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Statistic description of sound fields in cavit ies

We all have experienced that the same sound source placed into dif ferent
rooms sound dif ferent, both in colour and in levels (e.g. singing in the bat hroom).
The knowledge of the emitted sound power is not sufficient to characterise the
sound field due to a source inside a cavity. We also have to take into account the
special propert ies of the environment (e.g. the rooms size, damping, re sonances).
This could be done by applying t he concept of modes to calculate the sound field
inside a cavity for a given source. However, this can only be successful at low
frequencies where a few modes are sufficient to describe the dynamic
propert ies of the cavity. At high frequencies, the number of modes, which one
has to consider, exceeds today's computer capacity. Additionally, the accuracy
of such a modal approach is not rewarded by reality. This means that the
resonance frequencies and vibration patterns in reality will not coincide wit h
such predicted by theory. This is mainly due to very small deviations in geomet ry
and/or material properties. The variance of these parameters can not be
predicted easily and instead of a deterministic model, a statistic approach
should be preferr ed.

One considers in this case a so-called dif fuse sound field. Wit h a dif f use sound
field, afield is describ ed, where the effective value of the pressure is assumed
to be identical over the whole field, and where in an arbitrary point, there is no
preference of direction where sound is coming from. The angle of incidence can
be consider ed as randomly distrib uted.

I nreality, the dif fuse sound field is only an ideal field and deviations are to be
expected. How close one comes a perfect dif fuse sound field will depend on the
number of modes in the frequency range of interest, the cavity size, the cavity
shape and the damping. The sound fields in huge volumes and at high fre quencies
will be closer to a dif fuse field than fields in small rooms and at low f re quencies.
Schroeder derived a simple formula that gives a lower frequency limit f, above
which a cavity can be considered as dif fuse. Although the derivation is beyond
the mat erial of this book, the equation is given here

f. =2000 \ﬁ
vV
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V is the volume of the cavity and T is the reverberation time which, as we will
see in the f ollowing, characteris e t he damping in the cavit y.
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A balance equation for the sound energy in a cavity
When considering dynamic systems where energy is added by sources while at
the same time energy is transport ed from the system due to losses, a balance
equation can be established. | magine a small

water basin. At the ground of the basin, small g-ﬂ

holes are leading to a loss of water. These losses
are proport ional to the water level in the basin. ¢

MM—
At the same time water is poured into the basin. ——
- - - /—__\-_—’/ﬁ
The water level in the basin will therefore 8y o

depend on the dif ference between wat er poured

into the basin and water lost through the holes

of the basin.

One can plot the water flow over time and the corre sponding water level in the
basin. After starting to

poor water into the

basin the water level is mv[z/‘["lw &v‘[

slowly rising until a

balance is reached ﬂ -

between water lost > Ve &
through the wholes and f

water poured into the

basin.

Exactly the same relations as for the basin are valid for the case of the sound
field in a cavity. When swit ching on the sound source, the sound level inside the
cavity is increasing. At the same time, we loose energy due to damping in the
cavity. This damping can be due to the absorption in the air or due to the
absorption at the walls of the cavity. The losses are proport ional to the sound
energy in the cavity (i.e. proport ional to the pressure level as shown later). The
level will increase until the sound power W, fed to the cavity during the time
interval ! t is identical to the lost sound power W, during the same time step.
The dif ference between both will lead to a change ! E V of the energy in the
room. Eis the energy density, i.e. the energy per volume unit. This relation can
be expressed as balance equation

W, !t =V E+W,!t
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The lost power W, can be expressed as
W, =2!VE
where 2/ is a constant which depends on the absorption in the cavity which we
do not know yet. When considering very small time steps one can change ! f to a
deriv ative wit h respect to the time.
e _W, I 2"E
da VvV
This is a simple dif f erential equation, which describ es the propert ies of a sound
field in a cavity over time. By using this equation, one can study what happens
when
a source is swit ched on
a balance between lost energy and energy fed to the cavity is reached
(stationary condition
the source is swit ched of f, i.e. W, is zero
We will start with the last case.

Reverb eration time
Assume the source is switched off at the time ¢, . From this time, the sound

. dE _W,
power of the source is set to zero. E =

' 2"E can be writ ten as

dE
T =12E or as % _12vqt
at E
T dE T,
Solution is obtained by integration _[? :—_[ 20dt which gives

to to

4E(1) &

In = 2((t' to)

#E(to)go

In order to remove the logarit hmic function one can take both sides as
£f)
E(to)

In|

exponential functions e

E(t) :E(to)eizu(m")

= e_25(H°) which gives t he solution
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The equation says that the energy in the cavity decreases exponentially over
time when the source is switched off. The total energy in the cavity can be
expressed as the sumof the potential and the kinetic energy

E= Eporenr/a/ +E nerie  Which is E(T) = %%Pz ('/') + % I 4P ('l')

This definition is in analogy to mechanics, where the stif fness is expressed as
1/!¢. In the case of small damping, the kinetic energy equas the potential
. 1
energy and the equation becomes E = —z‘p2 (t)
I'c
This equation relates the energy per unit volume in the cavity to the pressure

~25(t-t
squared in the cavity. Therefor we can writ e E(T) :E(To)e ( 0)as
oot
where pZ., is the pressure in the stationary case, i.e. when a balance between

lost power and power fed to the room has established. This is bef ore the source
is swit ched of f. Taking the root one obtains

plt)=pe 1)

Although we have now obtained a mat hematical description of the sound field in
the cavity after switching off the source, we still have no information
concerning t he damping constant /.

This point was also reached by Walter Clemens Sabine at the end of the 19th
century when he studied the acoustic propert ies of teaching rooms. He defined
the so-called reverberation time, T, as the time period between swit ching of f
the source until it was not possible to hear the sound anymore. Later, when
measurement techniques were improved, the definition was refined. Today, one
defines the reverberation time as the time period until the pressure has
decreased to athousands of its start value

p(T) - pstat - p e—ﬁT
1000 stat

By this definition, it is possible to calculate !/ .

. . . 1 ; .
Applying the natural logarit hm on both sidesin—=In e "one obtains
10
-3In10=-6T with —3In10=6.9 therelation between T and ! is given as
CHALMERS UNI VERSI TY OF TECHNOLOGY
Division of Applied Acoustics
E-mail: wolf gang.kr opp@chalmer s.se



Dif fuse field

Wolf gang Kropp
8.6

)-89
T

This allows by measuring the reverberation time in a cavity to determine the

damping in the room.

The figure shows a typical measurement of the pressure level in the room over

time, when swit ching off the source. A decrease of the pressure to one

thousand of its start value "

: paper speed 10 mm/s
corre sponds to a -60 dB.

Often it is not possible to s ih, M,,; \
measure t he decre ase over w0 M\f\ o \‘; o %{ S
such a wide dynamic range  * N, % \

due to a too high 7 % \ ¥
background level. In this ’: Voer M- \-

-*
-

case, only a part of the
curve is evaluated and the
reverb eration time is calculated out of this result.

3.9s 2,45 1,3s Ts

Stationary sound field

The reverberation time is also import ant for the stationary field since it is
determined by the losses of energy in the cavity. Stationary field means that
there is no change of the energy (i.e. the sound pressure) over time. Therefore,
dE _W,

—n 1 2"E canbe writ tenas W,, =2! VE.
dat Vv
Which is a simple equat ion where we know all parameters. It gives
2
W, = 13.8 vP
T pct

I norder to express the relation in sound pressure level and sound power level
we have to define our ref erence value f or the sound power

2
Wref = pref Sref
I'c

with s _ =Im3and p.. =2 10-5 Pa. This gives W._. =10'"?W, We obtain
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2
10log 22 =10log ©— +10log V1 10log"— +10l0g 3:8Leer
ref pref Vref ref c Tref
wit h
T.=1sand L =1m.
The final form is
v T
L, =Lp+10log—! 10log—! 14dB (23)
ref ref

| f we know the sound power of the source, the volume of the room and the
reverb eration time, the sound pre ssure level in the cavity can be calculat ed by

L =L, 10log— " +10log—— +148

ref ref

The same source gives a lower level in a bigger room than in a smaller one (-3 dB
for doubling the volume). An increase of the damping in the cavity lead to a
decrease of the level (-3 dB for doubling the losses).

Direct field and dif fuse field

| n the previous section, we describ ed the sound field in a cavity as dif fuse. One
propert y of this diffuse field is that the sound pressure level is the same for all
posit ions in the room and that there is no preferr ed dire ction from wher e sound
comes from. Although this is approximately fulfilled for frequencies above the
Schroeder frequency, we know from experie nce that close to a source we will
hear clearly where the sound comes from and the level is clearly incre asing when
coming closer to the source. I n this case, we are in the direct field of the
source. In a cavity, we have both a direct field and a diffuse field. The
transition between both fields is where both fields have the same strength.
Therefore, all what we have todois to find the distance from the source where
the direct field and the diffuse field have the same strength
Py arece =Pl ain use-THE €f fective value of the pressure in the dif fuse field is

w, T . . . .
Py aims e = €2 —2— and the effective value of the pressure in the direct field

138V
. wW.
2 — n
IS peff direct I'c ”I 2
4"r
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By t his one can obtain the radius from the source centre where both fields have
the same strength. This radius is indicated by r, and it can be calculated by

pC—M/i” = pcz MI
47r? 138V

or
[ 138V, 006\&
cT4! T

The igure shows both the direct field and the dif fuse field as a function of the
distance from the source

centre. At the distance fce T ld
. by It
ry, both fields are L,O

identical in strength and @31 \ o,:#w‘ MO/

the level will be incre ased NGl
by 3 dB. \ ~¢dg
One should be aware t hat g1 !

- . . o /1 2 3 b 17
additional damping will - A,
reduce the sound d

pressure level in the
room, but only for the dif fuse field. Receiving positions sit uated in the dir ect
field will not be influenced by the increase of damping.

Regulation of the damping in cavities

Damping in cavities is due to absorption in the medium and absorption on the
surf aces inside the cavity. While the absorption in the medium is dif ficult to
regulate, the propert ies of surf aces can easily be changed. The propert ies of
surf aces is characterised by the absorption coefficient (factor) ! which is
defined as

! :Wloss

Wi,
where W, is the sound power which is lost at the surf ace and W,, is the sound
power of the incident wave. The absorption coefficient ! is a function of
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frequency and angle of incidence. However, for the application of the absorption
coefficient in dif fuse field, we have to find an averaged !/ , since we have no
information about the angle of incidence (see definition of a dif fuse field). In
the f ollowing, we will derive the relation between the absorption coef ficient and
the reverberation time.

We will start with plane waves. For plane waves in normal direction to the
surf ace (e.g. in a duct wit h dimensions small compared to the wavelength) the
incident sound power is relatively easy to calculate. It is

W- :S psff
" Ie

and the lost power is
p2
— ff
|/1//oss,p/ane =1 nor'ma/(f)s :C

where | . is the absorption coefficient for normal incidence. By using
W, . =2! VE one obtains

pz
w, =/ () ST =2#/E

loss, plane * normal
c

and finally replacing the energy density E by the pressure squared divided by
Ic?

1
"CZ
I n this wave, one calculat es the damping constant / and also the reverberation
time T.

02
'I normal (f)s :_ﬂ = 2#\/
c

2
peff

n C

'I: narmal(f)S_

2V
Thereverberationtime T is

6 anormal(f )8: A

where A is the equivalent Absorptionarea A=!S

For oblique incidence and in a dif fuse field the situation becomes somewhat
more complicat ed. One could consider the dif fuse field as an infinit e number of
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plane waves propagating in dif ferent directions. The intensity for the plane
waves in such a dif fuse field is

2
I:pei:EC
Ic

When considering a small area S, the intensity will only be half of this value
since only waves toward s the area f rom one dire ction are considered

2
I = _peff = E
in
2pc 2
Since the plane waves will come under dif ferent angles, only the component in
normal dire ction toward s t he surf ace should be considered

Ty = 22 =Efcos{ o)

where !/ is the angle of incidence related to the normal incidence.

Since we have a diffuse field, all
angles of incidence are possible and
it IS necessary to integrate over all
angles. The lost power is the
intensity times the surf ace times the
absorption coefficient.

—

loss

ﬁszg/#(gé (")SEc cos(" )sin(” )R Rusa"
6 o 2HR

The first integration over ! gives

W ss = SECZZ;Z2 ﬂfoc(z?)SEccos(z?)sin(ﬁ)dﬁ

For the second integration, it is assumed that we can replace ! by an average
absorption coefficient T~

1 #/2
W, =SEc= $7‘SEccos(” )sin(" )d"

0
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The last integral gives only the factor 1/2 and t he lost power is

Wy, =575
4

| n comparison to the one-dimensional case, the lost power is by a factor 1/ 4
smaller. The equation for the reverberation time will therefore be
_6.9_4"138V $O.163!

! #Sc A
Wit h this equation, we have now finally a relation between the reverberation
time and the damping due to absorption on surf aces in the cavity. Wit h these
results, we can also calculate the sound pressure levels in cavities by known

sound power level and known equivalent absorption area.

T

A
L,=L," 10IogZ

The derivation of the absorption in the dif fuse sound field demonstrated in the
previous text is a standard derivation you can often find in text books. However,
it contains cert ain assumptions and is therefore only valid for small values of T .
A more corre ct version of reverberationtime is

T = 55.25V
In(l—ﬁ)Sc
For the measurement of the absorption coefficient of materials, the

reverb eration time is measured in a room wit h and wit hout the material. The
dif f erence in equivalent absorption area can be calculat ed as

o 1 17
Amateria/ :A/vith ! A/Vithout =0.163V, | :

with Twithout 8
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Problems to section 8

8.1

8.2

8.3

84

Consider areverberation room of dimensions 6.84 x 5.565 x 4.72 m*. The
average surf ace Sabine absorption coefficients for the third octave
bands between 63 Hz and 8 kHz are re spectively: 0.010, 0.010, 0.011,
0.011, 0.013,0.015, 0.017, 0.017, 0.018, 0.018, 0.019, 0.020, 0.022, 0.025,
0.028, 0.031, 0.034, 0.037, 0.040, 0.044, 0.047, 0.050.

a) Calculat e the room reverb eration times in each one-t hird octave band.
b) What is the lowest third octave band that can be used for accurate
sound power measurements where a statistical description of the sound
field is required?

c) What is the lowest suitable frequency band for octave band noise
measurement s?

d) What is the lowest frequency for pure tone measurement s?

Find the mean Sabine absorption coefficient for a room of dimensions

6.84 x 5.565 x 4.72 m®, if the floor and ceiling have a mean absorption
coefficient of 0.02, the two smaller walls a coefficient of 0.05 and the
large walls a coef ficient of 0.06.

A room of dimensions 8 x 6 x 3 m® has an absorption coef ficient of 0.05
everywhere except in the roof, which is covered by absorb ing mat eria |l
having the absorption coefficient 0.15 (values for the octave band wit h
centre frequency 125 Hz).

a) Calculat e the sound pre ssure level in the dif fuse field caused by a
broad band noise source inside the room. The noise source radiates an
acoustic power of 25 mW in the 125 Hz octave band.

b) At what distance fromthe source will the dire ct sound field be equal
to the dif fuse field inside the room? Assume that the source is omni-
directional i.e. it radiates equally in all dire ctions.

An electric motor produces a stationary sound pressure level of 74 dB re
20 pPain the dif fuse field in a room of dimensions 3.05 x 6.10 x 15.24 m®.
The measured reverberationtime in the roomis 2 s.

a) What is the acoustic sound power level from the motor relative 10
wW?
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b) How much addit ional absorption mat erial must be added to the roomin
order toreduce the pressure level in the dif fuse field by 10 dB? The
absorb er material has an absorption coefficient of 0.9

c) What is the new reverb eration time of the room?

A machine in a small works hop radiat es t he acoustic power accordingto
the table below. The dimensions of the roomare Wx Lx H=5x 2 x 3 m°.
The walls and the floor have an absorption coefficient of 0.2. The roof is
covered wit h an acoustic absorb er having the absorption coefficient 0.8
a) Calculat e the reverb eration time in t he works hop

b) Above what frequency can the sound field be considered as dif f use?

c) Calculate the total A-weight ed sound pre ssure level a personin the

dif fuse field is exposed to, due to the noise from t he machine.

f [Hz] 250 1000 4000
Lw [dBre 10742
100 90 85
W]

I nafactory workshop of dimensions 10 x 7 x 4 m® is a noisy machine
which radiat es an acoustic power level of 80 dBre 102 W. The

reverb eration time of the roomis 1.0 s. The operator works at a distance
of 80 cm from the machine. The machine can be considered as omni-

dire ctional.

a) What sound pressure level is the operator exposed t 0?

b) The noise level at the operator is to be reduced by 3 dB. This can be
done by increasing the total absorptionin the factory by placing
absorbing mat erial wit h absorption coefficient 0.9 at the walls and in the
roof . Anot her solution would be to build an enclosure around t he machine.
How much addit ional absorb er mat erial must be added to the room or
what reduction index must the enclosure have, in order to give the
appropriate noise reduction at the operator?

A noisy machine in a fact ory works hop radiat es a sound power level in

oct ave bands according tothe table below. The levels in ot her oct ave
bands may be neglected. A cabin for the foreman is going to be built,
having atotal area of 12 m? towards the factory. The equivalent
absorption area for the works hop (Aw) and for the planned cabin (A¢) can
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be found in the table. The accept able noise levels in the reverb eration
field inside the cabin, which corre spond to a total sound pressure level of
60 dB(A), are also found in the table. What reduction index is needed f or
t he cabin wall toward s t he works hop t o reach t his noise level in the cabin?

f [Hz] 500 1000 2000
Lw [dB] 96 99 97
Au 20 22 25
Ac 10 13 14
Lpe 58 55 54
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