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SOUND PROPAGATION INDOORS
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Room acoustic is a very important topic: many places of our everyday life such as theatres, cinemas and classrooms are affected by this problem. In addition, noise effects in work places or buildings, where people is exposed to noise for the whole day, is not something taken for granted. For the first kind of indoor environment Sound Pressure Level is not the most relevant parameter. In fact, other parameters related to quality are used.

But how loud is a sound inside a room? What happens when we’re placing a sound source in an enclosed space?
Direct and Reflected sound
In many kinds of enclosed spaces, the sound propagates in a peculiar way, very different from what happens outside (even if there are obstacles or sound barriers that can cause reflection). There still is a free field sound (direct waves) where waves travel directly from the source to the receiver. Of course if it is a point source the sound propagates with spherical waves; if a line one, with cylindrical waves.
But this is not the only sound. It is not even the most relevant one.

In most cases much more energy arrives to the receiver by a significant contribution due to room reflections: the sound bounces over the walls, floor etc. (reflected waves).
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Fig.01 – different types of waves
      In Fig.01, for example, sound is bouncing over the ceiling and a wall before reaching the receiver; surely there will be multiple reflections, also several times, with different and strange trajectories acting like a so-called “acoustic billiard”.  
So there is a significant contribution to the sound field due to reflected waves.

There is a strict relationship with light, which can reflect specularly (mirror) or diffusely (white plastered wall).
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The chart above, known as “reflectogram”, shows what happens inside a room by means of a so-called energetic impulse response. As a metter of fact the source has radiated an impulse (a hand clap for example) with a length of 2-3 milliseconds. Outdoor the response should have been different: just one peak, followed by silence, as before.
Inside a room, we do not ear only the direct sound: that is just the first sound we ear. After a while, reflections arrive from different ways that we’re not able to know because pressure is an omnidirectional quantity, not a vector. Every peak in the chart is a discrete room reflection making longer and longer paths, arriving weaker and weaker.
So the sound pressure level inside a room can be given by two contributions: direct sound and reflected sound. In some cases one dominates on the other, but, in general, we have to keep both.

Properties of materials

The reflected energy depends on the nature of the surface: there are strongly reflective materials, so they reflect almost 100% of the energy. On the other hand, other materials are “acoustic absorbers”, like a carpet. This last kind of materials can be really useful in order to reduce sound pressure level inside a room by reducing the amount of reflected energy.
Let’s consider a wall for example (fig.02), which is separating two different rooms. When a sound source is placed on the left hand side room, the sound bounces over the separation wall and some energy is reflected, coming back in the source room. Some energy is dissipated inside wall’s material. Another quantity of energy passes through the wall and the sound can be heard in the next room (like we can ear an aircraft flying over our house).
So energy is divided into three contributions: reflected energy, absorbed energy and transmitted energy.
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Fig.02 – sound energy subdivision over a wall
This also happens for light and electromagnetic waves (e.g. radio waves)
We can now define 3 numerical coefficients (reflection, absorption and transmission coefficients)
r=Wr/W0 , a=Wa/W0, t=Wt/W0
Their sum must be one because of the energy conservation principle. 
r + a + t =1

Of consequence, their value is bounded between 0 and 1.
0 < r,a,t < 1

A very reflecting surface (like a window glass) will have r=1; a,t=0. An open window is completely transmitting so t=1; r,a=0.

Acousticians, however, do not employ any of these three numbers. They only use the so called “apparent acoustic absorption coefficient” , defined as
                                               = 1 - r                                          (1)
It expresses the energy which has not been reflected. That energy can be absorbed (a) or it can be transmitted (t). So it is possible to write  also as:
                                         = a + t                                         (2)

An open window has a unit value of . 
A perfect reflecting material has  = 0.
All we need to know about the materials covering a room (ceiling, walls, floor etc.) is the apparent absorption coefficient .
Indoor acoustic fields

In an enclosed environment, the acoustic field can be of three different kinds: free (in which reflected energy is weak), reverberant (in which reflected energy is dominant) and semi-reverberant (intermediate case in which we have to consider both).

A field is defined as free when we are close to the source, where the direct energy component prevails: compared to it, the contribution of all the reflections becomes negligible. It exists in every room.
In this case, the field is the same as outdoors, and only depends on source distance and directivity, Q. Sound pressure level is
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In which LW is the sound power level of the source, Q its directivity, and d is the distance between source and receiver. In a free field, the sound level decreases by 6 dB each time distance d doubles.

A field is said to be reverberant if the number of side wall reflections is so elevated that it creates a uniform acoustic field (even near the source).

The equivalent acoustic absorption area of the room is defined as:
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where ( is the average absorption coefficient and S is the total interior surface area (floor, walls, ceiling, etc.). 

In a purely-reverberant sound field, the Sound Pressure Level is:
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Its value is the same everywhere in the room (diffuse field). A reverberant field may be obtained in so called reverberant chambers, equipped with diffusers and funny shapes sized, where the absorption coefficients of different materials are also measured. In real world it really doesn’t exist. For this reason this is just a theoretical case.
A field is said to be semi-reverberant when at every point the sound field is affected both by the free field and by the reverberant field. 

In most normally sized rooms, we can suppose that the acoustic field is semi-reverberant. Sound pressure level is
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In a semi-reverberant acoustic field, the sound energy density at a point is therefore given by the sum of the direct and reflected acoustic fields.
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Fig.03 – semi-reverberant curves
In the graph above  there are many curves: each one is plotted for a different value of the total room absorption A. The blue zone (A = () represents the limit case for a free field while the red one marks a zone on which the acoustic field is practically reverberant. In between the two zones there is the semi-reverberant field where we should not neglect any of the two contributions.
If we take into account one single curve (for example the one for A=160m2 as in Fig.03) we notice that reverberant sound level represented by the horizontal line and direct sound level represented by the sloped one, meet each other in a special point in which the two levels are the same. Known as critical distance, this point marks the separation between the two cases.
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Fig.04 – critical distance point

We can now compute the value of critical distance by means of the semi-reverberant formula, where it is possible to notice two contributions.
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The two terms must be equal: then, solving the equation, we find the critical distance expression.
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We can notice that the critical distance is increased by the directivity of the source (very big loud speakers employed in sport arenas can project the sound very far); again, a large value of A=S increases the critical distance. So in a room with small absorption there is a small critical distance, as in reverberant rooms. 

At distances equal two or three times the critical distance, we can think that the sound field is fully reverberant. Hence, in a reverberant room, as we move only slightly away form the source, we find a perfectly diffuse sound field, with the same level everywhere.
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