surpluses at 125 and 160 Hz, the lesser of 4 or
one-third of the surplus sum is added to the STC rating.

Arrow indicates STC rating
onTL ordinate of test
data plet

5TC con‘tour—\

A
b

dﬁhd\'

10dB

Transmission loss ( dB)

40 63 100 |eD 250 400 630 1000 |600 2500 4000 6300
3.5 50 &0 125 200 35 500 800 (250 2000 3150 5000 &000

One-third octave-band center freguency (Hz)
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STC RATING CRITERIA

The sound transmission class STC is a single-number rating of the air-
borne sound transmission loss TL performance of a construction measured at
standard one-third octave band frequencies. The higher the STC rating, the
more efficient the construction will be in reducing sound transmission within
the frequency range of the test.

The STC rating method procedures are specified in the American Society
for Testing and Materials (ASTM) annual book of standards. The TL of a con-
struction test specimen is measured at 16 one-third octave bands with center
frequencies from 125 to 4000 Hz. To determine the STC of a given specimen,
its measured TL values are plotted against frequency and compared to the ref-
erence STC contour. The STC rating can be graphically determined by using a
transparent overlay on which the STC contour is reproduced, as shown on the
preceding page. The STC contour is shifted vertically relative to the plotted.
curve of test data to as high a final position as possible according to the fol-
lowing limiting criteria:

1. The maximum deviation of the test curve below the contour at any single test
frequency shall not exceed 8 dB.

2. The sum of the deviations below the contour at all 16 frequencies of the test
curve shall not exceed 32 dB (an average deviation of 2 dB per frequency).

When the STC contour is adjusted to the highest position that meets the
above criteria, the STC rating is read from the vertical scale as the TL value
(with dB unit dropped) corresponding to the intersection of the STC contour
and the 500-Hz ordinate. In the examples on page 199, the STC ratings reflect
the significance of deficiencies such as the dip in the TL curve of construction
B. The STC 33 rating for construction B is governed by the 8 dB deviation
below the contour at 1000 Hz, although the total of all the deviations is far
less than the 32 dB limiting criterion.

Note: TL data measured in the field according to provisions of ASTM E 336 is re-
ported as field sound transmission class, abbreviated FSTC. Results from a simplified
test method to determine the FSTC directly from single A-weighted sound level mea-
surements on the source and receiving sides of building constructions agree with ASTM
E 336 results in most situations. For a detailed description of this method, see W.
Siekman et al., " A Simplified Field Sound Transmission Test,”” Sound and Vibration,
October 1971.

References

“’Laboratory Measurement of Airborne Sound Transmission Loss of Building Partitions,”
ASTM E 90.

"“Test for Measurement of Airborne Sound Insulation in Buildings,”” ASTM E 336.
“Classification for Determination of Sound Transmission Class,”” ASTM E 413.

"‘Standard Practice for Determining a Single-Number Rating of Airborne Sound Isolation
for Use in Multiunit Building Specifications,” ASTM E 597.

T. J. Schultz, "’ A-Level Differences for Noise Control in Building Codes,”” Noise Control
Engineering Journal, Autumn 1973.
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LABORATORY AND FIELD CONDITIONS

Laboratory TL data generally reflect “'idealized’’ conditions because manu-
facturers test carefully crafted and installed specimens only from components
which have passed very strict inspections. In addition, the test specimens are
expertly installed by highly trained technicians to have soft edge-support condi-
tions in the laboratory. Consequently, laboratory TL data often will be far higher
than reasonably can be expected in typical buildings.

In design, it is important to eliminate potential sound leaks and flanking
paths which further reduce the field performance of barriers installed in build-
ings. Shown below are laboratory and field measurements for an example 6-in-
thick masonry wall.

%

La bor‘atm-j test
TL curve

L

Field measured
TL curve

>|2d8

Transmission loss ( dB)

#

Poor workmanship also can cause sound leaks which seriously diminish
sound-isolating performance. Construction should be closely supervised to en-
sure that all sound leaks and flanking paths are isolated. However, even with
close supervision, STCs for the identical construction component (wall,
floor-ceiling can vary from the laboratory STC by more than 5 and by more
than 15 if the construction is not carefully supervised.

Freq,uenc5 (Hz)

Carefully selected
and ms‘tgﬂed 6W8
layers and studs

Single path for TL

Soft, airtight
sealant along
entire perimeter
of test specimen

Laboratory Test Setup
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Lighting Fixtures
(path for Flanking
sound )

Multiple ‘?aths for TL
(direct, lank.fng,
and leaks)

Electrical outlets
back-to-back (leak)

Leak at openings in
~___edge joint

Stift'edges due 1o
GWB contacting
floor (reduces TL)

Building Installation

Reference

E. A. Wetherill, "Noise Control in Buildings,” Sound and Vibration, July 1975.

Note: Where flanking paths cannot be isolated to establish the field sound transmission

class FSTC of a building element, noise reduction data can be rated to yield a single
number called the noise isolation class NIC. Because the NIC represents the sound-

isolating performance of the field-tested situation only, NIC values may not apply to an
identical construction in another building where room absorption and other factors may

be different.
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TL DATA FOR COMMON BUILDING ELEMENTS*

Transmi: Loss (dB)
STC nc
Building Construction 125 Hz 250 Hz 500 Hz 1000 Hz 2000 Hz 4000 Hz Rating Ratingt
Walls" ¢t
Monolithic
1 3/8-in plywood (1 Ib/ft?) 14 18 22 20 21 26 22
2 26-gauge sheet metal (1.5 Ib/ft?) 12 14 15 21 21 25 20
3. 1/2-in gypsum board |2 Ib/ft?) 15 20 25 3 33 27 28
4. 2 layers 1/2-in gypsum board, lami-
nated with joint compound (4 Ib/f1?) 19 26 30 32 29 37 31
5. 1/32-in sheet lead (2 Ib/ft?} 15 21 27 33 39 45 i
6. Glass-fiber roof fabric {37 5 oz/yd?) 6 9 11 16 20 25 16
Intenior
7 2 by 4 wood studs 16 in oc with 1/2-in
gypsum board both sides (5 Ib/ft?) 17 N 33 40 38 36 33
8 Construction no. 7 with 2-in glass-fiber
insulation in cavity 15 30 34 44 46 41 37
9 2 by 4 staggered wood studs 16 in oc
each side with 1/2-in gypsum board
both sides (8 Ib/f1?) 23 28 39 46 54 44 39
10, Construction no. 9 with 2 1/4-in glass-
fiber insulation in cavity 29 38 45 52 58 50 48
11 2 by 4 wood studs 16 in oc with 5/8-in
gypsum board both sides, one side
screwed to resilient channels. 3-in glass-
fiber insulation in cavity (7 Ib/f?) 32 42 52 58 53 54 52
12 Double row of 2 by 4 wood studs 16 in
oc¢ with 3 /B-in gypsum board on both
sides of construction. 9-in glass-fiber in-
sulation in cavity (4 Ib/fi?) kb 44 55 62 67 65 54
13 6-in dense concrete block, 3 cells,
painted {34 Ib/fi?) 37 36 42 49 55 58 a5
14, 8-in lightweight concrete block, 3 cells,
panted (38 Ib/ft?) 34 40 44 49 58 64 49
15. Construction no. 14 with expanded min-
eral loose fill in cells 34 40 46 52 60 66 51
16. 6-in lightweight concrete block with
1/2-in gypsum board supported by re-
silient metal channels on one side, other
side painted (26 Ib/ft?) 35 42 50 64 67 65 53
17. 2 1/2-in steel channel studs 24 in ac
with 5/8-in gypsum board both sides
(6 Ib/ft?} 22 27 43 a7 37 46 39
18 Construction no. 17 with 2-in glass-fiber
insulation in cavity 26 41 52 54 45 51 45
19. 3 5/8-in steel channel studs 16 in oc
with 1/2-in gypsum board both sides
(5 Ib/f2) 26 36 43 51 48 43 43
20 Construction no. 19 with 3-in mineral-
fiber insulation in cavity 28 45 54 55 47 54 48
21. 2 1/2-in steel channel studs 24 in oc
with two layers 5/8-in gypsum board
one side, one layer other side (8 Ib/ft?) 28 k3| 46 51 53 47 44
22 Construction no. 21 with 2-in glass-fiber
insulation in cavity K3 43 55 58 61 51 51
23. 3 5/8-in steel channel studs 24 in oc
with two layers 5/8-in gypsum board
both sides {11 Ib/ft?) 34 41 51 54 46 52 48
24 Construction no. 23 with 3-in mineral-
fiber insulation in cavity 38 52 59 60 56 62 57
Exterior
25 4 1/2-in face brick (50 Ib/fi?) 32 34 40 47 55 61 45
26. Two wythes of 4 1/2-in face brick, 2-in
arrspace with metal ties (100 Ib/ft?) 37 37 47 55 62 67 50
27 Two wythes of plastered 4 1/2-in brick,
2-in airspace with glass-fiber insulation
in cavity 43 50 52 61 73 78 59
28. 2 by 4 wood studs 16 in oc with 1-in
stucco on metal lath on outside and
1/2-in gypsum board on inside (8
Ib/fi2) 21 33 41 46 47 51 42
29. 6-in solid concrete with 1/2-in plaster
both sides (80 Ib/ft?) a9 a2 50 58 64 67 53
Floor-Ceilings??
30. 2 by 10 wood joists 16 in oc with 1/2-
in plywood subfloor under 25/32-in oak
on floor side, and 5/8-in gypsum board
nailed to joists on ceiling side (10
Ib/fi2) 23 32 36 45 49 56 37 32
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Building Construction

125 Hz 250 Hz

Transmissior_\ Loss (dB)

500 Hz 1000 Hz 2000 Hz 4000 Hz

STC
Rating

nc
Ratingt

3
32
a3
34

35

36.

37

Construction no. 30 with 5/8-in gypsum
board screwed to resilient channels
spaced 24 in oc perpendicular to joists
Construction no. 31 with 3-in glass-fiber
insulation 1n cawvity

4-in reinforced concrete slab (54 Ib/ft?)
14-in precast concrete tees with 2-in
concrete topping on 2-in slab (75
Ib/ft)

6-in reinforced concrete slab (75 Ib/fi?)
6-in reinforced concrete slab with 3/4-in
T&G wood floonngon 1 1/2 by 2
wooden battens floated on 1-in glass
fiber {83 Ib/f1?)

18-in steel jmsts 16 in oc with 1 5/8-in
concrete on 5/8-in plywood under
heavy carpet laid on pad, and 5/8-in
gypsum board attached to joists on
ceiling side (20 Ib/f?)

Roofs®

38

39.

41

3 by 8 wood beams 32 in oc with 2 by
6 TA&G planks, asphalt felt built-up
roofing, and gravel topping
Construction no. 38 with 2 by 4s 16 in
oc between beams, 1/2-in gypsum
board supported by metal channels on
ceiling side with 4-in glass-fiber insula-
tion in cavity

Corrugated steel, 24 gauge with 1 3/8-
in sprayed cellulose insulation on ceiling
side (1.8 Ib/ft?)

2 1/2-in sand and gravel concrete | 148
Ib/ft?) on 28 gauge corrugated steel
supported by 14-in-deep steel bar joists
with 1/2-in gypsum plaster on metal
lath attached to metal furring channels
13 1/2 in oc on ceiling side (41 Ib/fi?)

Doors?

42
43

44

45

46.

Louvered door, 25 to 30% open

1 3/4-in hollow-core wood door, no
gaskets, 1/4-nairgapatsil (15
Ib/f?)

Construction no. 43 with gaskets and
drop seal

1 3/4-in solid-core wood door with gas-
kets and drop seal (4.5 Ib/ft?)

1 3/4-in hollow-core 16 gauge steel
door, glass-fiber filled. with gaskets and
drop seal (7 Ib/ft?)

Glass'?

47

48

49

50.

51
52

53.

54.

55.

TG (u
lange
single-number rating of 1m

for specific detalls such as type o

1/8-in monohthic float glass {14
Ib/ft2)

1/4-in monolithic float glass (2.9
Ib/ft?)

1/2-in insulated glass: 1/8- + 1/8-n
double glass with 1/4-in arspace (3.3
Ib/f?)

1/4- + 1/8-in double glass with 2-in
airspace

Construction no. 50 with 4-in airspace
1/4-n laminated glass, 30-mil plastic in-
terlayer (3.6 Ib/fi?)

Double glass 1/4-in laminated + 3/16-
in monolithic glass with 2-in airspace
5.9 Ib/fi2)

Double glass: 1/4-in laminated + 3/16-
in monolithic glass with 4-in airspace
(5.9 Ib/f?)

Double glass: 1/4-in laminated + 1 [8-in
laminated with 1/2-in airspace (7.2
Ib/ft?)

installaton recommendanons

30
36
48

39
38

38

27

29

35

17

29

23

18

25

21

18

21

25

25

36

21

35
40
42

45
43

44

37

33

42

22

22

3

28

21
28

26

31

32

28

34

37

30

44 50 54 60
45 52 58 64
45 56 57 66

50 52 60 68
52 59 67 72

52 55 60 65

45 54 60 65

37 44 55 63

49 62 67 79

26 30 35 a1

45 50 57 61

12 12 12 "

23 18 17 21
25 19 20 29

3 n 39 43

36 a1 39 44

26 31 a3 22

3 34 30 37
24 33 44 34
35 42 44 44
42 48 48 44
32 35 36 43
44 47 a8 55

48 51 50 58

40 a4 46 57

INF data to IIC, add 51 to the INR number

47
49
a4

54
55

55

47

43

53

30

21

34

38

26

3

28

39

43

35

45

48

42

39
46
25

24
34

57

62

act isolaton class) 15 a single-number raling of the impact sound transmission performance of a flioor-ceiling construcuon tested over a standard frequency

he higher the IiC, the more efficient the construcuion will be for reducing impact sound transmission INR (impact noise rating) previously was used as the

ct noise isolanon To convert the older

+ A wide range of TL and STC performance can be achieved by gypsum wallboard constructions. Refer 1o ASTM E 90 laboratery repon and hierature from manufacturers
f gypsum baard, gauge, widih, and spacing of steel studs, glass-fiber or muneral-fiber insulation thickness and density, and complete
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*TL data for proprietary building construction materials should be from up-to-date full-scale tests by Indepen_dem
acoustical laboratories (e.g., Cedar Knolls, ETL, Riverbank ) or from field tests on installed identical assemblies con-
ducted according to current ASTM procedures. In the United States, the National Bureau of Standards (NBS) ac-
credits testing laboratories to perform tests in the area of their established competence. A directory of National
Voluntary Laboratory Accreditation Program (NVLAP) accredited laboratories is available from NBS (order from
Superintendent of Documents, U.S. Government Printing Office, Washington, D C 20402}

Test Reference

““Laboratory Measurement of Airborne Sound Transmission Loss of Building Partitions,”
ASTM E 90. Available from American Society for Testing and Materials (ASTM), 1916
Race Street, Philadelphia, PA 19103.

Sources

1. “Acoustical Glazing Design Guide,”” Saflex Interlayer, Monsanto Co., St. Louis, Mo,
1986. (Section 1 also contains STC data for numerous exterior wall constructions. )

2. R. D. Berendt et al., 'A Guide to Airborne, Impact, and Structure Borne Noise-Control
in Multifamily Dwellings,”” U.S. Department of Housing and Urban Development,
Washington, D.C., September 1967.

3. R. B. DuPree, "“Catalog of STC and IIC Ratings for Wall and Floor /Ceiling Assem-
blies,”” Office of Noise Control, California Department of Health Services, Berkeley,
Calif., September 1981.

4. "Noise Control Manual,” Owens-Corning Fiberglas Corp., Toledo, Ohio, November
1984.

5. A. Ordubadi and R. H. Lyon, "Effect of Orthotropy on the Sound Transmission
Through Plywood Panels,” Journal of the Acoustical Society of America, January
1979.

6. H. S. Roller, ""Design Data for Acousticians,”” United States Gypsum Co., Chicago,
1985.

7. A. C. C. Warnock, “Field Sound Transmission Loss Measurements,”* Building
Research Note 232, National Research Council of Canada, June 1985.

Note: For fire-resistance ratings of building constructions, refer to current editions of
“Fire Resistance Index,"" available from Underwriters’ Laboratories (UL), 333 Pfingsten
Road, Northbrook, IL 60062 and “‘Fire Resistance Design Manual,”" available from
Gypsum Association, 1603 Orrington Ave., Evanston, IL 60201.
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PRINCIPLES OF ISOLATION BY COMPLEX WALLS

In the example constructions shown below, the TL performance of an 8-
in-thick brick wall is increased by breaking the direct sound transmission path.
Isolation can be significantly improved by dividing the wall into two separate
walls of equal weight (two 4-in-thick brick layers separated by a 4-in airspace)
or by resiliently supporting a 1/2-in-thick gypsum board layer with vertical fur-
ring attached to the original 8-in-thick wall.

8'thick brick

4" thick brick

-~

4 airspace

Double Brick Wall

AN

Double 1aﬁer
brick wa

/

2" thick funz
(friction fitted
between furring)
Vertical wood
furring

Resilient' metal
channe|

' gypsum board

Brick Wall (with resiliently
supported skin)

2048

'éﬁr‘ick wall with

resiliently

—~ supported skin
- of gypsum board
— SPETOR
“ /‘—-‘—-

w

° / /<5|'n le layer
S // brick wall
&/ s

& v 4

by |

[

‘_

Frequency (Hz)

L4
——

g' thick brick

Brick Wall
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GYPSUM WALLBOARD CONSTRUCTIONS

The sound-isolating effectiveness of gypsum wallboard constructions can
vary over a tremendous range. The mass, stiffness, and internal damping of
the board, and method of installation can all influence the result. The heavier
the gypsum layers (usually specified as surface density in pounds per square
foot), the greater the TL. Wider studs (e.g., 3 5/8-in-wide light-gauge metal
instead of 2 1/2-in or 1 5/8-in) will result in greater TLs at low frequencies. If
wood studs are used, staggering the studs, separating the studs (called
double-stud construction), or adding resilient channels will improve the TL. For
example, the STC can increase by more than 8 when the studs are staggered.
A slight increase in STC also can result from wider spacings between wood
studs (e.g., 24 in oc instead of 16 in oc).

Placing sound-absorbing blankets in cavity airspaces will improve STC and
TL. Mineral-fiber insulation attached to one side of the cavity airspace can im-
prove TL by damping the gypsum board layer. However, do not completely fill
cavity airspaces with dense mineral-fiber insulation (> 2 Ib/ft® density) be-
cause sound energy may bridge between the gypsum board layers through the
mineral fiber. In addition, the air gap remaining between the insulation and op-
posite layer helps break the transmission path (or bridge) from layer to layer.

Checklist for Achieving High TL with Gypsum Wallboard Constructions

1. Use heavy gypsum board constructions such as two layers of 5/8-in-thick
gypsum board on each side of studs (or an unbalanced combination of two
layers one side, one layer on the other) rather than one layer on each side.
The heavier the construction, the higher the STC. Doubling the weight by ad-
ding a layer to both outer wall surfaces can increase STC by more than 5.

2. Break the direct sound transmission path between opposite sides of wall by
using staggered wood studs, double rows of wood studs, or resilient channel
supports on one side of studs. The TL of two decoupled gypsum board
layers, separated by an airspace, will be far higher than a monolithic construc-
tion of identical total weight.

3. Use light-gauge metal channel studs (25 gauge or lighter) which provide
higher STCs because they are less stiff than wood or heavy load-bearing
metal studs. Wider metal channel studs also can achieve greater TLs at low
frequencies.

4. Place sound-absorbing blankets, at least 2 in thick, in the cavity between
studs. STC improvements can be 2 to 8 for single wood stud constructions; 4
to 8 for 25-gauge steel stud constructions. The STC increase is greater for
lightweight, less stiff steel stud constructions than for heavy, stiffer steel stud
constructions. Be sure blankets are installed to properly friction fit between
studs or with sufficient fasteners so they do not sag. (Check also to be sure
additional fibrous insulation does not adversely affect the fire resistance of an
assembly. )

5. Seal all cracks, joints, and penetrations. For example, at base of walls, seal pe-
rimeters of bottom runners and sole plates with continuous beads of
nonhardening caulking (35 durometer) at edges on each side.
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Sound-Isolating
Metal-Channel-Stud Partition Effectiveness

One layer gypsum board each side (4 Ib/ft2)

l!—L.{ght gauge
steel channe|
s%ud (25gauge)

Gooa
3% thiecw ..,
glass-fiber planket 3
or batt insulation

Ya"thick gypsum boargd

Steel floor track or runner

Two layers gypsum board one side, one layer other
side (6 Ib/ft?)

Z layers of
V' gypsum
board

5" thick
Fypsum board

Better

Z layers
of /2" gypsum
board each side
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6. Isolate perimeters of common walls from ceilings, intersecting walls, and
structural members. Fill gaps at perimeter (e.g., 1/8-in-wide clearance) with
nonhardening caulking. In double-layer constructions, apply caulking to perim-
eter of both base and face layers.

7. Stagger electrical outlets (and telephone, intercom, TV) and switches so they
will be offset by at least one stud space (> 2 to 3 ft apart). Seal openings
in outlet boxes (sides and back) and joints between outlets and gypsum
board so they will be airtight.

8. Isolate plumbing from framing elements and gypsum board layers, which
can act as sounding boards to easily transmit noise of flowing water. Use
resilient pipe supports and seal all penetrations to be airtight on both sides
(see Chap. 5).

References

D. W. Green and C. W. Sherry, ""Sound Transmission Loss of Gypsum Wallboard
Partitions,’" Journal of the Acoustical Society of America, January 1982 and April
1982.

R. E. Jones, ""How to Design Walls for Desired STC Ratings,”" Sound and Vibration,
August 1978.

J. W. Kopec, ""Variations in Sound Transmission on Steel Studded, Gypsum
Walls,”" Sound and Vibration, June 1982.

H. S. Roller, ""Research Evaluates Role of Density in Acoustical Insulation Perform-
ance,”” Form & Function, Issue 2, 1985.

210 SOUND ISOLATION



INSTALLATION OF DRYWALL

When gypsum board is attached by screws to metal studs, it will pro-
vide significantly higher TLs than when attached by adhesives. This is be-
cause the screws provide a point attachment instead of the continuous-line
attachment of the adhesive, which stiffens the relatively flexible stud
flanges. Shown below is an installation method to achieve widely staggered
joints for multiple layers of gypsum board (cf., "Recommended Specifica-
tions for the Application and Finishing of Gypsum Board,”” GA-216-85,
Gypsum Association, Evanston, lll., April 1985). For wood stud partitions
with multiple layers of gypsum board, attach layers together with visco-
elastic adhesives rather than rigid-curing adhesives or screws.

=

Multilayer GWB (with staggered panel joints)

The STC of wood stud construction can be greatly increased by adding
resilient channels to one side of the studs. An example of how to attach
gypsum board to resilient channels is shown below. The screws used to at-
tach gypsum board panels to resilient channels should not contact the
studs. Therefore, to maintain resiliency, use short gypsum panel screws or
fasten panels only between the studs.

Resilient Channel Supports

Gypsum wallboard layer ( GWB)
X Gupsum panel screw (attached to
\/_w% oﬁerasilient“mgtal channel,
not to stud or bracing )

'Resilient'metal channel (attached
at each stud by screws)

\/—Nrt.rght caulking seal at gap
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MASONRY CONSTRUCTIONS

Shown on facing page are example concrete block constructions. For
single-layer walls, the heavier the concrete block, the greater the TL. Be careful
because the weight of concrete block can vary between fabricators. To in-
crease the TL of single-layer walls, fill cells with sand or mortar (to increase
mass) or add a heavy gypsum board layer resiliently supported by metal chan-
nels with sound-absorbing material in the wide cavity airspace (to break the
direct path).

The sound-isolation performance also can be increased by using
double-wall constructions. Place sound-absorbing blankets in the cavity air-
space to reduce sound transmission through penetrations for electrical ser-
vices and where shrinkage cracks may occur. The sound-absorbing material
reduces noise buildup in the cavity, thereby increasing the sound-isolation
performance.

It is important to note that rigid wire ties can act as direct transmission
paths between layers. Therefore, where extremely high TLs are desired,
use at least two independent, widely spaced layers. If the layers must be
connected for structural purposes, use special sound-isolating ties which
have a neoprene element to prevent bridging between layers.

Checklist for Achieving High TL with Masonry Constructions

1. Set blocks in firm bed of mortar and be sure all joints are tightly filled and
not porous.

2. Use heavy block or medium-weight block with sand- or mortar-filled cells.
When cells are filled with sand or mortar, frequently tamp during installa-
tion and verify that all cells are well-compacted and completely filled.

3. For single walls, seal airtight at least one side with plaster, gypsum board
supported by furring, three coats of latex block filler, or a thick application
of epoxy paint.

4. To improve single walls, add a gypsum board layer resiliently supported,
with low-density glass fiber or mineral fiber in the airspace (> 2 in wide) be-
tween the block and the gypsum board, or install a resilient layer without fi-
brous insulation on the unsealed side of the wall. (Be careful because TL at
low frequencies can be reduced by resonance effects of gypsum board layers
when they are installed on both sides of a wall without sound-absorbing ma-
terial in the cavity airspaces. )

5. Surface mount all electrical services on sand- or mortar-filled block con-
structions.

6. Where especially high TLs are needed, avoid stiff wire ties, which can re-
duce TL of double-wall constructions by more than 7 dB.

References
T. D. Northwood and D. W. Monk, “‘Sound Transmission Loss of Masonry Walls,"
Building Research Note 90, National Research Council of Canada, April 1974,

D. P. Walsh, “'Sound Isolating Characteristics of Masonry Walls,"” Masonry Industry,
April 1970.

A. C. C. Warnock and D. W. Monk, “'Sound Transmission Loss of Masonry Walls,"”
Building Research Note 217, National Research Council of Canada, June 1984.

B. G. Watters, "Transmission Loss of Some Masonry Walls,"" Journal of the Acous-
tical Society of America, July 1959.
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Sound-Isolating
Masonry Wall Effectiveness

Single Layer

Good

Metal channel
(to resiliently support
gypsum boar'd%

Sound- absorbing blanket
( Friction fitted between
vertical wood furring)

Nonhardening caulking
(to ceal perimeter of GWB)

Sound-absorbing blanket
(to reduce 'coupling"
between block layers)

Excellent
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DOUBLE-WALL TL IMPROVEMENTS FOR MASONRY CONSTRUCTIONS

The TL of a masonry wall can be greatly improved if the wall has two
or more layers separated by an airspace. If the layers are widely separated,
they may in effect form two independent walls, and the total TL can ap-
proach the sum of the TLs of the individual layers. For most practical situa-
tions, however, separations of less than 12 in are more common, and the
TL of the double wall will be far less than the sum of the TLs of the indi-
vidual layers. A narrow airspace can act like a “'piston,”’ readily transmitting
sound energy between layers.

The following table can be used to estimate the TL improvement from
splitting a masonry wall into two separate layers (or wythes) of equal
weight and filling the airspace with fibrous blankets.

Improvement in TL (dB)
Airspace (in) 125 Hz 250 Hz 500 Hz 1000 Hz 2000 Hz 4000 Hz

2 5 7 19 25 30 30
4 10 12 24 30 35 35

Note: To achieve maximum TL improvement from double-wall constructions, be
sure airspace is sound-absorptive (fibrous blankets, porous masonry surfaces) and
bridging is avoided (no rigid ties). For additional data on TL improvement, refer to
R. B. Newman, ""Acoustics’ in J. H. Callender (ed.), Time-Saver Standards for Ar-
chitectural Design Data, McGraw-Hill, New York, 1974, p. 709.
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EXAMPLE PROBLEM (DOUBLE-WALL TL)

Estimate the improvement in TL if a single 8-in-thick concrete block

wall can be installed as two 4-in-thick concrete block layers of identical
total weight, separated by a 4-in airspace, filled with glass-fiber insulation.

Transmission Loss (dB)

Construction 125 Hz 250 Hz 500 Hz 1000 Hz 2000 Hz 4000 Hz
8-in painted concrete block wall 36 41 49 56 60 63
with sand-filled cells
Improvement in TL 10 12 24 30 35 35
4-in concrete block + 4-in airspace 46 53 73 86 95 98

+ 4-in concrete block with 2-in
glass fiber in airspace

Note: In 1836 Professor Michael Faraday advised H.M. Commission of Prisons

(England) on how to achieve high TL performance between prison cells. The most
successful construction was two layers of 9-in brick (to be heavy) separated by
about 6 inches (to reduce stiffness) with sound-absorbing sailcloth to ""deaden”
the airspace (cf., W. Allen and R. Pocock, ""Sound Insulation: Some Historical

Notes,”" Journal of the Royal Institute of British Architects, March 1946).
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FLOOR-CEILING CONSTRUCTIONS

The graph below shows the TL performance of wood joist and con-
crete floor-ceiling constructions. The higher STC ratings are achieved by the
heavier concrete constructions.

To prevent "‘squeaking’’ floors in wood joist constructions, be sure
nails are the proper size and properly spaced, install building paper or felt
layer between subfloor and finished floor, and use only seasoned wood.

To block flanking through joist spaces, install joists parallel to party
walls. In addition, cut subflooring at wall (> 1/4-in gap) to interrupt
flanking path for airborne sound and vibrations. Flanking of sound energy
through continuous wood frame floor constructions limits common wall
STC to 40; through continuous 6-in concrete slabs to 50.

|
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wood flooring
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References

R. D. Berendt et al., 'A Guide to Airborne, Impact, and Structure Borne Noise-Con-
trol in Multifamily Dwellings,”” U.S. Department of Housing and Urban Development,
Washington, D.C., September 1967.

R. D. Berendt et al., “‘Quieting: A Practical Guide to Noise Control,”” U.S. National
Bureau of Standards, NBS Handbook 119, July 1976.

P Jensen, "How You Can Soundproof Your Home,” Lexington Publishing Company,
Lexington, Mass., 1974, pp. 73-75.
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CEILINGS

The ceiling must be as effective a barrier to sound transmission from
room to room as the common wall. Lightweight, porous, sound-absorbing
ceiling boards are relatively poor isolators. However, high-density, sound-
absorbing materials backed with a nonporous laminate can provide both ef-
fective sound absorption and isolation between rooms by increasing mass
and decreasing porosity. All joints and openings where the boards fit into
the suspension system should be tightly sealed.

The sound-isolation performance of suspended ceiling systems can be
determined by a laboratory test according to the provisions of AMA
1-I-1967, “"Standard Specification for Ceiling Transmission Tests by Two-
Room Method,"" available from Ceilings & Interior Systems Construction Asso-
ciation (CISCA), 104 Wilmot Road, Deerfield, IL 60015. This test measures
the effectiveness of the room-to-room sound path up through the ceiling in the
source room via the common overhead plenum down through the ceiling in the
receiving room. The sound-isolating wall between the test rooms does not ex-
tend to the overhead slab, so there will be an uninterrupted, common plenum
between the rooms. High sound-isolating wall constructions in the test facility
assure that the weakest path for sound, therefore, will be the flanking path
through the suspended ceiling. Cefling-attenuation ratings for sound-absorbing
boards (sometimes referred to as “ceiling STC"’) usually vary from 20 to 44,
depending on the isolation properties of the ceiling materials and the quality of
the installation. In the two-room laboratory test, ceiling STC is greater than 55

for 1/2-in-thick gypsum board and about 8 when no suspended ceiling of any
kind is installed.

Ceiling plenum

s
S

Flanking path

for sound N
o - Suspended sound-
J - absorbing ceiling
&%
S i o :
. SR

Ceiling Flanking Path

Prevent ceiling flanking by using sound-absorbing board with high
ceiling-attenuation ratings, extending the partition to block the plenum, or
installing a gypsum board ceiling. Be sure the ceiling membrane is inter-
rupted at the top runner of the partition so that sound energy does not di-
rectly flank through the continuous surface.
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PLENUM BARRIERS

Gypsum board, lead sheet, and mineral fiber can be used as vertical
barriers to prevent flanking through ceiling plenums. As shown below,
these barriers can close off plenums by extending from the top of partitions
to the overhead structural slab. As also shown, mineral fiber can be
overlaid horizontally above suspended sound-absorbing ceilings, extending
4 ft or more on both sides of the wall-ceiling intersection. When installed
this way, mineral-fiber blankets (= 2.5 Ib/ft? density) can significantly re-
duce the transmission of flanking sound through exposed-grid panel ceil-
ings. Ceiling-attenuation ratings can be increased more than 5. However,
the amount of improvement depends on the type of sound-absorbing
board, the thickness of the mineral-fiber blankets, and the configuration of
the overlayment. For example, this approach is not very effective with po-
rous, unbacked tile, such as nonfoil-back cast mineral tile or glass fiber-
board.

WL e s By T, M T,

Suspended sound-
L absorbing ceiling
Partition Barrier .
¢ Partition extended
i to overnead +loor
slab (To block
plenum )

Ceiling plenum

interrupt flanking
SN — path through
././, gupsum board )

V4 / J—I——Continuous gypsum

Gypsum Board Backing Tﬁontrcﬂ joint (to

poard membrane

( with sound-absorbing
board attached on
room side )

Thick mineral-fiber
overlayment (2 4+4
extensions from
partition)

——5Sheet lead
\ barrier (to
block plenum)

e

Suspended sound-
absorbing ceiling

Sheet Lead (or Vinyl) Barrier Mineral-Fiber Overlayment
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DOORS

The table below presents STC data for conventional wood doors and
frames and proprietary metal doors and frames especially designed to
achieve high TLs. To be effective as a sound barrier, a door must be heavy
(high Ib/ft?) and gasketed around its entire perimeter to be airtight when
closed. Slightly greater than normal pressure will be required to close the
door against soft, airtight seals. Doors that are louvered or undercut to
allow air movement will be nearly useless as sound barriers. Ungasketed
solid doors will be only slightly better, depending on how well the door fits
the opening. Gasketed hollow metal doors filled with fibrous materials and
dense limp materials, such as sheet lead or lead-loaded vinyl, have higher
STC performance than gasketed solid wood doors of identical weight. In
restoration projects, door weight can be increased by laminating a thin lead
sheet to the inside of door panels so that historic finishes can be preserved.

STC
Door Construction Rating
Louvered door (25 to 30% open area) 12
1 3/4-in-thick wood hollow-core door 17 to 19
(1.5 Ib/ft?), no gasketing
1 3/4-in-thick wood solid-core door 29 to 34
(4.5 Ib/ft2), with gasketing
1 3/4- to 2 3/4-in-thick filled-metal 40 to 50

proprietary doors, with adjustable gasketing

prapr‘ie‘bar-g‘ Filled- metal

door (with adjustable
AN gasketing ) /
1048 Solid-core wood door
(with gasketing )
@
-
" 248
38 L—Hallow-core wood door
= .
‘0 ~
:;r.,' bdp
< - Louvered door
0 — \(
e
<
& >
Frequency (Hz)

Note: Be sure STC rated doors are tested according to the provisions of the latest
edition of ASTM E 90.
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“ Solid-core wood e Hollow- core metal
door s door (Filled with fibrous
S and limp materialsg)

Compliant, neoprene Cam rod (to lewer Seal

oval'sea! (40 block ga hiy /) When duor clogge)
h L -
f-?e)w stand repeated Neoprene strip seal

Raised threshold
/ (bedded in mastic)

: /—Flush threshold

Sections

Nonhardening caulk Hollow - core, filled-
(to seal joints zirtight) metal door

/Sol id-core wood door

Neoprene oval seal Neoprene oval seal

Metal frame Metal frame
(fiber-or grout-filled)

Plans

Checklist on How to Improve TL of Doors

1. Do not use louvered or undercut doors where sound isolation is needed.

2. Use solid-core wood doors or fiber-filled, hollow-core metal doors, gas-
keted to be airtight when closed. Frames should be filled with grout (or
packed with fibrous material) and caulked airtight at wall. For high STC re-
quirements, use proprietary hollow metal doors that come with special
frames and adjustable gasketing such as “‘refrigerator-type’” magnetic
seals.
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3. Doors with raised sills usually provide better surface contact than those
with flush sills and consequently can have STC ratings 3 to 6 higher. How-
ever, proprietary adjustable automatic door bottoms and cam-lift hinges
are effective for use with flush thresholds.

4. Seals should be adjustable to compensate for wear, thermal movement,
settlement of building structure, and other factors which cause misalign-
ment of doors. Locate all seals in one plane to prevent sound leaks at cor-
ners due to adjacent seals that do not meet. Seals also cushion door slams.

5. Carefully adjust gasketing to attain an airtight seal and uniform closing
pressure along all edges of the door. A stethoscope can be used during in-
stallation to locate leaks by detecting transmission of sound from stereo
loudspeakers playing pink noise on the opposite side of the door. (See
page 328 for sound spectrum of pink noise.) Depending on use, gasketing
may require periodic adjustment, repair, or replacement.

t——— Mechanics stethoscope
(used to detect sound leaks)

¢ —Extension probe (/' inside diameter
copper tubing or rigid plastic pipe)

Stethoscope

6. Stagger locations of doors on opposite sides of double-loaded corridors
so that noise does not pass directly from room to room across corridors.

7. Use stub corridors or vestibules as sound locks. Two doors in tandem,
with wide spacing between, can act independently to provide TL compat-
ible with high STC wall and floor-ceiling constructions. To be effective,
surfaces of sound locks should have sound-absorbing finish treatment.

Sound Lock

"ound lock' (with sound-

basketed, solid-
absorbing ceiling and walls) d, seldeone

wood doors

Contrel
rogm

N

studio

~——Double glazing (to

provide high STC rating)
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WINDOWS AND GLAZING

The table below presents STC data for window constructions. The
highest STC is provided by double-glass construction with wide spacing be-
tween panes of different thickness. The lowest STC is provided by double-
glass construction with narrow spacing between panes of identical thick-
ness. The narrow airspace acts as a "‘piston,’’ readily transmitting sound
energy from pane to pane.

STC
Window Construction Rating
1/8- + 1/8-in-thick double glass with 1/4-in airspace 26
1/4-in-thick glass set in caulking 30
1/4-in-thick laminated glass 34
1/4- + 1/8-in-thick double glass with 2-in airspace 39
1/4- + 1/8-in-thick double glass with 4 3/4-in airspace 43

/' + o' double glass
(4 %' airspace)

AN
\—!f’q "+ /&' double glass

= ( 2" airspace )
o
T

@ ‘LTL is low due to bending
S wave coincidence effect
=
.2 / 4" glass
;E ~ (single pane)

£

< \—TL is low due to

N resonance of glass panel
l_

)

TL data for identical window constructions can vary widely from one
laboratory to another. Discrepencies can be due to variations in size and
shape of the panel being tested (glass dimensions affect resonant frequen-
cies), edge support conditions (rigid support stiffens panel thereby low-
ering TL), and other factors. The TL of a single layer of plastic is similar to
a single layer of glass of identical mass.

Frequency (Hz)
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Neoprene edge seal
("glazing gasket")

Double Pane
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Monolithic glass

Perforated metal ‘
(or open-weave fabric)
———Laminated glass

JNeoprene edge seal

NIRRT N
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*
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( head, sill, and” jambs™)

ey P
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The 200-room hotel project below included adaptive reuse of the his-
toric L&N Passenger Station at Pensacola, Fla. (Odell Associates, Inc.-
Donald R. Lindsey, architects) . Laminated glass was used in the guest
room tower to reduce intruding noise from trains passing within 60 ft from
the hotel. Train-warning sirens can exceed 100 dBA at the site.

Gordon H Schenck. Jr.. Phatographer

Hotel Guest Room Tower behind Historic Train Station

Checklist On How To Improve TL Of Glazing

1. Increase thickness of single panes up to 1/2 in (to increase mass).

2. Use laminated glass, usually 30-mil-thick polyvinyl butyral interlayer sand-
wiched between two layers of glass (to achieve /impness and provide
damping ), which reduces the coincidence effect. Laminated glass can achieve
STC rating 3 or more higher than monolithic glass of identical thickness. Be
careful in cold climatic regions because damping provided by interlayer can be
adversely affected by low temperatures thereby reducing TL of exterior
glazing. In double-glass constructions, place laminated pane on warm side of
window.

3. Use double-glass construction with at least 1/2-in-wide spacing between
panes of different thickness (so panes will have different resonant fre-
guencies) . Ratio of thicknesses should be about 2:1. Tilting one pane
does not affect sound transmission but may be beneficial to control reflec-
tion of light. Replacing one pane of glass with equal thickness of laminated
glass increases STC by 4.
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4. Increase spacing between panes up to 6 in. TL increases by about 3 dB
per doubling of mean separation distance. Avoid using lightweight frames,
and where especially high TL is required, use separate frames to reduce
flanking of sound energy.

5. Line interior perimeter of frame with sound-absorbing treatment (to im-
prove TL by 2 to 5 dB at high frequencies).

6. Mount panes with soft neoprene edge gaskets, which provide higher TL
than putty or caulking for the same thickness of glazing.

7. Use sealed windows which usually have STC ratings 3 to 5 higher than
operable windows with gasketing. Operable double windows with separate
sashes can be more effective than a single sash with double glazing.

8. Do not evaluate glazing needed to isolate low-frequency noise based on STC
ratings alone, because the STC rating does not include TL performance below
125 Hz. For example, single panes with STC ratings identical to double-pane
constructions generally will be more effective at low-frequencies due to their
greater overall weight.

References

D. E. Bishop and P W. Hirtle, “"Notes on the Sound Transmission Loss of Residen-
tial-Type Windows and Doors,”” Joumnal of the Acoustical Society of America, April
1968.

J. D. Quirt, “"Measurement of the Sound Transmission Loss of Windows,"”" Building
Research Note No. 172, National Research Council of Canada, April 1981.

H. J. Sabine et al., ""Acoustical and Thermal Performance of Exterior Residential
Walls, Doors and Windows,”” U.S. National Bureau of Standards, Building Science
Series 77, November 1975.

G. C. Tocci, A Comparison of STC and EWR for Rating Glazing Noise Reduction,”
Sound and Vibration, October 1987. (The exterior wall rating EWR is a single-number
sound-isolation rating that attempts to account for the large amount of low-frequency

sound energy produced by transportation noise sources such as aircraft, motorcycles,
and trains. )
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OPERABLE WINDOWS

Apzr‘tment

Where windows must be opened for ventilation, the noise reduction
can be significantly increased if double-window combinations with offset
openings are used. Shown below is a double-window design having an
operable external transom and an operable inner bottom pane. When
closed, the TL is comparable to that of a conventional double window, if
airtight seals can be achieved. When opened, the noise reduction through
the sound-absorbing lined path for ventilation air will be far greater than the
0 dB reduction if opened directly to the outdoors.

ﬁ
Flow of outdoor =2 ﬁ Sound - absorbing
air (and sound <3 lining
energy )
Fined owbside — ) ¢ Fired inside
window window
Alrflow

Section - )

Soung-absorbing L.Fansam window

| ’ning—\

oy
Bottom operable window

Plan

Ventilation Window

adjacent window
(hinged panes can reflect
sound between rooms)

s N

Reflected sound from
adjacent apartment Apariment

Apart ment

Apartment Wide separafion between
windows ( panes swing so
Window close vo n noise is reflected away

From opposite window)

Poor Window Layout Preferred Window Layout

References

P. G. Patil, “'Flat Glass for Sound Control,”" Construction Specifier, December 1974.
K. A. Rose, Guide to Acoustic Practice, BBC Engineering, London, February 1980.
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DEEP-NICHE EFFECT

Light

View

Where deep window recesses are used for solar shading purposes, the
transmission loss of the glazing can be reduced below the performance
measured according to ASTM E 90 procedures in the laboratory. This phe-
nomenon, called the deep-niche effect, is due to the interreflections of
sound energy in the niche and can reduce the transmission loss of the
glazing. When the niche is treated with sound-absorbing materials, the
noise reduction can be significantly increased. The “light shelf”” shown
below can be used to bounce sunlight toward ceilings and provide solar
shading on the southern side of the building.

anﬁle thickness glazing at center of niche
(where greatest reduction of TL occurs)

i, 8 Light shelf (to reflect direct sunlight
toward ceiling )

— {BK Single thickness glazing at edge of niche

( where lesst reduction of TL occurs)

References
J. C. Gilbert, "The Effect of a Deep Niche on the Laboratory Measured Sound Re-
duction Index,'" Graduate Division, University of California, Berkeley, 1979.

J. D. Quirt, ""Sound Fields Near Exterior Building Surfaces,”” Journal of the Acous-
tical Society of America, February 1985, pp. 563-564.
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DENSITY OF CAVITY INSULATION

Controlled TL testing conducted at several laboratories shows that the
density of fibrous cavity insulation has some effect on the STC rating of a
wall. However, the thickness of the insulation may be more important, with
the initial inch having the greatest effect. The table below shows typical
STC ratings for metal-studded (25 gauge) gypsum board wall construc-
tions measured in the laboratory under identical conditions with 3 /4-Ib /ft>-
density glass fiber of 3-Ib/ft*-density mineral-fiber insulation in the stud
cavity. For these light-gauge steel stud constructions, the more dense
mineral-fiber insulation provided STC ratings slightly higher than the lighter
glass-fiber insulation.

STC Ratings

No Cavity Glass-Fiber Mineral-Fiber
Construction Insulation (3/4 Ib/ft3) (3 1b/ft3)
2 1/2-in steel channel studs with one layer 37 42 43
1/2-in-thick gypsum board on each side
3 5/8-in steel channel studs (25 gauge) 38 44 46

with one layer 1/2-in-thick gypsum
board on each side

When low-density glass-fiber insulation (< 2 Ib/ft®) is used, it gener-
ally is best to completely fill the cavity airspace. For example, install glass-
fiber insulation that is 1/2 in thicker than the stud depth. For double-row
wood stud walls with 1 1/2-in-thick glass-fiber insulation, STC increases
by about 2 per doubling of insulation thickness up to the full depth of the
cavity.

Do not, however, completely fill the cavity airspace when mineral-fiber
insulation (> 2 Ib/ft3) is used because the stiffer insulation tends to
permit “‘bridging’’ of sound energy through the airspace. Tests also show
reduced low-frequency transmission loss performance for mineral-fiber den-
sities greater than 3 Ib/ft%.

References

W. Loney, “Effect of Cavity Absorption and Multiple Layers of Wallboard on the
Sound Transmission Loss of Steel-Stud Partitions,”” Journal of the Acoustical So-
ciety of America, June 1973.

""Noise Control in Residential Construction,”” Owens-Corning Fiberglas Corp., To-
ledo, Ohio, May 1981.

H. S. Roller, "Research Evaluates Role of Density in Acoustical Insulation Perform-
ance,”” Form & Function, Issue 2, 1985,
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STC IMPROVEMENTS FROM MODIFICATIONS TO WALLS

The table shows modifications to walls along with the corresponding
estimated improvements in STC ratings.

STC
Modifications to Basic Construction Improvement
Drywall
1. Sound-absorbing material (e.g., glass fiber or mineral fiber), at 2t05
least 2 in thick, in cavity of wood stud gypsum board construction
2. Sound-absorbing material, at least 2 in thick, in cavity of 3to7
staggered wood stud construction
3. Sound-absorbing material, at least 1 1/2 in thick, in cavity of 6to12
double-stud construction (i.e., 2 by 4s with 1-in separation)
4. Sound-absorbing material, at least 2 in thick, in cavity of 25-gauge
steel stud construction
a. 2 1/2-in channel 5to8
b. 3 5/8-in channel 4to8
Masonry
1. Sand- or mortar-filled cells 2t05
2. Painting at least one side of lightweight hollow concrete block 204
with latex block filler (3 coats), or 1/2-in-thick plaster sealer on
one side
3. Rigidly furred 1/2-in-thick gypsum board skin attached with wood 3to06

furring to concrete block, sound-absorbing material installed in
cavity leaving an air gap between block and modifications
4. Resiliently supported 1/2-in-thick gypsum board skin attached 51t0 8
with steel channels to unsealed side of concrete block (or with
sound-absorbing material in cavity)
Note: Avoid fastening cabinets, fixtures, and the like which can “'short out’ the resilient supports.
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EXAMPLE PROBLEM (USE OF STC TABLE)

Find the estimated improved STC for a 6-in-thick painted concrete
block wall from adding a resiliently supported 1/2-in-thick gypsum board
layer (or skin) to one side. Cavity airspace between block and gypsum
board contains sound-absorbing material.

Construction STC
6-in-thick painted concrete block (see p. 204) 45
Improvement no. 4 for masonry + 5
6-in-thick painted concrete block with 50

resiliently supported gypsum board skin

Note: It is always prudent to use up-to-date TL data from laboratory tests con-
ducted according to ASTM E 90 or reliable field measurements on a wall identical to
the one being constructed. Whenever possible, use TL data that are based on mea-
surements of current building materials and installation methods.
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MASKING FOR SOUND ISOLATION

Background noise can contribute to sound isolation by masking, or cov-
ering up, intruding noise. Masking sound should be bland and steady so
that it will not be noticed. Effective background masking may be provided
by airflow that is carefully controlled at diffusers and registers. Fan noise
and rumble from turbulence are not desirable (see Chap. 5).

The transmitted noise level should be below the normal background
noise level (called ambient sound) in the receiving room. For example, if a
noise level of 80 dB in a source room must be reduced to 5 dB below the
background noise level of 20 dB in a receiving room, the required NR be-
tween the rooms will be 80 — (20 — 5) = 65 dB. (See heavy lines on il-
lustration.) However, by raising the background noise level in the receiving
room to 35 dB, the required NR would be 80 — (35 -5) = 50 dB. The
difference of 15 dB (i.e., 65 — 50) is a significant diminution in the NR re-
quirement (and required STC rating for the common barrier).

The following page introduces the concept of noise criteria which can
be used as a guide to specify background noise levels in buildings.

——'IMa_slain "or background —Noise reduction (NR)
noise level (NC) between rooms

—Transmitted noise Noise level (L)) in source
level (L2) from room (e.g., loud speech,
source room telephone ringing )

0
_’
p— j
Receiving room Source room

Amount transmitted
noise 1s below background
hoise
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NOISE CRITERIA FOR ROOMS

Noise criteria NC curves can be used to evaluate existing situations by
measuring sound levels at the loudest locations in rooms (preferably at user
ear height) . They also can be used to specify the steady, or continuous,
background noise levels (not activity noise from occupants of room)
needed to help achieve satisfactory sound isolation, provided levels are 4
to 5 dB below the NC curve at both low and high frequencies. Each NC
curve is defined by its sound pressure level for eight octave-band center
frequencies shown by the graph on page 235. Note that the NC rating for a
noise situation usually means the lowest NC curve that is not exceeded by any
octave-band sound pressure level.

The table below presents recommended NC ranges for various indoor
activity areas. For hearing-impaired persons, specify NC curves that are 5 or
more below the criteria presented in the table. It is especially critical to
achieve low noise levels at 63 and 125 Hz, where hearing-impaired persons
have most of their residual hearing.

Preferred Range Equivalent
Type of Space (and Listening Requirements) of Noise Criteria dBA Level *
Concert halls, opera houses, broadcasting and recording
studios, large auditoriums, large churches, recital halls
(for excellent listening conditions) < NC-20 < 30
Small auditoriums, theaters, music practice rooms, large
meeting rooms, teleconference rooms, audiovisual facilities,
large conference rooms, executive offices, small churches,
courtrooms, chapels (for very good listening conditions) NC-20 to NC-30 30 to 38
Bedrooms, sleeping quarters, hospitals, residences,
apartments, hotels, motels (for sleeping, resting, relaxing) NC-25 to NC-35 34 10 42
Private or semiprivate offices, small conference rooms,
classrooms, libraries (for good listening conditions) NC-30 to NC-35 38 to 42

Large offices, reception areas, retail shops and stores,
cafeterias, restaurants, gymnasiums (for moderately good
listening conditions) NC-35 to NC-40 42 to 47

Lobbies, laboratory work spaces, drafting and engineering
rooms, general secretarial areas, maintenance shops such
as for electrical equipment (for fair listening conditions) NC-40 to NC-45 47 to 52

Kitchens, laundries, school and industrial shops, computer
equipment rooms (for moderately fair listening conditions) NC-45 to NC-55 52 to 61

* Do not use A-weighted sound levels (dBA) for specification purposes. Spectrum shapes and noise characteristics can vary
widely for background noises with identical A-weighted sound levels (see Chap. 1).
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It is good design practice for most situations to specify background
noise levels which fall within a minimum-maximum NC range as suggested
in the table. The minimum background noise levels are needed to help
achieve sound isolation. For example, mechanical engineers can specify air-
flow at diffusers and registers which, if unobtrusive and continuous, can
provide sufficient background noise for effective masking in private offices.
The maximum background noise levels should not be exceeded because
higher levels can be noticeable and annoy most occupants or interfere with
speech communication. Limits on intruding noise of short duration, such as
noise from trains and aircraft, often can be allowed to exceed preferred NC
criteria for continuous noise by 5 to 10.

References

L. L. Beranek (ed.), Noise and Vibration Control, McGraw-Hill, New York, 1971,
pp. 564-568 and 584-586.

S. L. Yaniv and D. R. Flynn, “'Noise Criteria for Buildings: A Critical Review,”” U.S.
National Bureau of Standards, NBS Special Publication 499, January 1978.
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NOISE CRITERIA CURVES

The numerical designation of the NC curves shown below is the arith-
metic average of their respective sound pressure levels at 1000, 2000, and
4000 Hz (which are extremely important frequencies for speech percep-
tion ). The NC rating for a measured noise can be found by comparing its
plotted sound spectrum to the NC curves. The NC rating is the lowest NC
curve not exceeded by the plotted sound spectrum.
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Note: The dark curve at the bottom of the graph indicates the threshold of hearing
for continuous noise (cf., D. W. Robinson and L. S. Whittle, "The Loudness of Oc-
tave-Bands of Noise,* Acustica, vol. 14, 1964, p. 33). The threshold of hearing for
pure tones is much lower due to greater human sensitivity to such tones. Low-fre-
quency sound levels of the NC curves are higher than high-frequency levels because
humans are less sensitive to low-frequency sound energy (see Chap. 1).
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Be careful because a background noise with a plotted spectrum which
has the shape of an NC curve generally will not sound pleasant. It will be
both rumbly and hissy, unless the sound levels at low frequencies ( <125
Hz) and high frequencies (> 1000 Hz) are reduced by 4 or 5 dB. Pre-
ferred spectra for electronic background masking systems are discussed in
Chaps. 6 and 7.

NC levels can be used as design criteria to specify limits on noise gen-
erated by air diffusers and registers, fluorescent and HID lamp ballasts, and
the like. For ballasts, the limit should be at least 10 below NC criteria to
prevent hearing pure tones. Refer to table on page 402 for decibel values of
NC curves.

Reference

ASHRAE Handbook (1985 Fundamentals VVolume), American Society of Heating,
Refrigerating, and Air-Conditioning Engineers, Atlanta, 1985, p. 7.9.
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ROOM CRITERIA CURVES

Room criteria (RC) curves can be used to evaluate and diagnose con-
tinuous noise from HVAC systems according to measured sound pressure
level, shape of frequency spectrum, tonal content (no whining or buzzing is
desired) , and low-frequency forced vibrations. For example, sound levels in
the shaded area A on the graph indicate high probability that noise-induced
vibrations in lightweight wall and ceiling constructions will be clearly ‘‘feel-
able” and audible (e.g., rattling light fixtures). Levels in shaded area B indi-
cate moderately ‘feelable’’ vibrations.
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Unlike the NC rating, where different spectra can have identical ratings,
the RC rating is determined by first comparing the sound spectrum, plotted
at 500 to 2000 Hz, to the closest RC curve. Next, the subjective "'quality”
of the sound energy is assessed with respect to an ideal balanced spectrum
that is neither rumbly nor hissy. A balanced spectrum would be within 2 dB
above or below an RC curve at each octave-band center frequency. Rumbly
sounds generally exceed an RC curve by 5 dB or more at low frequencies
( < 250 Hz); hissy sounds by 5 dB or more at high frequencies (= 2000
Hz).

For examples of how to rate HVAC system noise by the RC method,
see W. E. Blazier, "‘Revised Noise Criteria for Design and Rating of HVAC
Systems,"" ASHRAE Journal, May 1981.

References

L. L. Beranek et al., "Preferred Noise Criterion (PNC) Curves and Their Application
to Rooms,"" Journal of the Acoustical Society of America, November 1971,

W. E. Blazier, “"Revised Noise Criteria for Application in the Acoustical Design and
Rating of HVAC Systems,”” Noise Control Engineering Journal, March-April 1981.
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EXAMPLE PROBLEM (TL DESIGN)

Find the TLs required to isolate an office from high noise levels in an
adjacent computer equipment room. The common wall is concrete block
construction. The ceiling in the office is 1 1/2-in-thick suspended sound-
absorbing board, the walls are painted concrete block, and the floor is cov-
ered by heavy carpet on foam rubber underlay.

108t
L Office
required D
TLs
0f¢
Computer
| egquipment
F roem
Section
=
Plan
First, find the absorption in the receiving room (office) by using the
formula: a, = XSa.
Sound Absorption (sabins)
Surface 125 Hz 250 Hz 500 Hz 1000 Hz 2000 Hz 4000 Hz
100-ft2 ceiling, 1 1/2-in fuzz 38 60 78 80 78 70
100-ft? floor, carpet 8 24 57 69 71 73
400-ft? walls, concrete block 40 20 24 28 36 32
a, (sabins): 86 104 159 177 185 175

Next, find the required NR by subtracting the background noise level in
the receiving room (office) from the likely noise level in the source room
(computer equipment room) at each frequency. To estimate the minimum
masking background noise levels, use the RC-30 curve. The required TL
then can be found by the formula: TL = NR — 10 log a,/S.
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Finally, select a wall construction from page 204 that will have a TL per-
formance which exceeds the required TL. The table below shows the compu-
tation process at sound frequencies from 125 to 4000 Hz.

125 Hz 250 Hz 500 Hz 1000 Hz 2000 Hz 4000 Hz

Likely noise in computer

equipment room (see p. 34) 75 73 78 80 78 74
Minus background level in office,
RC-30 (see p. 402) 45 _40 35 _30 _25 _20
Required NR (dB): 30 33 43 50 53 54
Minus 10 log a,/S =1 0 2 3 _3 3
Required TL (dB): 31 33 41 47 50 51
Use 6-in concrete block wall,
painted (34 Ib/ft?) TL (dB): 37 36 42 49 55 58

Likely noise levels
/_(computer room)

70

60

Required
noise reduction (NR)

(A8)

Minimum c¢continuous
background N¢-30
noise levels (office)

RC-30 curve (more
\\/-”natura'.' sounding than
20 L 1 1 1 1 Sy NC spectrum)

126 250 500 1000 2000 4000

Frequency (Hz)

Sound pressure |evel
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STCs FOR SCHOOLS

Suggested STC ratings for schools can be found in the table below at
the intersection of a source room row and receiving room column. For ex-
ample, an STC of 50 normally would be required between a kitchen and a

classroom in a school. Carefully evaluate both paths, because a receiving

room also can be a source room. STC requirements which exceed 65 gen-
erally will require ““floated”" floors, special ceiling constructions, and careful

control of all flanking paths.

Receiving room

Source room

lLibrary

55 50 - 35 45 50
| Teleconference

45 40 - 30 35 40
lCMssmam

) - - - 35 - -

 Gymnasium

55 50 45 - 45 50
(Kitchen

45 40 - 30 35 40
LPaboratorg

40 35 - - 30 -

Note: The tables of suggested STCs and NICs in this chapter are based on iso-
lating noise levels from normal activities and on achieving the preferred NC back-

ground noise levels in the receiving room. The tables therefore may be used for pre-
liminary planning purposes if adjustments are made for more demanding situations.
For example, specific STC and TL needs should be determined only by accounting

for privacy expectations of the users, size of common barrier, receiving room ab-

sorption, anticipated source room noise levels, and other factors presented in this

chapter and in Chap. 6.
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NICs FOR MUSIC ROOMS

Recommended field-measured minimum noise isolation class NIC rat-
ings for music rooms are presented in the table below. To achieve satisfac-
tory isolation, the noise level of the intruding music must be reduced to be
below the background noise level in the receiving room. Recommended
background noise levels are 36 dBA for band rehearsal rooms, choral re-
hearsal rooms, and music teaching classrooms; 40 dBA for electronic
music rooms and faculty teaching studios; and 44 dBA for music practice
rooms (individual or ensemble ). Higher background noise levels can pro-
vide a greater margin of safety for music privacy. Under no circumstances,
however, should background noise levels exceed 50 dBA. In large rehearsal
rooms where musicians are widely separated, background noise levels must
be low (< 40 dBA) so that musicians can hear each other.

Convert NIC rating in the table to STC by subtracting 10 log a,/S from
the table value, where a, is the absorption in the receiving room (sabins)
and S is the surface area (ft2) of the common barrier construction sepa-
rating the rooms. (Refer to ASTM E 597 for a method to verify NIC per-
formance in the field.)

Heavyweight masonry constructions provide better low-frequency isola-
tion than lightweight drywall constructions and therefore are normally pre-
ferred when music is to be isolated.

lBar\d room

| Choral room

) 65 59 59 56 617 56
| Music classroom

Music 57 56 56 48 54 52
practice room

Electronic 672 61 612 54 58 1)
music room

Gl 62 be 51 58 51

( Faculty studio

Reference

D. L. Klepper, W. J. Cavanaugh, and L. G. Marshall, "'Noise Control in Music

Teaching Facilities,” Noise Control Engineering Journal, September-October 1980,
p. 75.
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LAYOUTS OF INTERIORS

Rooms often can be arranged so that less-critical spaces act as barriers
or buffer zones between sensitive areas and noise sources. The storage
and locker rooms in the school example shown below can be used to shield
classrooms from a nearby mechanical equipment room. In the music
building example, offices and individual practice rooms can be used to
shield the choral room from the band room. Note that noise levels in large
music practice spaces can exceed 100 dBA.

Buffer zone (o

isolate classrooms
Poor Layouts Preferred Layouts from mechanical room)
ical echanical
gguipmenty room equipment room
Storege|lockers

Classroom|Classroom

Classroom| |Clagsroom

Storage[lockers

Corridor (can buffer
Classrooms classrooms from noise)

Instrument storage

Buffer zone (to isolate
band and choral rooms )

[ 0ffice

VAN B
Band Choral Torridor |
room room
Band Choral
reom Music room
: 1¢
Corridor . ; l roo
: Music] ralctice
S 1A | [Fbmd ] et
\—Instrument storage \— Corridor (can buffer music room noise)
Office

Music Practice Rooms

Note: Be sure to isolate floors in practice rooms because musical instruments such
as the cello, piano, and double bass are sources of structure-borne sound (see
Chap. 1).

SOUND ISOLATION 243



NICs FOR HEALTH CARE OCCUPANCIES

lWai‘t:'ng

Recommended field-measured noise isolation class NIC ratings for
health care occupancies are presented in the table below. NIC is the air-
borne sound isolation provided by all the construction systems separating
adjacent rooms. Rooms with little absorption (e.g., exam rooms) should
have construction STCs at least 5 higher than the NIC values in the table.
Rooms with a relatively large amount of absorption (e.g., private offices)
should have construction STCs equal to the recommended minimum NIC.

 Consult/ Interview

50 | 50 | 45 | 50 | 45 | us

(Exam ¢ Treatment

45 45 | H5 45 45 | 50

(Private office

45 50 45 45 50 | 45

[La boratorg

40 | 45 | 45 50 40 | 45

lPa‘tie nt room

50 | 45 | 50 | 45 | 45 | us
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STCs FOR DWELLINGS

Suggested STC ratings for dwelling units can be found in the table
below at the intersection of a source room row and a receiving room

column. The U.S. Federal Housing Administration (FHA) recommends STC
ratings for constructions within the same dwelling based on three catego-

ries of site background noise: quiet (< 40 dBA), average (40 to 45

dBA), and noisy (> 45 dBA). An STC 55 is recommended for party walls

at quiet sites, STC 52 at average sites, and STC 48 at noisy sites. For

luxury dwellings, increase FHA recommendations by 5 to 10 or more. Con-

structions separating dwelling units from corridors, lobbies, or stairwells
should be STC 50 or greater.

Source room

lﬁwndor‘

50 50 50 50 50 50

LB\*?.dremn";
. 5% 50 50 50 50 45

lefng room

55 50 45 45 45 40
[I_<|'tchen

55 55 50 50 | &40 40
 Pathroom

55 | 50 | 45 | 45 | 40 | 40
IF’arm'lg room

50 48 &0 45 35 -

Receiving room
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FUNDAMENTALS OF IMPACT NOISE ISOLATION

Typically, impact noises are erratic and can be caused by walking (hard
heel footfall), rolling carts, dropped objects, shuffled furniture, slammed
doors, and the like. Impacts on floors, as shown on the sketches below,
are radiated directly downward. They also can be transmitted horizontally
through the structure and be reradiated at distant locations. Therefore, it is
best to prevent impact sound energy from entering the building structure.

' i —_—TE naaet ,.;; Floated"
f.-;%"ilacgn(cgate G -.""-‘a.’-..-;;_L;T{fbconcrete : i wood flooring
lb/ft2) r: o (——G concrete
s ul o\ L. 5|ab
. mEm (— Suspended ——Isolation
Impact noice gapspum board pad
layers
Poor Better Best

Impact isolation effectiveness for a construction element, tested over a
standard frequency range, can be rated by the single-number impact isola-
tion class (abbreviated IIC). Shown below are the transmitted impact noise
levels from tests using a standard tapping machine on floor-ceiling con-
structions. The IIC ratings vary from 25 for the bare concrete slab to 57 for
the “‘floated”’ floor construction. To achieve high IICs, use soft floor sur-
faces (carpet with soft underlay, rubber tile), ceilings suspended under
slabs, floated floors, or all three of these impact control measures. Avoid
hard surfaces such as bare concrete, terrazzo, vinyl tiles, and linoleum.

slab

o
oG
- ®

cemng resiliently suspended
underneath (IIC47)

' concrete slag supporting

Transmitted impact noise (dB) %

N "Flaa d" wood Ffloo
NS e )“” r
H""'-...
A\
V4

Frequency (Hz)
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FLOOR-CEILING CONSTRUCTIONS FOR IMPACT ISOLATION

Carpeting and resilient rubber floor tiles can be used to cushion im-
pacts. They are most effective as isolators of mid- and high-frequency im-
pact noises such as “‘clicks’” from footsteps. However, low-frequency
“thuds’’ from things being dropped still may be transmitted through con-
structions having these surfaces. Elaborate constructions, such as concrete
slabs with suspended ceilings and floated floors, may be required to
achieve high values of impact isolation over the entire frequency range.

Impact Isolation
Construction Effectiveness

Carpet on Concrete

WWQ—CM et on soft

, underiagment

'-. u" o e e—Y t08' thick concrete Good
_— structural slab r1

Carpet on Concrete, and Suspended Ceiling

WWG—CErpet on underlayment

Dygne ett &—Concrete structural slab

'\-—Isolation hanger (spring neoprene)
T e TN '.'a'. G" or more air space (with
=== fibrous insulation in plenum)

Resfiign‘mP suspended gupsum
board ceiling

Carpet on Floated Concrete Slab (See details
on following page)

T —72 104" Floated concrete slab

&—lIsolation pad (with glass
fiberboard between pads)

.'-'..'-'--'«'-‘."--.."-3-'?<—Cancrete structural slab

Floated Slab and Suspended Ceiling

2'to4’ floated concrete slab
'(—Isolation pad

& 4—4" 40 8' concrete structural

.- suiras slab

¢ lsolation hanger Petter

T o € —2' thick Fibrous insulation
T
N—Resilient|

board cej

IH suspended gypsum
Ing
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FLOATED FLOORS

Floated floors are slabs (or floor assemblies) which are completely
separated from the structural slab by a resilient underlayment or by resilient
isolators. Partitions bordering floated floors should be designed as shown
at the right. If partitions are set on a floated floor, either an overcom-
pressed resilient isolator or a shear failure in the floated surface, as shown
at the left, could provide a direct flanking path for sound energy.

: LNonhardening caulking

”Sound leak seal ( both sides)

Glass fiber-
board at

perimeter

‘ M |s0lation pad with

" glass 1°|'b(.‘.'.rt:-c:lar'f:&1 |g

L air ga or molde
Sound leak highs-’deasitg‘slass-ﬁber

Preferred layers separated by soft

honeycomb core)

Poor

Shown below are details of an example floated floor. Floated floors are
complicated constructions requiring careful design, specification, and super-
vision during installation. Basic concrete floated-floor systems consist of
precompressed glass-fiber or neoprene isolation pads installed under ply-
wood forms with a moisture barrier completely covering the forms.

Where wood forms are not desired or permitted due to fire safety
codes, /ift slab systems can be used. In these systems, steel-reinforcing
mesh is placed on the isolators and, after the concrete slab has cured, the
slab is raised to its final height by jackscrews at the isolator pads (or springs).
Polyethylene moisture barriers, covering the entire structural slab and perimeter
of the floated slab, are used to help break the bond between concrete layers
during lifting operations.

"Eloated' concrete

Caslking around entire oerimeter
slab

( nonhardening, airtight seal )

Po yetnyiene plastic
sheeting (To pretect
resilient materials
from moisture)

Exterior-grade slywood
{to provide form for
concrete during
construction)

Pedestal
Alr gap

Reinforcing mesh

Drain Glass fiberboard (to prevent

flanking at perimeter of slap

Neoprene isolation mounts and pedestals )

(to allow ¥loated' slab to
move while structural slab

remains stationary ) Concrete structural slab
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11IC CONTOUR

The IIC contour and standard grid shown below can be reproduced on
a transparent overlay (without ordinate dB values) and then used to deter-
mine IIC ratings according to the ASTM procedures outlined on the fol-
lowing page. The IIC contour produces numerical ratings for impact isola-
tion similar to the STC ratings for airborne noise isolation.

Arrow indicates IIC rating on
I1C ordinate (Kkeyed to_scale of
impact test data plot)

IIC contour 7
75

= 25
¥ AN
v X
Vi
AN
v =
65 e 4s
2 13 47
3 55 55
P
@ ®
o 45 65 w
& %
-
®
@ 35 7% 5
» i
S Q
£ 25 G

40 63 100 160 250 400 630 1000 1600 2500 4p00 6300
3.5 50 &0 125 200 315 §00 800 1250 2000 3150 5000 &000

One-third octave-band center frequency (Hz)
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IIC RATING CRITERIA

This impact isolation class IIC is a single-number rating of the impact
sound transmission loss performance of a floor-ceiling construction mea-
sured at standard one-third octave band frequencies. The higher the IIC
rating, the more efficient the construction will be in reading impact sound
transmission within the frequency range of the test.

In the United States, the IIC rating method is recommended by the Fed-
eral Housing Administration (FHA) as a rating of impact sound isolation ef-
fectiveness. The IIC method is based on measurements of the absolute
sound pressure levels produced in a room directly below the test floor on
which the ISO standard tapping machine is operating. In this situation,
lower transmitted impact sound pressure levels indicate better impact
sound-isolating performance.

IIC test data are measured at 16 one-third octave bands with center
frequencies from 100 to 3150 Hz. The test data, normalized to a room ab-
sorption of 108 sabins, are plotted against frequency and compared to the
reference IIC contour. The IIC rating can be graphically determined by using
a transparent overlay on which the IIC contour is reproduced, as shown on
the preceding page. Before the overlay is used, a new vertical scale is
written on the right-hand side of the test-curve graph, with values de-
creasing in the upward direction. The right- and left-hand scales coincide at
55 dB and have the same number of decibels per graph division. The IIC
contour is shifted vertically relative to the plotted curve of test data to as
low a final position as possible according to the following limited criteria:

1. The maximum deviation of the test curve above the contour at any single
test frequency shall not exceed 8 dB.

2. The sum of the deviations above the contour at all 16 frequencies of the
test curve shall not exceed 32 dB (an average deviation of 2 dB per fre-
quency) .

When the IIC contour is adjusted to the lowest position that meets the
above criteria, the IIC rating is read from the vertical scale on the right as
the decibel value corresponding to the intersection of the IIC contour and
the 500-Hz ordinate (or decibel value from the vertical scale on left sub-
tracted from 110). For example, the position of the contour shown on the
preceding page would give an lIC 47 rating (the dB unit is dropped).

References

R. D. Berendt et al., ""A Guide to Airborne, Impact, and Structure Borne Noise-Con-
trol in Multifamily Dwellings,”” U.S. Department of Housing and Urban Development,
Washington, D.C., September 1967, chaps. 9 and 10.

"Field and Laboratory Measurements of Airborne and Impact Sound Transmission,"’
International Organization for Standardization (ISO) Recommendation R 140.

“Laboratory Measurement of Impact Sound Transmission Through Floor-Ceiling As-
semblies Using the Tapping Machine,”” ASTM E 492.

""Rating of Sound Insulation for Dwellings,”" ISO Recommendation R 717.
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IICs FOR DWELLINGS

FHA impact noise criteria for residential urban and suburban dwelling
units with average noise environments (called grade Il) can be found in the
table below at the intersection of the row for the source room (located
overhead) and the column for the receiving room (located underneath ).
For example, an IIC 57 is required for a kitchen located on the floor directly
above a living room. Be sure also that all piping and plumbing fixtures are
properly vibration isolated (see Chap. 5).

This table also can be used to determine IICs for dwelling units located
at suburban and peripheral suburban residential areas in quiet locations
(called grade |) and urban areas with noisy environments (called grade
IIl). For grade |, add 3 to the table values; for grade lll, subtract 4.

LBed room

P 517 52 52 - 50 -
(Living room

62 57 52 - 52 -
lKitchen

- - 52 50 - -
LBat'nroom

_ 62 | 60 | 58 = - -
(Family room

62 | 57 | 52 = - 48

Source room (located above )

(Gorridor

A high lIC number does not necessarily mean that impact isolation will
be satisfactory because the IIC method does not consider impact sound
transmission below 100 Hz. Impact noise problems can arise at low fre-
quencies, commonly occurring with lightweight steel or wood frame
flooring systems. Consequently, where impact isolation is required, avoid
especially long unsupported floor spans and excessive floor deflections.
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IIC AND STC IMPROVEMENTS FROM MODIFICATIONS TO FLOOR-CEILING
CONSTRUCTIONS

The table shows modifications to floor-ceiling constructions along with
the corresponding estimated improvements in IIC and STC ratings. Floated
floors can be more effective when installed on concrete slabs than on
wood-joist flooring because concrete slabs provide more rigid support.

1C STC

Modifications to Basic Construction Improvement  Improvement
Wood Joist
Resiliently suspended ceiling 8 10
Floated floor 8 10
Sound-absorbing material in

airspace of resiliently suspended ceiling 7 2t04
Concrete Slab
Resiliently suspended ceiling 8 10 to 12
Floated floor 15 to 20 10 to 12
Sound-absorbing material in

airspace of resiliently suspended ceiling >5 P
Wood flooring (=>1/2 in thick) set in mastic 7 0
Wood Joist or Concrete-Slab
Vinyl tile Otob 0
Linoleum (3/32 in thick) 3tob 0
Carpet on foam rubber underlay

(use higher end of IIC range for concrete slab systems) 20 to 40 0

Note: It is always prudent to use up-to-date IIC data from laboratory tests in accor-
dance with ASTM E 492 (and STC data from ASTM E 90) or reliable field mea-
surements on a floor-ceiling identical to the one being constructed. Whenever pos-
sible, use acoustical data that are based on measurements of current building
materials and installation methods.

Reference

L. F Yerges, Sound, Noise, and Vibration Control, Van Nostrand Reinhold, New
York, 1978, pp. 115-120.
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OUTDOOR BARRIERS FOR NOISE CONTROL

QOutdoor barriers can be used to reduce environmental noises, espe-
cially high-frequency sound energy such as tire “whine” from cars and
trucks. However, low-frequency sound energy, such as engine “‘roar,” can
readily bend over and around barriers. Noise reduction for outdoor thin-wall
barriers (called barrier attenuation) can be estimated by the curves on
page 256. Shown below are example outdoor barriers and site features that
can be used to control noise.

Poor
Thin planting of trees can provide visual, but not acoustical shielding!

Acoustical "line-of-sight"
from source to receiver

—

Better

Elevated roadbed plus shielding of grass-covered earth berm and thin-
wall barrier can provide useful attenuation. However, elevated highways
more than 500 ft away can produce almost the same noise levels as high-
ways at grade because the line of sight will not be blocked.

Earth berm ( covered by
densely grown grass )

j——-ThEn -wall barrier

Best
Roadbeds below grade can interrupt the direct sound path from source

to receiver even further, thereby providing greater attenuation by diffraction.
Roadbed depressions of 12 ft or more usually are needed to control
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highway noise. Note that the height H, above the acoustical line of sight for
the example roadbed below grade is greater than the height H, for the ex-
ample elevated roadbed.

Roadbed depression

Acoustical "line-of - sight’
from source to receiver

Noise from traffic can vary due to traffic volume (vehicles per hour),
speed of vehicles, road surface (e.g., sealed asphalt can reduce noise by 5
dB compared to concrete), steepness of grade (especially critical for large
trucks ), and other factors. High-volume car and small truck traffic repre-
sents a continuous line source which radiates sound cylindrically, not spher-
ically like sound from a point source. Consequently, car noise decreases by
only 3 dB for each doubling of the distance from the source. Large trucks
usually can be treated as point sources with 6 dB decay for each doubling
of distance (from effective height of engine/exhaust at 8 ft above road sur-
face).

References
G. S. Anderson et al., “'Baltimore Plans Highways for Minimum Noise,"" Civil Engi-
neering, September 1972.

D. S. Pallett et al., Design Guide for Reducing Transportation Noise in and Around
Buildings, U.S. National Bureau of Standards, Building Science Series 84, April
1978.

H. J. Saurenman et al., Handbook of Urban Rail Noise and Vibration Control, U.S.
Department of Transportation, Washington, D.C., October 1982.
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NOISE REDUCTION FROM OUTDOOR THIN-WALL BARRIERS

Shown below are the sound paths from source to receiver, interrupted
by a thin-wall barrier. The arrows indicate the direction of travel for the di-
rect, reflected, diffracted, and transmitted sound waves. The greater the
angle of diffraction, the more effective the attenuation of the barrier.

10"
& 5
%
x,%
2
O Q,‘;)
W
0% W
AL
X, Q\ o€
\\'9’0 N
% X
¢ Angle of diffraction
o _ i
;&‘Fn ¢te by s . —"Shadow zone'
E 5 ----____‘iaff_:':_» of thin-wall
Trammrbt&d path barrier

Source Barrier Receiver

Checklist for Effective Use of Barriers

1. Place barrier as close as possible to either the source of sound or receiver.

2. The greater the height of the barrier above the direct path from source to
receiver, called the acoustical line of sight, the greater the attenuation.

3. Barrier should be solid (> 4 Ib/ft? density) and airtight. However, the TL
of the construction materials used need not exceed the attenuation from
diffraction effects over and around the barrier. Example barrier materials
are: 1 1/2-in-thick fir, 1 1/4-in-thick plywood, 4-in-thick concrete panels
or concrete block.

4. Attenuation values from the curves on the following graph represent bar-
riers of infinite length. The diffraction of sound energy around the ends of
short barriers, called end diffraction, will considerably reduce attenuation.
Therefore, to isolate point sources provide total length of at least 4R,
where R is the shorter of the source-to-barrier and receiver-to-barrier dis-
tances.
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5. Treat barriers that face each other (e.g., deep road cuts) with sound-
absorbing materials, or tilt the barriers. For example, vertical sound-reflec-
tive barriers on opposite sides of a road can be greater than 10 dB more
effective when treated with sound-absorbing materials.

Thin-wall barrier
i / Acoustical "line-of-sight’
Jl f
o ] . - . . O

T 0.5
- //'

Source or Receiver
receiver or source
R Much greater than R
- 30 I
D [R /
0
/
< 120 /4:" IG;‘,/ /////
o -
s L=<t —1 T
@ Al 2
» 0 35 e
» <+
o \'6 -+ |
3 sz L —
S
w

[ )
r\\
PO\
%5‘
=)
ey
un

&% |25 250 500 1000 2000 4000 8000
Freq'uencx_.j (Hz)

Barrier Attenuation Graph

Note: The effects of wind, temperature, and atmospheric turbulence usually can be
neglected at distances of less than a few hundred feet.
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EXAMPLE PROBLEMS (THIN-WALL BARRIERS)

1. A source of noise is located 3 ft from a thin-wall barrier which extends 4 ft
above the acoustical line of sight. Find the barrier attenuation A at 250 Hz.

\

Acoustical 'line-of-sight'

Source

Receiver
R=3f¢t

First, find H2/R ratio, which identifies curve on barrier attenuation graph
(see preceding page).

2
HE_ (4)2 _ o4

R 3

Next, enter graph at 250 Hz, which gives attentuation A on ordinate scale
of 14 dB.

Attenuation A, in dB, also can be found using the following formula,
where fis frequency in hertz.

HZ
A=10log 5+ 10log f = 17
=10 log (5.3) + 10 log 250 - 17
=10(0.7243) + 10(2.3979) - 17
A=7+24-17 = 14 dB at 250 Hz

2. Find the barrier height H required to reduce outdoor mechanical equipment
noise to 57 dB at 125 Hz. Equipment produces 67 dB at the property line
as shown below. The barrier can be located 10 ft from the equipment.

First, find the required barrier attenuation A.
A=L,-1L,
A =67-57=10dB at 125 Hz

~Rs=|0ft Mechanical equipment

[:] | |H ) Acoustical ".Iine.-aF-g.EEht"jz_

Barrier

o | B
N 50 ft ']C—‘Propertsj line
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Next, find the required barrier height H above the acoustical line of sight.

2
A =10 log 2

R + 10log f— 17

2

10 = 10!09%-!- 10 log 125 - 17

HZ
10 = 10|OQE+ 21-17

2
10 log—1H—0= 6
2
!og%= 0.6
H? _
10 3.981

H?= 10 (3.981) = 39.8
H = +v39.8 = 6.3 ft.
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SELF-PROTECTING BUILDING FORMS

A self-protecting building has external elements which act as barrier
screens by interrupting the acoustical line of sight to nearby noise sources.
This feature can protect acoustically weaker elements such as windows and
doors. Examples of self-protecting atriums, recessed floors, and podium
bases are shown below. Be careful when designing wide podium bases be-
cause they can restrict- access to upper floors for fire-fighting and rescue

operations.
<L
Atriums
Recessed Floors
Podium Base
Reference

D. J. Oldham and E. A. Mohsen, A Technique for Predicting the Performance of
Self-Protecting Buildings with Respect to Traffic Noise,”” Noise Control Engineering
Journal, July-August 1980.
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BALCONIES AND OVERHANGS

Balconies and overhangs can be used to isolate buildings from surface
transportation noise. Isolation can be improved if the underside of the over-
hang is treated with sound-absorbing material. Balconies with solid railings
should be used in front of windows. Open railings should be closed with
weather-treated 1/2-in-thick plywood, 1/8-in-thick molded polycarbonate,
or glass. Solid balconies and overhangs with sound-absorbing treatment
can reduce noise transmitted to interiors by 5 to 10 dB. Openings for venti-
lation should be in the shadow zone as close to the floor as possible. Bar-
riers near the noise sources also can be effective for low-rise buildings. If
there are barriers or grass-covered surfaces between the noise source and
a high-rise building, sound levels at upper floors may be much higher than
those at ground level. Example treatment schemes are shown below.

Thin-wall
barrier

Source Ac.oustmal "Shadow zone"
line-of-sight" of barrier
Low-Rise

e b

Diffracted path

Sound-absorbing : -'
treatment _\—7
Solid balcony Face

’*— 'Shadow zone' of
balcony barrier

A

Direct path
toward uppex ,,,,,,,,,,,,,
balcony

Balcony Protection

-.'.-E:CM‘N‘:#N-N‘N«-X!{-.‘O’C’- s

— ' Shadow zone' of
barmer at gr‘ound level

60ur‘ce High- Rlse

Reference

D_. N. May, "Freeway Noise and High-Rise Balconies,"* Journal of the Acoustical So-
ciety of America, March 1979.
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EARTH BERMS

Earth berms, completely covered by grass or other sound-absorbing
plant material, can be effective isolators, reducing noise by 5 to 10 dBA.
They can be as effective as reflective thin-wall barriers or lower berms
which have thin-wall barriers along their tops. The effectiveness of earth
berms can be reduced by reflective top surfaces (e.g., asphalt or concrete
bicycle paths and walkways) and deciduous trees, which can scatter sound
energy, thus reducing attenuation by 5 dB or more at frequencies greater
than 250 Hz (fir trees > 4000 Hz).

/—Graund cover /—Thu’n-wail barrier

Earth Berm Equivalent Screen

Reflected sound
path

Effective barrier
height (H)

Source Receiver

Scattering by Trees

References
J. J. Hajek, "*Are Earth Berms Acoustically Better Than Thin-Wall Barriers,”" Noise
Control Engineering Journal, September-October 1982.

G. C. Tocci and W. H. Pickett, "'Practical Applications of Outdoor Noise Control Bar-
riers,”” Sound and Vibration, June 1979.
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CASE STUDY: THIN-WALL BARRIER AND EARTH BERM

Moss Creek Plantation
Hilton Head, South Carolina

The combination earth berm and thin-wall barrier (> 3000 ft long)
shown below was designed to reduce highway traffic noise at a residential
development. Prior to construction, highway noise from large trucks ex-
ceeded 80 dBA at the site. The combination berm-barrier was designed to
have an H?/R ratio exceeding 3 for cars and 1 for trucks. Thorny elaeagnus
pungens rapidly grew to cover the 14-ft-high berm-barrier and to provide
sound absorption on both sides of the barrier. The photos show the natural
appearance of the thorny elaeagnus cover just two years after the berm-
barrier was constructed.

Landscape Architect: Robert E. Marvin & Associates (Walterboro, South
Carolina)
Acoustical Consultant: Office of M. David Egan (Anderson, South Carolina)

Berm-Barrier from Residential Side Berm-Barrier from Highway Side

Thin-wall barrier of solid wood

Berm at 1/2 o
| G1ope \

Elaeagnus pungens ( to cover
barrie%: an-::lP berm )

4" top soil on berm

>4t £ parl
rade

29 £t
Section of Berm-Barrier
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ATTENUATION FROM VEGETATION

Trees and vegetation are normally not effective as noise control bar-
riers. As shown by the curve below, dense plantings of trees and shrubs at
least 100 ft deep can provide 7 to 11 dB of sound attenuation from 125 to
8000 Hz. However, because attenuation from trees is mainly due to
branches and leaves, sound energy near the ground will not be significantly
reduced, and deciduous trees will provide almost no attenuation during the
months when their leaves have fallen.

Poor Isolation

A single row of trees has no value as an acoustical barrier! Paradoxi-
cally, when a single row of trees is added to solve an existing noise
problem, the situation may seem worse because listeners tend to overesti-
mate loudness when the view of the noise source is blocked (cf., D. E.
Aylor and L. E. Marks, “'Perception of Noise Transmitted Through Barriers,"’
Journal of the Acoustical Society of America, February 1976).

5i:}5lg row of
/_de oliated trees

1=

Preferred Isolation

Many rows of trees have some value as an acoustical barrier. However,
the attenuation from dense plantings more than 100 ft deep will be limited
by the flanking of sound energy over the top of the canopy of trees. For
design estimates, use 10 dBA of attenuation for dense plantings of trees
and shrubs more than 100 ft deep with a closed canopy. Mature evergreen
vegetation (> 20 ft wide) may provide modest attenuation of 2 to 4 dBA
if the belt is sufficiently high and long, has dense foliage extending to the
ground, and can be well maintained.

>100ft J Canopy of
" dense trees

(Fully foliated)
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Attenuation of Deciduous and Evergreen Woods ( 100 ft deep)

15

(524

Sound attenuation for (00ft

of trees (dB)

0

125 250 500 1000 2000 4000 &000
Frequency (Hz)

Note: Field measurements have shown that amplification (i.e., no mid-frequency
attenuation) can occur within 50 ft of extremely loud noise sources. This phenom-
enon is due to resonance (or oscillation) of the branches.

Reference

T. F. W. Embleton, "Sound Propagation in Homogeneous Deciduous and Evergreen
Woods," Journal of the Acoustical Society of America, August 1963.
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TEMPERATURE AND WIND EFFECTS

Both wind speed and temperature vary with height above ground,

causing the speed of sound also to vary with height. This bends the path of
sound waves from source to receiver as shown below.

Wind

The effect of wind on sound outdoors is a complex phenomenon.
Downwind from the source, sound is normally bent toward the ground in-
creasing its sound level. Upwind, sound is bent upward causing a shadow
zone where the sound level will be reduced. For example, at distances
greater than 500 ft, as shown below, the upwind mid-frequency attenuation
can be about 10 dB for winds of 10 mi/h. However, a reversal of wind di-
rection can increase the sound level by about 10 dB at the same location!
Consequently, do not rely on attenuation from the wind when designing
outdoor noise control measures.

—— Acoustical ‘shadow Wind velocity is jpwer
zone' ( due to wind) near gro.nd, Ca.s.ng
s0und to bend downward

Wing direction

A

>5004¢
Receiver Source

Note: Wind at right angles to source-receiver path has little or no effect.

Temperature (clear, dry conditions shown by illustration)
On a clear, calm day the effect of temperature gradients (due to

warmer air near the ground) can cause sound to bend upward as shown by
the sketch below. Conversely, on a clear, calm night, air temperatures are

SOUND ISOLATION 265



inverted and sound will tend to focus and bend toward the ground. The dif-
ference in noise levels between a clear, calm summer day and night can be

about 10 dB for sound sources at more than 1000 ft away.

——Acoustical ‘shadow zones'
(due to Temperature
gradient )

Source

Note: Estimates of attenuation outdoors due to temperature and wind effects de-
pend on complex meteorological and acoustical phenomena. In addition, attenuation
varies with the wavelength or frequency of sound. For further information on sound
propagation outdoors, see L. L. Beranek (ed.), Noise and Vibration Control, Mc-
Graw-Hill, New York, 1971, pp. 164-193, and T. F. W. Embleton, 'Sound Propaga-
tion Outdoors,”" Noise Control Engineering Journal, January-February 1982.
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WALK-AWAY NOISE TEST

The walk-away test may be used to assess the noise level acceptability
of a proposed building site for low-rise buildings. [However, to evaluate
compliance with noise ordinances, measurements should be made only with
precision sound level meters (see Chap. 1).] Two persons with normal
hearing and average voices are required to perform the walk-away test. The
speaker should stand at a fixed location and read unfamiliar text material in
a conversational voice level normally used indoors. The listener should back
slowly away until only a scattered word or two over a period of more than
10 s is understood. Measure the distance and evaluate conditions using the
table below. Test during times when noise levels are highest (e.g., during
peak morning and afternoon traffic) or most annoying (e.g., after 10 p.m.
when people are trying to sleep). For best results, perform the test during
several visits to the site and reverse the roles of speaker and listener.

Clearly Acceptable

{5 i

= Llstaner = 5 g

> 70+¢ apart ("speech understood )

Clearly Unacceptable

) i

Listener Talker

Distance from Which Male Speech is Noise Level
Understood (ft) Acceptability
=70 Clearly acceptable
26 to 70 Normally acceptable
7 to 25 Normally unacceptable
<7 Clearly unacceptable
Reference

T. J. Schultz and N. M. McMahon, HUD Noise Assessment Guidelines, U.S. Depart-
ment of Housing and Urban Development, Washington, D.C., 1971.
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LAND-USE PLANNING FOR NOISE CONTROL

Land-use planning examples to “‘buffer’” high-noise sources are shown
below.

Aircraft Noise

In the example below, high-noise landing and takeoff operations at an
airport are surrounded by industrial and commercial areas. Residential occu-
pancies are located farther away (> 3 mi from major runways) because jet
engine whine is extremely difficult to isolate with conventional glazing.
Noise exposure forecast NEF contours are complicated, statistical metrics
used to predict the response of people to commercial aircraft noise. The
NEF is based on measured noise from aircraft operations, number of daily
flight operations, time of operations, and other factors. In the United
States, both the FAA and HUD rate locations with NEF greater than 40 as
unsuited for habitation; 30 to 40, potential for complaints; and less than
25, not seriously affected by normal aircraft operations. To convert NEF to
approximately equivalent sound level in dBA, add 34.

Commercial zone ( >5000¢¢
from runways )

\ "
S

v
1
r
¢
r

40 NEF contour
Runw85

Industrial zone

Highway Noise

In the highway layout below, light industry is completely surrounded by
office and research park buildings. Consequently, residential occupancies
will be shielded from both the industrial noise sources and the rumbling
from vehicular traffic. However, no occupancies are located within 500 ft
from the highway. The noise contours connect equal dBA levels measured
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Highway

by precision sound level meters. Many local noise ordinances limit commu-
nity noise based on "'not to exceed’’ sound levels measured in dBA at a

specific distance from the noise source. *

* For impulsive noises such as quarry or construction blasting and sonic booms, use C-weighted sound
levels (dBC) to best assess community annoyance and evaluate corrective measures because low-fre-

quency energy produced by such sources causes building components to wibrate (cf., P. D. Schomer,
“"High-Energy Impulsive Noise Assessment,”” Journal of the Acoustical Society of America, January 1986,

pp. 182-186).

Trees and vegetation
(>100ft deep) to shield
office and research complex

~ |
)l
|[&———Noise |evel contour (in dBA)

| ]

T s |

L] e

i 2 I llm | Zones -

{ I : | | |' (—J——Residentiai

: { l f ¢ I ,' Office and research

lj | | ("buffer' for residences)

lf L — ! Light industry
L—e—d ] ]

To evaluate the effects of time variation of noise, sound levels in dBA
/ can be expressed as a percentage for which a set level is exceeded. These
levels are designated L,, where n is the percentage which was exceeded.

The most common values are Lo, Lso, and Lgo, which are the levels ex-
ceeded 10, 50, and 90 percent of a measured time interval. Therefore, Lsg

is the median noise level throughout the measurement period. Ly is an indi-
cator of the highest noise levels encountered and therefore may be used to

predict annoyance.

References
C. J. Hemond, Engineering Acoustics and Noise Control, Prentice-Hall, Englewood

Cliffs, N.J., 1983, pp. 145-151.
T. J. Schultz, Community Noise Rating, Applied Science Publishers, Barking,

England, 1982, pp. 75-85 and 139-145.
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ORIENTATION OF BUILDINGS

Source

- |
gz

Courtyard

I

Parallel Walls

Courtyards can be sources of considerable noise. The buildings shown
below have a central courtyard enclosed by parallel walls. The‘har_d-sur—
faced parallel walls cause flutter echoes which intensify the noise in the
courtyard. By angling or staggering the buildings, noise buildup can be re-
duced.

Angle Solution

Staggered Solution

In the examples shown on the facing page, courtyards directly facing
streets can confine vehicular noise between reflective surfaces, causing buildup
of sound energy. The preferred orientations, shown on the right, locate court-
yards so they will be shielded by facing away from traffic noise. Sound levels
at the sides of the buildings can be 3 dB lower than at the front; sound levels at
the rear can be 10 dB or more lower. Consequently, openings and sensitive
areas should be located on sides which will be shielded from noise sources.
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Highway

Cour
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parallel puildings

Better

\ /»

Highway

Highway

; Wincows 370 Co.r%sa0C

Courtyard

snieiced Lrpm %rasfTe ap st

Place nonsensisive rooms
( storage, patnrooms’ on
side facing traffic

¢—Noise does Lc? build up
( because buildings are
angled )
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CLASSIFICATION OF ROOMS FOR NOISE CONTROL

Spaces which require quiet ambient backgrounds should be located far
away from noise sources or be shielded by noncritical buffer spaces such
as storage rooms and the like. Window openings for quiet spaces should
be placed on building exposures which face away from environmental noise

sources.
Quiet
Noise Ambient
Types of Space Source* Background t
Auditoriums, theaters, radio/ TV studios, music practice Yes Yes
rooms, large meeting rooms, classrooms, audiovisual
facilities, conference rooms
Residences, apartments, hotels, motels, reception areas, Sometimes Yes
churches, chapels, courtrooms, large offices
Private offices, libraries, bedrooms, hospital patient rooms No Yes
Retail shops and stores, cafeterias, kitchens, laundries, school Yes No

and industrial shops, computer equipment rooms,
mechanical equipment rooms

* When entering noisy source rooms, the high sound levels are ""clearly noticeable.”” Example noise levels for many of the
listed spaces are presented in Chap. 1.
t Recommended noise criteria NC for rooms are given on page 233.
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CHECKLIST FOR EFFECTIVE ISOLATION OF SOUND

1. Use site features such as hills or slopes, earth berms, thin-wall barriers,
and nearby buildings to reduce intruding environmental noise by inter-
rupting the direct sound path. Thin plantings of trees and vegetation
(<100 ft deep) normally are not effective as noise control barriers.

2. Select noise criteria for all activity spaces in buildings. Intruding noise from
outdoors and within buildings should be reduced to below the desired
ambient background noise levels specified by NC or RC criteria. Lay out
rooms so sources of noise will be located away from spaces requiring
quiet or provide nonsensitive buffer zones between to reduce transmitted
airborne noise. For example, mechanical rooms should be located on-
grade, far away from sensitive areas (see Chap. 5).

3. Use sound-absorbing materials to reduce the buildup of noise levels in
rooms and to muffle sound transmission through wall, plenum, or other
cavities where sound absorption can contribute somewhat to sound isola-
tion. Sound-absorbing materials by themselves normally provide little
sound isolation!

4. Use heavy or double-layer constructions to achieve effective isolation, es-
pecially at low frequencies. For example, solid concrete blocks and hollow
blocks with sand-filled cells are more effective than hollow blocks. Trans-
mission loss TL of single masonry walls also can be improved by adding a
resiliently supported thick gypsum board layer with sound-absorbing mate-
rial in the wide cavity airspace.

5. Balance wall and ceiling constructions so that they will have nearly the
same transmission losses. Balanced construction can prevent flanking of
sound energy through a weaker element. For example, use plenum barriers
or extend walls to overhead slab to interrupt ceiling flanking paths above
sound-isolating wall constructions.

6. Seal a/l openings or cracks in building constructions because sound will
travel through any opening regardless of its size. Sound leaks can greatly
diminish the effectiveness of any sound-isolating construction. However,
the higher the transmission loss of a construction, the more serious the
sound leak.

7. Do not place electrical outlets or switches back-to-back or side-to-side in
the same stud space, or install recessed medicine cabinets, lighting fix-
tures, or furniture because they can be a source of serious sound leaks.
For example, in gypsum board constructions, stagger or offset electrical
outlets {> 2 to 3 ft apart), seal openings in and perimeters of boxes air-
tight with nonhardening caulking, and pack around outlet boxes with fi-
brous insulation.
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Chapter 5

Mechanical System Noise
and Vibrations



VIBRATIONS FROM MECHANICAL EQUIPMENT

The vibrations produced from up-and-down, side-to-side, or rocking mo-
tion by mechanical equipment in buildings can be felt (< 20 Hz) and heard by
building occupants. When vibrations are accompanied by noise, they tend to
be more annoying. Vibrations can travel in solid building elements such as col-
umns, beams, and floor slabs (called structure-borne sound), and may be re-
radiated as airborne sound great distances away from the source. Resilient
mounts should be used to isolate the vibrating equipment (and anything rigidly
connected to it} from the building structure. If possible, vibrating equipment
should be positioned away from the center of long floor spans to locations near
columns or load-bearing walls, which can provide better structural support.

Poor Isolation

The mechanical equipment shown below is bolted to the floor slab so vi-
brations are transmitted directly into the structure.

Vibrating’ mechanical
vipment

Airborne Gl

sound

Structure-borne so.nd

Floor siab

Tranemitted noise
and vibrations
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Better Isolation

The mechanical equipment shown below is supported by resilient mounts
(e.g.. unhoused steel springs) and relocated close to the structural column.
The equipment continues to be a source of airborne sound and vibrations, but
the “‘feelable’ vibrations in the structure and the structure-borne sound will be

considerably reduced.

Mechanical equipment located
Airborne close to column

sound

/ )| Rigid bace

Unhoused steel-spring
O isolators

Reduced level of
transmitted noise
and vibrations
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BASIC PRACTICE OF VIBRATION ISOLATION

]

Ratio of force transmitted to structur
divided by vibrational force of equipment

Transmissibility [

50
20 Regonant cdnditiond (excesqive
eqyipment movement and
0 transmissian of vibrationg
to |structure)
1/
2
N ZAEA
i TN
0.2 \\
0.1 \\
0.08 S
0.02 =
0.0

Vibration isolation involves installing vibrating equipment on resilient mate-
rials such as ribbed or waffle-shaped neoprene pads, precompressed glass-
fiber pads, and steel springs. The goal is to choose an appropriate resilient ma-
terial that, when loaded, will provide a system natural frequency, or resonant
frequency, at least one-third of the lowest driving frequency of the equipment.
This kind of support can provide the desired conditions of low transmissibility.

Transmissibility is the ratio of the force transmitted into the supporting
structure to the vibrational force of the equipment. Driving frequency fin Hz
(or cycles per second) is an operational characteristic of the equipment (e.g.,
the lowest drive shaft rpm divided by 60) which can be obtained from the
equipment specifications or the manufacturer. Natural frequency f, in Hz is the
lowest frequency of vibration that occurs when a mass supported by a resilient
material is deflected from its rest position and released. To calculate the natural
frequency of a steel spring isolation system on a solid foundation, use the fol-

lowing formula:
_ 1
f,=3.13 X—Y

where f, = natural frequency of isolator (Hz)

Y = spring static deflection (in)

| b
0 2 3 4 5 6

with low transmissibi Htg

Freaue tio | Driving frequency divided by | _ ¢
reguency Fakic ltnatur-alFreqjencg"dbath in Hzg} T
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NATURAL FREQUENCY AND DEFLECTION

Vibration isolators are fabricated in various shapes from a variety of mate-
rials to prevent or reduce energy transfer. The curves below show the natural
frequency f, when isolation is provided by free-standing coil steel springs,
precompressed glass-fiber pads, rubber or neoprene, and cork. Static deflec-
tion is the distance an isolator will compress (or deflect) when the equipment
weight is applied to it.

Generally springs are the most resilient of the commonly used isolators be-
cause they can provide the largest deflections and therefore can effectively iso-
late low-frequency vibrations. For lateral stability, the coil diameter of springs
should be at least 0.8 times compressed or “‘working”* height H. To isolate
both low-frequency vibrations and high-frequency noise, use steel springs
which have waffle-shaped or ribbed neoprene (< 50 durometer) attached to
the bottom of their base plates. Note that cork gradually compresses under
constant load and consequently loses its resilience.

0.6tol.2H
Leveling bo!t
(to attach to 3
equipment) REESINS"T Static
LS —*deflection
Compressed under load
a;;ﬁ{?ﬂg ——Helical coil
Base plate
with neoprene
pad underneath
Ribbed rubber Glass fiber Steel spring
w S~ u."-l'l"th'lk- Ik
I
20 T
T~ ~~2' thlicl o bberl
w10 4" thick glass —
T R~ fiver  °
= 3 Free-stindinE';\
3 steel spring | N
s ? N
g |
U
L .
“ 0.5
w©
| .
o 02
|
Z 0.1
00! 0.02 005 0! 02 05 | 2 5 10

S6tatic deflection Cin)

Note: For isolation of vibrations at extremely low frequencies (< 80 Hz), air mounts
can be used as an alternative to steel springs. Air mounts are resiliently-reinforced neo-
prene chambers containing compressed air to support the applied load. A constant
supply of dry air is required to compensate for normal mount leakages. Air mounts also
can be used to isolate vibration-sensitive equipment, such as electron microscopes and
microbalances, from the building structure. The best location for vibration-sensitive
equipment is on a ground-supported slab.
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VIBRATION ISOLATION DESIGN GRAPH

The graph below can be used to find the static deflection for isolators that
is required to provide a given degree of isolation from vibrating equipment. For
example, in a gymnasium (“‘noncritical’’ application) an exhaust air fan oper-
ating at a driving frequency of 520 rpm will require resilient isolators which
have a static deflection of at least 1 in (see dashed lines on graph).

The relationships depicted on the graph are for resilient materials sup-
ported by a rigid structural base or foundation. Nonrigid, lightweight bases (es-
pecially lightweight steel or wood frame flooring systems) used for above-
grade mechanical equipment spaces require greater isolation deflections than
given by the graph. Lightweight bases are less stiff and therefore require
greater isolator deflections. Special care must be taken when designing vibra-
tion isolation for these situations.
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RUBBER MOUNTS

The graph below shows the static deflection under load for examples of
rubber or neoprene-in-shear mounts of various hardnesses as measured in du-
rometer. Neoprene-in-shear mounts usually are shaped like truncated cones
(similar to upside-down flower pots) and are bonded to top and bottom metal
plates. Loads from any direction cause a shearing reaction which absorbs
vibrations.

Shear occurs when the particles of a material slide relative to each other
rather than push together as occurs with compression. Ribbed (or waffled)
neoprene pads also provide some shearing action and absorb energy by ex-
panding laterally into the spaces between the ribs. Pads can be stacked to ob-
tain larger deflections, in which case stainless steel separator plates should be
used between layers to help evenly distribute the load.

Durometer, a measure of hardness, is expressed by a scale of O (soft) to
100 (hard) from surface indentation measurements. Rubber mounts (usually
30 to 70 durometer) are often used to vibration-isolate mechanical equipment
that is relatively small or operated at high speeds. For example, a small engine
weighing 500 Ib and having a driving frequency of 2000 rpm requires a static
deflection of about 0.20 in for "most applications” when mounted on grade
(see design graph on preceding page). If the engine is to be supported by
four mounts (one at each corner), a mount with a static deflection of 0.20 in
for a load of 500/4 = 125 Ib will be required. Therefore, use a rubber mount
which has a durometer of 30 (see intersection of dashed lines on graph
below).

Install mounts so the load will be evenly distributed to the mounts, and
avoid installing load bolts which are tightened to the foundation—these rigid
connections eliminate the isolation effectiveness of the mounts.

Losd plate (to bolt
to supported equipment)

I'¢p 2!

Anchor plate
(to bolt to structure)

Molded Rubber Mount Details
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Reference

L. H. Bell, Industrial Noise Control, Marcel Dekker, New York, 1982, p. 359.
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VIBRATION ISOLATION GUIDELINES

The preferred vibration isolation (i.e., type of isolator, static deflection of
isolator, mounting support of equipment) for mechanical equipment depends
on several factors. The major ones are the operating characteristics of the
equipment, the location of the equipment (e.g., on-grade or on upper floors
above sensitive areas), and the floor span of the structural system. Longer
floor spans generally require vibration isolators with larger deflections. The sec-
tions below present basic guidelines for vibration isolation for a variety of
mechanical equipment that designers may encounter in comfort systems for
buildings.

Fans

Large centrifugal fans can be a source of considerable noise and low-
frequency vibration. For example, for a given fan-operating efficiency, a doub-
ling of static pressure increases noise by 6 dB and a doubling of airflow
volume increases noise by 3 dB.

To avoid misalignment, which can wear out fan belts and bearings, large
fans and their motors should be mounted on a common rigid steel base which
in turn should be supported by widely separated, unhoused (or open) spring
isolators. The bases should have their longer dimension oriented in the direc-
tion of the airflow. For sensitive locations, install fans on an inertia block
mounted on open-coil steel springs. An inertia block is a concrete slab base
two to three times the weight of the fan assembly. It provides rigid support,
maintains proper alignment between connected components of the vibrating
equipment, reduces start-up motion, and evens out the load on the springs.
The open-coil steel springs, sized for horizontal stability, do not bind or short-
circuit like metal-housed springs. In completed installations, check to assure
that springs are not totally seated and neoprene pads not underloaded. For
many fan assemblies with effective soft supports, you actually should be able
to rock the rigid base (see page 292 for additional isolation details) .

Both supply and return air ducts should contain flexible canvas, rubber, or
loaded vinyl connections ( > 3-in separation) to break the vibration path and
permit start-up motion. For sensitive locations, air ducts should be resiliently
supported as shown below. In addition, all pipe and conduit connections to the
fan assembly should be flexible or suspended by isolation hangers.

Air discharge opening |
( install flexible connection > 3" wide
to separate fan from duct)

Steel spring
(vibration |solators cantilevered at
four corners of base)

——Housekeeping pedestal )
( to prevent corrosion by raising
isolators off floor)

Rigid steel base )
(to even load on springs )

e

Centrifugal Fan
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Air duct

—Resilient isolation hanger
(avalidl contact betweensrods)

—— Suspension rod

Neoprene resilient layer
(topreduoe "drummin;' of
ducts)

L Supporting arjg_le (called
|

'trapeze' configuration)

Resiliently Supported Air Duct

Refrigeration Compressors

Large, low-speed reciprocating compressors should be isolated by springs
and inertia blocks to reduce the amplitude of the vibrations. High-speed
centrifugal compressors require less isolation. They may require isolation by
springs but often can be isolated properly with several layers of ribbed
neoprene.

¢——0pen and hermetic
reciprocating compressor

Inertia block concrete base

Housekeeping” pedestal

Compressors

Note: The inertia block should weigh more than twice as much as the vibrating equip-
ment and associated pipes, ducts, and conduit when used to support fans (> 60 hp);
reciprocating pumps, compressors, and engines; or centrifugal pumps and compressors
(> 3 hp).

Boilers

The combustion air blower usually is the primary source of noise and low-
frequency vibration from boilers. Most airborne noise is radiated from the front
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face of the unit and from the air and fuel supply paths (i.e., combustion
rumble) . Install a flexible connection in the exhaust breeching (smoke vent)
between boiler and exhaust stack. For boilers on upper floors near critical
areas, use a steel mounting frame which in turn is supported by neoprene-in-
shear mounts or steel springs. Gas and electrical connections should have
long, “floppy"* sections of braided flexible tubing and flexible armored electrical
conduit.

Exhaust stack or flue connection
(install flexible connection to
separate stack from shell )

Air
blower
; Firetube boiler shell
N Vibration isolator pad
Support skid
Forced-Draft Boiler
Cooling Towers

Cooling tower vibration involves low-frequency vibration of the relatively
slow-turning propeller-type fans as well as high-frequency impact noise from
falling water. Ideally the motor, drive shaft, gear reducer, and propeller should
be rigidly supported, with this support element in turn resiliently isolated from
the tower. However, the more common noise control technique for roof-
mounted cooling towers is to support the entire cooling tower by large-
deflection steel springs and ribbed neoprene mounts.

To prevent airborne noise problems, locate ground-level cooling towers a
considerable distance from buildings. Mufflers can be used to control airborne
noise from cooling towers if the muffler attachments are carefully sized so that
additional pressure drops will be low.

Discharge air

Propeller - fan assembly
(1o be vibration isolated)

Crossflow cooling tower

Air inlet |louvers

Entering air

Induced-Draft Cooling Tower
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Transformers

In or near buildings, where structure-borne sound could be objectionable,
dry-type transformers should be isolated by several layers of waffle-shaped or
ribbed neoprene (40 to 50 durometer), precompressed glass fiber, or steel
springs. All electrical connections should be flexible braided cable, and conduit
should have a full 360° loop or manufactured flexible joints. Partial or de-
mountable enclosures, lined with sound-absorbing materials, also can be used
to help isolate annoying humming noises.

For indoor locations, use volume resonators to absorb low-frequency
sound energy (about 125 Hz). Avoid upper-floor locations for dry-type trans-
formers. These locations do not provide the rigid support that can be achieved
on grade or at basement locations. To prevent noise buildup by standing
waves, install the transformer so its sides are not parallel to the walls of small
equipment rooms (slope >10°). Standing waves (normally heard as
“booming’’ sound) are due to the superposition, or buildup, of low-frequency
sound waves reflected between parallel wall surfaces.

For a summary of isolation techniques, see |. L. Vér et al., "‘Barrier-
Enclosure: An Effective Way to Control the Noise Emission of Power Trans-
formers,”” Proceedings of the 1981 National Conference on Noise Control Engi-
neering, Noise Control Foundation, Poughkeepsie, N.Y., 1981, pp. 65-68.

¢ lsolation hanger

Rigid electrical conduit

360° loop in Flexible braided
electrical cable

Dry-type transformer

Steel channel mounting rail

Vibration isolator
Housekeeping’ pedestal

Transformer

References

ASHRAE Handbook ( 1987 HVAC Systems and Applications Volume, Chapter 52,
"“Sound and Vibration Control”*) published periodically by the American Society of
Heating, Refrigerating and Air-Conditioning Engineers, Inc. (ASHRAE), 1791 Tullie
Circle, N.E., Atlanta, GA 30329.

M. D. Egan, Concepts in Thermal Comfort, Prentice-Hall, Englewood Cliffs, N.J., 1975.

R. E. Fischer, "Some Particular Problems of Noise Control,"” Architectural Record,
September 1968.

MECHANICAL SYSTEM NOISE AND VIBRATIONS



J. B. Graham, ““How to Estimate Fan Noise,”" Sound and Vibration, May 1972,
pp. 24-27.

R. M. Hoover and R. H. Keith, "Mechanical Equipment Noise Control Problems in Build-
ings,”" Proceedings of the 1980 International Conference on Noise Control Engineering,
vol. ll, Noise Control Foundation, Poughkeepsie, N.Y., 1980, pp. 779-782.

R. S. Jones, Noise and Vibration Control in Buildings, McGraw-Hill, New York, 1984.

J. B. Moreland, "'Electrical Equipment” in C. M. Harris (ed.), Handbook of Noise Con-
trol, McGraw-Hill, New York, 1979, pp. 25.1-25.10.

MECHANICAL SYSTEM NOISE AND VIBRATIONS 287



CHARACTERISTICS OF DUCT SYSTEM NOISE

The frequency characteristics of noise from air-distribution systems are de-
scribed by the graph below. Airflow noise due to turbulence usually occurs at
mid-frequencies from 250 to 2000 Hz. Fan noise (rumble) occurs at low fre-
quencies (< 250 Hz), and air outlet noise (hiss) occurs at high frequencies
(>1000 Hz) . Because fan noise increases with static pressure, air-distribution
systems should be designed to have minimum resistance to airflow. Low-fre-
quency rumble (< 63 Hz) also can be caused by air turbulence that buffets
duct walls. Example equipment noise levels in dB at octave-band center fre-
quencies from 63 to 8000 Hz are given at the end of this chapter.

—High sound levels here
indicate ‘rumple’ at
low fraquencies

Fan noise Dutlet noise
(through both ( from diffusers,
Supply dnd return  registers, and

AN 8ir ducts ) dampers )
~
o)
e
-
©
3
©
s , .
a Noise criterion
3 limit curves
& (see chapter 4)
-:c: Airflow noise
S (in ducts and plenums) >

Freq.u.nr.»j (Hz)

Note: Terminal boxes in air duct systems and fluorescent ballasts produce noise levels
in the range of 125 to 1000 Hz. Noise from lighting ballasts can be amplified by the
metal surfaces of luminaires and other surfaces free to vibrate with the ballasts. Con-
gic::er remote mounting of ballasts for critical areas where low levels of sound are essen-
tal.
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SUPPLY AND RETURN AIR DUCT LAYOUTS

Because sound travels in ducts independently of airflow direction, the iso-
lation of noise transmitted by mechanical air ducts (called duct-borne noise)
must be carefully evaluated in both the supply and return air systems. Sound-
attenuating mufflers and linings, sized to satisfy the requirements of the least
critical spaces, can be used in the main ducts, with separate mufflers used in
the branch ducts to the more critical spaces (e.g., hearing testing, music prac-
tice rooms) . In buildings where critical spaces are numerous, large mufflers
and linings in the main ducts can be sized to satisfy these critical demands,

with the less critical spaces being overdesigned.
Smooth transition

; (¢ B° slope)
Penetration packed with
mineral fiber or glass £iber Flerible connection (to
and cauked on both eides break vibration path)
Smooth radius elbow Main supply air duct
(with turning vanes) (internally lined to control
AN ¥ yi ~ duct-borne noise)

Sound- absorbing treatment — A
(to reduce sirbs;rne noise in / /
mechanical room?)

210 3% |argest duct dimension
without mufflers, turns,and
other obstructions (1o sllow
‘straightening’of airflow) =

o ANr-
Return air duct—ﬁ' nendli

i
Flexible connections it Storage | |Corridor | [ Office
2 _

Duct isolation hanger

Lagging (o increase
isolation of duct walls)

Storsge room (to act as
noiss Durbar

Checklist for Duct-Borne Noise Control

1. Provide smooth duct turns and transitions (complicated duct configurations
should be avoided).
2. Sound is attenuated by:

O Distance (low-frequency duct-borne sound is reduced by transmission
through rectangular duct walls )

O Internal glass-fiber linings (21 in thick) and sound-attenuating mufflers (to
reduce sound energy by absorption)

O Turns, branches and other duct divisions, lined mixing boxes, and lined ple-
nums (absorptive linings are much more effective at turns than in equal
lengths of straight duct)

O End reflection at openings into rooms (small openings do not efficiently ra-
diate low-frequency sound energy )

3. Avoid high air velocities (large duct cross sections permit lower velocities for
equal airflow volume) .

4. Locate dampers away from air outlets (so noise generated can be attenuated
before it reaches rooms) .

5. Use round ducts, or rectangular ducts with low aspect ratios (i.e., ratio of duct
depth to width), which are less rumble-prone.

6. Use several smaller air outlets rather than a few large ones.

Note: Refer to the latest edition of ASHRAE Handbook (Systems Volume) chapter on
“*Sound and Vibration Control™ for duct-borne noise isolation computational procedures.
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NOISE SOURCES IN DUCTS

Fans produce less noise when the inlet air stream (e.g., ducted return air)
is smooth and uniform, not turbulent. Consequently, in-duct obstructions and
turns should not occur close to fans. At high air velocities, any abrupt change
in direction (dog-legged turn) or cross section (transition) causes airflow to
separate from the duct walls resulting in turbulence. This can occur over a dis-
tance of more than 5 times the duct diameter (equivalent diameter for a rec-
tangular duct is v 1.3A, where A is open area of duct). Shown below are ex-
ample air duct elements which can produce turbulence and noise; control
measures are at the right.

Turns

Turns should be smooth with fans and fittings located sufficient distances
away so disturbed flow can dissipate. Lining turns (or elbows) with glass fiber
can reduce noise. For example, a lined 90° elbow (small inside duct dimen-
sion < 36 in) can provide attenuation of 3 to 10 dB from 250 to 8000 Hz, if
the lining extends 10 ft on both sides of elbow.

Airflow Airflow

b
A&

Turbulent airflow Turning vanes (to smooth
at sharp turns air flow and prevent air from
hugging ' outside radius of elbow)

Problem Control Measure

Note: Perforated, double-radius turning vanes that have a sound-absorbing core to re-
duce airflow noise at elbows and tees are commercially available.
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Transitions

Changes in duct sizes should be gradually tapered (< 8°) to reduce tur-
bulence and noise.

= ?
Large increase in duct Smooth transition (provides
size creates turbulence gradual change in duct size)
and noise
Problem Control Measure
Takeoffs

Branch takeoffs should be curved or chamfered because abrupt takeoffs
can generate considerable noise.

[ Main air duct
Vanes ( to extract

[ I take-oﬂ‘ air from main duct)
Main T—Dranc.h take-off '::>
air duct (can be serjous
generator of noiss) *\
Lon radms Angula
o B bain- ok inech

Problem Control Measures

Reference
C. E. Ebbing et al., ““Control of Low Frequency Duct-Generated Noise in Building Air Dis-
tribution Systems,”* ASHRAE Transactions, vol. 84, part 2, 1978.
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FAN ROOM TREATMENT

Locate mechanical rooms on or below grade, far away from sensitive
areas. Size mechanical rooms so they will have sufficient floor space and ver-
tical clearance for smooth operation, inspection, and maintenance of all equip-
ment. Do not place fans close to walls where sound energy can build up in the
narrow space between fan and wall. Additionally, control sound buildup by
treating ceiling and walls with thick, sound-absorbing materials. Often glass fi-
berboard or mineral fiberboard without a factory-applied finish can be used.

Buffer zones, such as nonsensitive corridors, storage rooms, and the like,
can be used to reduce airborne noise transmission from mechanical rooms. En-
closing constructions should normally consist of heavy walls (e.g., masonry or
concrete) and heavy floor-ceilings. When fan rooms are used as return air ple-
nums, mufflers or lined elbows may be needed to reduce noise at all openings
into the fan room.

Thick, sound-absorbing Fan assembly ( should be

material (to reduce properly balanced, have

dirborne noise in mechanical smooth, well-lubricated

equipment room ) bearings, and be well-
maintained )

5prin$ isolation hangers — I
for > /2" deflection,

neoprene for < /2" deflection
(to give resilient support

1o piping )

Fan oelt (belt gusrd
housing can increase noisg

Duct isolation hanger
(to isolate sheet metal
resonances )

—Flexible canvas duct
connection ( between fan
and air duct)

Flexible, looped electrical .
?"dd*ai?? &onr;\%ction (long j @ L m%:f:;cl'al" d:ct Cw{th

rnd '$lo L Ini o
PPy - control ductgborne noise)

levels

b e pad -, = e K
1 | — [ . T e I v ou

cauked with nonhardening et . * e, o / : /’ - AT laterally unrestrained
sealant on both sides JRCONREES | BEALE e ' ‘\ Sl §= il

%Eéfd frame or inertia block / L Ribbed neoprene pad ( to

r stability and to -
distribute eqs,uﬂ loads ?;?fm?;ﬁ: '5&&’%‘?&“5
to spring supports) short circuit springs )

2" to 4" clearance (for visual
inspection and removal of
trash and debris)
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CROSS TALK

Cross talk is unwanted sound which is transmitted from one room to an-
other through short, common air ducts. The sound transmisson loss through
common ducts should exceed, by more than 5 dB, the transmission loss of the
common wall between rooms. A cross talk—prone situation is shown below.

Separation distance

" between air outlets

Extend partition to
underside of slab
e ey (unless sound-iselaving
ceiling material is used)

Install sound-attenvating
muffler at partition or
line common duct ( to
prevent cross tslk)

All penetration openings
should be packed wit
fibrous material and
caulked girtight on
T b e N e e e e et st both sides

Receiver

Checklist for Cross-Talk Control

-

. Provide long common ducts between room air outlets or inlets.

2. Use layouts which have turns in branch ducts or dog-legged paths between
rooms.

3. Line inside surfaces of common ducts with glass fiber (e.g., on all four sides
of rectangular ducts).

4. Install prefabricated, sound-attenuating mufflers in common ducts.

Note: Ductwork should not be rigidly connected to partitions becaugg they may .
transmit mechanical system vibrations. Avoid lightweight wall and ceiling constructions
where sound isolation is critical (see Chap. 4).
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AIR DUCT LAYOUT EXAMPLES

Examples of air duct layouts with reduced potential for cross talk and
duct-generated noise are shown below.

Cross Talk

To prevent cross talk between adjacent sensitive spaces (e.g., radio/TV
studios, music practice rooms), use separate supply and return air branch
ducts that are internally lined with fibrous insulation and/or have sound-attenu-
ating mufflers installed in the common path. The improved duct layout shown
below has far longer distances of lined duct between adjacent air outlets (or
inlets) . In addition, cross talk will be further reduced by two lined 90° elbows
and two tee fittings within the common path through the supply air ducts
serving adjacent rooms. The poor duct layout illustrates a cross talk—prone sit-
uation where straight duct runs occur above sensitive spaces. Layouts with
short direct connections between rooms should be avoided.

Corridor ?gD{FFuser (air outlet)
r Supply air duct

i 11
Jl g H @ “ ﬁq‘ ”_’\—Re.turn air duct

(or plenum return)
Poor Duct Layout \

Return air grille
(air inlet)

T — Ou P P1 l-.j 3ir duct

\—Return air duct
— Branch air duct
(internally lined)

N qp°elbow

Improved Duct Layout
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Duct-Generated Noise

The example shown below of a supply air branch duct layout without
dampers will produce considerably less noise because the volume dampers
have been removed and two splitter dampers relocated farther away from the
air outlets. Air turbulence also will be reduced because there are two less 90°
elbows and one less transition fitting.

Main supply 90° elbow Air outlet
Kalf‘ duct Y Tf(u.-ith volume damper)
2y
~
{
-Splitter Transitien
Y damper YFit‘bins +
£ -4

-

Branch Ducts with Dampers

Air outlet
l ‘I"j_(withoub volume damper)
. 1

-
‘\—Branch air duct (internally lined to reduce
noise from upstre.an% damper)

Branch Ducts without Dampers

Reference

G. C. Murphy, “Practical Aspects of Ductwork Design,”” ASHRAE Journal, October
1976.
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GLASS-FIBER DUCT LININGS

Glass-fiber linings are used in supply and return air ducts to prevent the
propagation of noise inside the ducts and cross talk between rooms. The
curves below show the sound attenuation in decibels per foot of duct length
for internal glass-fiber linings (on all four sides of duct). The 1- and 2-in-thick
lining data represent attenuation for a 16-in deep mechanical duct. Due to
flanking along duct walls, maximum total attenuation (that is, dB/ft times ft of
duct) is usually less than 40 dB. Actual data from independent testing labora-
tories should be used whenever it is available. The attenuation shown on the
graph below would be less for larger ducts with linings of identical thickness.

The higher the ratio of lined-duct perimeter [2 (W + D) ] to cross-
sectional open area (W X D), the higher the attenuation of noise within the
duct. Be careful because ducts with high attentuation for duct-borne noise
propagation (e.g., foil-backed glass fiberboard) may provide little resistance to
sound transmission through their walls. Fibrous duct linings should be coated
with binders to hold surface fibers together.

As also shown on the graph, metal ducts without linings provide little
attenuation with distance. However, glass-fiber wrappings used for thermal in-
sulation can provide some damping of duct surface radiation, although attenua-
tion with distance will still be far below that of internally lined ducts.

Sheet metal
duct

o]
hw\ﬂ
Unlined Duct

Sheet metal
duct

‘\— Glass-fiberboard
duct lining (coated
on airflow side)

Lined Duct
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5

o
/—2" thick lining

e
\-|" thick

Hning

w

[ Unlined metal duct

Attenuation (dB per ft of duct length)
')

o

63 125 250 500 (000 2000 4000 8000
Frequency (Hz)

Note: Because ducts are usually made of thin sheet metal or lightweight, foil-backed
glass fiberboard, mechanical system sound energy can easily pass through the duct wall
(called breakout) and exterior noise can penetrate the duct wall (called break-in, or
pickup) . An outer cover of gypsum board or plywood may be needed to improve isola-
tion where ducts are located above sensitive areas or where they pass through noisy
spaces before reaching quiet spaces.
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MUFFLERS

Sound attenuators—also called mufflers, silencers, or sound traps—are
prefabricated devices designed to provide much greater sound attenuation over
a wider frequency range than would be provided by an equal length of lined
duct. They provide greater attenuation because the distance between absorp-
tive layers is much smaller than in a lined duct. Mufflers are normally available
in both rectangular and circular cross-sectional shapes with absorptive baffles
(or splitters) as shown below.

All-metal mufflers and mufflers with “bagged’’ linings (i.e., polyethylene-
encased fibrous material) can be used in health care and food industry occu-
pancies where exposed fibrous linings could support organic growth of germs.
The all-metal mufflers are constructed of perforated baffles with air cavities be-
hind to provide resonant absorption (cf., Journal of the Acoustical Society of
America, April 1981, p. 1216). The air cavities, which can be steam cleaned
or vacuumed, do not contain fibrous materials to collect dirt and bacteria.

Because attenuation performance varies widely with airflow conditions, al-
ways refer to manufacturer’s test data for anticipated attenuation performance
at the airflow volume and pressure drop design conditions. Example sound-
attenuation data for 3-ft-long rectangular mufflers with parallel baffles and stag-
gered baffles are shown below.

Width

S

Lengtn
(sound 8¥%tenuation
increases as length
increases )

Height

4

Rectangular Muffler

Porous, sound-absorping
material (to incresse jow-
-Fre%ue,nc_g performance of
muftier, Jee Thick materials)

Sound-transparent
protective cover (»20% Open)

Parallel baffle (to split
airflow and expose sound
énergy Lo large area of

absorption)

Staggered baffle (to
ir‘ﬁ:ergupt line-of-sight )

Section Views
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Sound Attenuation (dB)
125 Hz 250 Hz 500 Hz 1000 Hz 2000 Hz 4000 Hz

Parallel baffles 15 20 25 30 30 35
Staggered baffles 15 20 30 45 45 50

Refer to ASTM E 477 test data for the noise generated by the muffler it-
self (called self-noise). Airflow through mufflers produces aerodynamic sound
which may be unacceptable in applications where low background noise levels
are essential. Therefore, when controlling fan noise, it is best to locate mufflers
near or in the walls of mechanical equipment rooms, or above adjacent non-
sensitive spaces (e.g., corridors, storage rooms) . Be sure also to provide
tapered transitions so that air ducts gradually change shape from duct to muf-
fler. Do not locate mufflers too close to intake or discharge of fans or near
elbows.

References

G. J. Sanders, "'Silencers: Their Design and Application,” Sound and Vibration, February
1968.

"“Testing Duct Liner Materials and Prefabricated Silencers for Acoustical and Airflow Per-
formance,”” ASTM E 477.

I. L. Vér, "Prediction Scheme for the Self-Generated Noise of Silencers,” Proceedings of
the 1972 National Conference on Noise Control Engineering, Institute of Noise Control
Engineering, Poughkeepsie, N.Y., 1972, pp. 294-298.
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LINED PLENUMS

Sound absorption by lined plenums, such as fan discharges, can provide
considerable attenuation. For effective low-frequency absorption, use thick
sound-absorbing materials. To isolate high frequencies, divide the plenum into
small subsections so that the line of sight between duct openings is blocked.
The surface area of a lined plenum should be at least 10 times greater than the
inlet area. Attenuation performance increases as the ratio of cross-sectional
area of plenum to cross-sectional area of inlet (or outlet) duct increases. Lined
plenums can provide attenuation of more than 10 dB at low frequencies.

Plenum chamber

( subdivide into smaller
chambers to reduce
high-frequency noise)
Air inlet duct Thick,porous sound-
absorbing material

Airflow @

Offset inlet and outlet —
( separate a5 far as
practical )

—_ > Airflow
Xﬁir outlet duct

Acoustical "line-of- sight'

between ducts ( cross -sectional area
should be as small as
possible )

Note: Corridors with sound-absorbing surfaces can reduce room-to-room noise trans-
mission by acting as lined plenums. Stagger doors on opposite sides of double-loaded
corridors so openings do not allow direct cross talk between rooms.

Reference

R. J. Wells, "'Acoustical Plenum Chambers,”” Noise Control, July 1958.
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RECOMMENDED AIR VELOCITIES AT REGISTERS AND GRILLES

The table below lists supply and return air velocities in feet per minute
(fpm) for airflow through unobstructed, or “‘free,”” openings and corre-
sponding noise criteria (see Chap. 4). In auditoriums, theaters, and other crit-
ical listening spaces, the air velocities should be low so that the signal-to-noise
ratios will be high. The values in the table apply to air ducts with internal glass-
fiber linings and to registers and grilles with at least 1/2-in-wide slot openings.
The values in the table should be used as rough guidelines for design purposes
only when specific data on registers and grilles are unavailable for the air distri-
bution layout, airflow volumes, and pressure drop conditions being evaluated.

Air Velocity at Air Velocity at
Noise Criteria Supply Register (fpm) Return Grille (fpm)
NC-15 to NC-20 250 to 300 300 to 360
NC-20 to NC-25 300 to 350 360 to 420
NC-25 to NC-30 350 to 425 420 to 510
NC-30 to NC-35 425 to 500 510 to 600
NC-35 to NC-40 500 to 575 600 to 690
NC-40 to NC-45 575 to 650 690 to 780

Shown below are examples of poor and preferred air outlet conditions for
“hard’’ and flexible ducts.

O/a, D

ale
@:’ Airflow

-

Flexible duct
( wide offset
creates roise)

SN
g

00|

Supply air duct
¢ Vs /
I ‘_

f: Airflow

«———Flexible duct (slightly
offFset to correct
misalignment between
duct and diffuser)

@ &_Z‘;\——/Oi#user ( supply

air outlet)

Preferred
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Removing the dampers and grille from the hard branch duct, as shown
below in the preferred example, can reduce airflow noise from turbulence by
more than 10 dB at mid-frequencies and also can increase the attenuation of
low-frequency sound energy due to duct end reflection. When a small duct
opens into the large volume of a room, low-frequency duct-borne sound en-
ergy is reflected back into the “end’” of the duct (called end reflection). To
achieve significant attenuation of low-frequency duct-borne sound energy
( < 250 Hz) by end reflection: (1) use straight, small branch ducts greater
than 3 times duct diameter D long; (2) suspend "'deflector’” (or plaque) at
least 1 duct diameter beneath duct; and (3) do not use dampers, diffusers, or
grilles.

Adjistable splitter —
da'r’nper

L& _ Airfiow

Single-blade
volume damper

Opposed-blade
damper (creates
noise at outlet)

Ornamental grille

Vo Supply air duct

& _ Airflow
S ——— f
——Sheet metal duct
JL ("hard"duct )
e —),

\—Deﬂector (with

glass-fiberboard
lining on top surface)

Preferred

Note: Air velocities for the initial 10 ft of duct extending from supply registers or return
grilles should not exceed the values given in the table by more than 20 percent.

Reference

D. L _K!epper, .W' J. Cavanaugh, and L. G. Marshall, ““Noise Control in Music Teaching
Facilities,”” Noise Control Engineering Journal, September-October 1980, p. 75.
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WATER-PIPING SYSTEM NOISE CONTROL

Pipe Isolation

Water pipes should be located away from acoustically sensitive areas such
as auditoriums, theaters, conference rooms, and private offices. When this is
not possible, the least number of turns, valves, and fittings should be used be-
cause these components can create turbulence and noise. Piping runs should
be resiliently isolated by ceiling hangers or floor-mounted supports (e.g., neo-
prene, steel springs, or glass-fiber or neoprene-lined metal clamps, as shown
below) to prevent transmission of noise and vibration into the building struc-
ture.

For domestic water-piping systems, use neoprene gaskets or “hubless”
pipe (straight ends) joined by neoprene sleeves. These resilient connections
can prevent direct metal-to-metal contact between sections of pipe.

Butyl rubber expansion joints can be used to allow pipes to expand and
contract and to reduce the noise and vibrations transmitted along the pipe
walls. The preferred location for the flexible pipe connection is parallel to the
axis of the equipment rotating shaft. For high-pressure or high-temperature ap-
plications, use stainless steel braided hoses although they are not as effective
isolators as flexible neoprene connections.

Je——Pipe

A\ V/e——Sleeve (do nod
/ fasten too Tightly)

Resilient material such
as glass fiber (to absorb
vibrations )

Pipe Clamp

Spherical expansion joint

J—Pipe +langes

Flexible neoprene or butyl rubber
( absorbs vibration by allowing
axia| and lateral movément)

Pipe Expansion Joint
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/—Braided hose pipe connection

Z<,< —
J

Ler?gth >6times pipe diameter

Flexible Metallic Pipe Connection

|

When piping systems penetrate the building structure, openings should be
oversized for the full depth of the opening so that the pipe can be supported
on both sides of the opening without contact. Pipe perimeter should be packed
with fibrous materials and caulked airtight on both sides. At locations with es-
pecially large openings to be sealed, bags filled with mineral fiber can be used
as packing. When commercially available pipe isolation sleeves are used in
double-wall constructions, be sure each layer has an independent sleeve so
that the two layers will not be tied together. Avoid solid anchorage of long
vertical pipe risers to floor slabs. Use steel clamps that are in turn supported
by neoprene pads or steel springs, as shown below. Noise from water flow
can often be reduced by using pipes with thicker walls.

Prefabricated split
metal sleeve

Sponge rubber or
fibrous material

layer around pipe Pipe

Concrete wall (grout
or pack airtight, around
outer metal sfeeve )

Wall Penetration

Stee| otud

Rubber hose
(low durometer)

Stee! runner

ReS-IHBﬂJID uJF&PP..r’\g (to
oreak vibration path )

Stud Penetration
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Pipe riser (seal ————»
openings through floor
slabs with mineral fiber

Steel springs
all around and caulk 3 pring
both sides ) (or neoprene
isoldtion pads)
- Q
Nonhardening caulk —s >
Sl ie = <k
Steel pipe clamp R 3
G --b [ -‘-aT'-- ~

Floor Penetration

Water Flow Velocities

To prevent water flow noise generated by turbulence, velocities should
be controlled by using large pipe sizes and large radius elbows, or upstream
pressure-reducing devices. The table on page 307 gives the recommended
maximum water flow velocities for domestic water systems.

Water Hammer

Noise in piping systems can occur when a rapidly closed valve abruptly
stops a moving column of water (e.g., quickly closing a sink faucet). The re-
sulting forward and backward water surge within the piping produces pounding
noises called water hammer. Water hammer noise can be prevented by using
spring-operated valves to slowly close valve stems. In addition, the installation
of gas-filled stainless steel bellows units can effectively absorb the surge of
water at abrupt pipe turns. Compressed air chambers or accumulators also mit-
igate the effects of water hammer in long pipe runs.

Spring
( to slowly raise or lower plug )

Plug and stem assembly
( to control water flow™)

Flow

Spring-Operated Valve
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Air chamber (to abserb
energy from water surges)  \

Y——QU’ turn -Fitting

Valve ( to cantralJ \—Te& ‘Ffttiﬂs

water flow)

Air Chamber

Note: In areas subject to earthquakes, piping for fire suppression systems should be
protected by supports at pipe joints, approved flexible connections, sway bracing, and
the like.

References

L. H. Bell, Fundamentals of Industrial Noise Control, Harmony Publications, Trumbuill,
Conn., 1973.

M. Rettinger, Acoustic Design and Noise Control, Chemical Publishing Co., New York,
1973, pp. 339-345.
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SUGGESTED WATER FLOW VELOCITIES

The table below gives maximum water flow velocities in feet per second
(ft/s) that should not be exceeded in water-piping systems adjacent to
acoustically sensitive spaces. To avoid excessive flow velocity, use pipes with
large inside diameters.

Pipe Inside Diameter Maximum Flow Velocity
(in) (ft/s)
1 3
2 4
3 6
4 7
6 8
8 and larger 10

To meet stringent acoustical criteria, pipes carrying water at high flow ve-
locities can be wrapped with a layer of glass fiber or mineral fiber inside a
cover of sheet lead, dense vinyl, or sheet metal. This kind of wrapping is called
pipe lagging (see page 310).

Example

A 4-in riser in a shaft near an acoustically sensitive area has a water flow
volume Q of 250 gallons per minute (gpm). What will be the flow velocity v
in ft/s? Is this flow velocity satisfactory?

Q 250 _

v=04—]75=04

5 = 6.25ft/s

The water flow velocity is less than 7 ft/s, so water flow noise control re-
quirements are satisfied according to the table.
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VIBRATION ISOLATION OF PUMPS

An example vibration-isolated water pump is shown below. The pump
motor assembly ( > 5 hp) is supported by a concrete inertia block sized to
support more than 2 times the fluid-filled pump weight plus all filled piping to
the first isolation hanger. The length and width of the inertia block should be
30 percent greater than the length and width of the supported equipment.

Isolation hangers should be used to resiliently support piping for a distance
of at least 150 times the pipe diameter (or preferably the complete length of
the pipeline) . Butyl rubber or nylon-reinforced neoprene expansion joints can
reduce noise and vibration transmission along pipe walls and absorb pressure
variations by bending like an automobile tire.

Pumps ( < 5 hp) often can be supported by metal frames instead of in-
ertia blocks, if they can be located on grade where the edges of the concrete
floor slab will be entirely separated from the building structure by a continuous
joint filled with resilient material (e.g.. polyethylene-wrapped glass fiberboard) .

e TN "
iy -y
Bt .®

5\ elearanes —— ‘
ce \ lsolation hanger ( alow

space So hanger box can
\ / rotate 360°

Buty! rubber flexible ————— €3
expansion joint (to allow B
movement due to thermal
expansion or contraction

and to help isolate pipe :\::;Dte:i
vibrations) engine )

fump (driven b

motor or die

€ Flexible electrical conduit
connection ( <1'diameter
conduit , use Full 360°

Seismic bumper (fo
restrict lateral motion) \ loop )

Housekeeping pedestal
(4" thicpk)g F

L - e o

; P TR T SIS
2

Free-standing steel
springs that are unhoused
and laterally unrestrained
(to isolate pump vibrations)

Ribbed neoprene pad —
(to damp out'viﬁrat[ons

which could short circuit

springs 2t high frequencies)

2'tok’ clesrance (for c i ;
inspection and removal (gncg"attehilrc\ir‘gla block base
of trash ) §

Note: Where piping systems are subject to earthquakes, piping damage due to building
movement can be lessened by using flexible connections. Snubbers, or seismic bumpers
(shown above), must allow sufficient free movement for normal operations.

308 MECHANICAL SYSTEM NOISE AND VIBRATIONS



ISOLATION HANGERS

Vibration isolation hangers are used to support suspended pipes in equip-
ment rooms, air ducts located below or near sensitive areas, and mechanical
equipment. They are available with neoprene elements, steel springs, or a
combination of the two in series as shown below. To prevent short-circuiting
of vibration, hangers should be installed so that the hanger box can rotate a full
360° about the vertical axis of the hanger rods without contacting structural or
other surfaces. The lower hole for the hanger rod should be oversized to
permit the rod to swing within at least a 30° arc from the vertical without
touching the hanger box or spring coils. Be sure also to avoid contact between
upper and lower rods, and provide more than 1-in clearance between the top
of the hanger box and the structure overhead to lessen the likelihood that the
neoprene element will be overcompressed during installation.

: ¢ Upper hanger red ( »1"
E::sci:\ br‘;’;a(,';;sgjlll%degf T\D\ ceParance between structure
around axis of han%'er above and hanger box )
)

rod without contac

Neoprene elemen®
( <50 duremeter)

Steel spring ( to break
vibration path)

Hanger red (to swing Neoprene bushing (to
full 30°arc before prevent metal-to-metal
contacting side of contact)

oversized hole )
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LAGGINGS

Laggings are enclosures, or wrappings, which are used to isolate noise
transmitted through the walls of pipes and ducts. The lagging generally con-
sists of a sound-absorbing layer (or blanket) wrapped on the outside by a
heavy, airtight, sound-isolating membrane. The effectiveness of a lagging de-
pends on the surface weight of the outside wrapping and the thickness and
sound-absorbing efficiency of the blanket. Lightweight wrappings ( < 1 Ib/ft?)
do not effectively reduce noise transmission below 500 Hz. Often reducing
noise at the source will be more cost-effective than using extensive lagging
treatment. For procedures on selecting laggings, see G. E. Johnson, “"How to
Select Effective Lagging Configurations,”” Sound and Vibration, April 1977.

Pipe Lagging

Pipes carrying water at high velocities should be isolated from the building
structure and wrapped with dense blanket materials (3 to 18 Ib/ft?) to isolate
the water flow noise. Outer wrappings include heavy mastic, lead sheet,
loaded- or leaded-vinyl, and composite metal jacket with core of laminated limp
materials. An example pipe lagging is shown below. For most situations, a
doubling of weight is needed to provide a significant increase in noise reduc-
tion (called insertion loss).

Lead or vinyl
wrapping (with
longitudinal seam
on bottom )

Pipe

\—Glass- fiver or

mineral-fiber blanket
(wired in place)

Pipe Lagging Details
Duct Lagging

Ducts in mechanical spaces and ducts which pass through noisy areas can
be penetrated by the surrounding noise energy (called noise break-in). Enclo-
sures of heavy-gauge sheet metal or gypsum board can be used to form a
sound-isolating membrane around the ducts. As shown by the illustrations
below, provide a wrapping of sound-absorbing material (e.g., glass fiber or
mineral fiber) between the air duct and the sound-isolating membrane of the
lagging. When duct width exceeds 36 in, support enclosures on underside
with battens or other framing elements. To control the transmission of low-
frequency noise (< 125 Hz), use sound-isolating plenum or circular ducts in-
stead of rectangular ducts. For example, at frequencies from 63 to 250 Hz, the
transmission loss of sheet metal (without lagging) can be 30 dB or more
greater for the stiffer circular ducts than for rectangular or flat oval ducts.
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i handling

unit

Duct Lagging in Mechanical Room

Lead or |ead-loaded vinu!

wrapping (or gupsum board)

Fibrous board
(attached by
adhesive )

Sheet metal
air duct

Duct Lagging Details

Mineral-fiber packing (to
keep cavity airepace clear
of construction debris)

Flange bedded in mastic (to —/

secure muffier)

Nonhardening caulking (1o
seal joint airTight a7 bobh
sideg of muffler penetration)

Duct lagging (to reduce oreak in

of mechanical roem noise)

/—Pack opening with *fiorows maze~a.s

Sound-attenuating muséer
(to reduce potn fan noise anc
break-in noise from mechran ca
roem)

Cavik joint airtight (botn sides)

Distance > 2% duct diameter
(refer to manufacturer's
recommendations for muffler
location )

Mineral fiber or glass fiber
(to wrap all four sides of
duct or muffler)

t——— Muffler (located at masonry wall

s0 fan room noise does not
break in and bypass muffler)

Grout Fill (toform /2'
opening on all sides of
duct or muffler)

Muffler Installed at Wall of Mechanical Room
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VIBRATION ANALYSIS GRAPH

The graph below gives typical industry standard bearing peak-to-peak vi-
bration displacement in mils during normal operating conditions (1 mil is equal
to 1/1000 of an inch). Much greater displacements will normally occur during
start-up and shut-down operations.
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Equipment operating speed (rpm)

Reference

ASHRAE Handbook (1987 HVAC Systems and Applications Volume), p. 52.28.
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WALL CONSTRUCTIONS FOR MECHANICAL EQUIPMENT ROOMS

Example concrete block wall constructions for mechanical spaces, in order
of increasing sound isolation effectiveness, are shown below. The more mas-
sive a construction, the greater its resistance to airborne sound. Avoid light-
weight hollow concrete block, gypsum board, and other constructions which
have poor transmission loss performance at low frequencies.

Sound-Isolating
Single-Layer Masonry Walls Effectiveness

LR
8w

R 6" concrete block

Good

el 8" concrete block

Single-Layer Masonry Wall
with Resiliently Supported Skin

/2" gupsum board

: 'Resilient' metal channel
L—— 12" concrete block

- Wood furring

" glass fiver

Double-Layer Masonry Wall

U e — 6 concrete block bebter

e" sirspace
1e—¢&" concrete block

Note: The heavyweight concrete block wall constructions shown above have mortar-
or sand-filled cells. The installation of the mortar or sand should be frequently verified as
construction progresses. Surface mount all mechanical and electrical services so the
block wall will not be penetrated.
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FLOOR-CEILING CONSTRUCTIONS FOR MECHANICAL EQUIPMENT ROOMS

Shown below are example heavyweight constructions which can be used
to contain airborne noise from mechanical equipment. Avoid metal decks with
lightweight toppings because they will not provide sufficient transmission loss
at low frequencies.

Sound-Isolating

Concrete Slab Effectiveness
——4"1012" thick concrete slao . Gooc
(where large and heavy eguipment
is used, thick floor slabs will be
required } :

Concrete Slab with Suspended Ceiling

3 %6 Concrete slab
lsolation hanger (spring, neoprene)
———0G" or more airspace (with fibrous

= insulation laid on suspended ceiling)
Resiliently suspended gypsum board

Floated Concrete Slab (see p. 248)

me—— 2 104" floated concrete slab

. o, ey Isolation pad (with glass

B e fiberboard between pads )
;Concmte structural slab

Floated Concrete Slab with Suspended Ceiling

yat—— 2'to4" floated concrete siab

LR v e o lsolation pad

e °------°‘—_f40ncrete structural alab
lsolation hanger
m!——Fibrous insulation Best

\—7Resi|ientl3 suspended gypsum board
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MECHANICAL EQUIPMENT NOISE LEVEL DATA

Equipment

The table below presents example octave-band sound pressure level data
measured at 3 ft away from several types of mechanical equipment. In the ab-
sence of manufacturer’s or field data, the values in the table may be used for
preliminary design purposes if proper consideration is given to situations that
may exceed these values. For example, peak values for especially large
mechanical equipment can exceed the values in the table by more than 5 dB.
Manufacturer’s data should be used only if their test conditions are comparable
to the actual installed conditions. Data from field measurements or laboratory
tests conducted according to current ANSI, ASTM, or other recognized stan-
dards are always preferred and should be obtained for final design.

Sound Pressure Level (dB)

63 Hz 125 Hz 250 Hz 500 Hz 1000 Hz 2000 Hz 4000 Hz 8000 Hz dBA

Absorption machine

Axial fan

Boiler

Centrifugal fan
Chiller, centrifugal
Compressor, air
Condenser
Cooling tower
Fan coil unit
Induction unit
PTAC

Pump

Rooftop unit
Warme-air furnace

91 86 86 86 83 80 77 72 89
98 99 99 98 97 95 91 87 102
92 92 89 86 83 80 77 74 89
86 95 89 90 87 82 76 77 92
80 85 87 87 90 98 91 87 100
86 84 86 87 86 84 80 75 91
a9 92 90 90 89 856 76 68 92
102 102 97 94 90 88 84 79 97
57 55 53 50 48 42 38 32 53
57 58 56 54 45 40 35 33 54
64 64 65 56 53 48 44 37 59
75 80 82 87 86 80 77 75 89
95 93 89 85 80 75 69 66 87
65 65 59 53 48 45 39 30 57
Reference

“"Noise from Construction Equipment and Operations, Building Equipment, and Home
Appliances,”* U.S. Environmental Protection Agency, NTID 300.1, Washington, De-
cember 1971.
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CHECKLIST FOR MECHANICAL SYSTEM NOISE CONTROL

Mechanical Rooms and Equipment

1. Locate mechanical equipment rooms far away from sensitive rooms, use non-
sensitive buffer zones between, and size equipment rooms to have sufficient
space for operation, inspection, and maintenance of all equipment. When suffi-
cient floor space and vertical clearance are provided, mechanical engineers can
design air ducts and piping to have smooth turns and transitions so turbulence
will be less likely to occur. Fans, chillers, and the like should not be located
close to walls where sound energy can build up in the narrow space between.
Noise transmission problems also can be prevented if vibration isolators,
equipment bases, and all structural penetrations are accessible for routine in-
spection.

2. Specify the quietest equipment available based on octave-band data or size
equipment to operate at low noise levels (e.g., fan coil units with low-
medium-high motor speeds can be sized to operate on medium speed at the
maximum thermal demand conditions ).

3. Use heavyweight wall and floor-ceiling constructions with high transmission
loss TL performance to enclose mechanical rooms. The mechanical rooms in
large buildings can be a major source of noise, sometimes exceeding 100
dBA. In critical situations, where mechanical rooms cannot be located on
grade and away from sensitive spaces, resilient isolators, floated floors, high
TL-rated doors, and resiliently suspended ceilings underneath the structural
floor all may be required.

4. Treat the walls and ceiling of mechanical rooms with generous amounts of
thick, sound-absorbing materials to reduce the buildup of airborne sound.

5. Use soft, resilient materials (springs or pads) under the wearing surface of
floors to isolate mechanical rooms from the building structure (called floated
floors) or between the bases or supports of vibrating equipment and the
structure (called resilient isolators) to minimize the transfer of vibrations into
the structure.

6. Roof-mounted mechanical equipment subject to wind loading (e.g., cooling
towers, packaged air-conditioning units)} and all mechanical equipment subject
to earthquake forces may require special vibration-isolation mounts. These
well-anchored lateral and vertical restraints must be carefully selected and in-
stalled to avoid short-circuiting the vibration-isolation system.

Vibration Isolation

1. Prefabricated, resilient equipment mounts and bases are commercially available
and, when properly selected and installed, can provide stable support to vi-
brating equipment. Use isolation mounts such as unhoused steel springs,
ribbed or waffle-shaped neoprene, or precompressed glass-fiber pads, de-
pending on the vibration to be isolated and the support conditions.

2. Locate vibrating equipment near columns or above load-bearing walls to obtain
better structural support. Long floor spans (> 20 ft) have lower natural fre-
quencies than on-grade slabs and, therefore, require isolators with larger static
deflections.

3. Use isolation hangers to isolate all pipe connections for a considerable dis-
tance from vibrating equipment (> 150 times pipe diameter).
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4. Use flexible (e.g., resilient braided section) and ‘“‘floppy" (e.g., full 360°
loop) electrical conduit connections to vibrating equipment.

5. Pipes carrying water at high velocities should be isolated from the building
structure and wrapped with dense lagging materials (e.g., lead sheet, vinyl-
covered glass fiber) to reduce the transmission of water flow noise. Use rein-
forced flexible pipe connections to break the vibration path along the walls of
piping.

Air-Distribution Systems

1. Use low-velocity and low-pressure air-distribution systems to control airflow
noise generation and conserve energy. Avoid complicated duct layouts (e.g.,
crisscrossing of ducts, multiple dogleg turns) and abrupt changes in duct
cross-sectional area.

2. Avoid constructions such as untreated mechanical ducts, chases and shafts,
or rigid conduits that can act as “speaking tubes’” to transmit sound from one
area to another. To avoid cross talk through ducts, install widely separated air
outlets, locate air inlets to plenums away from common walls, and line
common ducts with glass fiber (at least 1 in thick), or use prefabricated,
sound-attenuating mufflers. Where ducts pass through walls and floor-ceiling
constructions, resiliently isolate them from the structure.

3. To effectively seal openings around mechanical penetrations through enclosing
constructions of mechanical rooms (and through other critical barriers ), use
low-density fibrous packing to completely fill 1/2-in-perimeter ring of open
space and use nonhardening caulking on both sides of opening to achieve an
airtight seal.

4. To prevent low-frequency rumble from air turbulence in mechanical ducts, be
sure to provide smooth transitions and gradual turns and takeoffs. In variable
air volume systems, locate terminal control devices far upstream ( > 15 ft)
from diffusers and registers so generated airflow noise can be attenuated by
lined ducts before reaching occupied rooms.

5. Use circular ducts, or flat oval and rectangular ducts with low aspect ratios
(ratio of side dimensions < 3:1), which are less susceptible to vibration due
to their greater stiffness.

6. Use flexible duct connections { > 3-in separation) to break the vibration path
along walls of sheet metal ducts. As in most vibration isolation, the goal is to
interrupt the transmission path by preventing metal-to-metal contact.

7. Where ducts pass through noisy spaces before reaching quiet spaces, lagging
may be required to prevent break-in of unwanted sound energy. Use circular
ducts or sound-isolating plenums to compensate for the poor low-frequency
noise isolation of rectangular duct walls.
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Chapter 6

Speech Privacy



INTRODUCTION TO SPEECH PRIVACY

Speech privacy in enclosed and open plans depends on the signal-to-noise
ratio between the intruding speech level (signal) and the steady background
sound (noise). The intruding speech level is largely determined by the voice
effort of the speaker (how loud) and the noise reduction between enclosed
rooms, or between workstations in the open plan. The background noise com-
monly is produced by the HVAC system (e.g., airflow noise at terminal de-
vices), office activities, or electronic masking sound systems (see Chap. 7).
The acoustical demands usually involve one or more of the following.

1. Ability to talk without having conversations understood by neighbors

2. Freedom from distracting intruding noises (usually unwanted nearby conversa-
tions)

3. Allowance for face-to-face conversations (< 6 ft apart) and telephone con-
versations to be clearly understood

Speech level ———  ~Signal-to-noise ratio
(signal) (at receiver's position)

Background sound
( noise)

()

Receiver Source
( Iistener's position)  (talker's position)

In enclosed rooms, the major paths for speech intrusion are common walls
and doors, flanking such as ceiling plenums, and leaks such as cracks and
holes in the intervening constructions. In open plans, the path for speech intru-
sion is direct, or interrupted only by partial-height barriers (called screens) .
Sound travels from speaker to listener directly; by diffraction over and around
partial-height barriers; and by reflection from ceiling, partial-height barriers,
walls and other vertical surfaces.

As is the situation with most acoustical problems, speech privacy can be
analyzed in three parts: source, path, and receiver. The source is the speaker
(talker) and the receiver is the person desiring privacy from intruding conver-
sations. The paths are direct and flanking (for enclosed plans), and direct, dif-
fracted, and reflected (for open plans). In open plans, the challenge to de-
signers is considerable because raised speech levels can destroy privacy at
nearby workstations.,
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The goal of speech privacy is to achieve unintelligible (indistinct) trans-
mitted speech, i.e., a low speech articulation index Al. The Al is a measure of
speech intelligibility (i.e., frequency-weighted signal-to-noise ratios) related to
the percentage of a talker's words or sentences that can be understood by a
listener. The index ranges from O (no intelligiblity and perfect privacy) to 1.0
( perfect intelligibility and no privacy). The table below presents degrees of pri-
vacy along with corresponding Al values.

Articulation

Degree of Privacy Index (Al)
Confidential < 0.05
Normal (freedom from dis-

traction) 0.05 t0 0.20
Marginal or poor (good for

eavesdroppers) 0.20 to 0.30
Poor or none > 0.30

Note: Als should be high ( > 0.70) where very good to excellent speech intelligibility
is necessary for communication purposes in auditoriums, conference rooms, and the like
(see Chap. 3).
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SOUND ATTENUATION

Sound Attenuation in Enclosed Rooms

The enclosed room shown below has hard, sound-reflecting wall and floor
surfaces. Consequently, the speech levels build up to a constant level
throughout most of the room. The buildup of speech levels can be reduced if
additional sound-absorbing finishes are provided.

Sound-absorbing ceiling

— Speech level (generally constant
tgronghou‘t room, except near source)

-~

Source —Hard, sound-reflecting walls (and floor)

Sound Attenuation in Open Plans

In large open plans, where the walls are a relatively insignificant part of the
room, the sound attenuation can approach 6 dB per doubling of distance from
the source if floors are carpeted and ceilings are sound-absorbing. The illustra-
tion below shows the attenuation of sound energy with distance.

Sound - absorbing ceiling ( highly
efficient absorption to reduce
reflectione over partial-height barriers)

Iepeech level (falls off with distance
from source )

Carpet (to reduce impact noise from
fuaikmg‘ rurniture casters, cart wheels )

Bl YT

Source
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ACOUSTICAL DEMANDS OF ENCLOSED AND OPEN PLANS

The table below shows important factors which affect speech privacy in
both enclosed rooms and open plans. As indicated by the table, sound absorp-
tion controls the buildup of sound levels in enclosed rooms and also is critical
in open plans where ceilings and other surfaces can reflect unwanted sound
energy to nearby workstations. Background noise is important in both enclosed
and open plans. However, in open plans the level of background noise should
not be so high as to cause annoyance or restrict communication to within ex-
tremely short distances. This is especially important in open-plan schools or
where hearing-impaired persons are present.

i Room 3bsorption

| Greech effort

Ceiling 18 critical
(NIC")

Raised voice level

: Talker's orientation

\ Privacy expectations

C3USES Serious
problems

L Background noise

olojo|o|0

Receivins room

—May conflict

Noise r'educ‘cion_oF
common constructions
1(6TC, NIC)

with communication

Barrier ;
 attenuation (NIC)

@)

Factors affecting speech privac

Source-teo-
. listener distance

O
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ENCLOSED AND OPEN PLANS

The illustrations below depict many of the factors affecting speech pri-

vacy which are compared by the table on the preceding page.

Enclosed Rooms

— Sound-absorbing
ceiling (high NRC
rating)

—Background noise
leve| (determines
if intruding speech
will be "covered up")

—Room - o= room —Speech level (generally
attenuation (NR uniform throwghout
in dB) source room )

Intruding
speech level

Receiver ("listener")

Amount intruding speech is
below background noise

Open Plans
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Sound - absorbing

ceiling (high

NIC rating )
l—?artia%he.’ght barrier

(extend to Floor with
width >2 x height)

Source ('speaker or'talker')

Background noise level—
(can vary from room Lo room)

—Background noise
level (should be
uniform throughout
open plan to not
be noticeable)

—GSpeech level (decreases
with distance from
source at rate controliea
by ceiling and floor
treatment)

Receiver
( located close to barrier)

——Attenuation of
partial- height barrier
(Ain ¢B)

Amount intruding speech is —
below background noise

Receiver

- ,

€ A
Speech level decreases with distance




SPEAKER AND LISTENER ORIENTATIONS

Speaker

Speaker, or talker, orientation can be an important factor in open plans. As
indicated in the sketch below, there is a difference of about 10 dBA in speech
levels between the front and rear of a speaker (about 2 dBA per 30° of rotation
away from the straight-ahead direction). Consequently, careful orientation of
chairs or desks can have a beneficial effect on open-plan speech privacy condi-
tions. In addition, average speech levels for male talkers are 2 to 5 dBA higher
than for female talkers.

L‘Speech level in dBA

shown in circles

Listener

Listener orientation affects the perception of source direction but not the
decibel level, or loudness, of the source. Therefore, orientation of the listener
generally is not an acoustical design consideration for speech privacy.

Source Listener's
direction  response
A Sound heard coming
from left
-} Sound hesrd coming
from right

Cand D Sound may be incorrectly
perceived as comin
from above, below, front,
or rear
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CASE HISTORIES

The results of 37 case histories of speech privacy are depicted below. The
study includes over 400 pairs of rooms in offices, hospitals, dormitories, and
hotels. The encircled numbers represent the total number of case histories at a
specific privacy response corresponding to a sound isolation rating, which is
the average transmission loss TL of the common barrier. The scatter of the
data on the graph shows that there is no clear trend relating TL to occupant
satisfaction. The conclusion underlines the fact that this type of rating scheme
cannot be used to predict occupant satisfaction because it does not account
for other important acoustical factors such as background noise levels, sound
levels of individual talkers involved, degree of privacy desired, and so on.

Numbper indicates case histories
of an occupancy category

Apparent
H catisfaction

| Mild

dissatisfaction

i Moderate
 dissatisfaction

c |

.0 H

» E

w

o

q

|S )

> B

& B Stron m { )

2 dissat;se‘Faction & l 1
» f

@ H

S | Serious

0 H digsatisfaction k—={2) 2

Kl DT 20 30 40 50 e

Average TL (dB) or STC

Reference

W. J. Cavanaugh, W. R. Farrell, P. W. Hirtle, and B. G. Watters, "‘Speech Privacy in
Buildings,” Journal of the Acoustical Society of America, April 1962,
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ANNOYANCE, INTRUDING SPEECH, AND BACKGROUND NOISE

In speech privacy situations, annoyance is usually determined by the
signal-to-noise ratio (the amount the intruding speech signal is above or below
the acceptable background noise) and its consequent effect on the intelligibility
of speech, rather than by the actual level of the intruding speech. On the an-
noyance curve shown below, the percentage of people annoyed by intruding
speech varies from O (no one annoyed) to 100 percent (everyone annoyed).
Notice that there is only a difference of 15 dB in the signal-to-noise ratios (i.e.,
relative change in speech level from —10 dB to about +5 dB for a given back-
ground noise level) between the extreme conditions of no one annoyed (" ‘ap-
parent satisfaction’’) and 100 percent annoyed ('serious dissatisfaction”).
Background noise itself can be annoying if it is too loud or fluctuates widely
(e.g., noise from typewriters, computer equipment) .

100 —

/] \

N1 Response to
intruding speech
ul_/

-0 -5 0 +5 +10

Amount ntruding speech i below (=)
or above (+) ambient background noise
at 'acceptable’ sound level and Spectrum

intruding speech ?%)
w

People annoyed b

References

L. L. Beranek (ed.), Noise Reduction, McGraw-Hill, New York, 1960, p. 534.

E. C. Keighley, *'Acceptability Criteria for Noise in Large Offices,” Journal of Sound and
Vibration, January 1970, pp. 83-93.
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BACKGROUND NOISE SPECTRA

328

Occupants of rooms with extremely low background noise levels may
have serious complaints about speech intrusion due to the lack of masking. An
example of this condition is the “silent” spectrum shown on the graph below.
The ""masking noise’” spectrum also shown below (at much higher sound
levels than the silent spectrum) can contribute to satisfactory speech privacy
by covering up intruding noises. The sound level for masking noise falls off 3
to 6 dB per octave at mid- and high frequencies and the pleasant hushing or
whooshing sound produced is usually unobjectionable to most listeners. In en-
closed rooms, controlled quiet from constant airflow at diffusers and registers
of the HVAC system often can provide the minimum background noise for
masking.

“Pink"’ noise, which has a broadband spectrum that has nearly the same
sound level at all frequencies, or “‘white” noise, which has a rising sound level
with frequency, will sound unpleasantly hissy and unnatural, or annoying. The
example pink and white sound spectra shown below are for constant percent
bandwidth analyses, not constant frequency bandwidth, which plots analo-
gously to the pink and white color spectra for light sources.

T"White" roise ( sounds
unpleasantly "hissy” )

A
——"Pink’ noise ( can provide
masking, but dees not sound
\_9\”““”9 or pleasant)
N
©
e 1 P | r
= Masking noise spectrum :
= (provides "controlled guiet'
> conditions for satisfactory
Y speech privacy )
a
L
s
&
2/
|
oo s W
Silent’ gpectrum

b ( low background noise
2 results in poor speech privacy)
o A

Frequency (Hz) K4
References

R. M. Hoover, “"How to Control Noise in Distribution Systems,”" Heating & Air Condi-
tioning Contractor, March 1964,

A. P.G. Peterson and E. E. Gross, Handbook of Noise Measurement, General Radio,
Concord, Mass., 1972, p. 132.

A.D. Pierc_e, Acoustics: An Introduction to Its Physical Principles and Applications,
McGraw-Hill, New York, 1981, pp. 76-78.
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ANALYSIS SHEET (ENCLOSED PLAN)

Analysis Sheet (Enclosed Plan)

Anticipated response to privacy situation

Apparent
satisfaction

LI TIrrTrerrorTT UL
Mild
dissatisfaction

NOTE: Curve shows average
response of people to
intruding speech based on
rating number figured

(dBA): masking sound available

Speech privacy rating number

Find speech privacy rating number by subtracting isolation rating total
total. Then use graph at top of sheet to predict degree of sausfaction.

A

below
Moderate \
dissatisfaction \
Strong \
dissatisfaction \
Serious
7 ; " U T O N O I
dissatisfaction 0 g 0 5 20
Speech privacy rating number
Examples
Speech rating A B c
Shout Loud Raised Conversational Low
1. Speech effort: how people talk in | | | | |
source room |I|III]I"HII|II1II[IIIII]
78 72 66 60 54
125 250 500 1000 (sq ft)
2. Source room floor area (A,): approximates
effect of source room absorption 9 6 3 0
Confidential ~ Normal
3. Privacy allowance: degree of privacy
desired 15 9 | I
B Speech rating total
Isolation rating
4. Sound transmission class (STC): accounts
for transmission loss of common barrier
5. Noise reduction factor (A;/S): 1 5 10
approximates effect of receiving room sound ,_,_r_,_l_h_r__{
absorption and common barrier size ] 02 345 67 2
6. Adjacent room background noise level

H Isolation rating total

from speech rating

JL L

B

LC
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GUIDELINES FOR USING THE SPEECH PRIVACY ANALYSIS SHEET
(ENCLOSED PLAN)

The most important acoustical problem in many buildings is the intrusion
of intelligible speech. Experience shows that most office occupants will be sat-
isfied if they are not distracted by the intruding speech, even though it may be
partially intelligible. This means the articulation index Al must be equal to or
less than 0.20. For confidential work, however, the intruding speech should be
unintelligible and the articulation index must be equal to or less than 0.05. The
speech privacy analysis method can be used to evaluate and design offices,
hotels and motels, health care facilities, dormitories, apartment buildings, and
most occupancies where privacy from speech is important. However, very
large rooms and spaces with electronically amplified speech or music are situa-
tions which require special study. The step-by-step procedure outlined below is
keyed to the six rating factors on the speech privacy analysis sheet on the pre-
ceding page.

Note: Tests to determine annoyance of intruding music indicate that songs sung in the
native language of the listener are more annoying than songs sung in a foreign language
(cf., J.-P. Vian et al., "Assessment of Significant Acoustical Parameters for Rating
Sound Insulation of Party Walls,” Journal of the Acoustical Society of America, April
1983, p. 1242).

1. Speech Effort (dBA): Describes how people will talk in the source room. It
is assumed that both talker and listener are located at least 2 to 3 ft away
from the common barrier.

Conversational: Most private offices, hotel rooms, hospital patient rooms, and
so on, where face-to-face conversations between persons are within 6 ft, or
words are spoken into a telephone.

Raised: Boardrooms and conference rooms where people usually increase
their speech effort to a raised voice level. (Seating layouts for conference
rooms should be circular, oval, or lozenge-shaped so talkers and listeners will
be close together. )

Loud: Noisy computer equipment rooms, where operators must speak in a
loud voice to communicate; psychiatrists’ offices; and classrooms.

Shout: Psychiatrists’ treatment rooms, where patients may become excited.
Under conditions of determined screaming, sound levels can be much greater
than 78 dBA.

2. Source Room Floor Area A, (ft2): Approximates the effect of sound ab-
sorption in the source room.

In a small room, sound reflects more frequently from the room surfaces
which results in a buildup of sound energy. Conversely, in a large room sound
will tend to spread out so the level of speech signals will be lower. It is as-
sumed by the speech privacy method that at least one major surface is sound-
absorbing. However, for sparsely furnished reverberant rooms, use A, <1/2
of the actual source room floor area.

3. Privacy Allowance: Represents the kind of privacy that is desired.

Normal: The occupant wants reasonable freedom from disturbing intruding
speech. Intruding speech may be loud enough to be generally understood with
careful listening but not sufficiently loud to distract occupants from work activi-
ties. For example, although engineers, accountants, and other professionals
may work closely together, they routinely desire privacy from their neighbor’'s
distracting conversations.
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Confidential: The occupant does not want private conversations overheard in
the next room. Intruding speech is reduced so that an occasional word may be
recognized but comprehension of phrases and sentences is not possible. Doc-
tors and lawyers usually require confidential privacy; likewise, such privacy is
essential in courthouses between courtroom and jury room, and between
courtroom and witness waiting room. Executives and supervisors also usually
require this degree of privacy to be free to discuss sensitive issues with em-
ployees.

. Sound Transmission Class STC: Accounts for sound transmission loss of
common barrier.

The STC is a single-number rating of airborne sound transmission loss
performance for a barrier, measured over a standard frequency range. STC rat-
ings are given in Chap. 4 for various building constructions. If all other speech
privacy factors are known, the required STC can be determined by setting the
speech privacy rating number equal to 0. A speech privacy rating number of 0
represents a condition where excessive intruding speech does not occur.

. Noise Reduction Factor A,/S: Approximates the effect of sound absorption
in the receiving room and the size of the common barrier,

The receiving room size A, (floor area, ft?) is important because noise
buildup is greater in small rooms than in large rooms. The common barrier size
S (surface area, ft?) is also an important factor because it will be the primary
transmitter of sound energy to the receiving room. The larger the common
barrier, the more sound transmitted.

. Adjacent Room Background Noise Level (dBA): Represents masking
sound available.

The background noise levels in the adjacent room should be designed to
cover up, or mask, the intruding speech signals. Background noise should be
bland, continuous, and virtually unnoticeable to the occupants. Recommended
background NC levels and corresponding RC levels are presented in Chap. 4.
{Remember dBA values are about 6 to 10 greater than corresponding NC
criteria.) It also is important that the source of the background noise be reli-
able. For example, in offices where work activity fluctuates, the noise pro-
duced by the activity also will fluctuate. Consequently, designers should al-
ways specify reliable sources of background sound such as airflow noise at air
diffusers of constant-volume HVAC systems or, in special situations, neutral
noise from electronic masking systems (not music, which contains informa-
tion).

Note: To account for variations in building construction techniques, a margin of safety
can be achieved by using speech privacy rating numbers of —3 to —5, rather than 0.

References
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Buildings,* Journal of the Acoustical Society of America, April 1962.
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EXAMPLE PROBLEMS (ENCLOSED PLAN)

A supervisor's office and an adjacent conference room for an insurance
company are described by the plan illustration below. Both rooms have
carpeted floors and sound-absorbing ceilings. Occupants in the conference
room can be expected to often talk in raised voices to span the distance of the
conference table. In addition, both rooms will be used at times for work of a

confidential nature. Common wall _
[{i?. 1 by 9ft high)

=

|12fF%
Dffice
Conference room
C I
k e
) 24 £t 12t

1. To evaluate rating factors 2 and 5, find the floor and common barrier surface
areas. Source room (i.e., conference room) floor area A, is 24 X 12 = 288
ft2. The adjacent office floor area A, is 12 X 12 = 144 ft2. The common bar-
rier size Sis 12 X 9 = 108 ft2. The noise reduction factor A,/S for speech
intrusion from the conference room to the office is 144/108 = 1.3. (Corre-
sponding isolation rating is —2 from the scale on the analysis sheet.)

2. Minimum background levels from the HVAC system should be NC-30 (or 38
dBA) in the office and NC-25 (or 35 dBA) in the conference room. See
Chap. 4 for table of recommended background levels.

3. Use the analysis sheet on the following page to find the minimum required
STC for the common wall. Three example situations are evaluated using the
analysis sheet.

A. Conference room to office speech privacy conditions for a common wall
construction at STC 38. (For example, 2 by 4 wood studs 16 in oc, with
5 /8-in-thick layer of gypsum board on both sides, and 1/4-in-thick hard-
wood panel layer on one side.) According to the analysis sheet, the rating
factors are: speech effort 66, source room floor area 6, and privacy allow-
ance 15. Therefore, the speech rating total is 87 (i.e., 66 + 6 + 15).
The isolation rating will be 74 (i.e., 38 — 2 + 38). The speech rating
number is 13 (i.e., 87 — 74), indicating a privacy situation of “‘strong dis-
satisfaction,”” according to the graph at the top of the analysis sheet.

B. Conference room to office speech privacy conditions for a common wall
construction at STC 51. (For example, 2 by 4 staggered wood studs 24
in oc, with 5/8-in-thick layer of gypsum board on both sides, and 1/4-in-
thick hardboard panel layer on both sides.) The speech privacy rating
number is O (i.e., 87 — B7), indicating "‘apparent satisfaction.”

C. Office to conference room speech privacy conditions where source room
floor area A, now is 144 ft? (i.e., supervisor's office) and A, /S becomes
288/108 = 2.7. In addition, note that conversational speech is assumed
because the office is reasonably small. Background noise levels in the con-
ference room will be 35 dBA. Using a speech privacy rating number of O,
corresponding to “‘apparent satisfaction” conditions, an STC 48 common
barrier is required.

For satisfactory speech privacy between the office and conference room, use
the STC 51 construction from example B, because the most stringent require-
ment always should dictate selection of common barrier constructions.
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ANALYSIS SHEET (ENCLOSED PLAN) FOR EXAMPLE PROBLEMS

. Example A (for sTC 51 wall)
. Dffice. to conference room (to find reqgd wall STC)!

Analysis Sheet (Enclosed Plan)

Anticipated response to privacy situation

Apparent
satisfaction

LI

1R

Mild
dissatisfaction

dissatisfaction \
Strong \ _
dissatisfaction AG\

SlefIUUIS L L1l 11 L 111 L1l
dissatisfaction 0 5 0 s 20
Speech privacy rating number
Speech rating
Shout Loud Raised Conversauonal Low
1. Speech effort: how people talk in |
source room |—III|]|IIIII
78 72 66 60 54

125 250 500 1000 (sq ft)

. Source room floor area (A,): approximates

effect of source room absorption 9 6 3 0

Confidential ~ Normal

Privacy allowance: degree of privacy
desired 15 9
B Speech rating total

Isolation rating
4.

Sound transmission class (STC): accounts
for transmission loss of comman barrier

Noise reduction factor (A,/S): 1 5 10
approximates effect of receiving room sound M.,_'_,_,_,_{
absorption and common barrier size 345 67 g
Adjacent room background noise level

(dBA): masking sound available

W Isolation rating total

Speech privacy rating number

Find speech privacy rating number by subtracting isolation rating total from speech rating
total. Then use graph at top of sheet to predict degree of satisfaction

Fice (for STC 38 wall)|

BARBEELEERE s mEe NOTE: Curve shows average
# response of people to
intruding speech based on
\ — rating number figured

below
Moderate \

Examples
A

66 b6

N
lca”

o
Y

6

15 15 15
87] (8784

38 51 48
-L -3 |

38 32 35
7487 2%

13 LW@ L Ol
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STC RATINGS FOR ENCLOSED OFFICES

The table below shows minimum STC ratings for common walls between
enclosed spaces in conventional office and conference areas. The table is
based on conversational levels of speech in the source rooms and steady
background noise levels in the receiving rooms. When differing occupancies
share a common wall, be sure to evaluate both as source rooms and use the
higher of the two required STC values. Also, where background noise levels
are below the values given in the column at the right, increase STCs by the dif-
ference in the dBA values. The table may be used for preliminary planning pur-
poses if adjustments also are made for variations in privacy needs of users,
size of common wall, and other acoustical factors presented in this chapter.

Receiving room

—

Conference room 50 46 42 53 40 35
, (with elec. amplification)

L5 4| a7 48 35 35
lCom(-’erence room

40 38 ah 43 32 40

€ Private office
o |
2
@ 37 34 | -
b : Small office 2 =8 42
o
o 48 43 38 - 50
 Open-plan office
50 47 43 - - 55

E_lCorridor

il
&.

STC rating T dBA
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Sound transmission losses for flanking paths through ceiling plenums must
be compatible with the losses for the direct path through the common wall.
Accordingly, extend wall to floor slab above, install plenum barrier above wall,

or increase STCs in the table by 3 and use a room-to-room ceiling STC equal
to the higher STC rating for the wall.

Ceiling plenum (flanking——
path between rooms)

Continuous Sound-
absorbing ceiling

ceiling partition)

Open Plenum Between Offices

Note: The tables of suggested STCs and NICs in this book are based on isolating
speech or noise levels from “‘normal” activities and on achieving the preferred back-
ground noise spectrum in the receiving room (see Chap. 4).

Reference

A. C. C. Warnock, “'Office Partitions: Acoustical Requirements for Design and Construc-
tion,”" Division of Building Research, National Research Council of Canada, CBD 186,
May 1977.
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INTRODUCTION TO OPEN PLANS

Open plans (i.e., large rooms where length and width are much greater
than height, and full-height barriers are not used) are believed by many building
owners to provide flexibility in layout and ease in arranging and rearranging
workstations in offices. In addition, open plans often permit the use of simple,
efficient HVAC systems to serve all workstations. As everyone is in the same
room, there is no need to provide the complex ductwork and multiple tempera-
ture controls required by enclosed offices. Without walls from floor to ceiling,
less light energy will be absorbed and adjacent workstations can share light.
Consequently, the same overall lighting levels can be provided by a reduced
number of overhead lighting fixtures. Task-ambient lighting also can be used in
open plans. For example, furniture-integrated light sources can provide direct
light on the work surface (task) and uplight on the ceiling so reflected light
softens brightness ratios throughout the room (ambient light) .

Ambient light source
(directed toward ceiling) WT7

Task light source ————
14
Reading task - ) j/
o ;K SRR, 2

Task-Ambient Lighting

In offices, worker job satisfaction and productivity may be enhanced by
freedom from noise and the distraction of intruding speech. To achieve acous-
tical privacy in open plans, the following must be provided:

1. Partial-height barriers, called screens, ( > 5 ft high) between workstations
2. Electronic background masking (40 to 50 dBA)
3. Efficient, sound-absorbing finishes on ceiling, walls, and other surfaces

Unfortunately, these measures to control speech privacy present barriers
to handicapped persons. For example, sight-impaired persons use the reflection
of sound off vertical surfaces to locate walls and other obstructions to their
movement (called echo location) . Hearing-impaired persons require back-
ground levels less than 30 dBA to avoid unwanted covering up of desired
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speech signals. Therefore, in open plans essential masking noise and efficient
sound absorption will be acoustical barriers to use by hearing- and sight-
impaired persons unless these conflicts are recognized and resolved.

Lumingire

5 (24t by4st)

Luminaire

(1fFt by 4ft)

L

Enclosed office

Enclosed Plan

Full-height barrier

Parabolic -shaped
reflector luminaire

2

Open office area

Open Plan
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SCREENS

Screens can contribute to achieving satisfactory speech privacy in open
plans by interrupting the direct path of sound between workstations (when
talker and listener are > 6 ft apart). Screens usually are open-weave, fabric-
covered panels consisting of two layers of sound-absorbing material (NRC >
0.80) installed on opposite sides of an airtight hardboard or aluminum foil core
(called a septum). The STC of the screen construction normally need not ex-
ceed 25 because its overall effectiveness is limited by diffraction of sound en-
ergy over the top and around the sides. The larger the screen (height and
width dimensions) and the closer its location to the talker or listener, the
better its attenuation of sound. Effective screens are 2 times wider than their
height and extend to the floor avoiding gaps at the base. Gaps should not ex-
ceed 1 in and floor surface should be carpeted to help prevent flanking at the
base.

The noise isolation class prime NIC' of a screen can be increased by 3 or
more when the overall screen height H is increased from 4 to 5 ft, and by 1 or
more when H is increased from 5 to 6 ft. Screens less than 4 ft high are nor-
mally not effective barriers in the open plan. See following page for procedures
on how to determine NIC’ ratings.

Sound-absorbing 4/

ceiling

> 6+t
Diffracted sound
path over top of L=
Sereen ,’/ \\\\
Diffracted sound Aol : “Soo
path around end of ,)\.’ Screen Sy
sCreen - - - ——— —

Screen
NS 4y height (H)
Carpet on soft N ; ,,/
underiayment \i_ P
1l 1
T ¢ ||ISap
Talker Listener

References
R. K. Herbert, ““Use of the Articulation Index to Evaluate Acoustical Privacy in the Open
Office,” Noise Control Engineering Journal, September-October 1978.

‘_J' B. Moreland, “‘Role of the Screen on Speech Privacy in Open Plan Offices,”" Proceed-
ings of the 1986 International Conference on Noise Control Engineering, vol. I, Noise
Control Foundation, Poughkeepsie, N.Y., 1986, pp. 513-518.
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NOISE ISOLATION FOR CEILINGS IN OPEN PLANS

Laboratory and field tests can be used to rate the isolation effectiveness of
ceiling systems in open plans. The noise isolation class prime (abbreviated
NIC) is a single-number rating of the speech-isolating performance of
screen/ceiling combinations. It can be determined by using a standard partial-
height barrier (screen) and standard locations for measurement of sound
levels between workstations (see illustration of test setup below). Readings of
transmitted sound levels from a standard source of ‘‘random’’ noise are taken
at 1-ft intervals along a survey path on the opposite side of the screen. The at-
tenuation is measured in decibels at one-third octave bands with center fre-
quencies from 400 to 2000 Hz. To determine the NIC’, the measured attenua-
tion values are plotted against frequency and compared to a standard contour
according to a procedure that is similar to the STC rating method described in

Chap. 4.
l
I
i
Lsuspandad ceiling to
be evaluated
Loud Screen (15Ft wide)
KW speaker 4 YHicrophones
>7Ft
bty

¥ L T T LR
g 2 3 4 6 8 10 12 13 14
Distance From loudspeaker ()

Test positions used Test positions on "receiving'
to establish reference  side of screen used to
cound pressure level evaluate NIC'of ceilings

(avg. ab 2,3 2nd4 $t)
NIC’ Ceiling Test
The table below shows examples of NIC' values for a variety of ceilings.

NIC’ Overhead Surface

23 Open sky (i.e., perfect absorption which can be simulated by evalu-
ating NIC’ outdoors with sky overhead)
20 to 16 Commercially available sound-absorbing ceiling boards
11 Gypsum board, plaster, concrete

According to criteria published by the U.S. General Services Administration
(GSA), speech privacy potential SPP, where SPP = NIC" + NC,,, should be
greater than 60 for open-plan offices. The GSA computation roughly corre-
sponds to the open-plan speech privacy analysis procedure in this chapter.
NIC" is similar to isolation rating numbers 3 and 4 from the analysis sheet, and
NC is isolation rating number 5.
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CEILING TREATMENT FOR OPEN PLANS

Sound energy can be reflected by ceiling surfaces over partial-height bar-
riers toward adjacent workstations. As a consequence, for speech privacy, ab-
sorption efficiency of ceiling surfaces ideally should be highest at incident an-
gles of 40 to 60° from the normal to flat ceilings and at the sound frequencies
which contribute most to speech intelligibility (i.e., 1000, 2000, and 4000
Hz).

If NIC' values have not been measured, ceiling materials can be be evalu-
ated by a speech absorption coefficient SAC computed from random incidence
sound absorption coefficients measured in reverberation rooms according to
the provisions of ASTM C 423. The speech absorption coefficient can be
found as follows:

SAC = ¥ (0.060,5, + 0.150s00 + 0.240,000 + 0.320,5000 F 0.2304000)

Examples of sound-absorbing treatment schemes to reduce ceiling reflec-
tions are shown below.

Flat

\\\\ \
e
3 Thick sound-abserbin

board (with high HICB:
J rating)

¢ 2" thick glass-fiberboard
baffle (spaced 4 to &ft

N apart)
J

Coffers

(———Thick glass- fiberboard
recessed panel

Reference

R. Pirn, “Speech Absorption Coefficient,” Journal of the Acoustical Soci i
L e ustical Society of America,
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LUMINAIRES

Sound energy can be reflected between workstations by hard-surfaced
ceiling lighting fixtures (also called /uminaires), reducing the level of speech
privacy. Flat-lens luminaires can reduce isolation between workstations (lo-
cated 8 to 10 ft apart) by as much as 10 dB at the higher sound frequencies.
The graph below shows the reduction in attenuation between workstations
when continuous rows of flat-lens luminaires are located in ceilings at positions
directly over and 90° to the orientation of partial-height barriers. To maintain
efficient ceiling absorption, the preferred size for luminaires is small (e.g., 1 by
4 ft and 2 by 2 ft are better than 2 by 4 ft) and the preferred layout would be
an ashlar or random-staggered pattern which avoids positions above barriers.
Task-ambient lighting systems eliminate all ceiling fixtures by using furniture-
integrated lighting to provide indirect ambient light reflected off the ceiling. Par-
abolic-shaped reflectors and recessed V-lens fixtures do not reflect sound to
adjacent workstations as readily as the flat or prismatic-lens luminaires. For a
discussion of fixture glare control and lenses, see M. D. Egan, Concepts in
Architectural Lighting, McGraw-Hill, New York, 1983.

Lighting fixture

Loudspeaker2

«—Microphone
seteen l /~Carpeted floor

&t 5+t

Attenuation Test for Lighting Fixtures

30
= Ceiling without
Celling withoutT —
lum?nasutres N, S i
N /
S 20
b
L — . )l
g ""'\‘_-.. = 0de
Kol .
9
S 15 l ] A |
< C,e,ilins with— Ne=~ [t S|
S luminaires
p-4 | l
< |0

400 500 &30 &00 1000 1250 1600 2000
Freguency (Hz)
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WALL TREATMENT FOR OPEN PLANS

When workstations are less than 20 ft from walls, sound energy can be
reflected around the ends of partial-height barriers as depicted by the sketrfh
below. Large columns ( > 2 ft diameter) and metal cabinets can creatf,- sim-
ilar flanking problems and should be treated with efficient sound-absorbing

materials.
) )
;N \———SDund'reHBL‘tms wall surface
/ \
/ \+———Lateral reflection around
I" \‘\ end G‘F screen
4‘ Pa_rtfal -height parrier
Talker | Listener (i-e., 6creen)

< S Y ,f o 7/
N—1—Ceiling

Sound-reflecting wall surface

Lateral reflection around
end of screen

Screen

Talker Listener

Overhead and End Views of Workstations

Example wall treatments to minimize reflections in open plans include:

—

. Sound-absorbing wall panels extending from 2 to 6 ft above the floor

2. Thick, sound-absorbing curtains ( > 8 oz/yd?) hung 100 percent full, at least
3 in from wall (however, acoustical privacy will be lost when curtains are
opened to permit view of outdoors!)

3. Wide slat, perforated vertical blinds ( > 3 in wide) with sound-absorbing
cores

4. Sound-absorbing window wall baffles (see below)
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5. Closure panels that extend partial-height barriers to walls (see below )
6. Tilted or sloped wall surfaces

g

Sound-absorbing baffle

Heavy, sound-absorbing curtain

Glass closure panel
(to extend screen to wall)

Closure Panels

Reference

D. A. Harris et al., Planning and Designing the Office Environment, Van Nostrand Rein-
hold, New York, 1981, pp. 46-82.
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ANALYSIS SHEET (OPEN PLAN)

Analysis Sheet (Open Plan)

Open-plan dimensions

sound available

Speech privacy rating number

or less.

A

Find speech privacy rating number by subtracting isolation total from speech
rating total. Then use graph at top of p. 329 to assess degree of satisfaction.
Satisfactory conditions are anticipated when speech privacy rating number is O

“Ceiling
Source Barriery, Listener
(or listener) 1 TH(FE) ( or source)
Oomes —_— _I —0
k D(F)| i
L Floor
Examples
Speech rating A B C
Loud Raised Conversational Low
1. Speech effort: how people talk in room Frr b
72 1 60 54
Confidenual Narmal
2. Privacy allowance: degree of privacy desired TTTTT |
15 9
B Speech rating total ‘ ‘ ‘ | ‘ J
Isolation rating
3. Distance from source to listener: table
approximates effect of room sound absorption and
sound level falloff with distance D from source to
listener
Room finishes Distance D (ft)
Ceiling Floor 3 6 12 24 48
Reflecting Reflecting 0 3 6 9 12
Reflecting Absorbing 0 4 8 12 16
Absorbing Reflecting 0 5 10 15 20
Absorbing Absorbing 0 6 12 18 24
4. Partial-height barrier: table accounts for
attenuation from barrier with ceiling absorption
at NRC of 0.80. (Barrier width should be at least
twice its total height.)
Distance D (ft)
Barrier height H(ft) 3 6 12 24 48
1 1 7 4 2 0
2 14 10 7 4 3
3 15 1N 8 5 4
4 16 12 9 6 5
5. Room background noise level (dBA): masking

B Isolation rating total D E [:\
L I 1]

B

C
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GUIDELINES FOR USING THE SPEECH PRIVACY ANALYSIS SHEET (OPEN PLAN)

In the open plan, one of the most important design problems is to provide
the occupants with acoustical privacy from speech transmitted between work-
stations. The speech privacy analysis method can be used to evaluate and de-
sign offices, schools, banks, and similar occupancies. The method assumes
that the length and width of the open plan are large compared to the ceiling
height. However, open plans with subareas largely enclosed by hard-surfaced
partial-height barriers may have the acoustical characteristics of small rooms
and therefore fall outside the scope of the method. The step-by-step procedure
outlined below is keyed to the five rating factors on the open-plan speech pri-
vacy analysis sheet on the preceding page.

1. Speech Effort (dBA): Describes how people will talk in the room.

Low: The situation in most open-plan spaces when an occupant does not
want speech to be overheard. (A whispering voice, for example, would fall
below the low voice level.)

Conversational: Persons in the open plan within close proximity to each other
{ < 6 ft apart) usually speak in a conversational voice level (or lower) so
they will not disturb their neighbors.

Raised: People in conference situations can be expected to talk in a raised
voice level to span the distance of conference tables.

Loud: Workers in spaces with noisy machines must speak in a loud voice to
communicate.

2. Privacy Allowance: Deals with the kind of privacy that is desired.

Normal: The occupant wants reasonable freedom from disturbing intruding
speech. That is, occupants sitting in a workstation may hear speech from the
adjacent workstation but will not be able to understand conversations without
concentration. Generally, select normal privacy in designing most open-plan
privacy situations.

Confidential: The occupant does not want private conversations overheard.
Spaces in financial institutions, criminal justice centers, embassies, and some
health care occupancies usually require confidential privacy. Executives, super-
visors, and counselors also may need this degree of privacy to be able to dis-
cuss employee relations, costs and fees, and so on. Confidential privacy is dif-
ficult to achieve in open plans and can best be achieved by enclosed rooms.

3. Distance from Source to Listener D: Accounts for the attenuation of voice
levels with distance.

The distance D (ft) from the position of the nearest listener is important
because the voice level of the source is attenuated by distance. Use the
smallest value of D measured between occupants who want privacy from each
other. Conditions may vary from a room with a hard, sound-reflecting ceiling
and floor to one with a sound-absorbing ceiling and deep-carpeted floor. Con-
sequently, attenuation varies from 3 to 6 dB per doubling of distance as
shown by the values in the table on the analysis sheet (isolation rating 3).

4. Partial-Height Barrier: Accounts for attenuation provided by partial-height
barrier.

H (ft) is the portion of the barrier above the acoustical line of sight be-
tween the source and listener. It is assumed that the ceiling is covered with an
efficient sound-absorbing material and that the barrier is located midway be-
tween the source (talker) and receiver (listener)—the least effective location.
Partial-height barriers should have an overall height of 5 to 6 ft, extend to the
floor to prevent flanking of speech under bottom edge, and have airtight joints
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between sections of panels. High barriers can create the illusion of an enclosed
space causing occupants to raise their voice levels. Barrier width should be at
least twice the overall height to prevent flanking around the ends. Barriers
should have a solid septum (e.g., mass of at least 3/4 Ib/ft?) and both sides
should be treated with sound-absorbing materials to control sound reflections
at workstations.

5. Room Background Noise Level (dBA): Represents masking sound avail-
able.

The background noise levels throughout the open plan should be designed
to mask, or cover up, the intruding speech signals at workstations. Back-
ground noise should be bland, continuous, and uniform over the entire open-
plan area to be barely noticeable. Recommended ranges for background NC
levels are presented in Chap. 4. (Remember dBA values are about 6 to 10
greater than corresponding NC criteria.) Where background noise levels ex-
ceed 50 dBA, occupants are likely to be annoyed and may raise their voice
levels to be heard, thus defeating the intended masking effects.

Sound energy produced by air distribution systems rarely provides the
spatial uniformity, smooth frequency spectra, and proper decibel level needed
to achieve successful speech privacy in open plans. A reliable method of pro-
ducing background noise in the open-plan space is to provide an electronic
masking system with loudspeakers distributed above the sound-absorbing
panels of a suspended ceiling (see Chap. 7). Coverage should include adja-
cent circulation and enclosed spaces so occupants moving between enclosed
and open areas do not notice the masking due to a dramatic change in back-
ground noise levels.

References
ASTM Task Group E 33.04 C, "Acoustical Environment in the Open-Plan Office,”
ASTM Standardization News, August 1976, pp. 8-16.

L. L. Beranek (ed.), Noise and Vibration Control, McGraw-Hill, New York, 1971, pPp.
588-594.

P W. Hirtle, B. G. Watters, and W. J. Cavanaugh, "‘Acoustics of Open Plan
Spaces—Some Case Histories,”” Journal of the Acoustical Society of America, vol. 46,
no. 91(A), 1969.

R. Pirn, ""Acoustical Variables in Open Planning,” Journal of the Acoustical Society of
America, May 1971.

K. W. Walker, “Open-Plan Acoustics,”” The Construction Specifier, February and March
1979.
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EXAMPLE PROBLEMS (OPEN PLAN)

An open-plan office for an engineering firm has desks arranged 12 ft apart
as shown on the layout plan sketch below. The office has an electronic back-
ground masking system designed to provide an evenly distributed 50 dBA
throughout the room.

|‘_ D=124t
I
R'\
Partial - height barrier with sound-
absorbing surfaces on both sides
(to absorb sound energy) and
gound-isolating septum (to block
transmission o+ Sound Through
parrier )
———— L | —

. Find the speech rating for conversational voice levels and normal speech pri-

vacy. According to the analysis sheet on the following page, speech effort is
60 and privacy allowance is 9. Therefore, the speech rating total is 69.

. For conditions of sound-absorbing ceiling, hard-surfaced sound-reflecting floor,

and barrier height H of 1 ft above the acoustical line of sight, the isolation
rating will be 64 (i.e., 10 + 4 + 50). The speech privacy rating number is 5
(i.e., 69 — 64), indicating a privacy situation between “mild dissatisfaction”
and "moderate dissatisfaction”” (see graph on page 329).

. For conditions of sound-absorbing ceiling, carpeted floor, and increased barrier

height H of 2 ft above the acoustical line of sight, the isolation rating will be
69 (i.e., 12 + 7 + 50). The speech privacy rating number is O, indicating
“apparent satisfaction.”

If management desires confidential privacy with a speech rating total of 75,
satisfactory speech privacy cannot be achieved for 12-ft spacing between
workstations even with sound-absorbing ceiling, carpeted floor, and barrier
height H of 2 ft above the acoustical line of sight. For these conditions, the
speech privacy rating number is B, indicating “‘moderate dissatisfaction."
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ANALYSIS SHEET (OPEN PLAN) FOR EXAMPLE PROBLEMS

Analysis Sheet (Open Plan)

Open-plan dimensions

............................. tcail[ng
Source Listener
(or listener) H(ft) ( or source)
; il . .
3
_{Flﬁﬂr
Examples
Speech rating fsed C - A B G
Loud EIEE onversational ow
1 Speech effort: how people talk in room E TTT 7T I T |ij—[—rH GQ GQ ﬂ
T2 66 60 54

Confidenual ~ Normal q q | 5'
ik —1 122
® 9- Speech rating total _G_i: @ E

2. Privacy allowance: degree of privacy desired

Isolation rating

3. Distance from source to listener: table
approximates effect of room sound absorption and
sound level falloff with distance D from source to

listener
Room finishes Distance D (ft)
Ceiling Floor 3 6 12 24 48
Reflecting Reflecting 0 3 6 9 12
Reflecting Absorbing 0 4 8 12 16
Absorbing Reflecting 0 5 15 20
Absorbing Absorbing 0 6 g 18 24 _J_Q _ll_ _Il_

4. Partial-height barrier: table accounts for
attenuation from barrier with ceiling absorption
at NRC of 0.80. (Barrier width should be at least
twice its total height. )
Distance D (ft)

Barrier height H(ft) 3 6 12 24 48

1 n o7 ® 2 o
2 19 10 QO 4 3
3 15 11 8 5 4
4 6 12 9 6 5 - 7 1

5. Room background noise level (dBA): masking

sound available _EQ _SQ io
M [solation rating total l_bﬁH M_] Léi'

Speech privacy rating number

Find speech privacy rating number by subtracting isolation total from speech 5 o l 6
rating total. Then use graph at top of p. 329 to assess degree of satisfaction.

Satisfactory conditions are anticipated when speech privacy rating number is O
or less.
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WORKSTATION FURNITURE LAYOUTS IN OPEN PLANS

The greater the distance from talker to listener D, the higher the degree of
privacy in open plans. Where workers are only 6 ft apart, speech can be over-
heard by adjacent workers and consequently there will be unsatisfactory
speech privacy. In arranging desks within workstations, the important goal is
to increase occupant head-to-head separation distance, rather than distance
between workstation centers. Shown below are example furniture layouts
presented in order of increasing potential to achieve satisfactory speech pri-

vacy.
D=6ft Speech privacy
conditions
Poor
D= |0ft

Satisfa r.torﬂ

Better

==
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WORKSTATION CONFIGURATIONS

The worker’'s primary orientation should be away from the entrance to the
workstation. Shown below are adjacent pairs of workstations with desks and
entrances rearranged so privacy will be improved. Speech levels within work-
stations normally will be low if conversation distance is less than 6 ft. Locate
telephones so users face sound-absorbing screens. Select telephone and other

office equipment for quiet op

Poor Layouts

eration.

path ( and talkers
face each other)

Reference

V. V. Cerami, “Sound Control in
Walker Company, Muskegon, M
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Direct,uninterrupted

Improved Layouts

Screen ( to interruﬁt
path to opposite werk-
station)

5]

Separation
distance ¢ 6Ft

the Open Office: A Guide to Speech Privacy,”” Shaw-

ich., 1979,



COMMUNICATION IN THE OPEN PLAN

Background noise levels in the open plan must be high enough to provide
satisfactory speech privacy conditions and may therefore interfere with speech
communication. The graph below can be used to estimate the maximum dis-
tance people may be separated and still converse satisfactorily at a given voice
level. (In general, talker-to-listener distances more than 5 ft are intended for
conversations that other persons can overhear; those less than 5 ft, however,
are intended for personal or confidential exchanges.) For example, in an open
plan which has a background level of 55 dBA, two people can converse with
normal speech effort up to a distance of only 9 1/2 ft (see dashed lines on
graph) . However, in most situations where background noise exceeds 50 dBA
in open plans, speakers tend to raise their voices, thus defeating any antici-
pated increased privacy benefits from the masking. If conversations or lectures
to large groups cannot be restricted to the distance given by the graph, they
must be held in enclosed rooms to avoid loss of speech privacy for other oc-
cupants of the open plan. Note that speech effort increases by about 6 dBA
per 10 dBA increase in background noise up to 70 dBA, a condition where oc-
cupants must resort to gathering close together to communicate.

801 3
—~ Communication Ho 9
< difficult Hao
) B
© i
s T3 LY
_ 7 Expected . S E
[ increase in "normal 1 &
> speech effort dueto S+
o increased background o we
i noise R E":
S H o 9o
3 0 H ey 0
R
< ¢S o
S O e e S e e H>S € o
(a1
)
{‘1 50 o~ <
w
3 Sa
e
5 3583
L¥ ]
o 40 1 1 L1 1Ll 1 L €8 o
2 3 4 5 6 & 10 15 20 S &S

Distance from source to listener (£%)

Note: The graph is based on tests of average male voices with talker and listener
facing each other, using unexpected word material. For privacy between open-plan
classrooms, avoid layouts where teachers face each other, encourage small class sizes
to restrict the distance from source to listeners, and use solid panel bookcases and
other furnishings to provide barrier attenuation between classes.
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LAYOUTS FOR COMMUNICATION IN OPEN PLANS

Effective communication in small groups (or classes) can be‘ gchieved in
the open plan if talker-to-listener distances are less than 20 ft, c.:erlmgs are
highly absorptive (NRC > 0.80), and speech privacy is maintained between
nearby groups. Be careful—masking sound levels should not exceed 50 dBA.

Example circular and semicircular layouts are shown below for groups.
where listeners and talker are close together. Acoustical separation (or noise
reduction) between groups must be at least 15 dBA to achieve a reasonable
degree of privacy. For example, in open-plan schools teachers should nt?t face
each other at their normal teaching locations, and layouts should be avoided
where the last row of students in one class is closer to the adjacent teacher
than to their own teacher (see poor layout of adjacent classes example
below).

F.aruai AL contour
( shape due to
directionality of
human voice

Talker
Lietener

Eny
gy
Semicircular Layout E] B b

Circular Layout Poor Layout of Adjacent Classes

Note: Activities which are not compatible with open plans include loud audiovisual
presentations, any music, shop activities, and speech therapy classes. These spaces

should be located in separate rooms which are completely enclosed by heavy sound-
isolating constructions (see Chap. 4).
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CHECKLIST FOR SPEECH PRIVACY IN OPEN PLANS

1. Use partial-height barriers between workstations. Barriers that are properly
sized (height and width), extend to the floor, have airtight joints between sec-
tions, and are located close to talker or listener will achieve the greatest noise
reduction by diffraction. Barriers should have a solid core, should be sound-
absorbing on both sides, and should not be too low (e.g., sound energy
readily diffracts over the top of low barriers < 5 ft high) or too high (e.g.,
occupants may raise voice levels due to the illusion of enclosed private
space).

2. Avoid workstations that are close together, and arrange entrances to be offset
so that direct line of sight situations do not occur between opposite worksta-
tions.

3. Use efficient, sound-absorbing ceilings which absorb considerable sound en-
ergy at near-grazing angles of incidence. The goal is to approach open-sky
conditions as closely as possible. High noise isolation class prime NIC’ values
are essential for open-plan speech privacy.

4. Use ceiling materials that provide both efficient absorption for open-plan pri-
vacy and sufficient isolation for room-to-room privacy. This kind of ceiling
system allows flexibility in arranging both partial-height barriers and demount-
able partitions.

5. Provide sound-absorbing floor and wall surfaces (especially critical at perim-
eter workstations) . Carpeted floors (e.g., 1/4-in pile height, > 24 oz/yd?
density) can eliminate impact noises from walking, furniture casters, and cart
wheels. Sound-absorbing treatment on walls, windows, and columns can pre-
vent flanking of sound energy by reflection around the ends of partial-height
barriers.

6. Install controlled electronic background masking sound. Masking sound must
be unobtrusive, uniformly distributed throughout the space, and not too loud
{ < 50 dBA). Where communication also is important in open plans, be sure
that background levels are no higher than absolutely necessary for satisfactory
speech privacy conditions.

7. Be sure to consider the consequences of speech privacy decisions on the us-
ability of open plans by hearing- and sight-impaired persons. When noise
levels exceed 30 dBA, speech intelligibility will be much lower for hearing-
impaired persons than for normal-hearing persons.
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Chapter 7

Electronic Sound Systems



BASIC ELEMENTS

The goal of an electronic sound-reinforcing system is to provide all lis-
teners with good hearing conditions where the unamplified sound would not be
sufficient. For good speech intelligibility, the direct signal from the loudspeaker
to the listener’s ears must be louder than any competing sound (satisfactory
signal-to-noise ratio) and be free from distortion (not “tinny’’ or “‘boomy"’
sound) . Competing sounds include intruding noise from outdoors or within the
building, mechanical system noise (see Chap. 5), noise from the audience, or
reverberant sound energy. In highly reverberant rooms, the sound-reinforcing
system must increase the direct sound field more than it increases the rever-
berant sound field. In addition, a successful system must be free from feed-
back (“squealing’” or “howling” sound regenerated between microphones and
loudspeakers) at the required operating sound level. The basic types of sound-
reinforcing systems are:

. Central (cluster of loudspeakers located above the actual source of sound)
. Distributed (array of loudspeakers located over the listeners)
. Seat-integrated (loudspeakers located in backs of seats or pews)

. Combination of these systems tailored to the needs of users and natural
acoustics of the room or environment

A WN =

The three basic elements of a sound-reinforcing system—microphones,
electronic controls, and loudspeakers—are shown below.

) T

Microphone  Electronic controls Loudspeaker
( amplitiers,equalizers,
crossover networks,
and other signal -
processing equipment)

Microphones

Microphones convert sound energy in air into electric energy. To avoid
feedback, they normally should be located out of the loudspeaker coverage,

and their frequency response should be as smooth as possible. Three common
types of microphones are:

1. Dynamic .rpoving coil (thin diaphragm, set into vibration by sound waves,
moves coil of wire between two magnetic poles, generating electric potential)

2. Hfbbon (variation of moving coil, where aluminum composite ribbon acts as
diaphragm and one-turn coil)

3. Condenser (polarized movable thin diaphragm vibrates in front of fixed plate,

changit}\g capacitance to vary an electric signal; requires an outside source of
power
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Microphones are also identified by their directional sensitivity. Common di-
rectional patterns are omnidirectional (equal response at all directions) and
unidirectional or cardioid (greatest response at front or head). If multiple mi-
crophones are used, their signals must be electronically mixed. Only the micro-
phones actually being used at the moment should be included in the mixed
sound. Additional input to a sound-reinforcing system may include recordings
and telephone interconnection to remote locations.

Electronic Controls

Electronic controls are used to increase the magnitude of the electric signal
(amplifiers) ; to distribute electric energy to high-frequency and low-frequency
loudspeakers at the proper level and frequency (crossover networks); to con-
trol feeds from microphones in large multimicrophone systems (mixers); and
to allow tone control for signal shaping (equalizers) in order to match the
system output with the acoustical properties of the room and to compensate
for frequency-dependent characteristics of loudspeakers.

It is extremely important to locate the control console where the operator
can hear the mixture of natural sound (called live sound) and reinforced sound
as the audience hears it. The best location would be a slightly off-center loca-
tion at the rear-third point of the seating area on the main floor or at front of
balcony (e.g., DAR Constitution Hall, Washington, D.C., and Grand Concert
Hall in the UT Performing Arts Center, Austin, Texas). Control consoles can
require more than 50 ft2 of floor area. For performance recording functions,
headphones should be used to monitor what is being taped from the micro-
phones. For some basic reinforcement systems, automatic microphone mixers
may be used. Automatic mixers sense the presence of acoustical input and
turn microphones on and off as needed. Even where automatic mixers are
used, they normally must be supplemented by an overall system volume con-
trol located in the listening area.

Loudspeakers

Loudspeakers convert electric energy into airborne sound. They should be
positioned so their direct sound will be evenly distributed at the proper sound
level to all listeners in the room. For rooms with a reverberation time of less
than 2 s, the maximum loudspeaker-to-listener distance d can be found by:

~oq [
d-0-1 T

where d = maximum loudspeaker-to-listener distance (ft)
Q = loudspeaker directivity (no units)
V = room volume (ft3)
T = reverberation time (s)

The distance between a loudspeaker and its most distant listener can be
longer for spaces which have low reverberation times and use highly directional
loudspeakers. Directivity Q for loudspeakers varies from 2 to 15, depending on
the beam spread angle and other characteristics of the loudspeaker. The direc-
tivity of the human voice is about 2 at 500 Hz, but this figure can be raised
considerably by cupping hands around the mouth or by using a megaphone.
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FUNCTIONAL DIAGRAMS AND LOUDSPEAKERS

Microphone Power Crossover

(%o convert amplifier network
airborne sound (to control (to distribute
to electric leve! of signals to
signals) signals ) loudspeakers)

Central Loudspeaker System Functional Diagram

The functional diagram below shows the interrelationship of the major ele-
ments of a central loudspeaker-type system. The crossover network contains
electronic filters which pass sound signals above a selected frequency (cross-
over frequency) to the high-frequency horns and sound signals below this fre-
quency to the low-frequency loudspeakers. In more complex systems,
supertweeters may be used to augment the high-frequency response and sub-
woofers to augment low-frequency response.

Tweeter
( HF horn loudspeaker)

Woofer
CLF loudspeaker)

Electronic components

Note: In “highly powered" systems, which operate close to the power limit of the
loudspeakers, it is good practice to use multiamplification. This is a system in which the
crossover network precedes the power amplifiers, and separate power amplifiers are
used for each frequency range.

High-Frequency Horn Loudspeaker (Tweeter)

The flared shape of the horn gives direction to the shorter wavelengths of
high-frequency sound energy and couples the small high-frequency diaphragm
to the air. Low frequencies must be filtered out of the signal to the tweeter be-
cause the large cone displacements which they produce could damage the
driver.

Low-Frequency Loudspeaker and Enclosure (Woofer)

A large loudspeaker (15 to 18 in diameter) in a large cabinet enclosure
(> 10 ft?) incorporating a flared horn is required to efficiently generate low-
frequency sound energy, which has longer wavelengths and requires greater
cone movement than high-frequency sound energy.
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Smaller, critically tuned enclosures without horns also can reproduce low-
frequency sound energy. They demand greater power input for equivalent
sound output, but can be used to produce lower frequencies than horn-coupled
enclosures of moderate size.

Compre._ssion _driver (%0 convert
electrical signal into airborne sound)

Flared throat (1o covple radiated sound
energy from driver to £lared horn)

Flared horn (to maintain directional
control of radiated airborne sound )

Biradial Horn

«—— Cabinet enclosure

Port or vent (%o extend
low-fregquency response)

Cone diaphragm ( back-and-
forth motion creates airborne

\ sound
Short flared horn (to beam
radiated sound energy’)

Horn-Loaded Low-Frequency Enclosure (Bass horn)

3[%—~ Cabinet enclosure

Cone diaphragm of woofer
(to direc‘opig r'agdiate sound
energy )

Critically Tuned vent
( to extend low-frequency
response )

Tuned Low-Frequency Enclosure (Direct radiator)
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CENTRAL LOUDSPEAKER SYSTEM

The central loudspeaker system usually locates the loudspeaker, or cluster
of loudspeakers, 20 to 40 ft above and slightly in front of the actual source of
sound. The cluster can be exposed or hidden behind a sound-transparent grille
cloth. This system can provide maximum realism because the listener will hear
the amplified sound from the direction of the live source location. This is be-
cause human ears differentiate sounds better in the horizontal plane (where
ears are located) than in the vertical plane. Therefore, amplified sound from a
properly designed central system should not be noticeable. Central loudspeaker
clusters should use directional loudspeakers aimed to concentrate amplified
sound energy on the audience, which absorbs sound, not on sound-reflecting
floor, wall, and ceiling surfaces. In this way, reinforcement systems can pro-
vide high intelligibility by increasing the level of sound energy from the location
of the talker more than they increase the reverberant sound energy.

|

= Dashed line indicates electrical system

® relationships ( do not run microphone,

S Lol.u--Freq,uencg loudspeaker, and amplifier wire 'n same
b loudspeaker conduit or very close together)

L N enclosure

v

o B

2H A igh - frequency

Ly R St e

o i horn loudspeaker \ A ~ r— Operable glass port

3 (to open so

operator can hear
sound being controlled)

~ <j>;
-~ -

| —
>0 | ——
e

‘\
e |
l
g
b Can s, ety g O
of maximum response) (operator should be within

Microphone located close to Coverage pattern)

source and out of loudspeaker
coverage pattern ( to avoid
Feedback')
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Checklist for Central Systems

1. Audience should have unobstructed line of sight to loudspeaker cluster be-
cause high-frequency sound is very directional.

2. In general, the distance from any high-frequency horn in a central cluster to the
farthest listener covered by that horn d, should be less than twice the distance
from the horn to the nearest listener d,. That is, the ratio of coverage dis-
tances d,/d, for an individual horn should be less than 2.

3. High-frequency horns should be aimed directly at the audience so that sound is
not reflected by room surfaces. Audience or unoccupied upholstered seats
should absorb most of the amplified sound before it can be reflected and con-
tribute to reverberation.

4. System operator should be located within the coverage pattern of the loud-
speakers so that operator can hear the same mix of live and reinforced sound
the audience hears. If control consoles must be located in a control room at
the rear of the auditorium, provide an operable float-glass observation port
which can be opened to the main space (> 24 ft> open area) and orient con-
sole so operator will be seated adjacent to the opening.

References

D. H. Kaye, “The Sound Amplification System for Mechanics Hall,” Technology &
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D. H. Kaye and D. L. Klepper, "'Sound System Specifications,” Journal of the Audio
Engineering Society, April 1962.
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LOUDSPEAKER CLUSTER

A loudspeaker system cluster takes up a great deal of space and, as _
shown below, the area in front must be completely open or be hidden behind a
grille that is transparent to sound (called transondent; see Chap. 2).

Solid, sound - reflectin High-frequency
ceiling ( at higher g horn loudspeaker
alternate elevation)

Low - \Creq,ueﬂcg
/ loudspeaker enclosure

Ceiling lowered
during design

Ceiling at lower
elevation ( grille area
must be enlarged to not
occlude coverage of high-
frequency horn)

Transondent grille

Coverage pattern of
horn loudspeaker

Central Loudspeaker Cluster

Checklist for Loudspeaker Clusters

1. Extent of required open area in front of loudspeakers is determined by cov-
erage patterns of the loudspeakers.

2. Suitable transondent grille materials include loudspeaker grille cloth, most
open-weave fabric, and some perforated and expanded metals (if sufficiently
open).

3. Any solid framing members must be small (< 1/2 in width and at right angle
to centerline of loudspeakers) and have wide, irregular spacings so they will
not occlude the coverage patterns of the loudspeakers.

4. Install high-frequency horns using supports which allow reorientation of at least
5° in any direction and which can be secured into precise orientation, deter-
mined by performance evaluation in the completed space.

5. Where fire-rated constructions are required, the fire resistance integrity of the
ceiling should be maintained. (See Underwriters’ Laboratories Fire Resistance
Index, current edition, or M. D. Egan, Concepts in Building Firesafety, Wiley-
Interscience, New York, 1978, pp. 63-109.)
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DIRECTIONAL PATTERNS FOR HIGH-FREQUENCY HORNS

The dispersion of sound energy (called beam spread) from a loudspeaker
can be plotted on polar coordinate graphs. 0° is the on-axis direction, meaning
straight ahead as projected from the front of the loudspeaker. 180° is the di-
rection to the rear or from behind the driver of the loudspeaker. Measurements
in decibels (dB) are usually made in both the horizontal and vertical planes
with the results given for several octave-frequency bands.

Equal-level contours are plots of relative sound levels from a horn loud-
speaker. These contours can provide useful aiming information to assist in
cluster design of modern biradial high-frequency horns, which have relatively
constant directivity over a wide frequency range.

Shown below are examples of directional response patterns for radial and
biradial horns and example equal-level contours.

Radial Horn (or “sectoral” horn, because shape in plan view is similar to

piece of pie)
0° (on-axis)
,30° Coverage pattern
in horizontal plane
On- axis
- ‘E direction q0°
- 4000 H
L __-L - - e
Thlroat (coverage may Vvary sgniTicantiy
Oriver 3t other freguencies)
Biradial Horn (or “‘constant-directivity”” horn)
0° (on-axis)
Horizontal coverage
pattern
.——' _D_Fw_axTC.-_ _'. vertical coverage
T direction ,s?'- aQ® pattern
\

HI‘ LThroa't

Driver
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Equal-Level Contours (for biradial horn)
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® ip direction of horn loudspeaker
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B e relative sound levels at
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Longitude reference (degree)

Reference

T. Uzzle, “'Loudspeaker Coverage by Architectural Mapping,”” Journal of the Audio
Engineering Society, June 1982.
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DISTRIBUTED LOUDSPEAKER SYSTEM

The distributed loudspeaker system consists of an array of loudspeakers
usually located in the ceiling or suspended overhead. Each loudspeaker supplies
low-level amplified sound to a small area. The system is used when the ceiling
height is inadequate for a central system, when all listeners cannot have line of
sight to a central cluster position (e.g., deep underbalcony seating, subdivided
rooms), when directional realism is not important (e.g., announcements in air-
port concourses, offices), or when the sound source location may vary (e.g.,
hotel function rooms, church fellowship halls) .

Distributed systems work best when the ceiling or floor or both are
sound-absorbing. For uniform coverage, spacing between wide-dispersion
loudspeakers should be 1.4 (H—4) or less for seated audience, where H is
room height in feet and 4 ft is the average seated ear height. Closer spacings
may be needed in reverberant rooms or where room heights are greater than
12 ft.

Wide-dispersion loudspeakers used in distributed loudspeaker systems are
usually 8-in-diameter (or larger where better bass response is desired for
music) coaxial loudspeakers with 3-in-diameter (or less) tweeters, or 4-in-
diameter full-range loudspeakers. ‘“Whizzer'' loudspeakers or plain-cone loud-
speakers larger than 4 in diameter have narrower dispersion within the fre-
quency range which is necessary for high intelligibility of speech and, therefore,
require closer spacing.

Loudspeaker
spacing
Cone loudspeaker in anclasure—\ r il
- b 7
e IA ¢
| _—Loverage
Beam spread’\,/ pattern
angle /
i <204t
Microphone — ——
]
|
‘\ <> N N
Dashed line indicates-—/ ‘-—-E!ec'tr_anic.: equipment for
electrical system relationships amplification and control
(do not splice wire in conduit ( located in audience so
between microphone and 3mplifier ) operator can hear sound

being controlled)
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Checklist for Distributed Systems

1. Ceiling height H should not exceed 20 ft, which is about the minimum height
for the preferred central system. In reverberant rooms, H should not exceed
12 ft unless dense loudspeaker coverage can be achieved.

2. Loudspeakers should be distributed in an array so each listener will receive di-
rect sound from the closest loudspeaker and, after a short delay, sound from
nearby loudspeakers (< 20 ft away). However, sound from the more distant
loudspeakers will be greatly attenuated by distance and because listeners will
be located well off-axis of the loudspeakers.

3. Signal-delay features (see p. 374) may be required to avoid artificial echo,
which occurs when the path difference (loudspeaker-to-listener distance com-
pared to the natural source-to-listener distance) is greater than about 30 ft
and the level of the natural source is within 5 to 10 dB of the amplified level.

4. Distributed systems with signal-delay features should be used for loud live
sources in long rooms or to complement central sound systems at underbal-
cony locations.

5. A “localizer’” loudspeaker, aimed at the audience and located in the podium or
on the lecture platform, can be used with distributed systems. Use of these
loudspeakers may enhance the illusion that sound is coming from the person
who is talking rather than from the signal-delayed loudspeakers located over-
head.
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LOUDSPEAKER SPACING FOR DISTRIBUTED SYSTEMS

Distributed loudspeaker systems should be arranged so the coverage pat-
terns of the loudspeakers will sufficiently overlap. Practical spacing S for uni-

form coverage with wide-dispersion cone loudspeakers can be found by the
following formulas:

S=14(H-4) for seated audience
S=14(H-6) for standing (e.g., airport concourse)

where S = spacing between loudspeakers (ft)
H = floor-to-ceiling height (ft)

Loudspeaker Spacing (section view)

. Cone loudspeaker
) v in enclosure

g Celling

.
Wide dispersion
coverage pattern

H

i s N g neight (44t

for seated, Gft
for standing)

o A

N

———Carpeted floor

Coverage Patterns at Ear Height
Example cone loudspeaker placement patterns are shown in plan view

below. Cone loudspeakers distribute sound over a beam spread angle which
narrows as frequency increases. The coverage pattern shown represents the
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position at ear height where the loudspeaker sound level at 4000 Hz drops off
6 dB from the level directly underneath (on-axis orientation) . Uniformity of
coverage at 4000 Hz is important because, if the sound level up to this fre-
quency is well distributed, the consonants which determine speech intelligibility
can be clearly heard.

—Wide dispersion
coverage pattern

( perimeter within
6dB of on-2axis
response at 4000 Hz )

.4 ( H=4) *or
seated audience

Reference
R. Sinclair, “The Design of Distributed Sound Systems from Uniformity of Coverage

and Other Sound-Field Considerations,"” Journal of the Audio Engineering Society,
December 1982.
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SEAT-INTEGRATED LOUDSPEAKER SYSTEM

The seat-integrated loudspeaker system consists of a number of loud-
speakers (spaced 5 to 8 ft apart) which are located in the backs of seats or
pews. Each loudspeaker is a short distance from the nearest listener and there-
fore supplies low-level amplified sound to a small area (e.g., one loudspeaker
for every two to four listeners). This system can be used in rooms where re-
verberation times are extremely long (2 to 5s at mid-frequencies) or where
the audience is seated behind the performing area. Signal-delay features can be
used to improve intelligibility and realism. To synchronize amplified sound with
live sound, signal-delay zones should be less than about 28 ft in length.

————Fixed frontal

Loudspeaker Pew end
behind grille  \ f

U [

<
@ i i )

3 ] Aj¢—Bookrack with
S ".\l lﬂ— loudspeaker in
ES \ enclosure (filled
" \7 with glass fiber)
;o Pookrack Pew cushion
x

.

Pew Seating
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COLUMN LOUDSPEAKER SYSTEM

A column loudspeaker consists of a linear array of cone loudgpeakers
(usually vertical with one above the other) to concentrate sgund into a narrow
vertical beam. In the vertical plane, the cone loudspeakers reinforce each othgr
creating high directionality. In the horizontal plane, the directional pattern is sim-
ilar to that of a single-cone loudspeaker. The dispersion or beam spread usually
narrows at higher frequencies and may deviate from the smooth patterns
shown below.

Column loudspeaker (line sourct 0f sound from
vertical array of cone loudspeakers)

Narrow beam spread pattern
in vertical plane ( varies
significantly with frequency)

0° (on-2xis)

5ide view

Wide beam spread pattern
'n horizontal plane ( depends
on cone diameter and narrows

at high freguencies )

0° ( on-3xis)

q0°
Top view

Directional Response Patterns

Column loudspeakers can be used along the walls of long, reverberant
spaces (or mounted on or within structural columns in churches) to direct
amplified speech evenly throughout the audience. The spacing between column
loudspeakers should be less than 25 ft so that the direct sound field will be in-
creased more than the reverberant sound. For example, satisfactory intelligi-
bility can be achieved in narrow churches (< 45 ft wide) if column loud-
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speakers are properly spaced and aimed (e.g., tilted toward the nearby
congregation) and the throw distances are short. All column loudspeakers
should be aimed toward the rear of a church, not side-to-side. Signal-delay fea-
tures will be required to synchronize column loudspeakers with each other and
with the live sound from the front of the room (e.g., St. Paul's Cathedral,
London).

PN

<HSFL wide LCOIumn loudspeaker
- (aimed twgrd rear of church)

Column Loudspeakers in Church Sanctuary

Note: To help the congregation localize on live source of sound, a loudspeaker (or
small cluster of loudspeakers) can be installed near or in the ceiling above the pulpit lo-
cation.
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MICROPHONE PLACEMENT EXAMPLES

Microphone Placement

The condenser microphone is usually preferred for reinforcement of choirs.
To estimate the number of microphones needed, use the 3-to-1 rule, which
means the distance d, between adjacent microphones must be at least 3 times
the distance d, each microphone is from its nearest source. Shown below is
an example microphone layout for a conventional choir, three rows deep.
Avoid microphone positions too close to the singer. Cardioid microphones (so
called due to heart-shaped pickup response pattern, which is relatively low at
sides and rear) can be spaced closer together if the heads of adjacent micro-
phones are angled away from each other. When two microphones are used
close together (< 18 in apart), avoid frequency-response interference by
placing the heads directly together.

Suspended cardioid
condenser microphone
(aimed at middle row)
d.>3d, Suspended
micrephone

%
A
)
X9
\—Pickup pattern
) of microphone

Plan

Section

Working Distances

One cardioid microphone can cover an entire pulpit or lectern area. Shown
below are example working distances for cardioid and omnidirectional micro-
phones. Omnidirectional microphones pick up sound equally from all directions.
Cardioid microphones can be located up to 1.7 times farther awayv from the
source than omnidirectional microphones. However, when cardioid micro-
phones are placed too close to users (e.g., at “lips-touching’ distances), low
frequencies, which do not contribute to the intelligibility of consonants, can be
seriously overemphasized. Some manufacturers carry models which have no
““proximity effect”’; information on this feature would usually be provided in
their technical literature.
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Cardioid microphene

Omnidirectional microphone

References
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SIGNAL DELAY FOR LOUDSPEAKER SYSTEMS

Signal-delay devices can be used in sound-reinforcing systems to avoid ar-
tificial echo (''muddying’” or “'garbling’ effects) caused when the natural
sound is heard later than the amplified sound. This occurs because sound in air
travels at 1130 ft/s, whereas the electric signal to loudspeakers travels almost
instantaneously, at the speed of light. Therefore, signal-delay devices are used
to delay the electric signal to distant loudspeakers so that the amplified sound
will arrive at the listener's ears within 25 ms before or after the natural sound
(e.g., sound from a central cluster in large rooms with overhead cone loud-
speakers covering underbalcony seating) .

For an initial check on signal-delay requirements, measure the distances
from the live source of sound and the central cluster to both nearest and far-
thest listeners. Convert to signal delays by dividing distance differences by
1130. Delays should be less than 25 ms. For the example shown below, lis-
teners located 80 ft from a loudspeaker at the front of an auditorium and 8 ft
directly beneath a cone loudspeaker, without signal-delay features, will perceive
an artificial echo due to a delay of 64 ms. That is,

Signal delay = distance + velocity = (80 — 8) + 1130 = 64ms

Signal delay should be used to avoid artificial echo, and to permit listeners
to hear intelligible sound and to localize on the actual source of sound. If the
delayed sound which reaches the listeners’ ears is less than 10 dB louder than
the natural sound and arrives less than 25 ms before or after the natural
sound, it will be synchronized with and perceived as coming from the original
source, not the loudspeaker with signal delay (a phenomenon called the prece-
dence, or Haas, effect).

Central loudspeaker N .
| sustem clugtepr /‘ arrow beam spread
/

— Cone loudspeaker 'n enclosure
(used to cover seats shielded
from line-of-signt <o cluster)

(7ms signal delay)

Section View of Auditorium
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Signal delay can be used for the following loudspeaker system applica-
tions.

1. Distributed loudspeakers for loud live sources, such as bands, in long rooms
with low ceiling heights.

2. Seat-integrated loudspeaker systems (usually signal-delay zones change about
every third or fourth row).

3. Central system with distributed loudspeakers covering seating areas under
deep balcony overhangs or transepts in a church.

4. Central loudspeaker system clusters located far in front of stage.

5. Distributed loudspeaker clusters for outdoor concerts or for large sports
arenas.
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SYSTEM EQUALIZATION

Sound systems may excite undesirable system resonances causing
“squealing” or “howling”* feedback and uneven distribution of sound, particu-
larly in highly reverberant spaces. “‘Ringing’’ occurs when a specific frequency
is regenerated through the sound system. Feedback frequencies are dependent
on the physical dimensions of the room, the sound-absorbing treatment pre-
sent, the frequency-response characteristics of the microphones and loud-
speakers (e.g., lack of smoothness of response), and the distance from
microphone to loudspeaker. In theaters for drama, feedback is best avoided by
locating the microphone near the sound source and using as few open micro-
phones as possible.

Adjustable electronic filters can be used to smooth out the frequency re-
sponse of a sound system and reduce its tendency to ring. Filters with center
frequencies spaced one-third of an octave apart are usually used. This proce-
dure is highly specialized and should be performed only by qualified sound
system engineers after the system has been installed in the finished space.

References
C. R. Cable, "Time-Delay Spectrometry Investigation of Regenerative Sound Systems,"’
Journal of the Audio Engineering Society, March 1978.

D. B. Davis and C. Davis, Sound System Engineering, Howard W. Sams, New York,
1987.

T. Uzzle, "The Effect of Reinforcement System Regeneration on Gain and Reverberative
Decay,” Audio Engineering Society Preprint # 2019, October 1983,
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LOUDSPEAKER LAYOUTS TO BE AVOIDED

A poor loudspeaker layout or placement can mean ineffective sound rein-
forcement. In the auditorium example shown below, where loudspeakers are
located at both sides of the proscenium opening (called split-stack layout by
rock performers), the intelligibility can actually be improved by shutting off one
loudspeaker! As indicated on the illustration, coverage will be poor, with both
interference for listeners near the center of the room and lack of directional re-
alism.

Both example loudspeaker layouts shown below can produce unpleasant
effects because they create areas of interference where their coverage patterns
overlap (i.e., cancellation of certain frequencies).

Loudspeakers at Both Sides of Wide Proscenium

Stage _
§ Microphone loeation
/ (talker's position)
—=A © =ra

Listener al position | may ks s
near sound from loudspeaker A Ve | b Column louaspeskers
not from tTalker at microphone ’ located at A and B
Listener at position 2 ma l(—— Listeners located along
hear |gn5 delaged sound o,-g \,. centerline of room Can hear
echo from loudspeaker B 2 ¢ sound coming =rom 'oudspeaker
(>45 ft auaH) AorB net from microphone

location which is at 'ower

sound leve|

Loudspeakers Aimed along Circulation Space

Bidirectional cone Iaudspeaker——\ Sound-absoroing ceiling

Intelligibility is poor between loudspeakers
because listéner hears "cross-fire' from
opposite directions

Reference

R. B. Newman and W. J. Cavanaugh, ""Sound Systems,” Architectural Record,
December 1961 and January 1962.
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COMPARISON OF BASIC SOUND-REINFORCING SYSTEMS

Design, installation, and relative equipment cost characteristics of the basic
sound-reinforcing systems are shown below. It should be noted that the spe-
cific application and room design (shape, height, seating layout) may override
decisions based on auditory directional realism or on cost alone. For example,
in a large church with volume greater than 250 ft* per person, the congregation
may, for visual reasons, object to the preferred central cluster of highly direc-
tional horns suspended 30 ft above the pulpit location. Unless the conflict can
be resolved, auditory realism will suffer. In this wide church, the best alterna-
tive to the central system would be the seat-integrated system. Unfortunately,
even a well-designed pew-back system may not be able to achieve every-
where the illusion of sound coming from the pulpit location.

Operational and Installation Characteristics

Auditory
Directional Visibility of Electronic Relative

System Realism Loudspeakers Signal Delay Equipment Cost
Central cluster Excellent High (or medium No Low

if recessed)
Split cluster* Good Can be medium No Moderate
Distributed (overhead) Poor Low (if recessed) Sometimes Low to

Medium or high moderate

(if suspended)
Column (distributed along  Fair Can be medium Yes Moderate to high
length of room)
Seat-integrated Poor Low Yes High
Combinations (depends on room and systems design)

*Split cluster can be used in rooms with two main speaking positions (e.g., church with lectern and pulpit, separated at left
and right). The system works best when the cluster amplifies speech from the closest source position only, thereby
working like two independent clusters. Another variation, used in drama theaters, locates three to five clusters above and
across the width of the proscenium opening. Microphone inputs can be designed so the apparent direction of sound moves
with its source.
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ELECTRONIC BACKGROUND MASKING SYSTEM

Electronic background masking systems can be used to cover up un-
wanted intruding sound in enclosed and open-plan offices. To be effective, the
sound level of the masking system should be neither too loud nor too low, and
the spectrum should roll off at the high end of the frequency range.

In open plans, loudspeakers usually can be hidden in plenums above sus-
pended sound-absorbing ceilings. This strategy can achieve uniform masking
sound throughout the room. Be careful when designing this kind of installation
because openings for return or supply air in ceilings and luminaires can be no-
ticeable sound leaks, which make it difficult to achieve a uniform masking
sound. In addition, to avoid obvious nonuniform sound conditions within rooms
the masking system should use at least two noise generators feeding alternate
loudspeakers (called channels) .

For preliminary planning, loudspeaker spacing S can be found by:

S 14 (2D+ H-4)

where S = spacing between loudspeakers (ft)
D = plenum depth (ft)
H = floor-to-ceiling height (ft)

Closer spacings may be required when spray-on, sound-absorbing fire protec-
tion is applied to the underside of structural decks, or when complicated air
duct layouts or deep structural members (e.g., baffles, coffers) obstruct
plenums.

Suspended cone loudspeaker
( aimed at concrete structural
surface)

—

/\/\ /'\I/'\/ Plenum depth (D)

—

2 ™ Léuwanded sound-3bs0roing

% allmg

ll@

o

Loudspﬁaker spacmg’ (5) ¥4 \

Floor-to-
ceiling

Uniform sound level
height (H) :

throughout occupied zeone
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Checklist for Masking Systems for Open Plans

3 P

Loudspeakers should be in enclosures located just above suspended ceilings,
aimed upward toward hard plenum surfaces, or be unenclosed loudspeakers
on sheet metal baffles hung vertically in the plenum space.

. Plenums should have uncomplicated air duct layouts and smooth sound-

reflecting structural surfaces to allow wider spacings between loudspeakers.

. Coverage should include adjacent areas (or zones) so occupants moving

about the building will not notice the masking system.

. Masking should not exceed a sound level of 45 to 50 dBA because occupants

tend to raise their voices to compensate, thus defeating the intended masking
effects. Occupants may also begin to complain about the sound level when it
exceeds 50 dBA.

. To reduce the likelihood that occupants will notice background masking, con-

sider installation procedures that initially operate the system at low sound
levels. Then gradually increase the level by about 1 dB each day until the de-
sired masking level is reached in a week to ten days or longer.

. A well-designed masking system deliberately garbles the sound it produces

and therefore should not be used for paging and routine announcement func-
tions.

. Provisions can be made to reduce masking noise levels during off-hours to en-

hance the ability of security personnel to hear unusual sounds.

. Be sure to consider the consequences of background masking on the usability

of open plans by hearing-impaired persons. For example, when background
noise levels exceed 30 dBA, hearing-impaired persons (even when using
hearing aids) have far more difficulty understanding speech than do normal-
hearing persons.
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SOUND SPECTRA FOR MASKING SYSTEMS

In addition to avoiding excessive sound levels, background noise from
electronic masking systems in open-plan offices should have a neutral tonal
quality. This may be facilitated by designing the system to simulate familiar
building sounds, such as the airflow at diffusers and registers of HVAC sys-
tems. Shown below is a range of background masking spectra at octave-band
frequencies from 250 to 8000 Hz. (The spectra are similar to RC noise
spectra where sound levels drop off by 5 dB per octave.) These spectra can
provide a pleasant acoustical background after they have been adjusted by fil-
ters so that the electronically produced sound levels in the finished room are
no higher than necessary to mask unwanted intruding speech and so that pro-
nounced hisses are avoided. Again, preferred background masking sound
levels generally should not exceed 45 to 50 dBA.

+20

+10

Relative sound level (dB)

-30

125 250 500 000 2000 4000 8000
Octave- band center frequency ( Hz)

References

L. L. Beranek, W. E. Blazier, and J. J. Figwer, “'Preferred Noise Criterion (PNC) Curves
and Their Application to Rooms,’* Journal of the Acoustical Society of America,
November 1971.

W. E. Blazier, "Revised Noise Criteria for Application in the Acoustical Design and Rating
of HVAC Systems,” Noise Control Engineering Journal, March-April 1981.
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CASE STUDY 1: OPEN-PLAN OFFICE

South Central Bell Telephone Company
Birmingham, Alabama

The 450,000-ft2? earth-covered corporate office building opened in 1981.
The open-plan office spaces have satisfactory speech privacy due to careful
layout of workstations, strategically placed partial-height barriers, and installa-
tion of a designed electronic background masking system. The loudspeakers
used for masking are distributed above the suspended sound-absorbing ceiling
and are aimed upward at the overhead metal deck (shown in isometric section
below). The masking system uses 4-in cone loudspeakers in protective metal
enclosures installed at a density of 125 ft? per loudspeaker. Background
masking sound levels are adjusted not to exceed 48 dBA throughout the open-
plan office and adjacent areas.

Architect: Giattina Fisher & Company (Birmingham, Alabama)

Acoustical Consultant: Office of M. David Egan (Anderson, South
Carolina)

Sound System Designer: David H. Kaye (Boston, Massachusetts)

5 4 /2 #t plenum depth
N
— Masking loudspeaker in metal
enclosure (aimed toward deck)
L\ Suspended sound-absorbing ceiling
N

Cellular metal floor deck

Isometric Section

Reference
J. Murphy, “Southern Bell,” Progressive Architecture, April 1982, pp. 162-166.
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Cantilevered Floors over Pond © Paul C. Beswick

Typical Open-Office Workstations

© Wolfgang Hoyt/ESTO
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CASE STUDY 2: CHURCH

First Baptist Church
Greenville, South Carolina

The 400,000-ft® sanctuary of the First Baptist Church has a seating ca-
pacity of 1350 persons. Volume-to-audience-area ratio is 46. The sanctuary,
completed in 1984, was designed to enhance sound from a large pipe organ
and support an active music program. Because mid-frequency reverberation
time is longer than 2.2 s, it was essential that the central sound-reinforcing
system be carefully incorporated into the “tree of life”* ribbed elements located
behind the altar. The loudspeaker cluster includes four directional high-
frequency horns (> 500 Hz) and two custom mid-frequency enclosures (150
to 500 Hz), supplemented by two subwoofer loudspeakers (< 150 Hz) at
the platform level.

Architect: CRS Sirrine (Greenville, South Carolina)

Acoustical Consultant: Office of M. David Egan ( Anderson, South
Carolina)

Sound System Designer: David H. Kaye (Boston, Massachusetts)

Toy L. Bekcher, CRS Simne, Inc.

Sanctuary from the Underbalcony
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CHECKLIST FOR EFFECTIVE USE OF ELECTRONIC SOUND SYSTEMS

1. A well-designed sound-reinforcing system should augment the natural trans-
mission of sound from source to listener. It should be properly integrated with
the room acoustics design to provide adequate loudness and good distribution
of sound. It should never, however, be considered as an alternative to good
room acoustics design, because it will rarely overcome or correct serious defi-
ciencies and could indeed exaggerate them.

2. If used by experienced talkers, spaces with good room acoustics seating
fewer than 500 will seldom need a sound-reinforcing system; spaces seating
500 to 1000 may need a sound system, depending on the space use; and
spaces seating more than 1000 will probably need a sound system, although
it may not be used all the time. Courtrooms, governmental council chambers,
and the like, regardless of their size, almost always require sound-reinforcing
systems because they are used by inexperienced talkers.

3. The preferred type of sound-reinforcing system is always the central system,
in which a loudspeaker (or cluster of loudspeakers) is located directly above
the source of sound to provide sound of high intelligibility. The central system
also is the most natural sounding system.

4. The other principal type of sound-reinforcing system is the distributed system,
in which a large number of loudspeakers, each supplying low-level amplified
sound to a small area, are located in close proximity overhead. The distributed
system should be used in auditoriums when the ceiling height is inadequate to
use a central system, when all listeners do not have line of sight to a central
loudspeaker cluster, or when the source of live sound is not at a fixed loca-
tion. The distributed system also can be used for paging and announcements,
where directional realism is not important.

5. Locate microphones out of the coverage pattern of loudspeakers to avoid
feedback, unless it is certain that talkers always will be close to microphones
of sound systems that are properly equalized. Feedback is the regeneration of
a signal between loudspeaker and microphone which is heard as howling or
screeching.

6. Use equipment designs (e.g., consoles and racks) which can be prefabricated
in the shop or factory, thereby avoiding potential damage and dirt accumula-
tion from building construction operations.

7. Background masking sound systems should provide sound energy at levels
and frequency content that are not noticeable to room occupants. Ideally,
masking sound spectra should provide privacy by simulating familiar sounds,
such as pleasant hushes from the gentle flow of air at room diffusers and reg-
isters. In open plans, the sound energy should be uniformly distributed
throughout the room and not be too loud, causing occupants to raise their
voices to be heard.

8. Design and specifications documents for a sound system should include per-
formance criteria, functional diagrams, loudspeaker layout drawings, identifica-
tion of alternate equipment by major manufacturers (to facilitate competitive
bidding) , and provisions for qualified supervision of acceptance testing and
final adjustment of the installed system. For example, the acceptability of
masking sound at the levels required for speech privacy in open plans depends
upon the skillful adjustment of the sound spectrum.
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Appendix A
Summary of Useful Formulas

General

Character:

where T, = period of one complete vibration (s)

f = frequency (Hz)

=C
A= f ':2]'
where A = wavelength (ft)
¢ = speed of sound in air (ft/s)
f = frequency (Hz)
Magnitude:
- /
o]

where L, = sound intensity level (decibels, abbreviated dB)
= sound intensity (watts/meter squared, abbreviated W /ma2)

lo = reference sound intensity (W /m?2, usually taken as 10-12 W/m?
or the equivalent 10-'¢ W /cm?2)

Lp= 20 IngFP; (4)

where L, = sound pressure level (dB)

P = sound pressure (newtons/meter squared, abbreviated N/mz?, or
pascals, abbreviated Pa)

Po = reference sound pressure (N/m?, always taken as 0.00002
N/m?2)

Note: L, may be considered equal to L,in most architectural acoustics situations.
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w
Ly =10 log—- 5
w 9 W, (5)
where L, = sound power level (dB)
W = sound power (W)

W, = reference sound power (W, usually taken as 10-'2 W)

Note: L, is used by testing laboratories to rate a sound source independently of its
environment.

Noise Reduction:

NR=L,-L, (6)

where NR = noise reduction, or the difference in sound levels between two
conditions (dB)

L, = sound level under one condition, usually taken as the higher
value (dB)

L, = sound level under another condition (dB)

/
NR = 10IogT' (7)
2

where NR = [see formula (6) ]

I

sound intensity under one condition (W /m?2)

Il

I, = sound intensity under another condition (W /m?)

Sound Source Under Free Field Conditions: Outdoors

/

_ W
= and? (8)

where | = sound intensity (W /m?)
W = sound power (W)
n=3.14

d = distance from sound source (m)

If distance is given in feet, use | = W/4nd? X 10.76

L _ (42
fz_(d,) (9)

Inverse-Square Law:
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390

where 1, = sound intensity at distance d, (W /m?)

I, = sound intensity at distance d, (W/m?)

Q
]

[see formula (8) ]

NR=20I09% (10)
1
where NR = noise reduction (dB)

d,

d, = distance from sound source at another location (ft or m)

distance from sound source at one location (ft or m)

Note: The sound level is decreased outdoors by 6 dB for each doubling of distance
from a point source because 20 log (2) = 20(0.3) = 6 dB. For line sources, use 10
log in formula.

Sound Source in Reverberant Field: Indoors

a=ZXSa (11)
ora=S,a,+ S,a,+-- + S,q,
where a = total room absorption at given frequency (sabins)

S = surface area (ft?)

o = sound absorption coefficient at given frequency (decimal percent)

w
1= % 10.76 (12)

where I'= sound intensity in reverberant field (W /m?2)
W = sound power (W)

a = total room absorption (sabins)

If absorption is calculated in m?, use | = W/a.

L _ a3
b g (13)
where [, = sound intensity in reverberant field at total room absorption a,

(W/m?)

I; = sound intensity in reverberant field at total room absorption a,
(W/m?)

a = [see formula (11)]

NR = 10 log 52 (14)
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where NR = room noise reduction in reverberant field (dB)

a, = total room absorption after treatment (sabins)

a, = total room absorption before treatment (sabins)

Lo =Ly—-10loga+ 16 (15)
where L, = sound pressure level (dB)
L = sound power level (dB)

a= [see formula (11)]

Sabine Formula:

T=005Y (16)

where T = reverberation time, or time required for sound to decay 60 dB
after source has stopped (s)

V = room volume (ft3)

a = [see formula (11)]

Eyring Formula:

1%
-SX 23log (1-a)

where T = reverberation time (s)

T=0.05 (17)
V = room volume (ft3)
S = total surface area (ft?)

+ + ...+ S0
iSu = Sia; + 5,0, -1 = mean sound absorption

o=
xS S +S+---+S§, coefficient (decimal percent)

Note: Use the constant 0.16 instead of 0.05 where absorption is calculated in metric
sabins (surface areas in m?). In large rooms, add air absorption to denominator of T
formulas.

Noise Reduction Coefficient:

_ Q250 + ts0 F Giooo F 2000
4

with result rounded to nearest {18)
0.05 increment

NRC

where NRC = noise reduction coefficient (decimal percent)

a = sound absorption coefficient (decimal percent)
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Sound Transmission Through Common Barrier

TL=1L,-L, (19)
where TL = sound transmission loss (dB)

L, = sound level in laboratory source room (dB)
L,

sound level in laboratory receiving room (dB)

TL = 10 log ~ (20)

where TL = sound transmission loss (dB)

T = sound transmission coefficient (no units)

Composite TL:

xS
z1S

where TL = sound transmission loss of composite barrier (dB)
I§=8,+5+.---+ 5,
= total surface area of barrier (ft?)
ETS= t‘|S| + TzSz + nERT + 1_.,5,.,
= sum of sound transmission coefficients of each part of barrier
times the respective areas (ft?)

TL = 10 log

(21)

Homogeneous Materials:

TL=20+ 201log G (22)
where TL = sound transmission loss at 500 Hz (dB)

G = surface density (Ib/ft?)

NR = TL + 10!.:.95'—52 (23)

where NR = L, - L, = noise reduction, or difference in sound levels,
between rooms (dB)

TL = sound transmission loss of common barrier (dB)
a, = absorption in receiving room (sabins)

S = surface area of common barrier (ft2)
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Mechanical System Noise and Vibrations

Vibration Isolation:

= /1
f,=3.13/ (24)

where f, = natural or resonant frequency of isolator (Hz)

y = spring static deflection (in)

Lined Duct:

A=12a (g) (25)

where A = attenuation for lined duct (dB/ft)
a = sound absorption coefficient of duct liner (decimal percent)
P = perimeter of rectangular duct (in)

S = cross-sectional open area of duct (in?)
Sound Systems

Loudspeaker-to-Listener Distance:

~ Q/
d=0.1/ T (26)

where  d = maximum loudspeaker-to-listener distance (ft)
Q = loudspeaker directivity (no units)
V = room volume (ft3)

T = reverberation time (s)
Distributed Loudspeakers for Seated Audience:

S=14 (H-4) (27)
where S = spacing between loudspeakers (ft)

H = floor-to-ceiling height (ft)
Background Masking:

S=14 (2D+ H-4) (28)
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where S = spacing between loudspeakers {ft)
D = plenum depth (ft)
H = floor-to-ceiling height (ft)

Miscellaneous

Vibrating Panels:

- 170
o= Jwd (29)

where f, = resonant frequency (Hz)
w = surface weight of panel (Ib/ft?)
d = depth of airspace behind panel (in)

Perforated Facings:

~ 40P
fe~—p (30)
where . = critical frequency (Hz)
P = open area (percent)
D = hole diameter (in)
Double Walls:
170

fo = (G, X G, ) d 131)
G, +G
where  f, = mass-air-mass resonant frequency (Hz)
G,

G, = weight of panel layers on opposite side (Ib/ft2)

weight of panel layers on one side (Ib/ft?)

Q
I

thickness of cavity insulation times v2 plus cavity depth not
containing insulation (in)
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Outdoor Barriers:

2
A =10log =+ 1010g £~ 17 (32)
where A = attenuation for thin-wall barrier (dB)

H = height of barrier above line of sight between source and receiver
(ft)

R = distance from source (or receiver) to barrier (ft) Note: Use
smaller of the two distances.

f = frequency (Hz)
Ceiling Height for Auditoriums:
H= 20T (33)

where H = average ceiling height for auditorium with upholstered seats and
absorptive rear wall (ft)

T = mid-frequency reverberation time (s)
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Appendix B

Conversion Factors

The table below presents conversion factors for common acoustical units
to corresponding metric system units, often referred to as le Systeme
Internationale d’Unités (Sl units). The basic Sl units are expressed as follows:
length by meter (abbreviated m), mass by kilogram (kg), time by second
(s), and temperature by degree kelvin (K). For a comprehensive presentation
of metric system units, refer to "'Standard for Metric Practice,”” ASTM E 380.
This publication is available from the American Society for Testing and Mater-
ials (ASTM), 1916 Race Street, Philadelphia, PA 19103.

Conversely,
To convert Into Multiply by* Multiply by*
atmosphere (atm) Ib/in? (psi) 14.7 6.8 X 102
newtons (N) /m? 1.0132 X 10° 9.872 X 106
(& TE (°C X 9/5) + 32 (‘F-32) X 5/9
K °C + 273 K-273
cm in 0.3937 2.54
ft 3.281 X 102 30.48
mm 10 10!
m 10-2 102
deg (angle) radians 1.745 X 102 57.3
dynes/cm? Ib/ft2 (force) 2.09 X 10-3 478.5
(microbars)
N/m?2 10 10
°F e (‘F-32) X5/9 (*C X 9/5) + 32
K ("F+ 460) X 5/9 1.8 K - 460
ft in 12 0.0833
mm 304.8 3.281 X 10-3
cm 30.48 3.281 X 102
m 0.3048 3.281
ft2 in? 144 6.944 X 103
cm? 9.29 X 10?2 0.01076
m? 9.29 X 102 10.76
ft3 in3 1728 5.787 X 104
cm?3 2.832 X 104 3.631 X 10-5
m? 2.832 X 102 35.31
gal (liquid US) liters (L) 3.785 0.2642
m? 3.785 X 10-3 264.2
gal/min (gpm) m?3/sec 6.309 X 10-5 1.585 X 104
hp watts (W) 745.7 1.341 X 10-2
kW 0.7457 1.341
in ft 0.0833 12
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Conversely,

To convert Into Multiply by* Multiply by*
mm 254 0.03937
cm 2.54 0.3937
m 0.0254 39.37
in? ft2 0.006944 144
cm? 6.452 0.155
m? 6.452 X 10 1550
in3 ft3 5.787 X 10+ 1.728 X 103
cm?3 16.388 6.102 X 10-2
m?3 1.639 X 10-° 6.102 X 104
in(H,0) pascals (Pa) 2.488 X 102 4.02 X 10-3
K °C K-273 °C + 273
°F 1.8 K - 460 (“F+ 460) X 5/9
*R (Rankine) 1.8K ‘RX 5/9
kg Ib (weight) 2.2046 0.4536
grams (g) 103 10-3
kg/m? Ib/ft® (weight) 6.243 X 10-2 16.02
Ib (weight) kg 0.4536 2.2046
Ib/ft2 (weight) Ib/in? 6.945 X 103 144
kg/m? 4.882 0.2048
Ib/in2(psi) Pa 6.895 X 103 1.45 X 10+
m in 39.37 0.0254
ft 3.281 0.3048
yd 1.0936 0.9144
mm 103 10-3
cm 102 10-2
m? in2 1550 6.452 X 104
ft2 10.76 9.29 X 102
m?3 ft3 35.31 2.832 X 102
mil in 10-3 103
miles ft 5280 1.894 X 104
km 1.6093 0.6214
mph (mi/h) ft/min 88 1.136 X 102
km/h 1.6093 0.6214
oz kg 2.835 X 102 35.27
w hp 1.341 X 103 745.7

* Round converted quantity to proper number of significant digits commensurate with the intended precision.
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Appendix C
Use of Sound Power Level Data

Sound power level L,, expresses the amount of sound energy that is radi-
ated by a given source, regardless of the space into which the source is
placed. The sound pressure level L, can be estimated if the absorption and
volume of the room are known.

For example, a 30-hp electric motor is placed in a mechanical equipment
room finished entirely in painted concrete. This bare reverberant cubical room
is 10 by 10 by 10 ft. The sound power levels L, listed in the table below
were obtained by the manufacturer from laboratory tests conducted according
to the provisions of ANSI S1.35.

125 Hz 250 Hz 500 Hz 1000 Hz 2000 Hz 4000 Hz

Ly (dBre: 10-12 W)* 88 92 93 93 92 86
for 30-hp electric
motor at 3600 rpm

To find the reverberant sound pressure levels L, from this motor in the
mechanical room, first calculate the room absorption and reverberation time at
octave-band center frequencies from 125 to 4000 Hz. Next, estimate the
L, — L, difference at 1000 ft® from the graph on the following page. Finally,
the reverberant L, equals Ly, plus the L, — L,, difference.

125 Hz 250 Hz 500 Hz 1000 Hz 2000 Hz 4000 Hz

Room absorption (sabins) 60 30 36 42 54 48
Reverberation time (s) 0.8 1.7 1.4 1.2 0.9 1.0
Ly (dBre: 10-2W)* 88 92 93 93 92 86
Lp—Ly -1 2 1 0 -1 0
Reverberant L, (dB) 87 94 94 93 91 86

Find the reduced sound level if the walls and ceiling are treated with
2-in-thick sound-absorbing materials. First, find the new room absorption and
reverberation time at 125 to 4000 Hz.
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Room surface:

Floor 10 5 6 7 9 8

Walls and ceiling 190 300 390 400 390 350
Room absorption (sabins) 200 305 396 407 399 358
Reverberation time (s) 0.25 0.16 0.13 0.12 0.13 0.14
Ly (dBre: 10-2W)* 88 92 93 93 92 86
Lo — Ly -6 -8 -9 -9 -9 -9
Reverberant L, (dB) 82 84 84 84 83 77

*It is extremely important to know the reference power because manufacturers, until recent years,
presented data with 10-'3 W as the reference value. Note that a 10 dB error easily could result if the
manufacturer’'s reference were unknown.

REVERBERANT L, - L, GRAPH

A 1000-ft® room has a reverberation time T of 1.4 s at 500 Hz. To find
the L, of a 30-hp electric motor with a L,, of 93 dB at 500 Hz, enter graph at
1000 ft* and read opposite T = 1.4 s curve to 1 dB. Therefore, L, — L,, =
1dBand L, = 93 + 1 = 94 dB at 500 Hz.
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Appendix D
Word Lists for Articulation Testing

The R lists were developed to evaluate electronic communication systems
by Professors J. P. Egan and S. S. Stevens during the 1940s at the Psycho-
Acoustic Laboratory, Harvard University. Lists of sentences, words, or syllables
can be used to measure the intelligibility of speech by determining the per-
centage correctly recognized by a listener (called an articulation test) . For ex-
ample, the lists can be used by talkers and normal-hearing listeners to evaluate
the effect of ambient noise, long-delayed reflections and echoes, and other
room acoustics faults on listening conditions in churches, small auditoriums,
classrooms, and the like. The talker should stand at the lectern or podium and
read from the lists in a normal speaking voice. Because the test is designed to
assess hearing, not memory, the lists should be read in altered sequence when
several locations are to be evaluated in the same room. In addition, test results
should be scored for correct hearing, not spelling. Convert score of percent un-
derstood to an articulation index (Al) by using the graph on page 400. For very
good speech listening conditions in rooms, the Al should be greater than 0.7.

Egan’s R List 1

1. aisle 21. dame 41. jack 61. rack 81. still
2. barb 22. done 42. jam 62. ram 82. tale
3. barge 23. dub 43. law 63. ring 83. tame
4. bark 24. feed 44. lawn 64. rip 84. toil

5. baste 25. feet 45. lisle 65. rub 85. ton
6. bead 26. file 46. live 66. run 86. trill

7. beet 27. five 47. loon 67. sale 87. tub
8. beige 28. foil 48. loop 68. same 88. vouch
9. boil 29. fume 49, mess 69. shod 89. vow
10. choke 30. fuse 50. met 70. shop 90. whack
11. chore 31. get 51. neat 71. should 91. wham
12. cod 32. good 52. need 72. shrill 92. woe
13. coil 33. guess 53. ail 73. sing 93. woke
14. coon 34. hews 54. ouch 74. sip 94. would
15. coop 35. hive 55. paw 75. skill 95. yaw
16. cop 36. hod 56. pawn 76. soil 96. yawn
17. couch 37. hood 57. pews 77. soon 97. yes
18. could 38. hop 58. poke 78. soot 98. yet
19. cow 39. how 59. pour 79. soup 99. zing
20. dale 40. huge 60. pure 80. spill 100. zip
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Egan’s R List 2

1. ball 21. dial 41. hen 61. peep 81. tap
2. bar 22. dig 42. huff 62. peeve 82. them
3. bob 23. dine 43. hush 63. phase 83. then
4. bong 24. ditch 44. jar 64. pull 84. title
5. book 25. doubt 45. job 65. put 85. tine
6. boot 26. dowel 46. joy 66. raid 86. tong
7. booth 27. drain 47. joys 67. raze 87. toot
8. bout 28. em 48. kirk 68. rich 88. tooth
9. bowel 29. en 49. leap 69. rig 89. tout
10. boy 30. fade 50. leave 70. ream 90. towel
11. boys 31. far 51. made 71. roe 91. toy
12. brain 32. foam 52. maize 72. root 92. toys
13. bull 33. fob 53. mew 73. rough 93. weave
14. crane 34. foe 54. muff 74. rush 94. weep
15. cue 35. foot 55. mush 75. ruth 95. while
16. curb 36. full 56. mute 76. sack 96. whine
17. curd 37. gall 57 new 77. sap 97 wig
18. curse 38. gong 58. newt 78. slain 98. witch
19. curt 39. grain 59. oh 79. tack 99. yak
20. cute 40. hem 60. ohm 80. tall 100. yap
Reference

L. L. Beranek, Acoustic Measurements, Wiley, New York, 1949, p. 792.
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Appendix E

[P S it S B e R R e g B — e e e ]
Numerical Values for NC and RC Curves

For convenience when performing computations with noise criteria or
room criteria data, the following tables list sound pressure levels in dB at 125
to 4000 Hz for both NC and RC curves from Chap. 4.

NC Table
Sound Pressure Level (dB)
Curve 125 Hz 250 Hz 500 Hz 1000 Hz 2000 Hz 4000 Hz
NC-65 75 71 68 66 64 63
NC-60 71 67 63 61 59 58
NC-55 67 62 58 56 54 53
NC-50 64 58 54 51 49 48
NC-45 60 54 49 46 44 43
NC-40 56 50 45 41 39 38
NC-35 52 45 40 36 34 33
NC-30 48 41 35 31 29 28
NC-25 44 37 31 27 24 22
NC-20 40 33 26 22 19 17
NC-15 36 29 22 17 14 12
Threshold* 22 13 8 5 3 .
RC Table
Sound Pressure Level (dB)

Curve 125 Hz 250 Hz 500 Hz 1000 Hz 2000 Hz 4000 Hz
RC-50 65 60 55 50 45 40
RC-45 60 55 50 45 40 35
RC-40 55 50 45 40 35 30
RC-35 50 45 40 35 30 25
RC-30 45 40 35 30 25 20
RC-25 40 35 30 25 20 15
Threshold* 22 13 8 5 3 .

*Approximate threshold of hearing for continuous noise by listeners with normal hearing.
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Absorption:

ar, 123

edge effect, 53n.

perfect, 42

(See also Sound absorption )
Absorption coefficient (see Sound

absorption coefficient)
Air chambers, 305-306
Air mounts, 279n
Air velocity in ducts, 301
Aircraft noise, 34, 268
Amplifiers, 357
Anechoic rooms, 39n.
Antiloganthms, 16
Anvil, 25
Area effect, 59
Area source, 14
Arena stage, 138
Arnival point of sight (APS), 85
Articulating orchestra shell, 141
Articulation index, 109-111, 321
Articulation test, 400-401
Artificial echo, 366, 374
Aspect ratio, 289
Assistive listening systems, 122n.
Atriums, 259
Attenuation (see Noise reduction)
Audience attenuation, 84
A-weighted decibels, 27, 31-32
A-weighting frequency discnimination,
31

Background sound, 232-236
Baffles (see Suspended sound-
absorbing panels )

Balance, 139, 147
Balconies, 144-146

cantilevered, 146

flying, 146, 163

for noise control, 260
Ballasts, lamp, 236, 288n.
Bandwidth, 6
Barriers:

buldings as, 270

outdoor, 263-258, 260-262

Barrners (Cont. ):
partial-height, 338
plenum, 219

Bass frequencies, 91

Bass horn, 359

Bass ratio, 131, 1565

Bathroom tenor effect, 113

Bel, 12

Bending waves, 180

Billiard table, 95

Biradial horn, 359, 363-364

Boilers, 284

Boominess, 88, 113

Braided hose, 304

Break-in noise, 297n., 310

Breakout noise, 297n.

Brick walls, 207

Broadband noise, 6, 33

Buffer zones, 124, 269, 292

Butyl rubber expansion joints, 303,

308

Cantilevered balcony, 146

Cardioid microphone, 357, 372-373

Cavity insulation, density of, 229

Celling attenuation ratings, 218, 219

Ceiling height in auditorums, 100

Ceilling STC, 218

Cellings, sound isolation of, 218-219

Cello, 7, 91-92

Central loudspeaker cluster, 362

Central loudspeaker system, 360-361

Characteristic, 15

Clanty, 98, 147

Cochlea, 25

Cocktall party effect, 25

Coincidence effect, 174, 180

Column loudspeaker, 370-371

Complex sounds, 3

Compression, 5

Compressors, 284

Concave reflector, 93, 115-116

Concrete block, 212-215, 313
construction details for, 213, 313

Condenser microphone, 356

Confidential speech privacy, 331, 345

Consonants, 8, 83

Contained orchestra shell, 141

Control console, 357, 360-361, 365

Controlled quiet, 328

Convex reflector, 94, 163

Cooling towers, 285

Cork, 279

Courtyards, 270-271

Creep echo, 61, 116-116
Cross talk, 293, 294, 300n.
Crossover networks, 357, 358
Cubic volume, 127-128

Cue ball echo, 102

Cycle, 2, 4

Cycles per second (see Hertz)

Damping, 181
Decibel, 12
addition, 23
A-weighted, 27, 31-32
reference value for, 33n., 36
subtraction, 24
Deep-niche effect, 228
Diffraction, 90
Diffraction grating, 90
Diffusion, 89, 147, 157
by wall modulations, 114, 167-
158
Direct radiator loudspeaker, 359
Discrete echo, 96, 101, 159
Distributed loudspeaker system, 365-
368
loudspeaker spacing for, 367-368
Doorbell noise isolation demonstration,
172-173
Doors, 220-222
sound leaks in, 184
STC data for, 221-222
TL data for, 205
Double-stud construction, 186-187,

208

Double walls, 186-187, 207, 213-
215, 313

Driving frequency, 278

Drywall, 198

( See also Gypsum wallboard )
Duct-borne noise, 289
Duct lagging, 310-311
Durometer, 208, 281
Dynamic moving coill microphone, 356
Dynamic range, 9, 155

Ear, 25-26
Eardrum, 25
Earth berms, 261-262
Earthquake, 306n., 308n.
Echo:
annoyance of, 101
artificial, 366, 374

*For easy reference, case studies, checklists, example problems, tables, and worksheets are listed on pages 410 and 411.
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Echo (Cont.):

control of, 61, 102-104
creep, 61, 115-116
cue ball, 102
discrete, 96, 101, 159
flutter, 61, 109, 112, 159, 270
pitched-roof, 112
location, 336
rear wall, 104
slap, 104
Edge effect, 53n.
Elaeagnus pungens, 262
Elbow, duct, 290
End dffraction, 255
End reflecuon, 289, 302
Ensemble, 139
Equal loudness contours, 29
Equalizers, 357, 376
Expansion joints, 303-304
butyl rubber, 303, 308
Exterior wall raung (EWR), 226
Eyring formula, 63, 391

Facings, transondent, 74-77, 103,
134n., 362
painting of, 74n.
Fan rooms, 292
Fans, centrifugal, 283, 292
Feedback, 356, 376
Field sound transmission class
(FSTC), 201n., 203n.
Fire resistance, 208
Flame spread ratings, 54n.
Flanking, 198, 203
ceiling, 218-219
Flat reflector, 93, 160-162, 167
Flexible duct, 301
Floated floors, 246-248
construction details for, 247-248,
314
Floor-ceilings, 216-217, 247, 314
TL, STRC, and IIC data for, 204~
205
Floors, squeaking, 216
Flutter echo, 61, 109, 112, 159,
270
Fly loft, 139-140
Flying balcony, 146, 163
Focusing, 93, 115-116
Forestage canopies, 141, 167
Free field, 10, 39, 72
Frequency, 2, 4, 8, 91
bands, 4
bass, 91

Frequency (Cont.):
driving, 278
natural, 278, 279
treble, 91
Frequency analysis, 27, 30
Fullness of tone, 105
Functional diagram, 358
Fuzz, 46, 172
(See also Porous sound absorbers )

Glass-fiber pads, 279
Greek theater, 82
Gypsum wallboard (GWB), 198,
208-211
construction details for, 186-187,
209

Haas effect, 374
Hammer, 25
Hangers, 1solation, 284, 292, 308,
309
Hard duct, 302
Harmonics, 2
Hearing conservation, 27-28
Hearing-imparred persons, 64, 122n.,
336-337, 353, 380
noise criteria for, 233
reverberation critena for, 64n.
Hearing range, 8, 9
Helmholtz resonators, 47, 49
Hertz, 2, 4
Highway noise, 34, 197, 254, 268-
269
reduction of, 254
Horns:
bass, 359
brradial, 359, 363-364
radial, 363
trombone, 22, 91-92
Housekeeping pedestal, 283
Human speech, 8

Impact isolation class (IIC), 205n.,
246

contour, 249

criteria, 250

data, 204-206

for dwellings, 251
Impact noise, 27, 246
Impact noise rating {INR), 205n.
Impedance tube, 43n., 67
Impulsive noise, 27, 269n

Inertia block, 283, 284n., 308

Iniial tme delay gap (ITDG), 98,
105, 151, 156

Insertion loss, 310

Intensity, sound (see Sound intensity )

Intensity level (see Sound intensity
level )

Intimacy, 98, 105, 147, 1565

Inverse-square law, 10-11, 84

Isolation hangers, 284, 292, 308,
309

Laggings, 310-311
Laminated glass, 184, 223-225
+ TL data for, 205
La\wd—use planning, 268-269
Lateral sight lines, 86
Lateral sound, 105-107, 155-156,
167
Lead, sheet, 219-220
Lift slab, 248
Lighting fixtures, 341
Line sources, 14, 39, 254
Linings, duct, 296-297
Listener onentation, 325
Localizer loudspeaker, 366, 371n
Loganthms, 15-17
Loudness, 21
Loudspeakers, 357-359
bass horn, 359
beam spread of, 363, 370
cluster of, 362
coaxial, 365
column, 370-371
direct radiator, 359
localizer, 366, 371n.
seat-integrated, 369
spacings: for distributed systems,
367-368
for masking systems, 379
split-stack layout of, 377
Low-frequency loudspeaker
enclosures, 358—-359
Luminaires, 341

Mantissa, 15
Masking, principles of, 232, 234
Masking systems, 379-381
sound spectra for, 381
Masonry walls, 207, 212-215, 313
Mass law, 177, 179
Mean free path, 62n.
Metal stud partitions, 208-209
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Microphones, 356
cardioid, 357, 372-373
condenser, 356
dynamic moving coil, 356
omnidrectional, 357, 372-373
placement of, 372-373
rbbon, 356

Mixers, 357

Moat, acoustical, 155

Molecular relaxation, 123

Mountings, sound absorption test,

55-56

MTC rating, 200n.

Mufflers, 298-299, 311
self-noise of, 299

Multamplification, 358n.

Music evaluation guide, 147-150
example application of, 150

Music man example, 22

Natural frequency, 278, 279
Neoprene-in-shear mounts, 281
Nerve deafness, 26
Noise, 2n., 27, 28
arrcraft, 34, 268
background, 232-236
break-in, 297n., 310
breakout, 297n.
broadband, 6, 33
duct-borne, 289
duct-generated, 295
highway, 34, 197, 254, 268-269
impact, 27, 246
impulsive, 27, 269n.
masking, 379-381
muffler, 299
pink, 328
structure-borne, 276
water flow, 303
white, 328
(See also Sound)
Naise critenia (NC), 233-2356
curves, 235
numerical data, 402
Noise exposure forecast (NEF)
contours, 268
Noise i1solation class (NIC), 203n.
for health care occupancies, 244
for music rooms, 242
Noise isolation class prnme (NIC'),
338-340
celling test for, 339
for screens, 338
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Noise reduction:

between conditions, 21

with distance, 14

example problems, 19-20, 70-71,
195-196

between rooms, 192-194

within rooms, 40-41, 61, 69

from wind effects, 265

Noise reduction coefficient (NRC),

50-51
data, 52-54
preferred for rooms, 79

Normal speech privacy, 330, 345
Nosocusis, 8

Octave bands, 4, 6
Omnidirectional microphone, 357,
372-373
Open facings (see Transondent
facings )
Open plans, 336-337
celling treatment for, 340
communication requirements for,
351-352
wall treatrment for, 342-343
waorkstations for, 349-350
Open stage, 138
Operable windows, 227
Orchestra pits, 143
Orchestra shell, 125-126, 139-140
articulating, 141
contained, 141
Organ, pipe, 121
QOutdoor barriers, 263-258, 260-262
case study, 262
example problems, 257-258
Overall sound level, 4, 30

Painting:

open facings, 74n.

sound-absorbing materials, 57-58
Partial-height barriers (see Screens)
Parutions:

brick, 207

concrete block, 212-215, 313

gypsum wallboard (GWB), 186-

187, 208-211

sound leaks in, 182-183, 203

STC data for, 204-206
Penetrations:

floor, 305

Penetrations (Cont. ):
stud, 304
wall, 304, 311
Perforated facings, 74-76
Period, 2-3
Phon, 29
Pink noise spectrum, 328
Pipe clamps, 303
Pipe lagging, 307, 310
Pipe organ, 121
Pitch, 4
Pitched-roof flutter echo, 112
Planetariums, 116n.
Plateau height, 174, 181
Plateau width, 174, 181
Plenum barriers, 219
Plenums, lined, 300
Podium bases, 259
Point source, 10, 39, 254
Porous sound absorbers, 46-48
Power, sound (see Sound power)
Power level (see Sound power level )
Powers of ten, 17
Precedence effect, 374
Prefabricated sound-absorbing
matenals, 57-58
Presbycusis, 8
Pressure, sound (see Sound
pressure )
Pressure level (see Sound pressure
level )
Privacy (see Speech privacy)
Proscenium stage, 82, 86-87, 138
opening height, 140
opening width, 139-140
Protective facings, 77, 103
(See aflso Transondent facings )
Pulpit canopy, 117-118
Pumps, 308
Pure tone, 2, 43, 235n.

Quadratic-residue diffuser, 157-158

Radial horn, 363

Random incidence, 42

Rapid speech transmission index
(RASTI), 111

Rarefaction, 5

Ray diagrams, 95-97, 161

Rear wall echo control, 104

Rectangular concert hall, 152—-154,
156

Reflection, ght, 95



Reflection, sound (see Sound

reflection)

Reflectors, 89, 117-118
concave, 93, 115-116
convex, 94, 163
flat, 93, 160-162, 167

Resllient materials, 278, 279

Resilient metal channels, 207, 211,

213, 313

Resonance, 113

Resonant frequency:
for double walls, 394
for vibrating panels, 78
for vibration isolation, 278-279

Resonant panels, 48, 78, 117n.

Reverberant decay, 108-109
early, 108

Reverberant field, 39-41

Reverberant noise level, 39-41, 69,

72

Reverberation, 62, 64
early reverberant decay, 108

Reverberation contral, 61

Reverberation rooms, 44, 197

Reverberation time:

Eyring formula, 63, 391
optimum, 64, 133
Sabine formula, 42, 63

Ribbed rubber pads, 279

Ribbon microphone, 356

Roman theater, 82

Room criteria (RC), 237-238
curves, 237
numerical data, 402

Rubber mounts, 281

Rumble, 288

Sabine formula, 42, 63

Scale models, 96

Screens, 338

Seat-integrated loudspeaker system,
369

Seating dimensions, 85

Seismic bumpers, 306n., 308n.

Self-noise, muffler, 299

Septum, 338

Shear, 281

Sight-impaired persons, 336-337,
353

Sight lines, 85-87

Signal delay, 374-375

Signal-to-noise ratio, 88, 320, 327,
356

Silencers (see Mufflers)

Slap echo, 104
Snubbers (see Seismic bumpers)
Sociocusis, 8
Sound, 2, 3
audible, frequency range of, 8
background, 232-236
broadband, 6, 33
frequency of, 4, 8
overall level, 4, 30
at reference value, 33n., 36
velocity of, 7
( See also Noise)
Sound-absorbing materials, 43
area effect of, b9
coefficient data, 52-54
coffered, 340
curtains, 113, 134
painting of, 57, 58n.
perforated facings for, 74-76
prefabricated, 57-58
suspended panels (baffles), 60,
72, 340
Sound-absorbing treatment, 38, 41
Sound absorption:
definition of, 38
measurement of, 44
porous, 46—-48
test mountings to determine
efficiency, 55-56
variable, 134-135
vibrating panels, 48, 78, 117n.
volume resonators, 49, 75
Sound absorption coefficient, 42-43
data, 52-54
Sound absorption efficiency, test

mountings to determine, 556-56

Sound attenuators (see Mufflers)
Sound diffraction, 90
Sound diffusion, 89, 147, 167-158
Sound intensity, 12, 36
Sound intensity level, 12, 33n., 36
Sound-isolating enclosures, 73, 173
Sound leaks, 182-183

in doors, 184

in electrical outlets, 183

in partitions, 182—-183, 203
Sound level, 9

noise level data, 34-35
Sound level meters, 30
Sound locks, 222
Sound power, 10
Sound power level, 36

conversion to sound pressure level,

398-399
example problem, 398-399

Sound pressure, 2, 12, 36
Sound pressure level, 33n., 36
Sound-reflecting materials, 43
data, 52-54
Sound reflection, 89, 117-118
patterns of, 93-94, 100, 161
Sound-reinforcing systems:
basic types of, 358, 378
central, 360, 361
column, 370-371
distributed, 365-368
electronic controls for, 357
equalization of, 376
functional diagrams for, 358
loudspeakers for, 357, 359, 362
microphones for, 3566-357, 372-
373
seat-integrated, 369
signal delay for, 374-375
split-cluster, 378n.
Sound spectrum, 6, 31, 33
for masking, 381
pink, 328
white, 328
Sound transmission class {STC),
177, 199-201
contour, 200
criteria, 201
data, 204-206
for dwellings, 245
for offices, 334
for schools, 241
Sound-transparent facings, 7477
( See also Transondent facings)
Sound traps (see Mufflers )
Sound wave, b
Speaker (talker) orientation, 325
Spectrum (see Sound spectrum )
Specular reflection, 95
Speech, directivity of, 83, 138, 325
Speech absorption coefficient, 340
Speech effort, 330, 345
Speech privacy, 320-321
analysis sheet guidelines for, 330—
331, 345-346
annoyance and, 327, 330n.
case histories, 326
cellings for, 339-341
screens for open plans, 338
wall treatment for, 342-343
In workstations, 349-350
Speech privacy potential (SPP), 339
Split loudspeaker cluster, 378n.
Squeaking floors, 216
Stage enclosure, 125-126, 139-140
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Stagered wood studs, 186, 208
Standing waves, 286
Static deflection, 279
Steel springs, 279, 309
Stethoscope, 222
Stiffness effect on TL, 180
Stirrup, 25
Structure-borne sound, 276
Surface areas, 67-68
Surround concert hall, 166, 163-164
Suspended sound-absorbing panels,
60, 72, 340
coefficient data, 52-54

Takeoffs, duct, 291
Talker orientation, 325
Task-ambient lighting, 336
Temperature effects, 265-266
Theater stages, 138
Thin-wall barriers, 255-258, 260-
262
case study, 262
example problems, 257-258
Threshold:
of audibility, 9, 13, 235n.
of feeling, 9, 13
of hearing loss, 13
of pan, 12, 13
Thrust stage, 138
Tonal texture, 22, 158
Traffic noise (see Vehicular traffic
noise)
Transformers, 286
Transitions, duct, 290
Transmissibility, 278
Transmission coefficient, 175
Transmussion loss (TL):
composite constructions, 188, 191
data, 204-206
definion of, 175
example problems, 176, 188-190,
215, 239-240
laboratory test setup, 197, 202
stiffness effect on, 180
Transondent facings, 74-77, 103,
134n., 362
Treble frequencies, 91
Trees, 263-264
oscillation of branches, 264n
reflection effects, 261
Trombones, 22, 91-92
seventy-six, 22
Tuning fork, 2, 5, 6
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Turning vanes, 290

double-radius, 290n.
Turns, duct, 290
Tweeter, 358

Unidirectional microphone (see
Cardioid microphone )
Uniformity, 148

Valves, spring-operated, 305
Varnable sound absorbers, 134-135
Variable volume auditorums, 136-
137
Vegetation, 263-264
Vehicular traffic noise, 254, 268
data, 34
Velocity of sound, 7
Vertical sight lines, 85-87
Vibrating panels, 48, 78, 117n.
Vibration of walls, 174
Vibration displacement, 312
Vibration 1solators:
glass-fiber pads, 279
hangers, 309
neoprene-in-shear mounts, 281
ribbed rubber, 279
steel springs, 279, 309
Volume, cubic, 127-128
Volume resonators, 49, 75, 134n.
Vowels, 8, 83

Walk-away noise test, 267
Walls (see Partitions )
Warmth, 141, 147, 155
Water hammer, 305
Wavelength, 5, 8, 91
Whispering gallery effect, 115-116
White noise spectrum, 328
Wind, 265
noise of, 34
Windows, 223-228
STC data for, 205, 223
TL data for, 205
Wood stud partitions, 186-187, 211
Woofer, 358
Workstations, 349-350

CASE STUDIES

Auditorium:
lecture, 160-162
music school, 165-168

Barner, thin-wall, 262
Berm, earth, 262
Church, 384-385
Concert hall:
rectangular, 152-154
surround, 163-164
Film studio, 169
Office, open-plan, 382-383
Speech privacy, 326

CHECKLISTS

Acoustical design:
auditoriums, multipurpose, 124
126
concert halls, 155—-159
lecture rooms, 88
worship spaces, 119-122
Barriers, thin-wall, 255
Isolation:
sound, 273
vibration, 316
Noise control:
arr-distribution systems, 317
cross-talk, 293
duct-borne, 289
mechanical rooms and equipment,
316
mechanical system, 316-317
Open plans:
masking systems for, 380
speech privacy in, 353
wall treatment in, 342-343
Room acoustics design, 170
Sound:
absorption of, 80
isolation of, 273
Sound systems, electronic, 386
central, 361
distributed, 366
loudspeaker clusters, 362
masking for open plans, 380
Transmussion loss (TL) improvement:
doors, 221-222
glazing, 225-226
gypsum wallboard (GWB), 208,
210
masonry, 212

EXAMPLE PROBLEMS

Antilogarithms, 16
A-weighting, 32



Barriers, thin-wall, 257-258
Decibel addition, 23-24
Decibels, 17-18
Inverse-square law, 19-20
Logarithms, 16-17
Music man, 22
Noise reduction:
between rooms, 195-196
with distance, 19-20
within rooms, 70-71
Noise reduction coefficient (NRC), 51
Powers of ten, 15, 17
Ray-diagram measurements, 97
Reverberation time, 65-66, 131-132
Signal delay, 374
Sounad power level, 398-399
Sound transmussion class (STC)
improvement, 231
Speech privacy:
enclosed-plan, 332-333
open-plan, 347-348
Transmussion loss (TL), 176
composite, 189-190
design, 239-240
double-wall, 215
Volume, cubic, 129-130
Water flow noise, 307

TABLES

Absorption coefficients, effect of
difference in, 43

Air velocities at registers and grilles,
301

Articulation index and degree of
speech privacy, 321

Articulation testing, word lists for,
400-401

A-weighting (dB), 31

Cawity insulation, effect on drywall STC
from, 229

Change in sound level, effect of, on
loudness, 21

Classification of rooms for noise
control, 272

Concert halls, rectangular, 154

Decibel addition, 23

Decibel scales for sound intensity.
pressure, and power, 36

Double-wall constructions, TL
improvements for, 214

IICs for dwellings, 251

Logarithm, 15

Mechanical equipment noise level WORKSHEETS
data, 315
Metric conversion factors, 396-397
Meodifications to floor-ceiling
constructions, STC and IIC
improvements from, 252
Modifications to walls, STC
improvements from, 230
Mufflers, 299
Music listening conditions, influence of
acoustical properties of rooms
on, 161
Noise criteria (NC) numerical values,
402
Noise criteria (NC) for rooms, 233
NICs:
for health care occupancies, 244
for music rooms, 242
Noise isolation class prnime (NIC")
ratings for ceilings, 339
Noise level data, 34-35
for common sounds in dBA, 13
Perforation sizes and spacings for
transondent facings, 74
Ray diagrams, time delay gap
conditions for, 96
Reverberation time, optimum, 64
Room critena (RC) numencal values,
402
Sound-absorbing treatment for rooms,
79
Sound absorption data for materials
and furnishings, 52-54
Sound-reinforcing systems,
characteristics of basic, 378
Speech privacy factors, 323
STC data:
for door constructions, 205, 220
for dwellings, 245
for gypsum wallboard (GWB)
constructions, 204-205
for masonry constructions, 204—
205
for offices, enclosed, 334
for schools, 241
for window constructions, 205,
223
TL data for common building
elements, 204-206
Walk-away noise test, 267
Water flow velocities, 307

guide, 149

INDEX

Enclosed-plan speech privacy, 329
Music performance space evaluation

Open-plan speech privacy, 344
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