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x Effects of absorbing surface inside a room
* Sound absorbing materials:

e porous materials

e acoustic resonators — RESONANCE

e vibrating panels -

e hybrid systems

% Surface scattering
% Geometrical diffusion




Sound Absorption
Sound absorption is a phenomenon that affects the reflected sound field:
· It reduces reverberation,
· It reduces sound level.

Therefore introducing sound absorption, we don’t always get a better sound : absorption reduces the energy of reverberation, but if this reduction is too high the signal level will decrease and signal/noise will get worse with a consequent worse sound.

A proper balance between the early, direct sound and the consequent reflected sound (reverberation ) is required. It is necessary to insert an optimal absorption in each room!
How does sound interact with walls?
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Fig.1 – Balance of sound Energy impinging over a wall.

When the wave front butts against a wall, three phenomena that contribute in different ways to the redistribution of the incident energy   (W0), happen and we can define three main fluxes: 
· Reflected energy ( Wr ) : energy reflected back in the same room where sound originated;
· Absorbed energy  ( Wa ) : energy dissipated into heat inside the wall;

· Transimitted energy ( Wt ) : energy that goes through the wall, reaching another room or outdoors.

Because of energy conservation:
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and dividing by total energy :
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a=Absorption coefficient.

Sound treatment materials

Sound Insulating materials:

· They minimize the transimitted power “Wt”;
· Hard, heavy and stiff, for example steel or concrete.

Sound Absorbing materials:

· They minimize the reflected power “Wr” ;

· Soft and porous like mineral wool.
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Fig.2 – Sound Energy balance for a plane wave bumping into a wall of definite thickness.

· If on the one side, a material can be a perfect sound insulating and reflecting material, on the other side, it does not have to be a sound absorbing and insulating material: it doesn’t matter if it transmits energy or not, we don’t care about where energy is going. For us, being in the same room where sound originates, the only important thing is how much energy is reflected back inside the room : we are interested into a weak reflection. 
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Fig.3 – Sound wave impinging on a mineral wool layer (thickness:50mm).
If the mineral wool is over a thin wooden panel wall, a significant part of not reflected wave will cross the wooden layer and reach the next room.

If there is a very thick wall of bricks and concrete over the mineral wool, almost nothing will pass through the wall.

But in the room where sound originates there’s no difference between the two cases : in both cases reflected energy is 30% and this is what I hear. So,

regarding sound absorption, it doesn’t matter if sound energy is dying inside the wall or is passing through. 

We define Apparent absorption coefficient (α) :
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representing how much energy is not reflected.

· The higher is the value of α, the lower is the amount of energy reflected back.
Specular reflection
It occurs when the wall is smooth, with no roughness on the surface and this surface is large compared to the wavelength. On these conditions, the wave obeys to the Snell law : the real reflected sound generated by the sound source is, for the receiver, as a sound coming from a source, which is the symmetrical projection of the real one on the surface of the wall.
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Fig.3 – Sound wave impinging on a smooth surface.
Connecting the mirror source to the receiver, you will find the reflection point on the surface. 

Sound heard in a position only depends on the acoustical properties of the wall (different from area to area) in the small area around the reflection point.

Effects of absorbing surfaces inside a room:
a) reduction of sound level;
b) reduction of reverberation.

a) r = distance receiver-source; rc = critical distance
· r < rc : - if the receiver is close to the source, adding absorption to the room, he doesn’t perceive a strong reduction of sound level;
· if the receiver is far from the source, adding absorption causes a reduction of sound level but sound is still dominated by the direct sound and not by the reflected one.
· r > rc : if the receiver is at least at 3rc , most of the energy is the reflected sound, so direct sound is already weak. A significant sound level reduction is obtained with the addition of absorbing materials . This reduction is proportional to the increase of total absorption area A .
( 
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 [m2] , Si e αi are respectively area and absorption coefficient of the i-th surface surrounding the room).
· r >> rc (purely reverberant sound field) : the sound level reduction DL caused by the increase of sound absorption is given by : 
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( A2 e A1 : values of total absorption areas after and before the introduction of absorbers).

· Doubling the absorption, DL will be of 3dB; quadruplicating it, DL=6dB.
Total sound level decreasing is good if the decrease concerns noise level; it is not if it concerns the speech level because noise doesn’t go down as the signal does, this will cause problems to signal / noise , therefore to acoustics of the room.
b) Reduction of reverberation is not always required because reverberation is not always a problem: for example, a five seconds reverberation is not bad in a church, instead it would be terrible in a  classroom. 
Some reverberation is indeed useful in small classroom, because it avoids the need of loudspeakers. So adding absorption would cause a worse situation due to the uselessness of reducing   reverberation which was already low and not inhibiting intelligibility.
Sound absorbing materials :

a. Porous materials ( mineral wool ): they play on viscous dissipation;
b. Acoustic resonators (bottles or cavities): they play on cavity resonance;
c. Vibrating panels ( wooden planes): they play on panel resonance;
d. Hybrid systems ( sum of the three previous devices ) .
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Fig.11 – Different mechanisms of acoustic absorbing.
Porous materials
The acoustic absorption of porous materials is caused by the conversion into heat of the mechanical energy carried by the incident wave through friction phenomena inside the micro-cavities open to air. The acoustic incident sound makes the air inside the holes oscillate, dissipating energy because of the viscous friction.
The concept of porous materials can be applied to two solutions:
· foam, usually polyurethane foam , is directly attached to the wall ( This solution is the one mostly used  when  dry sound is required, for example in recording studios.)
[image: image15.jpg]solaio tipo

intonaco





Fig.12 – Foam directly attached to the wall.
· a layer of air interposed between the suspended ceiling and the concrete and brick horizontal structure.
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Fig.13
 – Suspended ceiling, hanging under the structure.
These solutions have different effects that we can see in the absorption spectrum.
First solution :
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Fig.14
 – Spectrum of absorption coefficient α as a function of frequency and material thickness.
We can notice that the curves start with a very low value of absorption, at very low frequencies, but  they go up to a maximum value, which is always around 90% (apart from mineral wools: very close to 100%) and there they stay flat.
· The thicker is the carpet, the lower is the frequency to reach  the maximum value of absorption.
So if you want to reach high values of absorption at low frequencies, you need a very thick carpet of porous material. That is not the best solution because it is expensive.
So the best way of using porous materials directly attached on a rigid wall is by  absorbing medium or high frequencies.
Second solution:
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Fig.14
 – Spectrum of absorption coefficient α as a function of frequency for a fixed distance of the material from the wall.

The selective absorption at specific frequencies  can be obtained using less  thick materials at a certain distance from the wall that has to be treated.
In this  second case you get the peak of absorption at the frequency when the distance between the two structures is λ/4: if you want to absorb a defined frequency, you will have to interpose a λ/4 thickness of air gap (maximum absorption).
At the frequency of 2λ/4, absorption reaches the minimum level and the maximum level at 3λ/4 again.
The air gap guarantees a better absorption at low frequencies.

· The thicker is the air gap, the lower is the frequency with which you get the first peak of absorption.
Before describing acoustic resonators and vibrating panel behavior, we need to explain the concept of resonance and its consequences as these devices are both based on it.
Resonance means: 

· radiation of mechanical energy in the air into an ‘active’ structure: a resonating device transforms mechanical energy into acoustic;

· transfer of energy from the air into a ‘passive’ structure, when energy is already present in the sound field: a resonating structure dissipates the energy, it catches the  energy from the sound field and turns it into heat due to vibration.
A surface going in resonance does not make the sound louder as a surface can never reinforce sound.
Acoustic resonators 
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Fig.15
 – Scheme of Helmholtz’s resonator.

Helmholtz’s resonator is a device structured as follows: a cavity surrounded by rigid walls and connected to the outside through an opening called ‘neck’. The incident sound causes the air contained in the resonator’s neck to vibrate; the  air,  that acts like a vibrating mass , is connected to a spring (= air in the cavity). This resonator is able to dissipate acoustic energy into heat because of the viscous friction caused by oscillations of the air in the cavity.
If the resonator’s cavity is empty, this device is a very selective absorber,

in fact the acoustic absorption has a very high peak (80%), at the resonance frequency f0, which is the only one able to enter the cavity.
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c0: sound speed ( m/s )
r  : neck’s radius ( m )

l  : neck’s length ( m )
V : volume of rear cavity ( m3 )
So, if in a small space you  tune this resonator properly, you can select the exact frequency you want to absorb.
If you put some absorbing materials into the cavity, the acoustic resonator becomes less selective. What we get is a broader absorption spectrum and a consequent reduction of the peak of the acoustic absorption at the resonance frequency f0 .
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Fig.16
 – Effects of damping material inside.

Usually resonators are employed at very low frequencies, for which other traditional absorbers do not  work.
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Fig.17 – Spectrum of absorption coefficient α as a function of frequency for Helmholtz’s resonators.
Vibrating panels 
Vibrating panels are made of  sheets of not porous material( like wood or gypsum)  spaced out from the surface  that has to be treated with an air gap.
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Fig.18
 – Scheme of a vibrating panel.

When struck by the sound wave, these absorbing materials vibrate and absorb acoustic energy at low frequency, because of the viscous dissipation produced by the flexural vibrations of the panel. 

Also for these panels it is possible to define a fundamental resonant frequency ( f0 ), that depends on the distance ( d ) between the panel and the wall and on the surface density of the panel ( σ ). 
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By increasing the mass of the vibrating panel and the thickness of the air gap, the value of the resonance frequency decreases.
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Fig.19
 – Spectrum of absorption coefficient α as a function of frequency for three different resonant panels of wood with different thickness of the air gap.

Hybrid systems

Considering absorption properties of the three different types of absorbing materials previously described, we can notice that each material has its own field of application. So if you want to absorb a wide frequency spectrum you can  use these hybrid systems.

They are flat or conical structure (hanging from the ceiling thanks to a spring). Basically they are made of an external rigid layer (made of wool, steel, gypsum or any kind of material) on whose surface some holes (air cavities) are made;  they are set at a certain distance from the wall. The gap between the wall and the external layer is filled with porous materials. This gap represents the cavity of several resonators communicating with one  another.
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As it is possible to see from the picture above, this system consists of:

1. vibrating wooden panels which absorb the lower part of the spectrum;

2. resonators, represented by the holes, usually tuned at medium frequencies;

3. thick layers of polyester fiber which absorb high frequencies. 

The total result is a good absorption, almost flat at every frequency.
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Fig. 22 – Example of hybrid system: Listening lab at the “Casa della Musica”.

In this Lab there are :

· 16 loudspeakers placed all around; 

· Helmholtz’s resonators made of large plastic bottles carefully tuned in order to provide low frequencies absorption;

· “Bass trap” : a closed wooden box with small holes in the front with Helmholtz resonator behavior;

· Porous panels of polyurethane foam;

· Vibrating panels in front of the windows with a twofold effect: 

1- give more insulation from outside;

2- provide a very low frequency absorption.

Sound scattering
Dealing with rough surfaces, sound scattering occurs. It implies that a fraction of reflected energy will not obey to Snell’s law going straight towards one  direction but it will spread more or less equally all around.  

Depending on the shape and the size ( if it is close or not to the wave’s size) of the rough surface, it is possible to use different scattering models, such as the Lambert model, the uniform scattering model or other shapes.

Sound scattering coefficient:
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On a rough surface, a fraction s of energy will be reflected diffusely, while the remaining fraction 1-s will be reflected  specularly.   So, for most materials s<1, but some special diffusers can reflect almost 100% of the incoming energy.
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Fig. 23 - Sound wave impinging on a rough surface.
If the diffusion is good or not,  this depends on what the aim is.
For example, if the sound reflected from the ceiling reaches both the  ears of a listener  in the same way and not improving the spatial envelopment effect, it is advisable to replace the original ceiling with a scattering one.


A proper example is the Musikverein in Wien with all its decorations on the ceiling that contribute to the creation of an enveloping sound: coming from every direction but without echoes. Generally speaking, scattering is positive except for particular surfaces (smooth and thin) specifically designed in order to reflect. 

Acoustic scatterers & diffusers

Total reflected energy (sum of scattered and specularly reflected energy) should be as close as possible to the impinging energy because the goal of these materials is to diffuse the energy spatially and not to reflect energy back specularly.
Acoustic scatterers 
[image: image36]Surface scattering
 The scatterers are designed to minimize the absorbed energy even though some of them will absorb a little amount of energy. They can be:
· unidirectional scattering diffusers: they only spread sound horizontally (usually used for walls, where  scattering  towards ceiling or floor is not required );

· bidimensional scattering surfaces: they scatter the sound in both directions ( usually used for ceilings).
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Fig. 24 – Examples of unidirectional and bidimensional scattering diffusers.

The impulse response is like the reverberant one: energy spreads over time because the sound goes inside the cavities and comes back after a while. So the reverberant sound field created by these structures is very short in time. 
Diffusers 
[image: image39]Geometrical diffusion

With the same goal but with different results from scatterers, there are also diffusers: convex curved surfaces usually used for orchestra shells. (They create an enclosure and couple the acoustical field of the musician to the one perceived by the audience). 

These diffusers are made of slightly curved surfaces in order to give a slight redistribution of the wave front, partially keeping their specular nature.

The impulse response of these surfaces still results as a peak that can be heard everywhere because sound is spatially redistributed and coherent and short in time.
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Fig. 25 – Example of curved panels.

In conclusion, in each room a proper amount of reflection is needed:
we need room reflection but with the right directions ( lateral and horizontal not from above) , but we also need good scattering to create a diffuse sound field.
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Fig.20	 – Scheme of hybrid systems











Fig.21 – Example of hybrid system.
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