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ABSTRACT

A numerical approach is proposed to model the reverberated sound field in rooms. The model
is based on the numerical implementation of a diffusion model enabling spatial variations of
the sound energy within a room, unlike the statistical theory. The proposed method allows to
take into account most of complex phenomena encountered in room acoustics, like mixed
reflections on walls (diffuse and specular), low and high absorption on walls, atmospheric
attenuation, fitted zones. Moreover, the model can be applied to complex geometries, like
multiple coupled rooms of different sizes. In this paper, the model and its numerical
implementation are first detailed. Then, an application is proposed for a complex geometry
defined by multiple coupled rooms with fitting objects, including low and high absorption on
walls, in terms of sound level and reverberation times. The main interest of the model is that
such approach requires less computational time in comparison with common approaches like
ray-tracing simulations.

1 INTRODUCTION

Coupled volumes and fitted rooms have attracted considerable attentions in architectural
acoustics. Such configurations can be found in various buildings such as concert halls fitted with
reverberation chambers, industrial halls or office spaces. In workspaces the user's acoustical
comfort is of particular interest. In concert halls, a very high acoustic quality is required. The
prediction of the different acoustical parameters (sound pressure levels, reverberation times,
speech intelligibility, etc.) is then needed.

For coupled geometries, several models have been proposed such as statistical theory [1-3],
statistical energy analysis [4], modal theory [5], finite-element methods [6] and ray-based models
[7-9]. Despite being based on the diffuse-sound-field theory assumption, the statistical theory has
been compared satisfactory with and numerical results. Nevertheless, different authors question
the ability of the statistical theory to deal with room modes, geometric and acoustic details, as
well as non-diffuse sound field [10]. The modal theory and the finite-elements methods are
limited to the low-frequency range, due to increasing computation times at higher frequencies.
The ray-based model have shown quite good agreements with experimental data, as well as with
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statistical models, provided that a large number of rays is emitted for small coupling apertures,
which implies long computation times.

Various prediction models have also been proposed to describe the acoustics of fitted rooms.
These include analytical models [11-13], empirical models [14] and simplified models [15].
Numerical models have also been developed, based on the ray-tracing concept. Although they
achieve reasonable agreement with measurement data [16,17], most of them have limited
applicability, and cannot be mixed with models for coupled rooms.

This quick review shows that a model allowing spatial variations of the reverberant sound
field in coupled and fitted rooms, both in terms of sound level and sound decay, with acceptable
computation times, is needed.

In recent papers [18-20], a generalization and a numerical implementation of a diffusion
model [21-22], for coupled geometries and fitted rooms. The model has been validated both in
stationary and time-varying states. The main interest of the model is its ability to give
satisfactory results in only a few seconds or minutes. Moreover the sound decay and the sound
level can be calculated at any location in the coupled or fitted volume.

In this paper, an application of the diffusion model is proposed for a complicated
configuration composed of an industrial hall with fitting objects coupled with offices to show the
interest of the model. At first, the diffusion model is described in the next section.

2 DIFFUSION MODEL

21 Theory

In recent papers [21-22], a diffusion model was proposed to simulate the sound fields in
rooms with diffusively reflecting boundaries. It was shown that the energy flow per unit surface
J(r,) in a direction n and at location r in the room, may be described by a diffusion gradient
equation:

J=-D gradw(r,t), (1)

where w(r,t) is the acoustic energy density and D, is a diffusion coefficient which can be written
as D,=A,c/3, ¢ being the sound velocity and A, the mean free path of the room (equal to 4V=S, V'
being the room volume and S the total area of the surfaces of the room). The energy density in
the room, outside the direct field, is then described by a diffusion equation [18]:

D Aw(r,t)-
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where F(r,f) is the acoustic source term and m the coefficient of atmospheric absorption. The
absorption of acoustic energy at boundaries is taken into account by an exchange coefficient 4.
For a boundary with low absorption coefficient @, , it can be shown [22] that the energy flow J
through the surface verifies:
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with 4=ca@, /4 is defined as an exchange coefficient. For larger absorption, the Sabine's absorption
coefficient @, can be replaced by the Eyring's absorption coefficient -In(1-a ).

For simulating the acoustics of coupled rooms connected by open apertures [19], the system
of equations (2) and (3) is solved in each room by setting the diffusion coefficient, then the mean
free path, to the value that it would have if the rooms were uncoupled. That means that the
coupling aperture area is small compared to the area of the wall surfaces for each room, so that
the mean free path is not much affected by the open aperture.

A sub-volume ¥, of V' may also contains scatterers, statistically defined by their density »n,
(i.e. the number of scattering objects per unit volume), their average scattering cross-section Q,
and their absorption coefficient a; The diffusion by scatterers is then characterized by the mean
free path A,=1/,Q;. The diffusion equation (2) is then replaced by (see Ref. [20])

dw(r,t)
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where the new diffusion coefficient D=Ac/3 is defined by considering the sound diffusion both
by the room and the scatterers, such as the mean free path A is now given by:

bz 5)

2.2 Numerical implementation

The numerical method used for solving the diffusion equation (2) and/or (4) together with the
boundary conditions (3) is based on the finite-element method (FEM) [18]. Let us mention here
that the most important limitation of finite element methods (i.e. the size of the elements) is not
strictly a problem with this model, since the size of the elements is more dependent on the mean
free path than on the wavelength, as it is usually encountered to solve the Helmholtz equation.
Moreover, the same meshing can be applied for all frequency bands, since the frequency is only
taken into account in the absorption coefficients of the room boundaries. However, the size of
the element should be on the order (or smaller) of one mean free path. Thus, the diffusion model
can be applied to very large enclosures with a limited meshing.

3 APPLICATION

3.1 Geometry

To exhibit the interest of the diffusion model, a configuration, similar to a small factory, with
a rather complicated geometry is presented in Figure 1. It is made up of a hall A (20x25x10 m’) ,
a corridor B (20x2.5x2.5 m?) and three rooms C, D and E.

Four sound sources with different sound power level are located in the hall A: source 1 (120
dB) and sources 2, 3 and 4 (100 dB). The walls of the hall are in concrete (6=0.03). A fitting
zone, defined by fitting objects with absorption a=0.3 and density #=0.25 m, is localized in a
volume A’ (9x7x5 m?) of the hall A.

The hall A is connected through a 0.9x2.1 m? aperture to the corridor B. In this study, two
cases are considered: a specularly reflecting corridor with a homogeneous absorption 0=0.06 and
a treated one, fully diffuse, and with an absorbent ceiling (a=0.6).



Rooms D and E are offices (5.9x3.5x2.5 m®) with homogeneous absorption (¢=0.06) and are
connected to the corridor B through apertures of size 0.9x2.1 m? The room C is a small
workshop (0=0.03) containing a sound source (source 5) with a sound power 100dB, and is
connected to the corridor B through a aperture of size 2x2.1 m?.

The atmospheric sound attenuation is set to 0.005 dB/m. The italic numbers on Figure 1
show the position where the sound decays are estimated.

The geometry is discretized in more than 110 000 Lagrange linear type elements. The
diffusion equation is solved using a finite elements solver (FEM). Computation time is around
30 s for the steady state sound level and 5 min for the time-varying problem (5 receivers)
calculated along 1.5 s with 0.02 s time steps.
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Figure 1: Geometry of the studied configuration: hall A, corridor B, workshop C, offices D and E.
Sound sources (1 to 5) and receivers locations (1 to 5, with italic numbers) are also given.
A fitting zone A', containing the receiver 2, is also considered in the hall A.

3.2 Steady-state results

As presented on the previous section, the diffusion model allows to give the sound pressure
level SPL at any location in the studied configuration, whatever the complexity of the geometry.
As example, a slice of the SPL of the reverberated sound field at 1.2 m high, in the enclosure, is
presented in Figure 2.

In particular, one can observed the decrease of SPL in the fitting zone, in comparison with
the SPL in the hall, due to larger absorption of the fitting objects in comparison with the wall
absorption.

The effect of the corridor treatment is also clearly showed in the connected rooms, with a
decrease of the SPL in room E of about 5 dB, for example. The effect of treatment is more
clearly exhibited in Figure 3 which plots the SPL along the corridor at 1.2 m high, with and
without treatment. The increase of acoustics absorption and the effect of diffuse reflections in the



corridor raise the sound attenuation of more than 8 dB. The acoustics treatment in the corridor is
also responsible for the decrease of the sound energy within the offices (D and E).

3.3 Sound decay results

Sound decays at the locations 1, 3 and 5 are presented in Figure 4. This figure shows that the
influence of the corridor treatment is very weak on the reverberation times, since the sound
decay are similar with and without the treatment.
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Figure 2: Sound pressure level of the reverberant sound at 1.2 m for the non treated configuration (a),
and for the treated configuration (b).
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Figure 3: SPL along the corridor at 1.2 m high: (- -) non treated corridor, (—) treated corridor.

In the hall (Figure 4(a)), a double sloped decay can be observed: the first one is due to the
spreading of the acoustical energy throughout the building and the second one is produced by the
reverberant sound field in the hall. The other two decays are similar (Figure 4(b) and Figure

4(c))-

4 CONCLUSIONS

The main interest of this approach, is its ability to give satisfactory results whatever the room
shapes, at any receiver locations, in few seconds only for a stationary state, and in few minutes
for a time-varying state, while most of current softwares need extensive computational time.

Although, this is not given in this paper, the diffusion model have also been compared to
experimental data and numerical model, like ray-tracing, with a good agreement, both for
coupled rooms and rooms with fitting objects [18-20].

Moreover, the most important limitation of finite element methods (i.e. the size of the
elements) is not strictly a problem in this case, since the size is more dependent on the mean free
path than on the acoustic wavelength. Thus, the diffusion model can be applied to very large
enclosures with a limited meshing.

Such approach could be used in a first step of an architectural project, to calculate and to
design the main acoustical features of a room (sound field distribution and decay), while a
classical approach, like ray-tracing software, could be used in a second step, to give more
specific and accurate results.
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Figure 4: Normalized sound decays at locations 1 (a), 3 (b) and 5 (¢): (- -) non treated corridor, (—) treated corridor.
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