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Preface
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acoustic design of rooms as well as sound isolation.

Aalborg University, November 2004
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CHAPTER 1
Introduction

The teaching of sound, its beginning, propagation and digis called acoustics, derived
from the Greek expressionsverr (akuein = to hear). The importance of the acoustics for
design of buildings has been visible since the theater&padaurosin the antique Greece.
There is general agreement in the literature that Pythagataout 570-497 BC) was the first
who studied acoustics. Later on in the history the Roman &risishow a great understanding
of the importance of the acoustics for designing of amphittes in order to obtain a good
acoustics, which among others is documented by the Romaitestctitruvius in his bookDe
Architectura In this book he talks about some of the acoustics parametéish characterize
the beginning and dying of the sound. In the latest centuegdiparameters have been used as
the most important design parameters.
Nowadays acoustics is an integrated part at the projecfingw building on a par with static,
plumbing, electricity and geotechnical engineering. Astms includes among others

¢ building acoustics (sound insulation)

¢ architectural acoustics (sound control)

Sound insulatiorcharacterizes the arrangements which have the purposduoea¢he sound
transmission from one room to another and from external@sonrces, see figure 1-3ound
controlcharacterizes the arrangements which are made to regui#adened that sound which
is in the same room as the sounding body. Typically, sounalaéign is related to the acoustics
quality in a room, eg. concert rooms, study rooms, confexaooms etc. At the decision
whether a sound impression is understood as soumbisg it is decisive whether the sound
is wanted or unwanted. Whether a sound is wanted or unwanig ehepend on the persons
who are exposed to the sound. Probably, a racing driver $himkt the sound from a motor at
full blast is music to his ears, whereas a neighbor to a ramingse might think that the sound
from a motor is disturbing. Necessarily, a sound needs nae tagh to be disturbing. In certain
situations the sound from a dripping tap can be just as mwthrtding as a loud noising motor.
The work situation also depends on such an estimate juspskehic facts like eg. pressure
of time, high concentration and several simultaneous tdsks Sound that prevents or makes
it difficult to give the information whether it is talk- or sod signals, can be called noise and
demands that some kind of silencer is made. The noise in a maoneither come from an
external source or an internal source. Damping of extermigkeris a building acoustic problem
(sound isolation), while damping of internal noise is arh#@ectural acoustic problem (sound
regulation).

— 13 —
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Fig. 1-1 The dispersion of sound from source (1) in and through a imgjlsl walls and floors (2) to the person
receiving (3).

Sound isolation, sound regulation and noise abatementare amd more asked for as a neces-
sary part of modern building, where a good acoustic quadityanted. Generally, it is difficult
to define "good acoustics”, because it is a manifestatioroafthat extent the acoustics in a
room is adapted to the room in a "good” or "bad” way. HoweVeis ibbvious that you do not
want the same acoustics in e.g. a concert room as in a study. rBesides, evaluation also
depends on a room having a "good acoustics” and how the aceust room is evaluated. To
determine the acoustics in a room an acoustician will usesared objective acoustical mea-
surements. On the contrary a musician will use not measuligddive measurements like the
sound’s warmth, fullness, colour, clarity etc. With thabtgl acoustics” must be defined as a
combination of as well objective and subjective measuresn@hich can be divided into mea-
sures that are related to the distribution of the sound, gedsion in the room and measures
that are related to the noise level in the room.

This book has the purpose of giving an introduction to thédouy and room acoustic ideas,
so that the student will be introduced to the theories andhatst within practically applicable
acoustic planning of buildings, so that a satisfactory atiolenvironment is obtained. The
contents of the book are organized as follows

4 Chapter 1: Introduction

¢ Chapter 2: Definitions in Linear Acoustics

¢ Chapter 3: Architectural Acoustics - Sound Regulations indogds
¢ Chapter 4: Sound Isolation

4 Chapter 5: Principles for Architectural Acoustics Design

¢ Chapter 6: Sound Measurements in Buildings




CHAPTER 2
Definitions in Linear Acoustics

Sound is supposed to mean audible vibrations in a firm ejdisficd or gaseous medium. Sound
dispersion in air is happening when a sound source throughchamical influence starts the
particles of air to vibrate round their equilibrium. As aut®of the elasticity of the air this kind
of vibration disperses to more distant particles of air, enithis way a progressive sound wave
arises. When the particles move in the air a varying overpresand underpressure appear -
sound pressutewhich is converted to sound impressions in the human eag. vilirations in
the air are calle@ir sound while vibrations in for example buildings are callledilding sound

or structural sound

When the particles of air are moving a varying overpressudeiaderpressure appear round the
static air pressurg, (barometric pressure), which will appear in absence of thmd waves,
that is the air pressure in the undisturbed medium. Therdifiee between the momentary total
air pressurey,(t) and the static air pressuge givesthe sound pressurg(t) = p.(t) — ps,

is a time variable size which is stated in the unit Pascalr@bated Pa), see figure 2—-1. As
the sound pressure varies between positive and negatiwesvtieeffective sound pressuye

is often used as sound pressure and is then stated as a "Rootsougare”-value of the time

intervalt, — t;
1 t2
p=4]— 2(t)dt 2-1
7 (tz—m/tlp” (2-1)

ay

Fig. 2—1 Time variable sound pressuggy) = pi(t) — ps.

Note that in gases and liquids exist longitudinal wavesstoleaves) where the propagation
direction is parallel to the swing direction of the moleaul€ontrary to this solid substances can
transmit shear stresses, and in these substances theilsaatieeaso-called transversal waves,
where the propagation direction is perpendicular to thegwlirection of the molecules. Sound
waves can be compared to waves in water in the same way as yexgimple throw a stone in
some stagnant water. However, sound waves move faster tingswn water. The sound waves
are just like the water waves that the wave propagation heplpg an energy exchange and not
as a transport of air or water.

— 15 —



16 Chapter 2 — Definitions in Linear Acoustics

The velocity of the propagationfor sound waves can be determined on the assumption of an
adiabatic process, see appendix A

T
c=/B/p, = VJLK (2-2)

where B is the compression modulus (the bulk modulus) apnds the air static densityZ’x
is the air temperature in Kelving is the gas constanfi/ is the mole mass, andis the ratio
of specific warm capacities at a constant pressure and aacwngtiume, respectively. From
(2-2)it is seen thatelocity of sound is independent of the pressure, buk /T asR and~y
are constants. By insertion of these constants (2—-2) canittewas follows

¢~ 331,4+0,607T¢ (2-3)

whereTy is the temperature inC. (2—3) is an approximate equation for velocities of sound
which apply to7 about the room temperature.

The velocity of sound in different materials and a room terapee at 20°C' is seen in table
2-1

Material Velocity of sound (m/s
air 343

lead 1320

water 1500
concrete 3050

wood (soft) 3320

glass 3650

wood (hard) 4250

iron 4720

steel 5000

Table 2-1 Velocities of sound in different materials.

2.1 The Physical Description of Sound

The propagation of sound makesaund field which is often considered as being one of the
following two types

¢ Plane sound field

¢ Spherical (ball-shaped) sound field

when the sound is not reflected from bounded surfaces. Intehdmdiffused sound field,
which is a result of a combination of direct and reflected sowil be discussed. The expres-
sions which in the following are stated in relation to pland apherical waves, which disperse
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unhindered, have a great practical importance. Among dthegs, this is due to more com-
plicated fields of sound which can be described as a supémosi plane and/or spherical
waves.

Within the audible area the propagation of sound in air withoad approximation can be
described as a linear partial differential equation callled wave equation

2 2 2 2

_Op O Op_ 10D

ox? Oy 022 2 0t?
wherep(zx,y, z,t) is the sound pressure in a Cartesiany( z)-system of coordinates. Similar
identical wave equations could be shown for movements aigb@of airé (z, v, z, t), velocities
of particle of airu(x, y, z, t), air temperatur&(z, y, z, t) or the air density(z, y, z,t). How-
ever, the wave equation (2—4) is the most used, as the soassiype is the most easy acoustical
size to measure. Generally, the ruling equations from wtiielwave equation is derived are the
most complicated, but on the assumption of small changd®isdund pressure great simplifi-
cations can be made, which cause that you can work lineadyappendix A. Small changes
in the sound pressure corresponding to that the sound doegvedeeling of pain in the ear.
When this assumption is not fulfilled it means that you have tokwnon-linearly, then the
velocity of the sound is stated in (2—2) dependent on thespres

Vp (2-4)

2.1.1 Plane Sound Field

A plane progressive wave is the simply possible solutiorheowave equation (2—4), but has
a great relevance after all, e.g. at a calculation of noiseeittilating systems. In this case
the sound waves disperse in the direction of the ventilatimaft when the particles of air are
swinging around their equilibrium in the same directiontestound wave’s propagation direc-
tion. It gives by turns a density and a dilution of the paetcof air in the air, which results in a
variation of the momentary sound pressure with the plaeefigare 2—2.

Dilution Density

Fig. 2—2 Plane sound field in a pipe.

In this case the wave equation is stated as follows
Pp 10p
ox2 20t

wherezx is the coordinate in the plane propagation of the sound wé«€5) has the general

solution to the sound pressusér, t)

p(x,t) = fct — ) + g(ct + x) (2-6)

(2-5)
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which can be seen by inserting (2—6) in (2-5).

The functionsf (¢t — x) andg(ct + ) are arbitrary functions, which give a general solution, as
you in principle can state all kinds of plane sound waves bgéttwo functionsf (¢t —x) repre-
sents a plane wave which disperses initkdirection in a positive direction (a progressive wave)
with the velocitye. g(ct+ ) represents a plane wave which spreads inctd@ections in a neg-
ative direction (a reflected wave), also with the veloecitjRegarding a one-dimensional sound-
dispersive problem it is seen that the sound waves dispatheaveonstant velocity, which

is not frequency dependent, for which reason these soundsaane callednon-dispersive)
waves. propagation of the arbitrary functiofiet — =) andg(ct + x) is illustrated in figure 2—-3

p=flct —x) p=g(ct+x)
p

t =19

Fig. 2-3 Plane arbitrary wave.

Sound waves can either be transient (decreasing) or saayiovhere the stationary harmonic
sound waves are of special interest in linear acoustics. iieggan acoustic system you can for
example let a loudspeaker affect a room at a ceftaguencyf. After this the sound pressure
will everywhere vary in the room (but a different phase angbitorde according to where you
are in the room). For a linear system the super position imées also valid, which says
that if the affection is compounded of several frequen®@esyy single frequency can then be
applied and subsequently sum up the responses to find ttheaatad pressure. Therefore, it is
convenient to consider lmarmonic sound field that is a sound field where the dependence of
place and time of the sound pressufe, t) can be written as follows

p(z,t) = prsin(wt — kx + ¢1) + posin(wt + kz + ¢9) (2-7)

wherep, andp, are the amplitudes of the sound pressure of waves, whickidisjin the positive
z-direction and the negative direction, respectivelyand¢, are the respective phases.
Given a positionz a harmonic signal appears again every time the time is isettavith a
period 7', which means that

2
wT:27r:>w:%:27Tf (2-8)
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wherew is the angular frequencyy, and¢, are phase angles akdhe wave numbemwhich is
related to the angular frequengyby

o | &

(2-9)

Given a timet the sound pressure (2—7) appears again harmonically ina$iggn coordinate
x, which means that a repetition happens every tkmancreases witl2r. Increase inc is
calledthe wave length. Therefore, it can be applied that

21
k= — 2-10
- (2-10)
and with this
w  2nf 27 c
c c A - f ( )

Figure 2—4 illustrates how the sound pressure changes whpdana harmonic sound wave
disperses with the wave lengih
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Fig. 2—4 Plane harmonic sound field.

The sound pressure (2-7) is now written with a complex plaaeswepresentation & /—1)
p(IL‘, t) — ﬁlei(wt—kx) + ﬁgei(“’ t+kx) (2_12)

as integration and differentiation regarding time are gdlgcsimple for harmonic fields in
complex shape.
The wave equation (2—4) for thedirection is written as follows

du , op _

Psor T or

By a combination of (2—12) and (2—-13) you will find a simple cection between the sound
pressure and the particle velocity

0 (2-13)

1 0 1 [ —k . ko
u(z,t) = —— Lar=—— {.—Zﬁlelwkm) + Z.—ﬁzez(w k) (2-14)
ps ) Ox Ps | w w
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which can be written aB/w = 1/c¢

1 : A
u(x,t) _ p_ﬁlez(wt—km) _ _ﬁzez(wt-i-koc) (2_15)

By a comparison of (2—-12) and (2-15) it is seen that regardplgrae wave the sound pressure
and the particle velocity are in phase, and the ratio of tb@d@ressure and the particle velocity
at a point in ther-direction positive direction is related to the sound puesss follows

P psC = Ze (2-16)
u
and in thezr-direction negative direction
P pe=2. (2-17)
u

Generally, the amplitudes, andp, are complex and give a surface a complex ratio between
the sound pressure and the particle velocity cadlpecific acoustic impedanc&egarding a
plane progressive wave the ratio in a point between the spressure and the particle velocity
is calledcharactistic impedanceZ. is real asp; andp, are real. Regarding air at 20’ the
characteristic impedance 6 = 415 Pa s/m.

2.1.2 Spherical sound field

A spherical sound fieldrises when a punctate sound source sends out sound enaslly &g
all directions and is characterized as a free sound fieklsound field

This kind of wave propagation can be compared with the wagpamyation which arises on the
water level when a stone is throwing into the water. The waepg@gation is the same in all

directions that is to say that the vibration condition is$haene in all the points which are at the
same distance from the sounding body. A surface compoundiofgowith the same vibration

condition is called avave fronf which to a spherical sound field makes the concentric spdleri
surfaces and the centre in the point of the sound source,gee 2-5. When the wave front
moves away from the source, the curve of the wave front bes@m&ller and a rectilinear

wave front arises, and the sound waves can be regarded ampktne waves.
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Fig. 2-5 Spherical sound field.

Regarding spherical fields of sound it is advantageous toiteetére wave equation (2—4) to
a spherical system of coordinates{, ). If a radial field is considered that is a sound field
where the vibration condition is the same all over in an aabjtdistance from the centre of the
source, then the wave equation of the sound pressure beggmesas there is no dependence
of the angle® andy

0*(rp) _ 1 0*(rp)

oz 2 o

wherer is the distance from the centre of the source. (2-5) and (2aBidentical, ifp is
changed tap andx to r. Therefore, it is easy to see that the general solution osthuand
pressuren(r,t) becomes

(2-18)

p(r,t) = %f(ct —r)+ %g(ct +7) (2-19)

The functionsf (¢t — r) andg(ct 4 r) are arbitrary functions which give a general solution as
you in principle can state all kind of spherical sound wavethese two functionsf(ct — r)
represents a spherical wave which disperses in-tieection in a positive direction (progressive
wave) and a velocity. g(ct + r) represents a spherical wave which disperses in-tieection

in a negative direction (reflected wave) and the velogitpo. Itis seen thai(r,¢) oc 1/r. This
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means that the sound pressure goes against the infinite, thbgressure goes against zero,
which is due to a mathematical singularity in the solutiod ant because of a physical reality.
In reality » = 0 corresponds to be in the sounding body. A harmonic solutahe spherical
sound field is written as follows

p(r,t) = % sin(wt — kr + ¢1) + % sin(wt + kr + ¢9) (2-20)

wherep, andp, are the amplitudes of the sound pressure for waves thatrdesjpe ther-
direction in a positive and negative direction, respetfive; and ¢, are the phases, respec-
tively.

The sound pressure (2—-20) is written in the same way as tine plave (2—12)as a complex
representationi(= v—1)

p(r,t) = %ei(wtfkr) i %ei(wﬂrkr) (2-21)

The governing equation (2—18)of thedirection becomes
ou 8p
Psar ot 87"

By combining (2—-21) and (2-22) the following simple connectbetween the sound pressure
and the particle velocity in spherical coordinates is found

—1 —k .
/aﬂﬁ (—r+;L)ﬂW*mﬁ (2-23)

72 r

(2-22)

as itis only the progressive wave to be conS|dered. In mostiems from the wave propagation
the reflected wave can be ignored. Now, (2—23) can be writén-aw/c

. N
umw:—pl(uf?)ﬂww> (2-24)
PsCr kT

If kr = 27r/X > 1, itis seen from (2—-24) that/(ikr) < 1 and the sound pressure and the
particle velocity will be approximated in phase. With tHigtratio between the sound pressure
and the particle velocity is in one point in thedirection in positive directions

P~ psC (2-25)

u
which means that a spherical sound field is acting like ana@mated plane sound field. It is
said that the sound source in the distant fidld £ 27 /) > 1) acts locally as a plane wave.
On the other hand, the sound field does not act globally asre fiald of wave as the sound
pressure falls with the distanee In the near field close to the source thatis= 27r/\ < 1
the following is stated

— = ipsckr (2—-26)

This means that the sound pressure and the particle velséity phase shifted.
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2.2 Sound Energy, Sound Intensity and Sound Effect

By solution of acoustic problems the total energy in the sofield is of no interest. The
following three sizes have interest

4 sound effect
¢ energy density

¢ sound intensity

as they state sound energy per unit of volume, sound enemynitof time and the sound
energy transportation through a unit of area, respectively

2.2.1 Energy Density

The energy’ in a sound field consists &fnetic energyr;, andpotential energyz,, respectively
. Then the energy density (the energy per unit of volumegn be written
EF E, E
g:vzv—i—vp:gl@-—i_sp (2_27)
wherel” is the volumes;, ande, are the kinetic and the potential energy density, respalgtiv
The kinetic energy of a plane wave that disperses irxitigection in a positive direction is
1 1V,p?

_ = 2 _ — s _
Ei(z,t) = 2p5Vu 2 (2-28)

and correspondingly the potential energy is given by

v, 1V,p?
E(z,0) = — [ pdV = dp = - 229
(3, 1) /p v /psc2 P=5 (2-29)

as it is applied to a plane wave as follows, see figure 2—6
0s
=V,(1+ —
V=V(1+ 8:1;)
9s _—p_ P
oxr B p?

dv = _Lédp

pc?

(2-30)

-

Fig. 2—6 Volume change in a plane sound field
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Thus, the energy density of a plane wave becomes

~2
e=2L (2-31)

psC?

as a time average value of sound pressure is used. Genémnallgefinition of energy density
(2-27) is based on instantaneous values, but similar to aconpractice by other time variant
signals the time average value is used.

In a free spherical sound field the energy density in the igta from a point source with the

effect P becomes P
€= (2-32)

dmr2e

2.2.2 Sound Intensity and Sound Effect

The acoustic intensity, is defined by the average value of the acoustic effeatvhich passes
through a area element which is perpendicular to the dispgirsction. Generally, the inten-
sity is a vector size, as sound disperses in three dimensiOn$/ a one-dimensional sound
propagation will be considered in the following.

The definition of the intensity in a point of a plane wave that disperses in the x-directioa in
positive direction is as follows

I(2) = — / ® (e (e t)dt (2-33)

(ta —t1) Jy,
Insertion of (2—12) in (2—33) you get the intensity of then@avave, which disperses in the
x-direction in a positive direction

I(z)=—= 2—2 =ec (2-34)

asp(z,t) andu(z,t) are in a phase of a plane wave. From (2-34) it is seen that thedso
intensity can be considered as propagation of energy genaitd the sound velocity.
However, a harmonic plane wave becomes (2—34)

P
I(z)=— 2-35
@) =5 (2-35)
asp = p1/+/2 for a harmonic wave.
As for a spherical wave in a distant field the intendityecomes

I(r) = ! /t2 p(r,t)u(r,t)dt ~ r_r (2-36)

(ta —t1) Jy, pc  Ze

as itis generally applied that a progressive spherical \aadea plane sound wave are identical.
In the close field the intensity of a spherical wave cannottatd in the same easy way as in
the distant field, which is omitted here.

The statement above shows that the intensity is relateceteffiective sound pressure, which
can be measured with a microphone, as mentioned in chapter 6.
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A simple expression for the intensity from a point sourcehvah effectP is also applied to
spherical waves in the distant field as the surface area df & a2

I(r) = P (2-37)

42

Thus, the intensity decreases with the distance in the slegower for spherical fields/ (o<
1/r?). This means that the ratio between the intensities in twintpovith the distances, and
ro from the point source, respectively becomes

P
L =2 2-38
L~ P (2-39)
4713
This connection is calleshverse square law
From (2-37) it is seen that the effect of a spherical soureefiee field becomes
252
P = 4nr?] = 4nr?—— (2-39)

PsC

As the effective sound pressupeof a spherical field is in inverse ratio to the distance, see
(2-19), the expression of the effect is independent of tkeadcer that is that in idealized
circumstances no energy is left in the air (loss free medium)

Generally, the effect can be defined by
P = / Ids (2-40)
S

whereS is a given surface through which the sound energy is tratesdnit

2.3 Spectrum and Octave Band

A harmonic sound signal can be described in the time areah@niiiedquency area, respectively
see figure 2—7. The figure shows a time signal with a frequeht iz, which is illustrated in
the frequency range with an amplitude of 10 Hz.
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Fig. 2—7 Harmonic signal in a) the time area and b) the frequency range

Generally, a given periodical sound signal, eg. a soundspresas
p(t)=pt+iT) i=1,2,3,... (2-41)

can be written by a Fourier series which is the sum of harmooimsponents
p(t) = Zﬁi cos(wit + ¢;) (2-42)
=1

p; andw; are the amplitude and the angel frequency of the simply haienmomponents in
the signals with the phases. It is rare and almost only in connection with acoustic téiséd
you have sound sources which solely consist of a clear sdatdstone harmonic component.
As an example sound provided from an instrument does notistonisone single harmonic
component, but is compounded of a number of simultaneowstymon harmonic vibrations.
It is said that there is keynoteand a number obvertonesvhich have a frequency which is a
multiples of the frequency of the keynote. In the same waytitean speech is also an example
of a sound source which is compounded of many frequencies.

Figure (2—8) shows how a given periodical signal is illustdafrom the time area and over into
the frequency area. The description of the signal in theuegy domain is called a frequency
spectrum (also calledower or amplitude spectruin where the single "columns” are called
spectrum lines which each represents the amplitudes inrni@ysharmonic components in a
Fourier series (2-42). A spectrum gives in this way infoiorabout how the energy in a
sound signal is distributed at different frequencies anchisulated practically at a so-called
FFT (Fast Fourier Transform) analysis. Sometimes it is ehde make a visual representation
(Spectrograrpwhich combines the information from the time area and tleguency area by
making FFT analysis on parts of the time signal. With this getia spectrum for each time
interval which can be used to show how the frequency contessignal varies as a function of
the time.
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Fig. 2—8 Periodical signal in a) the time area and b) the frequency.are

By measuring sound in air a logarithmic scale of the frequenay is often used. The logarith-
mic scale of frequency is in reasonable harmony with theesuiive perception of the sound of

a human. Similar to the art area the frequency areas areedivido octaves, where the width

of the octaves are constant on the logarithmic axis. Witheresingle frequency areadtave
band , the energy of a signal can be defined and represented. Ameoist formed of two fre-
guencies with the ratid : 2 and is based on a reference frequency of 1000 Hz. However, the
division into 1/1-octaves is characterized by the uppettiing frequencyy, is the double of the
lower f,,. In this way the octave band with the centre frequefisyl000 Hz stretches frorfi,=

707 Hz tof, = 1414 Hz. This interval\ = f, — f,, is called the band width. Generally, the
intervals of the 1/1-octaves are stated by

fO =V fnf@
fn - fO/\/§
fo= \/§f0

af=(V2=1/v2) i

(2-43)

A finer division into 1/3-octaves gives a band about 1000 Hictvistretches from 891 Hz to
1122 Hz. Generally, these 1/3-octaves give as follows

fO =V fnffb

fo = V3 (@4

Af = (V2=1//32) fy
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20 25 31,5
40 50 63
80 100 | 125
160 | 200 | 250
315 | 400 | 500
630 | 800 | 1000
1250 | 1600 | 2000
2500 | 3150 | 4000
5000 | 6300 | 8000
10000| 12500| 16000

Table 2-2 Standardized centre frequencies 1/3 and 1/1-octavesottéies is shown in boldface).

Table 2-2 shows standardized centre frequencies of 1/11/&3dctave bands.

In building acoustics there is normally worked with 16 starbfrequencies with 1/3-octave
intervals with the centre frequencies 100, 125, 160, 208150 Hz, while there are normally
used 6 standard frequencies with 1/1-octave intervals thighcentre frequencies 125, 250,
500, 1000, 2000, 4000 Hz in the architectural acoustics.oAsatculations with noise from a

ventilating plant it might also be relevant to look at theawet bands 63 Hz and 31,5 Hz.

2.4 Decibel and Sound Levels

The human’s perception of sound acts in such a way that a nuailgubling of the sound
pressure are considered as a number of equal heavy chartgesofind intensity. Therefore, a
logarithmic measurement stating the sound intensity iseraseful than a linear measurement.
Sound intensities are stated in dB (decibel) in honour okaheler Graham Bell. Decibel is a
logarithmic relative unit of measurement of sound thategponds to 10 times the logarithm
to a sound pressure or a sound effect in the ratio of a referemoe of sound pressure, sound
intensity, or sound effect. These reference values caorebto the lowest level of a ear from a
young human being normally can perceive at 1000 Hz. A unitatement of a strength from a
sound source also complies a description of measuring tonsliwhich will be mentioned in
chapter 6 about sound ranging.

Thus, a strength from a sound source can be describeddvglof a sound pressute,

~2 ~
L, = 10log (])_2> — 20log (ﬁ) (2-45)
Po Po

wherep is the effective sound pressure gnd= 20 pPa is an international standardized refer-
ence sound pressure. Using the logarithmic dB scale it is $e# a sound pressure from 20
uPato 200 Pa will be reduced to the area from 0 to 140 dB whichante is operational to
work with.

Figure 2—-9 shows examples of different kinds of sound predswels which appear everyday.
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Fig. 2-9 Typical sound pressure levels,.

A sound effect level,, in W is stated by

P
L, =10log (F) (2-46)
0

whereP is the sound effect anfl, = 1 pW is the reference sound effect.
The sound intensity levél; is stated as

I
L; =10log (I_) (2-47)

0

wherel, = 1 pW/n? is the reference value of the sound intensity level.
As the sound pressure is easier to measure than the soundiiyté can be advantageous to

express.; by L,. Using (2—-34) for a plane sound field and a spherical sourdiifiehe distant
field L; can be defined by

~2 ~2 2 400
szlolog( b )lelog(p—2 Po )sz—l—lOlog(
pscly Do psclo s

):Lp—0,2deLp

(2-48)
From this it is seen that; and L, are almost equally big in a plane sound field and a spherical
sound field in the distant field.




2.4 Decibel and Sound Levels 31

Example 2.1: Intensity and Distance to the Sound Source

A point sound source has the sound effEct 200 W. How big is the sound pressure levg) which two persons
are exposed to placed 2m and 4m from the sounding body, rtasgge

As the sound is propagated in the air as a ball the sound itytenitl decrease as a function of the distance from
the sound source which is the centre of the "sound ball”, amdn be said that the sound distributes on a ball
surface area. The surface area of a ball is statetl asiz-? which causes the sound intensityo become

P 200
A 4722
The sound pressure level which the person 2m from the soundes exposed to becomes

I= ~ 4W /m? (2-49)

I 4
0

If the person was placed in a distance of 4m from the soundialy the sound pressure level becomes

I 1
0

The above example shows that in a spherical sound field threlqmessure level has a decrease
of 6 dB by doubling the distance, which is the distance lavB@-for a free spherical sound field
expressed in dB. It is said that there is a distant damping & ped doubling or halving of the
distance. It has to be noted that a plane sound field does wethdistant damping. Connection
between the sound pressure leligland the sound effect levél, in a free spherical sound field
is also defined by

L, =L, —10log (477*) = L,, — 20log (r) — 11 (2-52)

2.4.1 Several Sound Sources

If the sound pressure frol¥ simultaneous sources in a point is to be defined, the totdleof t
sound effect?,,; is the sum of the single effect of the sourdes

N
P =Y P (2-53)
=1

On the other hand it is essential to note that the sound léwgtsseveral sources cannot simply
be added. It is necessary to calculate back to squared gieesolund intensity, sound effect
or the squared sound pressure. After this you can add aneécuestly calculate back to the
relevant sound level. It is important to distinguish betwaego kinds of sound sources

4 uncorrelated

¢ correlated

If the resulting sound pressure consists of sound from aéustependent sound sources you
can normally anticipate that the sourcesameorrelated sound sourcese. the sound from the
single sound sources is of a different frequency. Machinesgroduction room are an example
of uncorrelated sound sources. In this case the total effesvund pressurg,; defined by
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N
Bt = Y P (2-54)
=1

wherep? is the sound pressure of the single of fiiesound sources.

According tocorrelated sound sourcesis applied that the phase relations between the single
signals have to be considered. Two loudspeakers that senshthe signal are examples of
two correlated sound sources. The resulting sound pressotgained by adding the sound
pressures from the single sources as their mutual phaséioosdave to be considered.

(2-54) shows that you can add uncorrelated sound pressugis iehich are also applied to
uncorrelated intensities and effects. The following exknghows the result of an addition of
two equal strong sound sources. The result shows that if gduveo equal strong sound levels

it corresponds to add 3 dB to the single sound pressure lAvehcrease of 6 dB corresponds
to a doubling of the sound pressure.

Example 2.2: Addition of Two Sound Sources
Two engines are going full speed. The sound intensity I&yedm from each engine is 90 dB. What is the sound
pressure level,, for a person who is placed 5m from each of the engines?

I+1 I
L,~ L; =10log <;—) = 10log (I) +10log (2) =90dB 4+ 3dB =93 dB (2-55)
0 0

General rules for addition, subtraction and multiplicataf sound levels can be made. From
the definition of sound pressure (2—45) you can find

p* = pglote/10 (2-56)

By combining (2-45), (2-56) and 2-54 the following additioerfor NV uncorrelated sound
pressure levels can be obtained.

N
Ly, = 101og (Z 105/ 1°> (2-57)

=1
(2-57) is also applied for addition of sound intensity leaetl sound effect level.

The average value of the sound levels from a number of mewstesults can be calculated by
using the formula

N
1
Ly, = 101log (N > 10%/10) (2-58)
=1

If the difference between the highest and the lowest souesisprre levels not exceed 5dB, the
result of the average value becomes almost correct eveis ibitly calculated as the arithmetic
average value.

Example 2.3: Addition of Two Sound Sources
The above-mentioned example 2.2 with two engines can nowlleedby (2-57)

Lp,ot = 101og (1090/ 10 4 1090/ 10) —93dB (2-59)
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However, addition can be used if you want to calculate thed tatise loading of a house which
is loaded with noise from several roads. If it is wanted to #i@noise from 2 sources and the
greatest sound pressure level is more than 10 dB higher kwalowest one, then the lowest
level has in reality no influence on the total sound pressewel| which in this case will be
synonymous with the highest level. This can be seen in figg#&Q) which states the size that
is to be added to the highest of two dB values at an additionvofdB values in pairs. For
example it can be seen that the sum of two sound sourcedyy#0 becomes 3 dB.

Correspondingly, you can subtract the sound levels. Thiseattesired if the sound pressure
level from a background noisg,, has to be subtracted from the total sound pressure level of a
sound sourcé,,, , to define the sound pressure level of a sound soliyce

Ptot

Ly, = 101log (10%reet/10 — 10Lr/10) (2-60)

Figure 2—11 states the size which has to be subtracted frerhiginest of two dB values at a
subtraction in pairs of two dB values. At a difference of mitr@n 10 dB the lowest sound level
has no influence on the resulting sound level. If it is neagdsesubtract the background level
from the total noise level this can only be done with satisfgcaccuracy if there at least is a
difference of 3 dB of the two sound pressure levels. Othexwise result will be encumbered
with too big uncertainty. This can be current if the noise hbase has been measured while it
comes from two sources, for example a factory where the iboriton of noise is known and a
road where the contribution of noise is wanted to be caledlat

w

ghest dB value
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I I I
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D 0 1 5 1
The difference between two dB values which have to be added

Fig. 2-10 Addition of sound levels.
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Fig. 2-11 Subtraction of sound levels.

2.5 The Perception of Sound of a Human Being

Normally, the human ear can perceive the sound in the frecyueange from about 20 Hz to
about 20 kHz in the sound pressure area 0 - 130 dB, see figure Zht2audible area varies
from person to person, but especially the upper limit is depet of a person’s age and the
noise loading that the ear has been exposed to througholiteth&he human hearing covers
a great area of frequencies and sound pressure levels, wigelavest and the highest sound
pressure levels corresponditee threshold of hearingndthe threshold of paifrespectively.
Under 20 Hz you havénfrasoundand over 20 kHailtrasound, which cannot be heard by
the human ears but only by dogs and some other animals. bllindsis used for example to
define the depths of water under the ships and within thethealivice to examine different
organs. Contrary to infrasound ultrasound can be deadenscrégning and hearing protector.
Earlier it has been presumed that infrasound could not bedtegaall, but now you know that
this is not true. Infrasound can be heard if it is strong ehoagd the threshold of hearing
is getting reasonable well determined. It is characteristiinfrasound that it is perceived as
disturbing just because the sound intensity is a little todrgger than the threshold of hearing.
By common noise there is no hard-and-fast boundary from gusible noise” over "distinct
noise” to "appreciably disturbing noise”. Notes which aighter than the deepest notes and are
placed between these and common noise, are characterilmg-fiequency noise. Here, it is
also applied that when the noise intensity increases therbing effect becomes even stronger
than if for example traffic noise was mentioned. However,iticeease of the disturbing effect
is not perceived to be quite as characteristic for low-fegguy noise as for infrasound. When
you are going to estimate low-frequency noise there is a feealmethod which at the lowest
notes is just as restrictive as if infrasound is going to kemeded, and which at the higher
notes estimates the low-frequency noise almost like nomoede. The frequency between 1
and 8 Hz corresponds to the resonant frequencies of the lmodyhich reason noise at these




2.5 The Perception of Sound of a Human Being 35

frequencies can create resonant phenomena in the humamioaty have an influence on the

blood circulation etc. Infrasound and low-frequency naiaa be produced both from natural
sources as wind and thunder and from artificial sources afenags aeroplanes, combustion
plants, ventilating plants, and vibrating machines.
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20 100 500 10002000 10000 Hz

Fig. 2-12 The audible area is ranging about 10 octaves with wave lsrfgtin about 17m to 17mm.

0

The way a human perceives the sound means that not all passagh to the consciousness.
This is calledmaskingand can be explained in this way that a sound in a given frexyuen
range with a given strength prevents a person from hearirtgiceother sounds in the same
frequency range with lesser strength. This means that ifareveffected by a pure note at a
certain frequency the threshold of hearing is consideradadyced at neighbouring frequencies.
For example if a person is exposed to a pure note at 1 kHz on 8@alBearing of the person
in the frequency range 500 Hz to 10 kHz will be effected in saalkiay that eg. a note with
the frequency 2 kHz must have a sound pressure level at abBadi8 50 be perceived. In the
undisturbed case a 2 kHz will already be audible at 0 dB. The&kimgghenomenon is most
well-defined in the high frequency range and is spreadinghierdrequency ranges based on
the principles about overtones. Masking is made to malsearid curtaifiwhich is used if you
cannot avoid disturbing background noise. Then you can masth some music or something
else which is nice to listen to and which is called a soundatairt

2.5.1 Strength Level of Hearing

In figure 2—13 every single point corresponds to a note witbréam frequency and a certain
sound pressure. The curves link together the points whiateimbeings on average perceive as
equally strong. These curves are calleghring strength curvesr ear sensitivity curvesThe
lowest curve showstaeshold of hearingThe strength level of hearing which is the subjectively
perceived sound intensity is statedXXhphonwhich is equal taX dB at 1000 Hz. It is seen in
the figure that a pure note at eg. 100 Hz with ggsical strengtltorresponding to a sound
pressure level at 50 dB is perceived by the human ear as a pteean1000 Hz with a sound
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pressure level at 40 dB. The sensitivity of the ear and with tia physiological strengtbf
the sound is not only dependent on the frequency but alsoeophisical strength. Concerning
weak sounds the sensitivity of the ear is considerably tesstow frequencies than at high
frequencies. This difference in sensitivity becomes lothierstronger the sound is.
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Fig. 2-13 Hearing strength curves. The curves link together the squessures at different frequencies which
human beings on average perceive as equally strong. Denubjectvely perceived sound intensity is stated in
the unit of "phon”.

Hearing strength curves are based on a work by Fletcher amdsdtuin Bell’s laboratory in
the thirties (Fletcher and Munson, 1933) and since theneéfioy Robinson and Dadson in the
fifties (Robinson and Dadson, 1956) which have resulted in$&@dard curves. The curves
were made by test persons who were going to judge whetherspured notes at two different
frequencies had the same sound pressure level. The curwedtlisat the ear in principle acts
as a filter which favours sound with a frequency contents énafea from 1 to 5 kHz and in
particular about 4 kHz. This area also corresponds to tlgeiénecy contents mentioned.

The following general lines for the human perception of demin the sound pressure level
can be stated as follows.

2.5.2 Influence of Sound on Humans

All sound which is disturbing, unwanted, noisy or irritagiat work and when you rest etc. is
noise. Whether a sound is noise or not for a person dependsmnfators as for example

4 contents of frequency
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Change inL, | Experienced a changdli,
3dB Just audible
5dB Clearly audible
10dB Doubling/halving
20dB 4 times or 1/4

Table 2-3 A human’s subjective evaluation of changedin

4 time variation

4 duration

4 sound source

¢ background noise

4 spirits of the person

The permanent noise loading in our everyday life can resukduction of hearing at an early
time. There is a risk of a permanent damage of hearing if yotertian 40 hours per week are
exposed to a sound pressure of 85 db or more. If you are onlyshogt period exposed to a
loud noise level you can get a short reduction of hearingthoeifine hair cells in the ear are
quickly improved and the hearing is normalized.

On the other hand, if you are exposed to a continued heave faasling the hearing cells will
be destroyed and they cannot be regenerated. Particubartyedous to the hearing, the doctors
mention loud music, eg. at discotheques or by using receiwdrere the sound intensity is very
loud. In these cases the sound intensity easily attainsshdéd.10-120 db.

In many workplaces you are also exposed to a high noise I@vehaturally that loss of hearing
owing to noise has the leading place on the list of occupatidiseases. It is not only affected
to workers in the building trade and in noisy industrial kdllt also to musicians in pop groups
and orchestras.

The size of a hearing damage depends on factors as the d¢gpaittihe person for responsive-
ness and the general state of health. Beyond the arose losaroidpin the internal ear because
of noise which can result in deafness, also nervous or arg#arnages can arise: If you for
several years have been exposed to a constant loading efinmgght result in cardiovascular
diseases, disturbances in the stomach and bowel systeamcbadlisturbances, and psychical
diseases.

Noise can also cause tinnitus (Latin: to ring). This is namsene or both ears which can be
experienced in a very different way and with different irgigy) but the noise is not made from
a sound coming from outside. The cause can be internal sonrydair own body (objective
tinnitus) which also the doctor can hear eg. by means of hatebpe. In case of "subjective
tinnitus” it is only the person itself who can hear the noise.

A sudden loud report, a detonation, a short or somethingHi&ecan in a split second have the
same effect as agelong loading of noise: A progressive tbssaring and a special capability
for further noise damages.
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Table 2-4 gives some instructions for connections with ctefe hearing and different sound
pressure levels.

Noise level Damage
150 dB permanent loss of hearing
130 dB painful and should be avoided
110dB shorter intervals cause defective hearing
90dB | intervals for some time give temporary defective heafing
65 dB intervals for some time give tiredness

Table 2-4 Consequencies of noise.

Figure 2—-14 shows that if you are exposed to high permandsenmu can get a hearing
damage which shows that the threshold of hearing is disgddcapwards at some (or all) the
frequencies.
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Fig. 2-14 Defective hearing at permanent intervals in noise.

Even if noise is unwanted and can be deleterious, it can iressimations also gives advantages
to the perception of sound of a human being. A reasonablé ¢éugackground noise gives
among others a masking which makes it possible to reduce kitigs of sound/noise. Besides,
a human is not feeling well in a total sound-dead area for st

2.5.3 Sound Weight Curves

As there is a difference between the physical sound inteasitl the physiological strength,
the hearing strength cannot be defined objectively cornectéans of measuring instruments.
Therefore, you have to use a measuring instrument which tittsib a filter adapted to the

frequency sensitivity of the ear. With this you add the sountensity in the frequency range
where the sensitivity of the ear is least, a relatively lesaportance. To describe this sensitivity
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to different frequencies the sensitivity curves A, B, and €iatroduced. The curves correspond
approximated to the frequency dependent sensitivity ofedreat 40, 70, and 100 dB sound
pressure at 1000 Hz that is to say they correspond to 40, @01@D phon. References to a
sound pressure measured after one of these curves, dB(A), dB(8B(C) can often be seen.
Referring to acoustics of buildings the A-curve is often ug&léase also notice that the hearing
strength level curves become more flatten with a growing phanber. Therefore, several
weight curves B and C are made which were going to considgffalst which is seldom used.
The different curves are usually used in the following case.

4 A-weight can be used at sound levels less than 55 phon. Howgweeight is also often
used at sound levels higher than 55 phon.

¢ B-weight is used at sound levels between 55 and 85 phon.
¢ C-weightis used at sound levels of more than 85 phon.

¢ Estimating aircraft noise (from a jet plane) you should tee@-weight which is specially
developed for this purpose.

4 Referring to the very lowest notes as infrasound you use anstiale, dB(G), which can
describe the sensitivity of the ear to these very low notes.

The A- and C-weight curves can be defined by the following esgiomn

_ FaoF} f?

Auciane = 20108 ((f2 (2 + F%)) (201
B Feof?

Coeiate = 20108 ((P TR F§)> (2-62)

Fao = 1,249936 Fac = 1,007152
F, = 20,598997 F, = 107, 65265 (2-63)
Fy = 737,86223 Fy, = 12194, 127

whereF; are the constants in the filters afids the frequency. Weight factors defined by these
expressions are stated in table 2-5 and shown graphicdilyure 2—15.

If the A-weighted sound pressure levl, is wanted to be calculated for a sound source, for
which a frequency analysis as 1/3-octave or 1/1-octavevisngithe values from table 2-5 are
used to correct the values in the few frequency bands. Thelved sound pressure levgl,

is calculated by summation of the corrected sound pressuetsl .ori = L, i+ Aweight,i from
thei’th frequency band of the few 1/3- or 1/1-octave bands whiehdavided into/V, frequency
bands

Ny
Lys = 10log (Z 10Ewkorr.i/ 10) (2-64)

i=1

Example 2.4: Determination of A-weighted sound pressure
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Fig. 2-15 A- and C-weights curves.

From the octave values in table 2-6 the A-weighted soundspredevel becomes

LpA =10 IOg (10(90716)/10 4 10(9479)/10 + 10(9173)/10_‘_

10(89/10 4 1(85+1)/10 4 1(5(85+1)/10 10(81—1)/10) — 94 dB(A) (2-65)

2.5.4 The Equivalent Sound Pressure Level

If variable working conditions or noise sources are foundcWldo not load the surroundings
with the same noise level all the time, the noise has to beceztitor over a certain period -
named "the reference period”. The noise level is stated@gduivalent sound pressure level
and this means that it is the "average” sound pressure lelielhws stated. Regarding the
variable sound for the tim# the energy equivalent A-weighted sound pressure is usechwhi
can be mentioned 4., . The energy equivalent A-weighted sound pressure leveésponds
to the sound pressure level from a constant sound which iosntae same A-weighted sound
energy as the considered variable sound. The equivalentdsmessure level can be defined by

Lacgr = 101log (% 2 AT; 10504/ 10) (2-66)
whereT is the reference period afdis the working time of the single working situation having
a sound pressure level Af 4 ;.

Normally, the same reference period is not used the wholeaddynight, mainly because great
variations in the noise level at buildings in the night asskr acceptable than in the day. As an
example the reference period is often much lesser in thd thgin in the day. As an example
the reference periods can for eg. productive activity be

4 The most noisy period of 8 hours in the day period from 07.008®0
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Frequency [Hz] A [dB] | C [dB]
10 -70 -14
12 -63 -11
16 -57 -9
20 -51 -6
25 -45 -4
31 -39 -3
40 -35 -2
50 -30 -1
63 -26 -1
80 -23 -1

100 -19 0
125 -16 0
160 -13 0
200 -11 0
250 -9 0
315 -7 0
400 -5 0
500 -3 0
630 -2 0
800 -1 0
1000 -0 0
1250 1 0
1600 1 0
2000 1 0
2500 1 0
3150 1 0
4000 1 -1
5000 1 -1
6300 0 -2
8000 -1 -3
10000 -3 -4

Table 2-5 Standardized A- and C-filters to a decision of sound intgrfsit 1/3- and 1/1-octaves division, (1/1-
octaves are shown in boldface).

4 The most noisy period of 1 hour in the evening period from @&022.00

¢ The most noisy period of half an hour in the night period fra2n0® to 07.00

The reference period can be defined in an other way in somatisiis, as an example on
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f[Hz] | 125|250( 500| 1000| 2000| 4000 8000
L,;[dB]| 90 | 94 | 91 | 89 85 85 81
Table 2-6 Octave values.

Saturdays, Sundays, and holidays. Thus, as an examplewiiemnly be worked with one
reference period = 1 hour concerning motoring tracks. Catmg L 4., a short loud noise
will give a great contribution td. 4., . This means that a constant noise over 15 minutes at
100 dB(A) corresponds to a energy equivalent A-weighted dqaressure level at 85 dB(A)
over 8 hours. Table 2-7 shows the connection between retetithe and sound pressure level
corresponding to 85 dB(A) over 8 hours. You will see that amease of 3 dB(A) in the sound
pressure level corresponds to a halving of the retentioa.tim

Lpa Retention time before damage

85 dB(A) 8 hours

88 dB(A) 4 hours

91 dB(A) 2 hours

94 dB(A) 1 hour

100 dB(A) 15 minutes

103 dB(A) 8 minutes

106 dB(A) 4 minutes

109 dB(A) 2 minutes

112 dB(A) 1 minute

Table 2-7 Connection betweeh, 4 and retention time.




CHAPTER 3

Architectural Acoustics - Sound
Regulation in Buildings

The subject architectural acoustics is about how souncedisg and dies in closed rooms. It
is possible by a correct choice of the room’s size, shapeajmgaof sound reflecting/sound

absorbing surfaces to optimize the acoustics to the useeofabm, so that a good acoustic
quality can be obtained, which as mentioned in chapter 1 eashbracterized at objective and
subjective targets related to the distribution and digparsf sound in the room together with

targets related to the noise level in the room.

The acoustic conditions which define the use of a room andthéthif there is a good acoustics,
are

¢ the direct and reflecting dispersion of sound from a soundody to a receiver,

¢ the beginning and the dying of the sound, the echo,

4 acoustic reflections (echo, flutter echo),

4 sound proofing and background noise from for example veimigjalant

An estimate of the acoustic conditions of a room is usuallyedio relation to theories of sound
dispersion in a closed room, in which it is presumed that theedsions of the room are great
compared to the wavelengths of the sounds which are of stteFeelds of sound can then be
described at one of the following three methods

¢ wave theoretic architectural acoustics
¢ geometrical architectural acoustics

¢ statistical architectural acoustics

— 43 —



44 Chapter 3 — Architectural Acoustics - Sound Regulation in Buildings

3.1 Wave Theoretic Architectural Acoustics

One of the main causes why sounding bodies sound differantlypn different rooms and
partly in different positions, can be explained by meanshefwave theory of a closed three-
dimensional room. Use of the wave theory which is calleve theoretic architectural acous-
tics, is based on the wave equation and its harmonic solutionddeed rooms, where dissipa-
tion of energy (damping) is ignored. This means that a smiut the wave equation is

p(w,y,2,t) = X (2)Y (y)Z(2)e ™" (3-1)
which by insertion in (2—4) and separation of variables give

2
(8X+k§,X) =0

0?Y
(a—yQ + k‘iY) =0 (3-2)

where it must be applied that

2 2 2 2
k2 = k2 k2 4 k2 (3-3)

In this case the wave equation is callk@ Helmholtz equationThis method gives a physi-
cal correct description of sound in closed rooms. Thoughptlaetical use of wave theory is
limited in relation to an arbitrary shaped room an undeditamnof the basic principles in the
wave dispersion in closed rooms is of great importance whemm with a good acoustics is
elaborated.

When the wave theory is introduced, a room is considered asnple® resonator which has
several kinds of natural vibrations (constant waves), @atthits characteristic frequencpétu-
ral frequency . As to the sound of a constant wave the human ear will pezgeas an irritating
sound. The eigenfrequengy(n,, n,,n.) of a room is the frequency with which the room will
produce vibrations after removal of the outer load which v@sight the room out of the po-
sition of equilibrium. As to an empty rectangular room witlaqe, parallel, and completely
reflecting surfaceg, (n,, n,, n.) is given at the following expression

s () () ()

The sizesq,, n,, n. are related to the wave number at

k, — L%”“" ny = 0,1,2, .
T

ky = L—ny ny, =0,1,2,.. (3-5)
Yy

n, n,=2012, .
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whereL,, L,, L, are the edge lengths in a rectangular room, see figure 3—tefbhe, there is a
threefold infinity of eigenfrequencies in a rectangulammod he three lowest eigenfrequencies
correspond to wave lengths, which are the double of the teigeé width, and the height of the
room. As to a given choice of,, n,, n, corresponds different kinds of natural vibrations which
can be divided up into the following three types

4 one-dimensionaxial natural vibrationswhen two of the sizes,,n,, n, are zero. This
means that the sound pressure only changes along a co+terdia and the movement of
the particle of air is parallel to this axis, see figure 3-2a.

4 two-dimensionatangential natural vibrationsvhen one of the sizes,,n,,n. is zero.
Here the particles of air are making movements along twordiorate axes that is reflec-
tions from four walls arise, see figures 3—2b and 3-3.

¢ three-dimensionabblique natural vibrationsvhen none of the sizes,, n,,n. are zero.
For these natural vibrations the particles of air are mowilogg all three co-ordinate axes,
which cause reflections from all six walls, see figure 3—2c.

If a sounding body is placed in a room the acoustic energyidist by the sound source will
excite the natural vibrations in the room, so that standimyes are built up by a number
of the eigenfrequencies of the room. The shape of these walledepend on the damping
(absorption) of the room.
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Fig. 3—-1 Cartesian system of co-ordinates in a rectangular room.
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Fig. 3—2 Natural vibrations in a rectangular room.
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Fig. 3—3 Two-dimensional natural vibrations in a rectangular roomv#,=3n,=2,n,=0.

Knowledge to the eigenfrequencies of a room is essentialderstand the acoustic qualities of
a room. To make a room with a good acoustics it is importanaieta very even distribution
of the eigenfrequencies as possible. If you choose to makera with a simple proportion
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between the sides as e.g. 1:1:1 or 1:2:3, many of the eiggrdreies will be identical and will
give a possibility of many reflections which are mentionedhe next chapter. Many corre-
sponding eigenfrequencies should be avoided and are afipétiportant by dimensioning of
small rooms, where the number of eigenfrequencies at loguéecies already are very small.

A recommended edge proportion in a room is oftefY2:x/4, which however, will give big
floor-to-ceiling height in larger rooms. In (Rindel, 1990)agbedge proportion is stated for
medium-sized rectangular rooms, see figure 3—4. For lamasat is applied that the eigenfre-
guencies are so compact that a distribution is very even aes kot give any problems.

100 T T T T

1:1,25:3,15

Edge length

1 L | 1 | | oy S

1
10? 2 5 10° 2 5 10 m?
Volume

Fig. 3-4 Favourable dimensions for rectangular radio- and telemistudies.L : length, B : width, H : height.

3.2 Geometrical Room Acoustics

If you assume that the dimensions of a room are big in reladdhe wavelength of the sound
waves, these can be considered in the same way as light islecedsin the optics. In the same
way as light is reflected, the sound waves are reflected frothdwafaces according to the rules
for reflection of light that means the angle of incidence isa&do the angle of reflection. That
is to say that the wave fronts from a plane sound wave whichaplane surface under the
angle of incidencd, will after the reflection still make a plane wave and move yafvam the
surface under the angle of reflectiéynse figure 3-5.
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Reflekteret

Indfaldende ,"

Fig. 3-5 Reflection of a plane wave from a plane surface.

Wave fronts from a spherical sound wave which hits a planasemill after the reflection still
make a spherical wave, which moves away from the reflectirfgse, as if the front came from

a fictive sound source placed in the reflection from the soughbdody in the reflecting surface,
see figure 3—6.

Fig. 3—-6 Reflection of a spherical wave from a plane surface.

Furthermore, as it is for light it is applied that sound wasest against a curved surface, will
either be focused on curved surfaces or spread to conveacgstfsee figure 3—7.
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Fig. 3—7 Reflection of plane sound waves from a curved surface.

This method to analyse the acoustics of a room is calleaimetric acousticand is a pure
graphic method which informs of the dispersion directionhaf reflecting sound, but does not
inform anything about the strength of the total field of squmiich is compounded of the direct
and reflected sound.

Information of the dying of the field of sound at the end of arsting body is not given as well.
Even if the geometrical acoustics is limited to detectiopfary and secondary reflections,
before the field of sound dies, it is possible based on th@rintion to choose how acoustic
defects can be repaired by a reasonable placing of the sdasutions and reflectors, see
chapter 5.

Geometrical acoustics is a valuable method when you makeobigs and lecture rooms, as
acoustic defects as

¢ echo (audible reflections)
¢ flutter echo (audible series of reflections)

¢ ’'dead” area (shadow formation)

can be discovered already when a room is made.

An echois heard by a listener as a strong reflection of the directchsignal from a sounding
body, see figure 3—-8. The echo will disturb the clarity of tireat sound and affect the subjec-
tive impression of the acoustics of the room. If the reflegBound is just as heavy as the direct
sound, you can hear an echo if the lag is greater than 50 msedrh#oes not hear a time lag
lesser than 50 ms as a separate echo, but on the contraryrasgtlstning of the direct sound.
A lag of 50 ms corresponds to a difference in the dispersetibre about 17 at a sound speed
of 340 m/s. Therefore, by modelling a room you have to be awhtlee distance. That the ear
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does not register an echo after 50 ms is the so-calieas effectwhich refers to the human
brain somehow "deadens” the importance of sound in a petiad@ut 50 ms after the ear has
registered a sound signal the first time.

Fig. 3-8 Echo in a room.

When you have a room with parallel hard surfaces and when stiréaces near by are very
little absorbing, then dlutter echg might turn up, as the sound several times can be reflected
backwards and forwards without an essential reduction®ftiund intensity, see figure 3-9.

A well-known example of flutter echo is acoustic developmera bathroom with parallel hard
walls. Such a room has the lowest eigenfrequency in a frecyuamge, where the human voice
has its greatest energy. Therefore, even a modest voicéogavent might cause a significant
sound which is strengthened when the natural vibrationgiaes. Flutter echo can be reduced
by taking the distribution of the eigenfrequencies intosidaration as mentioned in the chapter
about wave theoretical architectural acoustics and userralst on wall surfaces which absorb
the sound energy, see chapter 5.

Balgefront

Fig. 3-9 Flutter echo in a room.

A dead areamight arise a given place in a room where the sound neithecoare as direct
sound nor reflected sound, see figure 3—10
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Fig. 3-10 Dead area (shadow formation).

3.3 Statistical Architectural Acoustics

Regarding too many practical purposes it is enough to cakadield of sound in a closed
room with the accuracy that makes it possible to define amchatg some typical characteristic
sizes as the stationary sound energy and the time of the &otpyessions for these sizes can
be arranged based on a average value of the energy densig/rioadm and not out from a more
detailed description of the energy of the individual paesaof air. From this the idestatistical
architectural acousticgs coming.

3.3.1 Sound Absorption

When a sound wave, which disperses in air, hits a materialrasxémple a wall, then a part of
the sound effect will be reflectedd and a part will be absorbed,,. From the absorbed quantity
of energy some of it is changed to heat and a part of it will hegmitted/;, so that a sound
effect on the other side of the material is sent out. Thetglwli a material to absorbing the
sound is characterized by tidsorption coefficient, which states how great the energy of the
incident sound wave is which is absorbed by the surface istgue see figure 3—11.

Fig. 3-11 Field of sound that hits absorbing material.

The absorption coefficient of a given material is stated by
Tops 1 — 1

L
wherel; is the incident sound energy of an absorbing surface. Refetoic which depends on
the material, frequency and angel of incident, the follagnmapplied

(3-6)
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¢ o = 1 means that all the incident sound energy is absorbed

4 o = 0 means that all the sound energy is reflected

In connection with the mention of the absorption coefficient is natural also to mention the
sizes the loss coefficient the reflection coefficient, and the transmission coefficient These
are stated as

L —1.— I
5 =
I;
1.
== 3-7
r=7 (3-7)
_ L
T = 7
«, 6 andr are related in the following way
l=0+r+r71
a=0+T (3-8)
a=1-—r

Porous materials like carpets, curtains, and acoustidsigeihave a high sound absorption,
i.e. more than 0.5, while hard surfaces like linoleum, tdencrete, and glass have a little
absorption about 0.01 to 0.05. Most of the materials do nebdbequally effective at low

and high frequencies and therefore, are often stated iatafarm at frequencies 125, 250,
500, 1000, 2000, and 4000 Hz, as shown in table 3.3.1, whigs@n example of absorption
coefficients for typical materials. More examples are giveappendix B.

Material 125 Hz| 250 Hz| 500 Hz| 1000 Hz| 2000 Hz| 4000 Hz
Opening to the free 1 1 1 1 1 1
Wooden floor 0.15 0.11 0.10 0.07 0.06 0.07
Linoleum 0.02 0.02 0.03 0.04 0.04 0.05

Curtains 90mm from a wall| 0.05 0.06 0.39 0.63 0.7 0.73
Smooth plaster on a hard wall 0.01 0.01 0.02 0.02 0.02 0.04
Unplastered tiled wall 0.02 0.03 0.03 0.04 0.05 0.07

Table 3-1 Examples of absorption coefficients.

As the absorption coefficient is dependent on the frequeameygound technical estimates will

therefore be treated as a function of the frequency, e.gfrieguencies (low notes) separately
and high frequencies (loud notes) separately, see figur2 8#fich shows that sound absorbing
materials can be classified after an international stamkddystem, where class A is the most
sound absorbing while class E is the least sound absorbing.
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Fig. 3-12 Sound absorption class according to ISO 11654.

The standard ISO 11654 is developed with the wish to simpitig/description of the sound
regulation. It should be noted that you cannot concludedlotdss A absorber sound technically
is better than for example a class E absorber. This dependkatthe room is going to be used
for.

In practice you distinguish between 3 typegaksiveabsorbers

¢ Porous absorbers
4 Resonance absorbers

¢ Membrane absorbers

The porous absorbegire porous, air penetrating materials like Rockwool, glagslycarpets
etc, which have a good absorption ability within a wide freaqcy range dependent on the
thickness and the placement of the material

The absorption ability increases with the frequency andefioee porosity absorber finds first
of all its use where absorption is wanted at average heighhayh frequencies.

Porosity absorbers work at the energy consumption thatodymed when the particles of air
move inside the porous material. Hereby the kinetic enefgpadicles of air is converted into
heat energy by friction. To obtain a large friction the metlenust have a large number of small
openings or pores so that a large friction for the sound pressaves can be made. Regarding
porosity absorbers it is characteristic that an additi@msorption at low frequencies can be
obtained by pulling our the absorber quite a bit out from adeaulying surface. This is the
principle you use at hanging ceilings, which are loweredualio2-0.3m compared to a firm
ceiling.
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Fig. 3—13 Change inx as a function of frequency. The material is felt.

From figure 3-13 it is seen that a porous absorber is mostig#d¢o absorb at high frequencies.
The efficiency depends on the thickness of the materialiveltd the wave length of the sound.
In order to a porous absorber is effective at a given frequéme material thickness has to be
at leastl /4 of the wave length of the sound.

Example 3.1: Necessary thickness of porous absorber
A material with a thickness of 0.15m will at a room temperatair20°C' absorb the sound with a frequency greater

than

¢ 343
— = =572 H 3-9
N Toap et (3-9)

f=

Absorption at low average height frequencies or in a detichitequency range can be produced
by means ofresonanceandmembrane absorbeiThese only give absorption within a narrow
frequency interval which, however, in connection with teeanance- or membrane absorber
can be enlarged by using a porosity absorber. Resonancéabsare typical perforated sheets
separated from an underlying surface. Thus, in this spaofies used a porosity absorber.
On the other hand, membrane absorbers are sheets withéutgpens, which also are placed
separately from an underlying surface. Regarding the rem@narsorbers and the porosity
absorber it is applied that they together with the undegyiollow space make a mechanical
system which absorbs the energy by the resonance frequéniog eystem. Therefore, they
are only effective for absorption of sound energy in a liftlequency interval around these
resonance frequencies. In chapter 5 there are exampleadaigal use of these different types
of arsorbers. When the separate arsorbers are known for g tbemthesquivalent absorption
area, A with the unitm?2-Sabine, which states the number of absorption units of g@cgta
surface or a room, can be calculated by

A=) "8 (3-10)
=1

where«; is the absorption coefficient of part areéisof the i'th part of for example the:
surfaces of a room, which contributes to the absorption®tthund. From
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Table 3-2 shows an example of the absorption coefficients f@ooden chair and a person,
respectively, which can be included in an equivalent alisor@area by

A= i OéiSi + i Ajnj (3—11)
=1 =1

n; is the number of each unit (for example persons, chairs)chvach has the absorption area
A;. ng is the number of units.

125 Hz| 250 Hz| 500 Hz| 1000 Hz| 2000 Hz| 4000 Hz
wooden chair 0,15 0,11 0,10 0,07 0,06 0,07
person 0,02 0,02 0,03 0,04 0,04 0,05
Table 3-2 Equivalent absorption area of persons and chairs .

In normal offices, class rooms etc., where the volume is less 800 - 5002, it is not nec-
essary to show consideration fair absorption In larger rooms the absorption of the air plays
a certain part at higher frequencies, where it contribudebe total equivalent absorption area.
This contributionS,;,. can be calculated as an equivalent absorption area

Soir = AmV (3-12)

whereV is the volume andn is a frequency-dependent factor which varies accordingpéo t
relative humidity, see table 3-3

125 Hz| 250 Hz| 500 Hz| 1000 Hz| 2000 Hz| 4000 Hz
4m 0 0 0.0016| 0.0040 | 0.0096 | 0.0240
Table 3-3 The contribution of air to the equivalent absorption area086 humidity.

When the absorption of the air is considered then the equivalesorption area becomes

=1
When the equivalent absorption aréas known you can define the average absorption coeffi-
cient of a roonm,,, as

A 2711 CYZ'SZ'
= === 3-14
S Z?:l Si ( )
wheres is the total area of absorbed surfaces in a room.

A

3.3.2 Fields of Sound in Closed Room

The sound pressure level in a spherical field of sound is de&fiyethe sound effect and the
distance from the sound source, see (2-52). If a great rgflestirface in a field of sound
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is placed nearby the sound source, then there will be bo#tidgound and reflective sound
in a point in the field of sound. The reflective sound will beayeld compared to the direct
sound because of the longer way and it is weaker, as a pareafahnd energy is absorbed
by the reflective surface. l.e. when the sound source isrupgtrd then first the direct sound
disappears and then later on the reflective sound.

If there are more reflective surfaces around a sound sowdbgeee is in a closed room, there
will be more reflections to come from each side together witirect sound.

The reflective sound will consist of sound which is reflectadeoand reflective sound which is
reflected several times from the surrounding surfaces, geefB—14. Regarding the individual
surrounding surfaces, if it is accepted that~ 0, i.e. they do not absorb any important sound
energy, then the energy density will be almost constantenithole room, illustrated in figure
3-16 at the homogeneous distribution of the wave fronts. cdyutalk about a perfect diffuse
field of sounddiffuse sound fieldif the energy density in a given point in a closed room is
homogeneous distributed in all directions, i.e. you prestwonhave the same energy density
all over the room and with equal probability in all direct®onlt happens practically with a
fairly good approximation only in acoustic laboratoriesr sound rooms) which are used
by acoustic test with more sound sources. This intuitive approximate explanation of a
diffuse sound of field is based on the theories which were nratte section about geometrical
architectural acoustics. That is to say that you assumesthatd radiates and reflects as "light
beams”. Approximately, you can assume to have a diffusedofifield in a big room with
very reflective walls, floors, and ceilings and several fieldsound.

Fig. 3—14 Direct and reflective sound in a closed room.
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Fig. 3-15 Field of sound with direct and a great number of reflection atosed room.

3.3.3 Stationary and Transient Energy Density in a Closed Room

When a field of sound occurs in a room it is understood to takeeptaomentarily, as you first
hear the direct sound, after which the sound level gradwallygrow in strength because of the
sound from the reflections. If a sounding body with the efféds lit in a closed room with
the volumeV/, there will be a growth of the energy dens@which will be equal to the added
effect minus that part of incident sound enefgywhich is absorbed by surrounding walls. That
equilibrium can be written if you assume a diffuse field ofrstu

v% —P{t)-1; A (3-15)

In a room with a diffuse field of sound the total incident sowmrgy per unit of time of a
surface with the aredS can be defined by projectingds(6)dS) the intensity=dV /4mr? into
the surface dS. This gives

I, dS = / =V os(0)dS (3-16)
\4

42

where it is assumed that the sound radiates equally in @ttlans from the volume element
dV with the energy density. The volume element is placed in the distanéeom the wall, see
figure 3—-16, which means thdt” can be described

dV = dr rdf rsin(0)dy = r*sin(0)dydfdr (3-17)
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Fig. 3-16 Figure with angles.

From (3-15) and (3—-17) the total energy from all the voluneer&ints in the distaneecan now
be defined by integration of the anglesandd

47

asdt = dr/c indicates the time lag it takes to the total energy/into run throughis. (3-18)
shows that the intensity in a diffuse field of sound is a fowtlhe intensity in a plane wave
(2-34).

As a diffuse field of sound can be understood as being compoiadbt of uncorrelated plane
fields of sound, then the energy density becomes, see (2—-31)

w/2 T 5 ce
I = 5 cos(0)r”sin(0)drdydd = — (3-18)
0 0 r 4

~2

- p2 (3-19)
PsC
With this (3—18) can be written as
~2
JA—— (3-20)
4dpsc

From (3—15) it can be seen that for the stationary state (o) the stationary energy density is
e, in a diffuse field of sound

_ 4P
T A
(3-19) and (3-21) give with this the following simple exmiess to define the effective sound
pressure in a point, when the effect of the sounding body la@@¢uivalent absorption area of

the room is known.
5 dpscP
= 3-22
P=1"3 ( )

By using (2—-45) together with (3—22) the sound pressure [Byéh a stationary diffuse room
can be written

(3-21)

€s

4
L,~ L, + 10log <Z> (3-23)
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As the direct sound will be dominant just around the sounbimdy the relation is applied when
the sound pressure is considered in a great distafroen the sounding body.

In the same way as it is possible to make a relation betwgeand L, in a free spherical field
of sound (2—48), it can also be made to a compound field of smuadoom. By using??) L;

is defined by

~2 =9 9
p b~ Do 100
L; =101 =101 — =L 101 =L,—6dB (3-24
I og <4PSC]0> og (p% 4PSCIO) p T 0g ( sC> P ( )

From this it can be seen that for a diffuse field of soundindL, are not identical, as it is for
a plane field of sound and a spherical field of sound in thenti$id, see (2—48).

Generally, a field of sound in a closed room is not diffuse. réfege, to calculate the level of
the sound pressure in a closed room you can assume that theffsgund is a combination of
a free spherical field of sound and a diffuse field of sounds fineans that the effective sound
pressure is given by a sum of the effective sound pressune tine spherical field of sound
(2—39) and the diffuse field of sound (3—-22), respectively

_ Ppsc  4pgscP 1 4
2 _ s s = Pp, = 3-25
b (47T7"2 * A ) ps€ (47T7"2 * A) ( )

However, by using (2—-45) the sound pressure aoabined sound fielsh a closed room will
then be

1 4
L,~ L, + 10log (m + Z) (3-26)

In a stationary diffuse field of sound the sound is reflectethfsurrounding surfaces minimum
once, which gives the reduced sound effe¢t — «,,,). This means that (3—22) can be written

. dpscP(1 — ayy)  4pscP A
b A R =1 (3=27)
whereR is mentioned as the room constant. With this (3—26) will bencied to
L,~ L, +101 ! +4 (3-28)
P o8 d7r? R

Figure 3—17 shows howom damping L, — L,,) varies as a function of the room constant and
the distance to the sounding body. The figure shows that im& distance from the sounding
body in a room with a big?, i.e. a great equivalent absorption avédL, — L,,) is reduced
when the distanceis increased. Opposite to this, with a too littk(L,, — L,,) is on the whole
constant. It should be noticed that (3—28) under- and otierate the sound level close to and
far from the sounding body, respectively.The figure alsashthat there is a limit to how much
(L, — L,,) can be reduced by increasity This limit corresponds to 6dB by a doubling of
which corresponds to the result from the law of range (2—38).
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Fig. 3-17 The sound pressure level as a function of the room congtamd the distance to the sounding body
in a closed room .

Table 3-4 shows typical values of room damping at differgpés of rooms, see (Valbjgrn et al.,
2000).

Type of room | Room damping Description
Normal office 4 dB(A) Wall-to-wall carpeting
Open-plan officel 12 dB(A) Carpet and sound absorbing ceiling
Conference room 10 dB(A) Carpet and sound absorbing ceiling
Classroom 7 dB(A) Sound absorbing ceiling and 2 walls with notice boards
Bedroom 4 dB(A)

Table 3-4 Typical values of room dampin@.,, — L.,) .

If P is assumed to be constant in (3—15), a stationary situatibarse at a time, where the
absorbed sound energy is equal to the sent out sound energytfie sounding body. The
stationary complete solution to (3—15) is given by

€= % (1 — e_%t> = g4 <1 — e_;;c> ty = % (3-29)

wheret,, is designated as a time constant. If the sounding body isftafter that the energy
density has attained its stationary condition, then thesiemt solution to (3—15) will be

t

E=¢cse W (3-30)

(3—-29) and (3-30) show that the growth and the dying from thexgy density of a field of
sound happen at the same exponential function.
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3.3.4 Reverberation Time

The figures 3—18 and 3-21 show the relative energy density:sgrowth and dying in a closed
room in a linear and logarithmic correspondence, respagtivThe time constant in (3—-29)
decides how quick the energy density will grow in a closedwodf the equivalent absorption
areaA is small then it will take relatively long time before the egyedensity in a room reaches
its final stationary value. The figures show as mentionedegdHat the human ear perceives
that the growth from a field of sound happens momentarily,casfyst hear the direct sound,
after which the sound level gradually will grow in strength account of the sound from the
reflections. When the sounding body in a room is cut off thenféeding will be as if the
sound disappears very slow. This is due to the fact that #feesounding body is cut off then
there will be lots of reflections from the sent sound from the@unding surfaces, see figure
3-15. Not before these reflections cease the field of soundiwibway. This gradually fall in
the sound energy is mentioned reverberation. This revatiberprocess is quite clear in some
rooms and is among others important for intelligible spech room. For example, if the
temporal distance between some syllables and words froneakepin an auditorium is less
than the time it takes for this sent sound to die away, themaggstt pronounced syllable can
still be heard when the next syllable or word is said. Thid give an acoustics where it is
difficult to distinguish the single sounds from each other.te other hand, regarding music it
is just an advantage that there is a superposition betweesirigle notes, so that the sound is
perceived as melting together. A room with a hard sound i®mrehere the sound is hanging
in the room for a long time - long reverberation, while a rooithva short reverberation will be
considered as a dead room.

w| &
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Fig. 3-18 Relative energy density as a function of the time in a lineacfion.




62 Chapter 3 — Architectural Acoustics - Sound Regulation in Buildings

0 T
7~ rf
w| 10

N———
Q0-20+
o

—

O-301
—

0‘.2 0‘.4 0‘.6 0‘.8 t fs] 1‘42 1‘.4 1‘.6 1‘.8 2
Fig. 3-19 Relative energy density as a function of the time in a logarit function.

Subjectively, a room with a long reverberation is considems being "resounding”, while a
short reverberation is considered as if the room is "souratiie The most objective target
for a room’s acoustic quality is the reverberation time whie the time that passes before a
momentarily cut off sound pressure level from a source ohdoar noise is fallen 60dB. In
small rooms with parallel walls it happens that the dyinghaffield of sound often differs from
the expected rectilinear course as shown in figure 3-21. eftwey, it is difficult to define a
real reverberation, also because that the conditions ofttte architectural acoustics are not
fulfilled. On the other hand, for greater room it is possilalertake an objective target for the
reverberation. Using (2—45), (3—30), and (3—19) you getrgals formula of reverberation

_t 10 ¢
60 = 101 ( t ) - ' 3-31
RGN 2,303 1; (3-31)
If (3—31) is solved as regards to= T’,;, you get
1% 1%

whereTys,, is the reverberation is in seconds atxB43 m/s. That you can call it Sabine” s
reverberation formula is due to the fact that W.C. Sabineeérpigriod from 1895 to 1898 came
to the same formula after some tests. In 1895 Sabine stuthgsiqs at Harvard, where you
had some troubles with the sound in a new-built auditoriung@~Art Museum). Sabine was
set to solve the problem and the investigations and testsdue ithe next three years brought
to the formula of reverberation. As the reverberation depern the geometry of the room
and the sound absorbing qualities of the surrounding sesfaten the reverberation will be
frequency dependent and therefore, it is important by ¢atlicuns to consider the frequency
dependence of the reverberation. Normally, 6 standardiénecjes with 1/1 octavo intervals
and the center frequencies 125, 250, 500, 1000, 2000, 400&réHmsed in the architectural
acoustics, which is the frequency range which is intergdiom speech and music. Normally,
if only a reverberation is stated, it is done at 500Hz. Mangpbe think that the reverberation
should be as homogeneous as possible in all octavo bandatsdlttine frequencies are treated
in the same way. As it is seen from the absorption coefficierappendix B, it is often difficult
to get the reverberation down at the low frequencies. But adeaaf-thumb a placing of a
great porous absorber in the corners of the room could hepanlthis problem, as there is a
pressure maximum for all frequencies in the corners of arggtlar room. However, this will
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also lower the reverberation at the other frequencies. Withit can be seen that it can be a
complicated matter to optimize a reverberation of a room.

Already in the project phase you should consider the camtitthat ensure an optimal reverber-
ation in a given room. Often the size of the room and the flodnaall surfaces are determined
beforehand which means that the possibility of the revetimr often is limited to the ceiling
construction. Here a short reverberation causes a larggityuaf absorbing material whereas
the opposite results in a long reverberation.

Regarding rooms with noisy activities, workshops and so ené¢lerberation should be as low
as possible. In other types of rooms, for example classrammasiditoria which are used for
speech, the optimal reverberation is 6,3.,2 seconds, dependent of the size. The reverberation
must not be too long as the speech will then be resounding dinclldl to understand. On
the other hand, the reverberation must not be too shortre#isethere will then be a risk of
the speech dying out before it reaches the audience. Roonpsdotising music demand a
longer reverberation + 2,5 seconds, so that the music does not sound dead. Heretimalop
value depends very much on what kind of music is being distus8esides, generally it is
applied that the reverberation of a room is strongly depehde whether the room is crowded
with people or not. That you do not want the same reverberati@ room which is used for
speech and a room which is used for music as in a church gieenipatible demands to the
reverberation. Figure 3—20 shows an example of the corarebgtween the volume of a room
and the instructive reverberatior?) (
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Fig. 3—20 The connection between the volume of the room and the reradibe.

In (Stephens and Bate, 1950) the following simple formulaemommended to determination
of an instructive optimal reverberation at 500 Hz

Tsap = K(0,0118VY3 +0,1070) (3-33)
whereK is put to be
¢ K=4, for room to speech

¢ K=5, for room to music from an orchestra
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¢ K=6, for room to choir-singing

One thing is to define the reverberation in aroom, but as a inoeality consists of two or more
connected rooms, for example in a theater where the stage ioooupled to the room with
the audience, then the reverberation has to be calculate@éb of the rooms, as no absorption
between the rooms = 1 is assumed. (Rindel, 1990) has made an offer for how you then
should act. Generally, it can be concluded that in acoustipled rooms the inconvenience are
greatest in that case that you are in the room with a shorterlveration than in the coupled
room.

In chapter 5 there will be given some examples of how the bmrations can be regulated by
using different materials and designs of rooms, so that yuayerberations which can live op

to the claims in (og Boligstyrelsen, 1995).

3.3.5 The Validity of The Sabine Reverberation Formula

(3-32) is good for a quick estimation @f,,, in a given room and gives good results at the most
applications. However, (3—-32) has many limitations in g&,uamong others because it does
not consider the shape of the room together with the plackesdbsorbing material. (3-32) is
based on the following theories

4 diffuse field of sound

4 absorbing material placed homogeneously on all surfaces
4 no big openings

4 the field of sound is diffuse

4 the sound disperses with the same probability in all diogsti

4 no focusing

These theories are difficult to fulfil in many cases. For exampan auditorium the sound will
be sent out in one direction, and you have a great differem@bsorbing areas. The theory
about a diffuse field of sound is also difficult to fulfil. Thelfleof sound in a given room can be
considered as diffuse for frequencies over $der’s limiting frequencyfs.,

Tsa
Foen = 1900 vb (3-34)

When you have a homogeneous place of absorbing material iona &abine” s reverberation
formula gives good results, as one of the fundamental assomspof the formula is fulfilled.
However, by increasing the quantity of the absorbing maltéhie results become even more
worse. Among others it is seen that (3—32) is not appliederlitte wherev,,, = 1, correspond-
ing to a free range.

The formula should never be used by calculating the revatioer in strong damping rooms
where the sound intensity varies very much with the distdandde sounding body. With a
reasonable accuracy it can be used when it comes to the sibgtaption coefficients that
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a < 0,2 separately and the average absorption coefficignt< 0,2 — 0,3 which in most
cases can be fulfilled. If the average absorption coeffi@goeeds 0,3 the reverberation can be
calculated according to Eyring” s formula

Vv
—Sn(l — ap)
This expression can be derived in the same way as (3—32) bynass that the energy density
in the room is based on a theory about reflections from planesvaAt every reflection the
energy density is reduced with a factot - «,,)). Eyring’s formula gives good results, if the
room has a homogeneous distribution of absorbing matdfigbu have a room with a great
variation in absorbing material it is better to use Millingt-Sette’s formula

Tsap = 0,161 (3-35)

Vv
Yo, —=Sin(1 — o)
where you just have substituted an average value for theitbgeof the absorption coefficients
of the individual surfaces. This formula gives in principl®re weight to absorbing material
than it has importance for the reverberation.
In table (3-5) are shown the results from calculated revetimns which are obtained by differ-
ent formulas not for calculation of the reverberation foligiimom of 308 mi with a moderate
number of absorbing material.
The formulas are not mentioned above as they are only matitircaf Eyring’s formula, where
you suggest different ways of considering variation in theaption coefficients. Table (3-6)
shows the reverberation for the same room, in which two iffekinds of measuring positions
are used, in the middle of the room and alongside the roompeotisely. When the results in
the tables are compared a great variation in the calculatadts are seen, dependent on which
fundamental assumptions you base your calculations. Merea great variation between cal-
culated and measured values is seen. From this it can beuckmatcthat care has to be devoted
every time you have to choose one of the formulas for calingdhe reverberation in a room.
Especially, when it is a room with no straight shape.

Tsa = 0, 161

(3-36)

Formula 125 Hz| 250 Hz| 500 Hz| 1 kHz | 2 kHz | 4 kHz
Sabine 1.42 0.90 0.68 0.78 | 0.72 | 0.68
Eyring 1.34 0.82 0.60 0.71 | 0.64 | 0.60

Arau 1.63 1.00 0.66 0.80 | 0.69 | 0.64
Fitzroy-Sabing 2.07 1.34 0.83 1.01 | 0.83 | 0.79
Fitzroy-Eyring| 1.99 1.26 0.75 | 0.94 | 0.75 | 0.71

Table 3-5 Comparison of calculated reverberation.

3.4 Objective Acoustic Measure

For many years after that W.C Sabine recommended his for8u&®) for determination of the
reverberation in a closed room, this was the only acoustasune to determine the acoustics
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125 Hz| 250 Hz| 500 Hz| 1 kHz | 2 kHz | 4 kHz

Position 1| 1.77 1.54 1.52 1.62 | 1.67 | 1.70

Position 2| 2.04 154 1.53 1.62 | 1.67 | 1.70

Average | 1.91 1.54 1.53 162 | 1.67 | 1.70
Table 3-6 Comparison of measured reverberations.

of aroom. To many engineers and architects this is still tiig measure they use to-day. With
the passage of time many different objective architecacalistic measures are recommended
to define the acoustic conditions of a room and are only meetid@riefly here, see for example
(Rindel, 1990) and?®). Among these the following measures are the most used

¢ EDT (Early Decay Time)

¢ RASTI-index (Rapid Speech Transmission Index)
¢ STI (Speech Transmission Index)

¢ Clarity

¢ Deutlichkeit

Most of these items only show separately consideration ¢oiridividual factors which are
important for the acoustics of a room.

EDT is a measure of the reverberation based on a fall of thedsptessure level of 16 15
dB instead of a fall of 60 dB, because it is this course of thenssration that the human
being can perceive. Objects of good listening conditionglviare good speech intelligibility
which is dependent on sufficient hearing strength and obssris also made. In a room the
speech intelligibility expresses popularly spoken hovagdeal of the spoken message that can
be understood a given place in the room. The speech intelitgidepends strongly on the
signal/noise circumstances and the reverberation. Theckpatelligibility is measured as for
example by a RASTI-index (RApid Speech Transmission Indexjhenscale of 0 to 1. The
speech intelligibility should be at least 0.6 in ordinargssrooms and should preferably be
more than 0.8 before you talk about having a good speechigiipdity in a room. Normally,
the value will vary from seat to seat in a room and in certaisesd’'dead areas” will occur,
where the speech intelligibility is considerably worserthathe rest of the room. To a great
extent the speech intelligibility depends on the acousti@itions mentioned above whether a
room has a good acoustics.

Clarity and Deutlichkeit are related to the first 50 ms of a siwiarrival to the human ear. The
measures give a ratio of the quantity of early and late airsaind energy.

3.5 Internal Noise

Generally, itis applied that a halving of the reverberatianses a reduction in the sound level of
3 dB, which subjectively will be heard as a considerably aledilmprovement in a noisy room.
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Therefore, demands on a reverberation are used as for exatgded in (0og Boligstyrelsen,
1995), among others to lower the sound pressure level inra.roo

To examine how much absorption material which has to be geava room to lower the noise
level the formula (3—-28) can be used, as it gives a connebgtween the room constant and
the sound pressure level in a room. However, to choose treediypbsorption material, you

first have to make a frequency analysis of the sound signallwgives the noise in a room. In

chapter 5 it will be stated how you in practice can solve theaproblems in closed rooms by
using different absorbers.

Sometimes you use a total measures for the noise in the wiegjedncy range. Several methods
exist for this purpose, of which NC, PNC- and NR-curves are msstiu NC-curves (Noise-
Criterion) were developed in 1957 in USA for an estimate ofiinal noise from for example a
ventilating plant. For a spectrum of the noise an NC estircatebe made by plotting the sound
pressure levels from each octave band into an NC curve. Themsa have an NC estimate
which corresponds to the lowest NC-curve that is not exceégetie plotted values. As an
example the results in table 3-7 give an NC estimate of 46¢hvis seen in the figure 3-21,
where the values from the table 3-7 exceed NC-45 with 1 dB at&00

Center frekvens | 62.5| 125 Hz| 250 Hz| 500 Hz| 1 kHz | 2 kHz | 4 kHz | 8kHz
Sound pressure level 41 45 48 50 46 42 40 38
Table 3-7 Results from a noise measurement.
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Fig. 3-21 NC kurver.

PNC-curves (Preferred Noise-Criteria) were introduced ifil1®s a modification of NC-curves
as offices projected out from NC-curves were too noisy reggrdir-conditioning. The figures
in table 3-7 give a PNC judgment of 47.

Generally speaking, NR-curves (Noise-Rating)correspomtidecurves, but are mainly used in
Europe. NR-curves are mentioned in relation to their use anththds in chapter 5.
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