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1 INTRODUCTION 

The Convento São Francisco is a leading venue for cultural events, artistic creation and conference 
hosting in Coimbra, Portugal. This 17th century Monastery of the Order of S. Francis was 
refurbished to allow the existence of spaces for the arts as well as corporate events. In addition, a 
new building was needed to receive a multipurpose auditorium. This paper describes the interior 
acoustical design process of this auditorium as well the acoustical measurements carried out during 
the design phase and at an almost final stage of the construction. 
 
The history of the Convento de São Francisco dates to the beginning of the 17th century, when it 
was first built to accommodate the Franciscan monks in Coimbra. During the 19th Century, with the 
extinction of the religious orders, the convent and the church that composed this religious building 
started to be used for other purposes, from civil services to wool industry, being then left to ruin for 
several decades. 
 
After the acquisition of the Convent by the Coimbra Municipality in 1995, a refurbishment 
architectural project competition of the old convent was promoted with the aim of receiving cultural 
and corporate events in the city. The program established the need of a modern arts and 
conventions centre, with an auditorium capable of accommodate more than 1000 people.  
 
The project was led by the Portuguese architect João Luís Carrilho da Graça who won the 
architectural competition, initially with acoustic advice by Level Acoustics and later with InAcoustics 
being responsible for the acoustical project. After several years of construction, the new Cultural 
and Conventions Centre was inaugurated in April 2016 (see Figure 1). 
 

   
Figure 1. View of the auditorium and of the stage in concert configuration. 

The Convento São Francisco Auditorium was built for an audience capacity of 1125 people and 
aimed to host various types of events from conferences and theatre to chamber and symphonic 
music. This necessity led to a demanding project of variable acoustics that could provide good 
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intelligibility for spoken events, as well as the immersive acoustic environment suitable for 
symphonic music. 
 
The acoustical design of an auditorium is nowadays typically based on ray-tracing and image 
source algorithms that greatly simplify the design process. When compared to the analytical 
formulas and scale models, this process allows quicker estimates of the acoustical parameters of 
rooms with complex geometries, allowing the designer to experiment more freely with different 
strategies. However, the estimates of these algorithms can contain large deviations if there is not 
enough quality data regarding the acoustical characteristics of the room materials. 
 
During the design of the Convento São Francisco Auditorium this issue was addressed by 
establishing the need of laboratory acoustical measurements for most of the materials that were 
going to be placed on the walls, ceiling, stage and orchestra pit. These measurements included the 
evaluation of the absorption and scattering coefficients in a reverberant chamber, according to the 
NP EN ISO 354:2007 and ISO 17497-1:2004 standards. 
 
The numerical acoustical model of the auditorium, using ray-tracing and image source modelling, 
was made using CATT-Acoustic. The software was fed by the results of the laboratory 
measurements for the most complex materials such as diffusers and specific absorption panels, as 
well as other data for well-known materials. Further numerical modelling was used to explore the 
scattering characteristics of alternative solutions to the side walls diffusers. This was implemented 
using a finite-difference scheme to solve the wave equation on a spatial grid where the diffusers 
geometry was implemented. 
 
At the final stages of construction, acoustical measurements were carried out to evaluate the 
acoustic impulse response at several seats and calculate the relevant acoustical parameters for 
different configurations of the room. 
 
 

2 ACOUSTICAL REQUIREMENTS 

2.1 Parameters 

To correctly profile the acoustical properties of a room, and furthermore manipulate them for a 
specific function, other parameters are necessary besides the reverberation time. The additional 
parameters considered and calculated throughout the execution of this project are well established 
in the literature1 and specified in the annex A of the EN ISO 3382-12. During the design process all 
these parameters were calculated, including the Reverberation Time (T30 e T20), the Early decay 
time (EDT), Clarity (C80), Definition (D50) and Sound Strength (G) to be later measured after 
construction. 
 
2.2 Variable Acoustics 

As mentioned before, this auditorium is going to support a multitude of different cultural events, 
such as conferences, theatre, opera, and various musical performances (acoustic and 
electroacoustic). This presents a real challenge as such events require very different acoustical 
conditions, particularly an adequate reverberation time1. For instance, the main concern for a 
conference venue is the intelligibility of the speech which is directly correlated with a shorter 
reverberation time. In contrast, a hall for symphonic music requires a much longer reverberation 
time so that the audience feels immersed by the musical performance. Theatre and Opera, for 
example, require a compromise between these opposed characteristics, as although speech 
intelligibility is extremely important, there might be a wide range of musical performance and sound 
design implementations3. As agreed by most of the scientific and professional acoustical 
community, the reverberation time should range from less than 1 s up to around 2.2 s to cover the 
acoustical needs of all those types of events4, 5.  
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Due to the volume limitation of the hall and several budget and functionality restrictions, a 
compromise was reached to encompass a realistic variation of the acoustical parameters for 
different events. It was clear that the optimum range was not feasible, and a preference was made 
to reach the higher limit of the reverberation time to allow for symphonic music concerts. The lower 
reverberation time ideally needed for conferences would not be reached, but future addition of 
absorption materials can cover for this necessity. Table 1 summarizes the reverberation time criteria 
used for this hall. 

Table 1. Summary of Reverberation Time criteria 

Event type Reverberation Time [s] 

Symphonic Music 1.7 – 1.8 

Chamber Music 1.5 – 1.7 

Opera 1.4 – 1.6 

Theatre and Conferences 1.3 – 1.4 

 
 

3 DESIGN CONSIDERATIONS 

Initial considerations regarding the number of seats and volume of the auditorium (which were 
mainly defined at the early stages of the competition) implied an upper limit for the reverberation 
time. This was mainly due to the limitations in size imposed by the terrain where it would be built 
and to the absorption of the audience area on a quite steep plane. This led to the analysis of 
solutions mostly based on increased diffusion to avoid an overly dry hall. Table 3 shows some 
geometrical characteristics of the auditorium6. 

Table 2. Geometrical characteristics of the auditorium. 

VTOT = 23508 m3 VA = 11072 m3 Vo = 273 m3 VTC = 12163 m3 

STOT = 1357 m2 SA = 607 m2 So = 124 m2 N = 1125 

VTOT/STOT = 17.32 m VTOT/SA = 38.73 m VA/N = 9.84 m3/seat VTOT/N = 20.9 m3/seat 

V – Volume; S – Surface Area; TOT – Total; A – Audience; o – Orchestra Pit; TC – Fly Tower; N – Number of seats 

In the initial project at the architectural competition stage, the lateral walls were composed of a 
diffusing and absorbing surface to scatter the lateral reflections to the audience. This initial proposal 
consisted of a sinusoidal surface composed of a half period of Corian rigid material alternated with 
half period of velvet covered acoustic foam for sound absorption. As the absorption provided by the 
seating area was already enough, the acoustic foam was removed from the subsequent design 
phases and the diffuser retained only the half period sections of Corian (Panel A). This solution was 
applied to the lateral walls of the audience area. 

A motorised movable ceiling was conceived to incorporate the need of a variable acoustics system, 
which would allow to change the auditorium’s volume. The ceiling was composed of high frequency 
diffusion panels (panel B) above which a technical volume was used to hide motorised foldable 
acoustic curtains for further absorption, if necessary. 

To account for events such as Theatre and Opera, a rising platform allows for a variable stage 
extension to the proscenium and below it an orchestra pit. To prevent the occurrence of flutter 
echoes at the extension position of the stage, particularly for theatre and conference events, 
diffuser panels were built and placed at each side of the proscenium walls. 

In the orchestra pit, diffusers were placed behind the maestro’s stand, at the sides and at the ceiling 
of the pit, to improve the acoustic support and contribute to a more diffuse sound field for the 
orchestra. Behind the orchestra, absorption and diffusion panels were introduced to reduce the 
sound pressure levels in the pit, mainly for the musicians’ comfort. 

For a concert scenario, a completely automated orchestra shell was designed to reflect sound to the 
audience and avoid the interference from the fly tower volume, which would either cause a lot of 
sound absorption due to the presence of theatre scenarios or could potentially create a double tail 

449



Proceedings of the Institute of Acoustics 
 
 

 
Vol. 40. Pt. 3. 2018 
 

reverberation due to its large volume. The panels of the orchestra shell were built as diffuser panels 
to improve the stage acoustical conditions for the musicians. Furthermore, the orchestra shell, due 
to its modular construction may be configured to two different extensions. In one scenario for a 
smaller concert (such as chamber music) and the more extended version for a symphonic concert. 

For a conference scenario, the deployment of a safety iron curtain is intended to separate the front 
of the stage from the fly tower, thus isolating the front of the stage without the use of the orchestra 
shell. 

 
 

4 ROOM CONFIGURATIONS 

Considering the multiple possibilities derived from the implemented variable room acoustics, it was 
necessary to define relatively fixed configurations from a practical standpoint, for the benefit of the 
auditorium’s staff. Table 3 and Figure 2 provide a summary for these implementations. 

Table 3. Summary Of Hall Configurations and Variable Acoustics 

Configuration Conferences Theatre / Amplified Concert Opera Non-Amplified Concert 

Iron Curtain Closed Opened Opened Opened 

Orchestra Pit Closed Closed Opened Closed 

Ceiling Panels Opened Opened Variable Variable 

Acoustic Curtains Exposed Exposed Variable Variable 

Orchestra Shell No No No Yes 

 

 
Figure 2. Visual Summary of the Auditorium Configurations and Variable Acoustics setups. 

 
 

5 IMPLEMENTED ACOUSTIC PANELS 

The design and acoustic conditioning of a multi-purpose hall must consider numerous variables 
influencing the interior sound field. In this project, a variety of panels with different sound scattering 
and absorption coefficients were designed to satisfy the requirements of the auditorium. The 
absorption and scattering characteristics of each panels were also tested under laboratory 
conditions. In the next paragraphs six of the acoustic panels are described (highlighted in different 
colours in Figure 3) and represented as prepared for laboratory testing in Figures 4 to 9: 
 

− Ceiling panels (Green) 

− Orchestra pit absorption panels (Magenta) 

− Orchestra pit diffusion panels 

− Proscenium Panels (Red) 

− Diffusion panels covering the main lateral walls (Blue) 

− Acoustic shell panels (Orange) 
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Figure 3. Panels distribution throughout the auditorium 

 
5.1 Ceiling Panels 

The ceiling panels, shown in Figure 4, are one-dimensional adapted Primitive Root Diffusers (PRD) 
with N=5. The need to design light-weight panels due to the limited force capacity of the motor led 
to a maximum cavity depth of 3 cm. The base panel are made of 12 mm plywood boards. 
 

 
Figure 4. Ceiling panel. 

 
 
5.2 Orchestra Pit Diffusers 

The diffusers panels on the orchestra pit were aimed at providing a more balanced acoustic support 
for the musicians, i.e. to improve the diffuse field inside the orchestra pit so that musicians have a 
more homogeneous feedback of the sound produced by the whole orchestra by decreasing the 
influence of specific colleagues in specular paths7. The panels were placed in the wall behind the 
conductor for better sound projection to the stage and audience. The panels are one-dimensional 
PRDs with N=11. The maximum cavity depth is of 108mm and they are made of 9mm thick plywood 
boards. Figure 5 shows a cross section of the panels. 
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Figure 5. Diffuser panels for the orchestra pit. 

 
5.3 Orchestra Pit Absorbers 

Absorption panels were placed on the back walls of the orchestra pit in order to decrease the 
expected high sound pressure levels produced by the orchestra in the pit. The developed panels, 
shown in Figure 6, are made of a layer of 12mm thick perforated plywood plus a 40mm layer of 
mineral wool with a density of 55 kg/m3. 
 

 
Figure 6. Sound absorbing panels for the orchestra pit. 

 
5.4 Proscenium Panels 

The proscenium panels were made to be have high scattering coefficients in order to avoid the 
occurrence of flutter echoes at the stage extension. The panels are one-dimensional adapted PRDs 
with N=7 and a maximum cavity depth of 150mm. An air gap of 170mm separates de panels from a 
40mm thick mineral wool layer attached to the wall, as shown in Figure 7. 
 

 
Figure 7. Diffuser Proscenium Panels. 

 
5.5 Acoustic Shell Panels 

For better projection of sound to the audience, the panels were made to have the least absorption 
possible1. They were also made to be thin and light for ease of storage and mounting. They are 
one-dimensional PRDs for improved sound homogeneity in the stage and audience. The panels 
had a maximum cavity depth of 76mm. Figure 8 shows the profile of the acoustic shell panels. 
 

 
Figure 8 – Diffuser panels for the acoustical shell. 
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5.6 Lateral Wall Diffusers 

Initially designed to be an absorber as well as a low frequency diffuser, the implemented solution for 
the lateral walls of the audience area was made of a sinusoidal shaped Corian surface with only half 
the period and no absorption material as previously explained and illustrated in Figure 9. 
 

 
Figure 9 – Diffusers of the main lateral walls. 

 
 

6 NUMERICAL SIMULATIONS 

Throughout the project, numerical simulations have been carried out using ray-tracing and image 
source modelling to estimate the acoustical parameters of the auditorium. In parallel, Finite 
Difference Time Domain calculations were performed for the estimation of the scattering coefficients 
of proposed solutions. Measurements for several of the proposed solutions, as shown in Figure 12 
were carried out in the semi-anechoic chamber at the IDIT (Instituto de Desenvolvimento e 
Inovação Tecnológica) laboratories in Santa Maria da Feira, Portugal, to confirm the results 
behaviour demonstrated by the model. 

Figure 10 illustrates the setup and results of a finite difference simulation for a solution proposed for 
the diffusion of the main lateral walls consisting of irregularly spaced and rotated quadrangular 
columns. The results for the simulations are shown in Figure 11. 
 

 
Figure 10 – Geometry of one of two studied solutions. Evenly spaced and rotated quadrangular 
columns (left); Rotated and irregularly spaced columns (right) [The red dot corresponds to the 

virtual source and the black line to the sensor locations]. 

 
Figure 11 – Sound pressure levels received at the virtual sensors located along the y-axis (away 

from the source). 
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Figure 12. Measurements of the quadrangular column solution in the semi-anechoic chamber. 

Figure 13 below shows the geometry of the auditorium and the locations of the virtual transducers in 
the CATT-Acoustic model for the symphonic music configuration (with acoustic shell). 

 
Figure 13 – CATT-Acoustic model for the auditorium in the symphonic music configuration. 

 
 

7 RESULTS 

7.1 Laboratory measurements 

The absorption and scattering coefficients of all the panels described in section 5 were measured at 
the reverberation chamber of the IDIT (Instituto de Desenvolvimento e Inovação Tecnológica) 
laboratories in Santa Maria da Feira, Portugal. The aim was to eliminate some of the uncertainty in 
the numerical models associated with inaccurate data of the acoustic characteristics of the room 
materials. The measurement of the absorption coefficients was made with real scale prototypes of 
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all panels. For the acoustical scattering measurements scale models were built that could fit in the 
reverberant chamber adequately. The measurements were made according to the methods 
described in the NP EN ISO 354:20078 and ISO 17497-1:20049 standards. Figures 14 and 15 show, 
respectively, the set-up for the measurements of the absorption and scattering coefficients in the 
reverberant room. 
 

    
Figure 14. Setup for the absorption coefficient measurements for the proscenium panels (left) and 

the orchestra pit absorbtion panels. 

     
Figure 15. Setup for the measurements of the scattering coefficients for the Corian lateral panels 

(left) and the orchestra pit diffuser panels (right). 

As seen in Figure 16, the diffusion panels for the orchestra pit showed low absorption coefficient 
(well below requirement) as well as a good scattering behaviour between about 500Hz to 5000Hz. 
Figure 17 shows the measured absorption coefficients for the orchestra pit absorption panels, 
averaging is approximately 0.5 while providing adequate low-frequency absorption (below 500 Hz). 
 
The Proscenium diffusers showed a low frequency cut-off scattering frequency of about 1000 Hz, 
while providing a scattering coefficient above 0.5 from about 600 Hz, as shown in Figure 18 below. 
The measured absorption coefficient of the acoustic shell panels was almost flat in frequency with 
an average value of 0.14. The scattering coefficient indicated good performance above 800 Hz. The 
measured results are shown in Figure 19. 
 
The results for the Lateral Wall Diffusers are shown in Figure 20. The absorption coefficient was 
almost flat averaging at 0.15. The scattering coefficient showed a good diffusion performance at low 
frequencies, as expected. 
 
The red dots in the scattering coefficient graphs are related to values that were below 0 or above 1, 
which presumably result from the height of the prototypes which was inevitable due to the need for 
motorization and the impossibility to make scale models in time for the results to be available to the 
room acoustic simulations and posterior construction.  
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Figure 16 – Measured and required values for the absorption (left) and scattering (right) coefficients of the 

diffusers for the orchestra pit. 

 

Figure 17 – Measured absorption coefficient of the Absorption panels for the orchestra pit. 

  
Figure 18 – Measured and required values for the absorption (left) and scattering (right) coefficients of the 

Proscenium panels. 

   
Figure 19 – Measured and required values for the absorption (left) and scattering (right) coefficients of the 

panels of the acoustic shell. 
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Figure 20 – Measured absorption (left) and scattering (right) coefficients of the lateral wall diffusers. 

 
7.2 Measurement of the Acoustical Parameters of the Auditorium 

The Impulse Response (IR) of the auditorium, in several configurations, was measured at a stage 
near the completion of the project. Figure 22 below, shows the measured T20 and EDT for two 
configurations – Concert and Conference. The parameters D50 and C80 are shown in Figure 23 for 
the relevant configurations (i.e. D50 for Conference mode and C80 for Concert mode). For each 
configuration, 14 impulse responses were measured in different locations. The results presented 
here are the spatial averages of the parameters. Figure 21 shows the auditorium during the impulse 
response measurements. 

  
Figure 21. Set-up for the impulse response measurements for the Theatre configuration (left) and 

with the Acoustic shell in half size mode (right). 

  

Figure 22. Results of the EDT (left) and T20 (right) for the Concert and Conference hall 
configurations. 
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Figure 23 – Measured acoustical parameters of the auditorium in two different configurations (C80 

for the Concert configuration and D50 for the Conference configuration) 

 
 

8 CONCLUSIONS 

This paper described the acoustical design process of the Convento São Francisco main venue, a 
1125 seat Auditorium in Coimbra, Portugal. The need to host various types of events was 
approached by installing variable elements in the auditorium that could modify its acoustic 
behaviour to suit a specific type requirement. This process involved not only the numerical 
modelling of the room using typical ray-tracing and image source model algorithms, but also 
laboratory measurements of the acoustical characteristics of the most important material that were 
used in the room. Finally, results of the acoustical measurements carried out in the final stages of 
the construction are presented, for the various stage and panel configurations that allow a 
significant variation of the acoustics of the room. 
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