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Sound absorption

• Absorption coefficient

• Reduction of sound 
intensity level, D [dB], in 
the boundary:  D=LIi - LIr
[dB]
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Absorption vs. transmission
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A Heavy construction
B Lightweight doublewall construction
C Construction and absorbing material
D Absorbing material alone

• Good sound insulation: 
massive and airtight layers
provide large impedance and 
strong reflection. Energy is not
lost but reflected back.

• Good sound absorption: 
porous layers with viscose losses
provide low impedance and easy
access for the waves to get in but
the waves will be dampened and 
transformed to heat due to 
friction in the microscopic pores
of the material. 



Measurement of sound absorption
Impedance method ISO 10534-2
• Normal sound incidence
• Loudspeaker produces a plane

wave inside the tube when
diameter > wavelength

• Specimen either directly against
rigid backing or separated from it 
with air cavity

• Diameters of the tube: 
• 80-800 Hz: 100 mm, 
• 125-2500 Hz: 63 mm; 
• 500-8000 Hz: 29 mm

• Water cutting is used to prepate
accurate specimen sizes

• Fast method for research and 
development

• Most prediction models are also
valid only for normal incidence

• The values are lower than with 
reverberation room method
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• The ratio of pressure p and particle
velocity u is denoted by Zx when
one-dimensional sound 
propagation along x-axis is 
considered. 

• Porous materials are characterized
by two characteristic variables:

• Characteristic wave number a [1/m], 
also known as propagation constant

• Characteristic complex impedance Za
[Pas/m]:

• These values are independent on 
thickness (normalized to 1 m 
thickness)
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Characteristic impedance Za

• Za depends on the speed of sound ca in the material
• High sound absorption: 

• small ca and small impedance
• imaginary component is small
• real component is small and matches well with air, 

• Z0=r0c0=413 kg/sm2 in air in 20 C
• always poor sound insulation: sound is easily propagating through the

material and very little is reflected back.
• High sound insulation (or reduction): 

• large ca and large impedance
• imaginary component is large
• real component can be very small or negligible
• always poor sound absorption: reflection is strong due to strong impedance

mismatch with Z0

• Any single piece of material cannot be both highly sound absorbing
and sound insulating. Hybrid is needed to reach them both.

6



Characteristic wave number a

• Complex wavenumber appears in the 
one-dimensional harmonic plane wave
in the following way.

• Wavenumber can be determined by
measuring the amplitude as a function
of distance:
• ': attenuation
• '': phase
• unit [1/m]

• Wavenumber is usually not measured
since it has to be done inside the
material
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Wave number and impedance in air

8

• The losses in the media are described by
• the real part of a; 
• the imaginary part of Za

• The losses are negligible in air and the
wave number in air, 0, is imaginary but
frequency-dependent

• The characteristic impedance of air is 
constantly Z0=0c0=413 kg/sm2

• 0 [kg/m3] is the density of air, 1.2041 
kg/m3 at 20 C

• c0 [m/s] is the speed of sound in air, 343 
m/s
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Specific flow resistivity
• Specific flow resistivity is used to predict the

characteristic impedance of porous materials.
• Flow resistance R [Pas/m3]

• pressure difference over the specimen p [Pa]
• flow rate through the specimen qv [m3/s]. 

• Specific flow resistance Rs [Pas/m]

• A [m2] is the specimen area
• Specific flow resistivity r, [Pas/m2, Rayl/m] 

is the specific flow resistance per one cubic
meter of specimen:

• d [m] is the specimen thickness
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Pump – flow meter – pressure meter – specimen. 
Specimen is inside vertical metal tube. 



Porosity and tortuosity
• High porosity leads to low impedance and high sound 

absorption if the pores are inter-connected and sound 
can propagate inside the material and the sound 
energy easily turns into thermal energy due to friction

• Porosity h [ ] is defined as the ratio of air volume V’ 
[m3] to the total volume of the material V [m3]: 

• The more air pockets, the higher h.

• Particle velocity inside the material, u [m/s], is

• s is tortuosity [ ]
• u’ is the particle velocity in air [m/s]

• Tortuosity, or structure factor, describes how the
pores are interconnected. It is difficult to measure. 
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Different structure factors:
(a) foam rubber – full grid structure
(b) foam rubber – partial grid structure
(c) glass wool mat
(d) mineral wool 96 kg/m3.
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Empirical relationships between Z,  and r
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Delany & Bazley (1968 Appl Acoust): Flow resistivity, impedance and wavenumber was
measured for several hundreds of porous materials. 



Characteristic properties of porous materials
• Based on Delany & Bazley (1968), complex

specific impedance Za and wavenumber a can
be predicted when r is known.

• The four constants shown here are suggested 
later by Cox and D’Antonio (2004).

•  is phase angle. 
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Effect of wool
density and 
speficic flow
resistivity on 0
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13Oliva, Häggblom & Hongisto (2010) Finnish Inst. Occup. Health



Characteristic impedance vs. surface impedance
• Characteristic impedance Za expresses the 

relationship between sound pressure and 
particle velocity for a plane wave inside the 
material.

• Surface impedance Z1 expresses the 
impedance on the surface of the material. The
reflection from and transmission inside the
material depends only on Z1. 

• Z1 depends on 
• the characteristic impedance Za of the material, and
• the surface impedance behind the material layer

(reflection from the next layer). 
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Reflection in the boundary of two infinite material layers
Perpendicular incidence
• Consider a boundary of two materials: air (0) and 

absorbent (1), both having infinite thickness so that
reflections from next boundary do not exist

• Absorption coefficient

• Wave theory results in

• Reduced form without complex notation becomes

• NOTE: Maximum absorption, =1, is reached when
Za1=Z0 (air). The closer Za1 and Z0 are, the higher  is.
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Sound absorption coefficient for a porous absorber
Three cases according to the surrounding materials
a) thick absorber surrounded by infinite air
b) thin absorber against rigid backing
c) thin absorber against a cavity + rigid backing
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Za characteristic impedance
Z1 surface impedance
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a) Thick porous absorber
• The board is ”thick” if the thickness is 

at appr. 32% of the wavelength, a, 
inside material:

• Such a thickness guarantees that the 
reflection from the backside is 
attenuated so much that it does no 
longer contribute to Z1, and Z1=Za1.

• Absorption coefficient is purely
depending on characteristic impedance
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2.1

Calculate sound absorption coefficient for a board of infinite thickness at 1 kHz.

r 8000 Pas/m2
f 1000 Hz



b) Finite absorber against rigid backing
• Consider an absorber of thickness d [m]. 
• Both reflection from rigid backing and 

characteristic impedance Za1 contribute to 
surface impedance Z1: 

• Absorption coefficient is
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Note: Excel can also handle complex numbers
See functions such as:

• Complex (a,b)  a + bi
• Imabs
• Imsum, imsub
• Improduct, imdiv
• Imcot, imsin, imtan, etc.
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Optimum thickness of absorber against rigid backing

 Due to rigid edge conditions, a 
standing wave is always formed
when sound enters a rigid wall.

 Absorption performance is 
maximized when the material is 
located at particle velocity
maximum of the standing wave. 

• This is achieved by material
thickness of /4

• 100 Hz: wavelength is 3.4 m, 
quarter is 85 cm
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Effect of glass wool thickness: against rigid backing
• Three thicknesses

of mineral wool of 
density 18 kg/m3
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c) Thin absorber against a cavity + rigid backing
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• Surface impedance of air cavity having thickness
t [m] behind the absorber (in front of cavity):

• Reflection coefficient from the backing of the 
absorber:

• Surface impedance of the porous absorber
having a thickness d [m]:

• Absorption coefficient:
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Effect of cavity thickness 50 mm wool absorption

• Wool thickness
d=50 mm

• Wool density
=18 kg/m3

• Specific flow
resistivity r=9600 
Paꞏs/m2
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Panel resonator
• Air-tight unperforated board of 

surface mass m’ [kg/m2] backed by a 
cavity of thickness d [m] acts as a 
resonator against a rigid backing

• k0 = 2f/c0 is the wavenumber in air
• Impedance is large and real part is 

small (low dissipation)
• Resonator has a sound absorption 

maximum at the resonance
frequency, which occurs when the
imaginary part of Z1=0

• Panel types:
• Double wall constructions
• plastic foils on top of porous

materials
• air-tight paintings on top of porous

materials
• Cavity can be empty or filled with 

sound absorber. 
25
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• Characteristic impedance of board:
• m’ [kg/m2]

• Surface impedance of cavity:

• Surface impedance of board:

• Absorption coefficient:

• Resonance frequency where the 
absorption maximum takes place, 

• empty cavity:

• sound absorbing cavity:
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Example 2.2

Calculate the resonance frequency:
a) Wool 50 mm covered by plastic foil 100 gr/m2.
b) Wool 50 mm covered with hard board 3.2 mm, 2.5 kg/m2
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Panel resonator vs. porous absorber
• Plastic foil has a large

impedance compared to 
wool because it is 
impermeable tight

• Foils are used in facades
to protect constructions
from humid air 
especially during winter
time

• Foil on top of mineral
wool prevents sound 
propagation to the wool
at high frequencies
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Effect of plastic foil on top of a mineral wool
• Structures b and d act 

as a resonator since the 
foil is on top of the 
wool.

• Resonance is avoided 
by sinking the foil 
inside the wool. 

• The moisture isolation 
properties of the facade 
may not suffer if the 
plastic foil is sank at a 
maximum of 1/4th of 
the wool thickness.
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Helmholtz-resonator
• Neck and volume form a resonator
• Maximum absorption is achieved at a very

narrow resonance frequency (Tanttari, 2011)

• Sn cross-sectional area of the neck [m2], 
• ln,eq equivalent length of the neck [m]

• = ln + 0.82 dn

• Vc volume of the cavity [m3]
• Single Helmholz resonators are seldom used in 

room acoustics but they are applied in exhaust
silencers to remove fixed tonal components. 
Examples of frequency behavior are shown in 
Ventilation noise. 
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Perforated board
• The most usual application of Helmholz-

resonator
• Neck – felt – shared cavity
• Absorption is a very complex function of felt

resistance, cavity thickness, hole shape and 
perforation ratio

• If there are no holes, or perforation ratio is very
small, the system turns into a panel resonator
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Cox TJ, D'Antonio P, Acoustic absorbers and diffusers, Theory, Design and Application, Spon Press, London, 2004.
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Perforated board
A. Perforated MDF 

board with thin
felt. Additional
wool behind.   

B. Perforated
gypsum boards, 
thin felt behind. 

C. Perforated brick. 
Backed by
mineral wool.

D. Perforated steel
with thin felt. 
Backed by wool.
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Perforated board
• Total resistance
• Reactance of air in holes:
• Resistance of air in holes:
• Perforation ratio:
• Resistance of porous layer, if not behind holes:
• Resistance of porous layer, if right behind holes:
• Surface mass of air in holes:
• Efficient height of neck t:
• End correction:
• If holes do not exist, the vibrating mass is the board, 

not the air in the holes 34
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Perforated board: effect of cavity thickness d for 3 products

• Resonance frequency reduces with 
increasing cavity thickness

• Standing waves (first and multiple
order) within the cavity cause
variation of absorption at high
frequencies
• d=400 mm: standing wave at =2d/n
n=1: 428 Hz
n=2: 856 Hz
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Perforated board: effect of cavity thickness d – empty cavity

• Perforated board 13 
mm incolving a felt
behind the board
(r=1183 Pas/m). 

• Cavity is empty. 
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Perforated board: effect of cavity thickness d – filled cavity
• Perforated board

13 mm incolving
a felt behind the 
board (r=1183 
Pas/m). 

• Cavity filled with 
wool (=18 
kg/m3, r=9600 
Paꞏs/m2). 
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Perforated board
Effect of perforation ratio when board is backed by mineral wool
• Consider a mineral wool 

installed against rigid 
wall

• Wool is covered by 
perforated board with 
different perforation 
ratios

• Thin metal board, 
thickness 0.9 mm and 
cavity 50 mm

• Cavity filled with mineral 
wool (d=50 mm, =18 
kg/m3, r=Paꞏs/m2).

• Perforation ratio is the 
percentage of perforated 
area of the total area.
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Perforated board
Effect of perforation ratio when board is backed by empty cavity
• Thin metal board, 

thickness 0.9 mm and 
cavity 50 mm.

• Cavity is empty.
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Microperforated boards
• Viscosity of a perforation

contributes to the sound 
absorption when the 
perforation diameter is 
under 1 mm.

• Microperforation enables
transparent sound absorbers. 

• www.microsorber.com
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Modeling of a multilayer absorber – Basic approach
Absorption coefficient: Surface impedance:

42Oliva & Hongisto 2009 Akustiikkapäivät
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Modeling of a multilayer absorber – Characteristics of layers

1 Porous absorber

43Cox and D’Antonio 2004 Spon Press

𝑍 𝑍 1 𝑐 𝐸 𝑗𝑐 𝐸

Γ 𝑘 𝑐 𝐸 𝑗 1 𝑐 𝐸

2 Air layer

Za,i=Z0=0c0=413 [kg/m2s]. 
a,i=jk0 [1/m]. 

Constant c1 c2 c3 c4 c5 c6 c7 c8

Value 0.07290 -0.66228 0.18799 -0.53790 0.28800 -0.52600 0.09820 -0.68500

3 Unperforated or perforated panel

See previous slides
m’p [kg/m2] is the surface mass of the panel



Predicted vs. measured values - wools
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50 mm wool, 76 kg/m3, 28000 rayl/m + 
reflecting backing

50 mm wool, 18 kg/m3, 9600 rayl/m 
+ 150 mm empty cavity + reflecting backing

Predictions
were made with 
the model
described in 
previous slides.
Normal sound 
incidence. 
Measured
values with 
impedance
tube.

Oliva & Hongisto 2009 Akustiikkapäivät

Frequency [Hz] Frequency [Hz]

Absorption coefficient 0Absorption coefficient 0



Predicted vs. measured values - Perforated panels
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0.9 mm thick perforated steel sheet
•perforation diameter 1.3 mm, 
•perforation ratio 1.3 % 

50 mm wool, 18 kg/m3, 9600 rayl/m3

13 mm thick perforated gypsum
•12x12 mm, 19 %, 
•huopa 91000 rayl/m

200 mm thick empty cavity

Predictions
were made 
with the 
model
described in 
previous
slides.
Normal sound 
incidence. 
Measured
values with 
impedance
tube.

Oliva & Hongisto 2009 Akustiikkapäivät

Frequency [Hz] Frequency [Hz]

Absorption coefficient 0 Absorption coefficient 0
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Measurement of angle‐dependent sound absorption coefficient
Zhou and Zha 2004 DAGA



Dependence of absorption coefficient on sound incidence angle

• Yuzawa (1975) 
studied angle-
dependence of 
sound absorption 
for glass wool

• The values
smaller at 0 
incidence than at 
60  incidence. 

• The values are
zero at grazing
incidence (90).
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Measurement of sound absorption
Reverberation room method ISO 354
• ”Official method" for absorbers used in rooms
• Considers all incidence angles equally 
• Room is highly reverberant and 150-250 m3

producing a diffuse field within 100-5000 Hz
• Relative humidity is constant and > 60 %
• Specimen size 10-12 m2

• Values can exceed 1.00. Why?
• Large inter-laboratory differences
• Prediction models are less accurate.

48



Measurement of sound absorption
Reproducibility of ISO 354

• Round Robin test of 23 laboratories 
was conducted in 2010

• Three materials were tested
• A: 15 mm hard wool
• B: 50 mm soft wool
• C: perforated gypsum

• Inter-laboratory differences
(reproducibility values) were
significant especially below 250 Hz 
where the diffuse field conditions
are not fulfilled
• too few modes per 1/3 octave band

49Andersson N‐Å, Forum Acusticum 2011



Prediction of statistical sound absorption coefficient
• For bulk reacting absorbents (e.g., mineral wools

where sound continues propagating in oblique
incidence), the statistical absorption coefficient can
be estimated from the angle-dependent sound 
absorption coefficient () by:

• Estimation of () requires other models not
presented here.

• For locally reacting absorbents (e.g. perforated
boards where sound wave is forced to perpendicular
direction), the calculation is straightforward:

• z’ is the normalized surface impedance at normal sound 
incidence angle

50

• NOTE: Comparison
between predicted
and measured values
of st contains large
uncertainties since
the inter-laboratory
differences of ISO 
354 are large. 
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Some selected statistical sound absorption coefficients
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20 mm mineral wool*

70 mm mineral wool*'

20 mm mineral wool + 200 mm cavity*

Perforated board (13 mm 18 %), 200 mm cavity*

Full area carpet, fibre thickness 8 mm*

Sffice chair, pillow 30 mm*

Cotton curtains, 330 gr/m2, folded by 75 %*

Lightweight wall (Gypsum 13 mm + 66 mm cavity
with studs & wool + gypsum 13 mm*
Concrete surface

Book shelf full of books and files*

* Installed against concrete wall. 
MORE VALUES: e.g. http://www.acoustic.ua/st/web_absorption_data_eng.pdf



The effect of spatial position – ISO 354
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Vertical "low“
• four screens
• both sided 

area 12.8 m2

Vertical “high“
• four screens
• both sided 

area 12.8 m2

Horizontal
• four screens
• one‐sided 

area 11.2 m2
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A

ISO 354 tests.
Class by ISO 11654.



Effect of cavity thickness
on 50 mm wool – ISO 354
• Photo corresponds to cavity 350 mm
• Vertical edges air-tight and reflecting
• The results are difficult to predict
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