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Absorb ers

Absorbers are used to reduce the noise level in rooms with noisy activities and
to optimise the reverberation time in rooms for speech and music. Absorbers
are also used to attenuate sound in ducts.

The absorption is characterised by the absorption factor ! defined above. For
certain types of absorbers, where the surface area is not easily defined, the
properties are described by their absorption in m* Sabine.

High absorption demands that the incident sound field matches the sound field
it causes in the absorber and that the sound field in the absorber is subject to
high losses. Common material for absorption is mineral wool. The absorption
factor varies with frequency and angle of incidence of the sound. Also, the area
of the absorber has some influence on the absorption factor. It is therefore
important to specify the conditions for which the absorption factor is valid.

In many cases the absorption factor for diffuse sound incidence is of main
interest. Experimentally, it can be determined by the so-called reverberation
room method, shortly described below. The absorption factors for diffuse
sound incidence are commonly used to predict the reverberation time of a room,
see above.

The damping of sound propagating inside a cavity is determined by the losses
due to the sound propagation in the gas (mainly relaxation) and losses at the
surfaces. While it is often difficult to influence the damping in air (this would
mean changes in humidity and temperature) we can design surfaces in order to
obtain the required losses to adjust reverberation time or sound levels. This
adjustment is carried out by the use of so called absorbers. Different physical
principles can be used fo create absorbers. However, what all these principles
have in common is that sound energy is transferred to heat. Typical absorber
types are

porous absorber

resonance absorber (Helmholtz absorber)

membrane absorber
These different absorber types are discussed in the following

The term natural absorbers is used to refer to curtains, furniture, the public in
a lecture room, etc.
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Porous absorb er

In contrary to the wave propagation in structures, for gases the influence of
shear forces can be neglected. Only very close to boundaries shear forces
appear due to the fact that directly at the surface the tangential velocity has
to be equal zero. Often the influence of the shear forces close to boundaries

are neglected when describing the sound — >
propagation in cavities. Even in pipes and fubes —»
offen a plane wave is assumed (i.e. constant —__r
velocity over the cross section of the pipe). ?

However for a pipe closed at both sides, viscous
friction is the main damping mechanism, which is taken into account as a complex
wave humber.

The amount of damping, however is very small. The main "trick" used in porous
materials is o extend the available surface by the special interior structure of
the absorber. A huge surface will lead to an increased viscous friction.
Therefore, a material is used consisting of fibres, often oriented in parallel. The
fibre size (e.g. mineral wool) is normally between 4 and 10 um, the density of the
material is ca. 80 to 130 kg/m3. A very simple model of an absorber just
consists of a few parameters taken into account

¥ the porosity of the absorber, " ,which is the ratio of the volume of air

inside to the total volume of the absorber,

¥ astructural factor,#,describing the amount of open cavities

¥ and the flow resistance $.
The latter is the most important quantity since it characterise the viscous
friction inside the absorber material. A viscous friction will lead to a
modification of Newton's second law. As we used it before, the force was
proportional to the mass times acceleration. Now a damping force is introduced
due to the viscous friction which is proportional to the particle velocity.

! uxll(x’t)+#ux(x,t):$ P'('X,t)
t X
The wave equation for one of the most simple models for an absorber (the so
called Rayleigh model) leads to a modified differential equation for the
propagation of waves inside the absorber

CHALMERS UNIVERSITY OF TECHNOLOGY
Division of Applied Acoustics
E-mail: wolfgang.kropp@chalmers.se




Absor ber
Wolf gang Kropp
9.3

lzp(x,t) ) i)# !zp(x,t) +$_%::

0
| x? cg% | £2 &,

The index '0" indicates quantities belonging to air while other quantities belong
to the absorber. For solving the wave equation we can make the usual approach

p(x, t) = p,e kel

The wave number k_ is assumed fo be different from the wave number in air. It
can be calculated by inserting p(x,t) =p,e /¥’ into the wave equation which

gives

- +0
I k2| EAYREN +j" $—%, 87l =0
el i

or

o H#S

K2 =k 22

°% %S ®)
this gives us a new wave number, which is complex. The imaginary part
represents the damping as one can see when writing the wave number as
k, =k + jk! and inserting it in p(x, T) = p,e **el'" which gives

,D(X,t) :pAe!j(k;Hk"')Xe/#t = p,e'Ikr etk

where the damping is given by the second exponential function which is a
decreasing function with distance. The damping inside the absorber over a

distance Ax can be described as a level AL

| L =10log(e) Im{kx}! x =8.7 Im{kx}! X

The impedance of the absorber can also be calculated from the modified
Newton' second law. One obtains

z(!):"ocowf# $j(;/if

This impedance is complex which means it will contain both a resistive part
(consuming of energy) and a reactive part (just motion of mass).

Assuming that the structural factor and the porosity to be equal unity (which is
often the case) the expression for the impedance simplifies to
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It is obvious that an absorber will only work well as long as the sound can
intrude into the absorber, i.e. the waves are not reflected. The reflection
coefficient can be calculated as

94

I n
r= Z absorber * OCO

Z + HOCO

absorber

For very high frequencies the impedance becomes close to !,c, and the

reflection coefficient is close to zero. This means that all energy is going into
2
the absorber and the absorption coefficient is close to unit ! =1"|r

At low frequencies the impedance of the absorber becomes different from ! c,
and there will be a reflection coefficient different from zero. It is obvious that
in order to have an efficient absorber the impedance of the absorber has to be
adapted (matched) to the impedance of the surrounding medium. This can also
be reached by geometrical means (e.g. having a 'soft' transition from the
surrounding medium to the absorber material).

Technical realisations of absorb ers

Examples of porous absorbers are textiles, mineral wool, wood fibreboards, etc.
In rooms we normally have natural absorbers belonging tfo the group porous
absorbers, such as carpets, furniture, curtains, clothes, etc. The qualities of
mineral wool commonly used for sound absorption have a porosity of 97 - 99 %.
In the absorber the sound waves are attenuated through flow losses caused by
the flow resistance of the porous absorber, which therefore is a very important
parameter. The losses are proportional to particle velocity tfimes flow
resistance. This attenuation has the character attenuation/%and therefore !
increases with increasing frequency. If the porous material is mounted in front
of a hard surface we get an attenuated standing wave in the material.

A high value of the flow resistance leads to high attenuation of the sound wave
in the absorber, but on the other hand a substantial fraction of the sound gets
reflected at the boundary between the air and the absorber. The absorber is
not matched to the sound field in the air and the absorption factor gets
moderate. With a low flow resistance we get a better matching and a high
fraction of the incident sound power penetrates into the absorber, but then a
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comparatively thick absorber is needed to attenuate the sound wave. A high
absorption factor therefore demands a flow resistance not too high and a
material thickness sufficient to attenuate the sound wave during its passage in
the absorber.

If the porous absorber is mounted directly against a hard wall surface, the
particle velocity is much reduced close to the hard surface. Consequently, that
part of the absorption material which is closest to its outer surface contributes
most to the absorption. To get an efficient use of the material it is therefore
common to mount porous absorbers with an airspace behind. This does not
dramatically reduce the absorption compared to if also the airspace was filled
with porous material. In a similar way heavy curtains can give substantial sound
absorption.

Figures 2 - 4 show theoretical curves for porous absorbers with big surface
area (the absorption is therefore very little affected by diffraction at the
edges). Figure 2 shows the influence of thickness. A high absorption factor at
low frequencies demands a thick absorbent. Compare the general discussion
above. Figure 8 shows the positive effect of mounting the porous absorber with
an airspace behind it. Much less material is needed to get reasonable absorption
also at lower frequencies. The variations at the higher frequencies - see
especially curve c - are due to the standing wave pattern in front of the hard
back wall.

This is still more pronounced in Figure 4 showing the absorption factor for a
thin absorber mounted in front of a hard back wall. The curves clearly illustrate
that we get absorption maxima when d = (2n+ 1) %4.

ag

Figure 2 : Porous absorber with different

1.0
e thickness mounted against a hard surface. The

oo 1A ific flow resi 10* kg/m’s. Absorb
T 7 specific flow resistance g/m’s. Absorber
W/ VA area 10° m®. Parameter the thickness of the
R/ VARNV absorber: a) 0,05 m, b) 0,1 m, ¢) 0,15 m. (After
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o Figure 3:Porous absorber with and without
e % airspace behind. Specific flow resistance:
08 104 kg/m3s. Absorber area 10° m®. Absorber
- ///’ //- thickness 5 - 102 m. a) no airspace,

o8 \y v/ b) airspace 0,05 m, c) airspace 0,1 m. (After
Wl /L Lindblad)

// / //
0.2 '/
T 2 a4 8 s 32 84 kHz
" Figure 4:Thin porous absorber mounted in
08 ¥ P front of a hard wall. Specific flow resistance

"),/ /X AL 10° kg/m3/s.Absorber area 10 m®. Absorber

oe 7 \\ /[\\ //'l / ] thickness 5 - 10-3 m. Parameter airspace: a)
Y TN 0,1m, b) 0,2 m. (After Lindblad)

/[ 1/
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A 2 4 .8 16 3.2 64 kHz

| nfluence of cover sheets. Resonance absorb ers

Porous absorbers are fragile. They may collect dust. If they are painted their
absorption is normally decreased. Their absorption is low at low frequencies.
These drawbacks can be partly eliminated and their properties changed by
covering the porous absorber with e g sheet metal or gypsum board. Such cover
sheets can be perforated or un-perforated depending upon purpose. Sometimes
it is desired fo cover the porous absorber with a plastic film, e.g. to get a vapour
barrier or to decrease dust collection.
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Theoretical description of the resonant system

Consider a sound field, frequency f, incident at a porous material mounted
behind a cover sheet. For simplicity we assume perpendicular incidence. See
figure 5a.

R
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PLASTFOLIE, TJOCK ABSORBENT,
YTVIKT m Kg/m? a=1

Figure 5  a) Acoustic system. Sound wave incident at a porous absorber with
cover sheet. b) Mechanical single DOF system.

If we first think of a cover sheet, which is not perforated, e g a thin plastic
film, we can understand that it will be moved back and forth with frequency f by
the sound field. The more lightweight it is the less it will affect the sound field.
Its effect is that of a mass impedance. A perforated plate has the same type of
influence. The “air plugs” in the holes also have mass impedance.

Behind the cover sheet we have a closed volume. A closed volume has the
character of a spring or an acoustic capacitance. The porous material gives
losses so the total system excited by the sound field is a mass-spring system
with losses, a single degree of freedom system (single DOF). Its mechanical
analogy is shown in figure 5b. (At very high frequencies where the porous
material is thick enough to give a high absorption, we will have to modify the
model, see below. Remember that such a mechanical system has the mechanical
impedance, Zy,

Where, F= pS
Acoustic systems we normally characterise by their acoustic impedance, Za,
defined as
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uS = U is the volume velocity [m>/s], which is a meaningful quantity in cases when
the particle velocity has the same magnitude and phase over the whole surface
S.

The mass-spring system has the eigenfrequency, fo

fO:i ﬁ

2! \M
and the acoustic system

N

2! \M,C,
At the frequency fo, the reactive part of the impedance vanishes and the
(particle) velocity for a given force gets determined by the losses only. If the
outer force or sound pressure driving the system has f = fo we get resonance.
At frequencies well below fo, the system response is mainly determined by the
spring impedance - at frequencies well above fo the response is determined by
its mass impedance.
So, the acoustic system with a cover sheet is a resonance absorber having an
absorption maximum at the resonance. The frequency fo can be calculated from
the mass impedance of the cover sheet and the spring impedance of the volume.

Perf orated panel covering porous mat erial
b - - — - —
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a=1
Figure 6. Coupled resonator panel; a perforated panel in front of a porous
absorber.
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Figure 6 shows a typical design of an absorber, which is usually called “coupled
resonators”. To calculate fo we need Ma and Ca; Ma being the acoustic mass of
one hole and G, the acoustic capacitance per hole. With the symbols from figure

/ " 2
6 we get: MA:'—Z(! +Ea) and C, = v _bd
"a

I Ic?

Here ! is the length of the holes (thickness of the panel). Through adequate
design, fo can be placed at any desired frequency. A high value of ! can then be
obtained in the low frequency range. The absorption will, however, be
comparatively high also above fo where the response is determined by the mass
impedance of the perforated panel. In order to give a room in a hall for speech
or music optimal reverberation it is often required to use absorbers which add
absorption at low frequencies without adding absorption also at higher
frequencies, where the natural absorbers provide (often too) much absorption.

Helmholt z re sonat or
One possibility is to use so called Helmholtz resonators, which is the term for
single resonators mounted at long distance from each other. Figure 7a shows
the principle design.

A , M>SABINE

= f

a

Figure 7 a) Principle design of a Helmholtz resonator. b) Schematical
absorption curve for a Helmholtz resonator.

Helmholtz absorbers in buildings can be different kinds of bottle-like
arrangements, where the neck can consist of bricks with single holes mounted in
front of closed volumes behind them. (At Chalmers we have such arrangements
in the ceiling of Gustav Dalénsalen and in the brick walls in several lecture halls
at Horsalsvdgen.)
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The Helmholtz resonator is damped by having a suitable flow resistance in the
neck or by filling the volume with mineral wool. The damping of a Helmholtz
resonator is a much more critical design problem than that of a coupled
resonator panel described above. It is not so easy fo get exact matching
between the field in front of the resonator and the impedance of the resonator.
The absorption of the Helmholtz resonator is given in m* Sabine. The maximum
absorption obtained at resonance for a single Helmholtz resonator which is
correctly matched is given by

where % is the wave length in air at the resonance frequency. It is obvious that
this absorption is much bigger than the area of the neck, so the concept
absorption factor would be meaningless to use. The absorption curve is shown
schematically in Figure 7b.

It is clear that, as a Helmholtz resonator gives absorption in such a narrow
frequency band, it is nhormally needed to have several resonators with different
eigenfrequencies. By choosing the parameters accordingly, any fo can be
obtained also with a small volume, which means a resonator which needs little
space. However, even though the maximum absorption is independent of the
resonator volume, the band width of the Helmholtz resonator gets smaller the
smaller the volume is.

Membrane or panel absorb ers

Another form of resonance absorbers is the membrane or panel absorber.
Figure 8a shows its principle design and Figure 8b its principle absorption curve.
The membrane absorber is a mass-spring system where the mass is given by the
membrane or panel and the spring of the air stiffness and panel stiffness
together. If the distance between the studs is not very small and the panel not
very thick and the air space d small, the air stiffness dominates over the panel
stiffness. Losses are needed to get absorption. The losses are mostly obtained
by having mineral wool in the air space.
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membran med medelhdg ytvikt+ regel
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Figure 8  a) Example of membrane absorber b) Absorption curve for a
membrane absorber

To calculate the eigenfrequency we have

where m is the mass per unit area. If the membrane stiffness may be
neglected,

CA = ﬁ(kd <<])
Ic?
so we get

n 2
fO :i c

2! \md
and in ST units

f1 90

Vmd

With panels of thin plywood or gypsum board the absorber can be designed for
absorption maximum in the frequency range 100 - 400 Hz. A panel of this kind is
not too well matched to the sound field, so the maximum absorption factor is
limited to the order of 0,2 - 0,4. To get higher absorption factor thin
membranes, rather than gypsum panels or wood panels are needed. Such
membrane resonators are often called Békésy absorbers.

| nfluence of plastic films or perf orated panels in front of thick porous
absorbers at high frequencies

CHALMERS UNIVERSITY OF TECHNOLOGY
Division of Applied Acoustics
E-mail: wolfgang.kropp@chalmers.se




Absor ber
Wolf gang Kropp
9.12

In this section we will consider the high frequency behaviour of efficient porous
absorbers covered by a plastic sheet or a perforated panel. At high frequencies
the absorption in the porous material gets high. Then, we do not get any
reactive type impedance of the volume. All sound power which is transmitted
through the cover sheets gets absorbed; the absorption factor then being more
or less equal to the fransmission factor of the cover sheet. As the mass
impedance of it increases with frequency, the cover sheet will allow less and less
sound power to be transmitted through the sheet to be absorbed in the porous
material. Therefore, the sheet will decrease the absorption more and more the
higher the frequency. This influence may be calculated in the same way as we
calculate the transmission factor for a wall at normal incidence. That deduction
is made in another part of the course. Another approach is to use the
expression for the reflection coefficient, r, at a boundary between two media.
See the section “Physical phenomena influence in the sound propagation”, page 5.
The theoretical analysis for this influence of the cover sheet is simplest to do
for a plastic film, so we start with that. We assume that the mineral wool has !
% 1. We refer to Figure 5.
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Figure 9. Influence of a thin sheet of e.g. plastic mounted in front of an
effective porous absorber, the absorber is assumed to have ! = 1.
Parameter mass per unit area of the sheet: a) without sheeft, b)
0,025kg/m2, c) 0,05 kg/m2, d) 0,075 kg/m2, e) 0,1 kg/m2. (After
Lindblad)
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Z,= 5 ""Zf""MA*%

Figure 10. Theoretical model for the calculation of the influence of a
perforated plate in front of a thick absorber. Z; and Z2 are acoustic
impedances, i.e. the ratios between sound pressure and volume
velocity.

At a boundary we have r =274 where Z; and Z; are the impedances of the
Z,+Z,

two media defined as Z =P which are called sound field impedances to
u

distinguish them from acoustic impedances, Za.

The medium 1 (to the left of the plastic film) has the impedance &c. Now, the

incident wave, in addition to the wave it excites in medium 2, also excites the

plastic film for which we have,

ﬁ:j! M,=j! M which is E:j! m. Consequently is Z,=j! m+"c and the

usS S u

reflection coefficient is

jIm+"c#"c
ry =

JjIm+"c+ "c

1

" m )2

2#C

The result is shown graphically in Figure 9. The figure shows, that also rather
thin plastic sheets results in a considerable decrease in high frequency
absorption. An ordinary vapour barrier has a weight of approximately 0,1 kg/m?
The influence at high frequencies of a perforated plate is similar and can be
analysed in the same way. Here, we calculate the impedances per hole, see
Figure 10. We assume that the plate is so thin that we can put ¢ = O in

2
then gives ! | =
1+(

The absorption coefficient !, =1"

lo

M, =

"

I n
—(! +Ea). We get !, > 0,8 for frequencies f <% with the symbols
a

according to Figure 6. Unaffected absorption up fo 3000 Hz can be obtained
with small holes at a very small c¢/c-distance.
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Appendix
Measurement of the absorption factor
Kundt @ tube

Kundt's tube may be used to measure the absorption factor ! o at perpendicular
incidence. It is mainly useful for porous absorbers, figure 1.

The material under test is mounted at the end of the tube. A sound field is
generated with a loudspeaker mounted in the other end of the tube. If the wave
length of the sound is longer than approximately twice the diameter we get an
one dimensional field in the fube - a standing wave. By determining the standing
wave ratio pmax/pmin the absorption factor can be computed

With a two microphone method and digital signal analysis the Kundt's tube can
be used to very rapid measurements of the absorption as a function of
frequency.

There is no exact relation between the absorption at perpendicular and diffuse
incidence and therefore the Kundt's tube method is mainly useful for product
development or material control.

ABSORBENT- HOGTALARE MED
PROV \ CENTRUMH\ALE
EX
Y [~
T
_llL \ ,-L_L, SKALA
MIKROFON
TILL
~ ANALYSATOR
p
)
smax 0
~ . —t—
P min |

Xmin

Figure 1  The Kundt's tube for measuring absorption.
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The reverberation room met hod

The reverberation room method is in principle a very simple method to
determine the absorption factor of a material at diffuse incidence. A test area
of the material is mounted in a reverberant room and the reverberation time is
measured. Using Sabine's formula we get the total absorption of the room. The
test material is then removed and the total absorption of the room is
determined again. The total absorption of the test material is obtained from a
difference between these two measurements. We get

V#L, 1
!S:O,16—€}0—" 1

S$T, T, 1)
where
l's the absorption factor of the material. The index S refers to Sabine
%4 the volume of the test room
S the surface area of the test material
To the reverberation time in the empty room
T1 the reverberation time with the test material mounted.

Sound fields in real rooms are not ideally diffuse. Therefore, measured values
of the absorption factor may vary when the measurements are performed in
different laboratories. To decrease differences an international standard
ISO/DIS 354 specifies the measurement procedure. Absorption factors
measured according fo this standard can be used for most practical cases

The absorption factor can of course not exceed 1. It is not possible to absorb
more power than is incident at the absorber. However, measured values of ! s
may exceed 1. The main reason is that the sound field is diffracted at the edges
of the absorber. The real sound field then deviates substantially from the
diffuse sound field assumed when applying equation (1). ISO/DIS 354 specifies
a test area of approximately 10 m® resulting in somewhat higher absorption
values than for big surface areas. See also figure 2.
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Figure 2.  Porous absorber of different area mounted against a hard surface.
Specific flow resitance 10% kg/m?/s. Absorbers thickness 0,1 m.
Parameter absorber area: a) 1 m?, b) 10 m?, ¢) 10% m?, d) 10° m?, e)
10* m®. (After Lindblad)
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Problems to section 9.

9.1

9.2

93

94

A beer-bottle is a simple example of a Helmholtz resonator. The bottles
neck is ca. 65 mm long and has an inner diameter of ca. 12 mm. The volume
of the bottle is 33 cl.
a) Compare the bottle with a type I mass-spring system. What
corresponds to the mass M, the stiffness K, the damping R and the driving
force F in the case of the beer-bottle?
b) What will the resonance frequency of the bottle be when it is empty?
c¢) How much power is absorbed if R=0?
d) Where in the bottle would you place some mineral wool in order fo
absorb as much sound as possible?
The fan on a computer radiates a very annoying sound at 100 Hz, which
you would like to reduce. Design a panel absorber which reduces the sound
at the frequency of interest. You have access to plaster-boards
(gipsplattor) of 13 mm thickness and density 650 kg/m°.
Design a panel absorber to have a maximum Sabine absorption coefficient
of 0.8 at 125 Hz.
In a workshop a noisy machine radiates strong noise at 100 Hz. To reduce
the sound pressure level in the workshop you want to place absorbers in
the room. Due to the technical process, the available space for the
absorbers is limited o 8 cm from the walls. The materials you have access
to are
1) Bricks with holes: measures: 26 x 13 x 6.5 cm®

78 holes of diameter 1 cm for each brick.
2) Perforated plaster-board thickness: 2.6 cm

hole diameter: 4 mm

distance between holes: 10 cm
3) Solid plaster-board thickness: 2.6 cm

density: 700 kg/m*
4) Air and mineral wool
Which one of the four alternatives should you choose?
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