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ABSTRACT

The goal of this study is to acoustically charaggetypical modern and old museums. Modern
museums can easily have a bad acoustic behaviciodhe widespread use of very smooth and
reflective coatings, hard floors, high-ceilings arety expressive volumes. This situation is not
usually seen in "old" museums. Acoustic analysewwvof case-studies (the 1999 Contemporary
Art Museum of Serralves and the National Museunsodres dos Reis, in Porto, Portugal) are
held using objective parameters measumnesitu in their largest showrooms (RT, RASTI, LAeq
background noise HVAC and NC/NR). This work studies generic acoustic requirements of
these buildings and recommends optimal valueshHosd parameters. Some proposals for the
acoustical improvement in the main rooms are sugde#\ short comparison of results with
other museums is shown.

1. INTRODUCTION
The museums have evolved in the last centuriesonbe of a “traditional” typology (or "old" in
the terminology used here) are installed in histdmiildings, where its past or architectural
features are also documents to be preserved.dicdmitext of valuing a historic reference certain
aspects of the visitors’ environmental comfort smenetimes neglected, such as the acoustics.

Museums here called "modern” are those charactebyéaving a building typology later
than the mid-twentieth century, considered the gaimn of reinforced concrete, buildings
framed in themodernandpost-moderrarchitectural styles. They are often installedundings
specifically constructed for this purpose.

The architecture in museums is often a goal butatmustics also has a special value
because these buildings are busy areas, but whiemces should prevail, particularly in
exhibitions rooms. The connection between bothiarits the relationship between geometry and
materials. Therefore, the architectural changes ithisseums have suffered throughout history
have also had major repercussions on their acottstiacteristics.

The acoustics of "modern” museums suffers from majeaknesses arising from the
characteristics of the architecture of recent desath the desire for smooth surfaces, highly
reflective, large spans and glazing areas, higingsiand the large use of stone materials and/or
glazed ceramic. The situation is aggravated withubkual large number of visitors that easily
generates high levels of background noise. The geantharacteristics of the exhibition halls,
their materials and the very terms of use of ttegssces, easily allow to high reverberation and
associated problems, such as lack of speech qibdily (important in guided tours), echoes, or
high background noise, motivated by a sound fielchishated by the reverberated component.



Acoustics of Modern and Old Museums Carvalho, Gives & Garcia

2. SAMPLE

This work uses two museums as typical examplesolafi art museum (National Museum of
Soares dos Reis) and a “modern” museum (ContempéramMuseum of Serralves). The goals
are to acoustically characterize these museumsbiBctive parameters measured situ, to
suggest corrective measures and to make a compavifo other museums.

The National Museum Soares dos Reis (NMSR) is liestén thePalace of the Carrancas
(Porto, Portugal) in a neoclassical building bunli800 (Figures 1 to 3). In 1934 works begin to
adapt it to a museum. In 1992 it is again renovdigdrchitect Fernando Tavora.

Figures4 and 5: Museum of Contemporary Art (Serralves), Exteri@wand tested room n.

The Contemporary Art Museum of Serralves (CAMS3odbcated in Porto, is a typical
example of a “modern” museum. The building (19983igned by the architect Siza Vieira, has
three floors (total area 12,670%mwith 14 exhibition rooms (occupying 4,485%malmost

Noise-Con 2013, Denver, Colorado, August 26-283201



Acoustics of Modern and Old Museums Carvalho, Gives & Garcia

entirely with double floor height (Figures 4 and $he exhibition halls are wide and free of
partitions inside. The walls are lined with plabteard; floors are in hardwood except for two
rooms (# 12 and 13) with a marble floor. The cegtirare mostly plasterboard coated, having
some areas with the acoustic matevidlhelmi Alvarg both with a reduced air spaceg cm).

3. IDEAL VALUES
Some of the parameters that can characterize a gomaktic behavior of a museum room are:
Reverberation Time (RT), STI or RASTI, the soundeleof HVAC background noise and the
corresponding noise criteria curves and the backgtanoise with visitors. In Table 1 are the
values that can be considered ideal for these paeamin exhibition rooms.

These ideal RT ranges of values attempt to fitadbeustic needs of different museums,
which may, in case of existence of multimedia systeto choose the value of 0.8 s and in other
circumstances, go to 1.4 s. It is further recomredrtiat the RT values, even if framed in those
ideal values, should be within the expectationsigitors, i.e., larger rooms shall have a slightly
higher reverberation than smaller rooms, becauseighthe feeling that visitors subjectively
expect.

The study of the requirements for the levels ofkigamund noise made in this work led to
recommend a 45 dB(A) maximum value, which shouldespond to maximum levels of NC-35
and NR-37.

As regards RASTI or STI values they should be witiie range of 0.45 to 0.65 to create
good speech intelligibility conditions for nearlfiéout not for remote field intelligibility. Trying
to balance those criteria of speech intelligibityd privacy, the value 0.45 prioritizes privacy,
while the 0.65 privileges intelligibility.

Table 1: Ideal values for museums exhibition rooms andséeral acoustical parameters.

RT (s) : .
Parameter [500, 1k Hz] RASTI La eq - background noise level with HVAC (dB) | NC | NR
Ideal values| [0.8; 1.4] [0.45; 0.65 <45 <35|<37

4. MEASUREMENTS

A. Methodology
The objective acoustic characterization of the lexioin rooms of the two museums was done
(April 2012) byin situ measurements of Reverberation Time (RT), equitalentinuous sound
pressure level of the background noikddgq HVAC olf equivalent continuous sound level of
noise with HVAC (Aeq HVAC o}y equivalent continuous sound pressure level of ¢gracknd
noise with visitorsl(Aeq visitor$, and Rapid Speech Transmission Ind@A$T), using a sound
level meteiB&K 226Q a sound sourdd&K 4224and a RASTI analyzé8&K 3361

Three representative rooms were selected in easleumu (n. 11, 12 and 14 in CAMS and
n. 2, 5 and 16 in NMSR) whose dimensions are shawlrable 2. In the NMSR only the rooms
in the old palace (not in the new annex) are usedepresent typical situations of an "old"
museum (Figures 2 and 3).

Table2: Dimensions of the rooms tested at both musetfms.

Museum | National Museum of Soares dos Reis | Contemporary Art Museum of Serralves

Room # 2 5 16 11 12 14
Volume () 350 510 710 1,760 1,350 1,070
Maximum height (m) 3.00 4.85 6.70 8.73 5.16 6.77
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B. Reverberation Time
The Reverberation Time values were measured a fhwsitions in each room, per octave band
from 125 to 4k Hz and resulted in the values sadfigure 6 and Table 3.

The CAMS has the rooms with the highest RT valuesarly 1.5 s superior to the
traditional NMSR rooms. Room 11 showed the worsenteeration. Those high reverberation
time values are justified by the characteristicsh&f CAMS rooms (large volumes, very high
ceilings and very reflective surfaces).

In NMSR is room 16 that has the largest RT vaRi6 §) almost doubles room 2 values due
to the large difference in volumes.

Analyzing the average RT values with the ideagjefor museums (0.8 to 1.4 s) only room
n. 2 of NMSR approaches this recommendation.

The figure 7 compares the evolution of average RIlias concerning the room volumes in
both museums. The "old" museum RTs show a stegaser with volume as the “modern”
museum has it more softly (but much higher values).

45 — - - — - — - - - g === === — = — = —@— CAMS 11
—l— CAMS 14
—&— CAMS 12
—©—NMSR 16
—£—NMSR 5
—©&—NMSR 2

Reverberation Time (s)

125 250 500 1k 2k 4k

Freauency (Hz)

Figure6: Reverberation Times at the six rooms at both mmse(above red CAMS, below blue NMSK).

Table3: Average Reverberation Time and RASTI valuesxatams of both museunis.

Museum | National Museum Soares dos Reis | Contemporary Art Museum of Serralves
Room # 2 5 16 11 12 14
RT avg.[500, 1k, 2k H¥ 1.6 2.6 3.0 4.1 3.8 3.8
RASTI room avg. 0.53 0.47 0.47 0.40 0.42 0.45
z 40 ,/D//n///ﬂ/
e 2
N
S 304 - CAMS - — - — - — -
§ RT = 0.0005 Volume + 3.2637
=257 R%=0.84
(=]
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Figure7: Average RT values related with room volumes,athimuseums (above red CAMS, left blue NMSR).

C. RASTI (RApid Speech Transmission Index)
The RASTI measurements were held at six positinrsach room (three readings in each). The
results (Table 3) show that the intelligibilityiooms 11 and 12 (CAMS) oor (0.30-0.45) and
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in the other rooms is at the low end of faeg grade (0.45-0.60). Overall, the values in the *old
NMSR (average of 0.49) are better than the ondsefimodern” CAMS (average of 0.42).

The explanation for the presence of these low waisi¢he lack of sound absorption in the
rooms, and as a result, when a sound is madeddsithan voice) it tends to delay to fade away.
In @ museum the lack of speech intelligibility das understood with a double meaning, on the
one hand, in these spaces there is a great neméate good conditions for the guides speech
intelligibility and on the other hand, when peopke not accompanied by guides it should be a
certain speech privacy (the opposite of intelligiygi so that people feel comfortable in their
space and are not disturbed by the conversatioothefs.

The variation of the RASTI values in rooms was (t48.04 (in "old" NMSR) and 0.42
0.03 (in "modern" CAMS). Analyzing these valueshwihe ideal range (0.45-0.65) all rooms in
the NMSR meet that requirement but just one inGAS (and barely).

D. Background Noise

1. Method

The measurement of the sound level of the backgrooise in the museums' rooms was done in
two phases: Museum without visitors (closed toghblic), with HVAC equipment off and then
activated; Museum with visitors (open to the puldind the HVAC equipment activated.

The measurements were done at one position inreach, by octave bands from 16 to 8k Hz,
each measurement in 10 minutes, with only two pergwesent in the first stage and with about
5 to 20 people in every room during the second @has

2. Background noise without visitors

In CAMS the measured values of the A weighted soprebsure levels of background noise
without visitors (with and without HVAC) show th#te noise in the rooms is very variable in
frequency, with a major importance in the middiegitencies (Figure 8). The HVAC operation
revealed a noise increase in rooms 11, 12 and AME) respectively for 9.0/ 2.2 / 1.3 dB(A),
presenting room 11 the maximum background noise.
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Figure 8: Background sound pressure levels (A weighted)) () and without (---) HVAC at CAMS.

In NMSR the values of the sound pressure levela/¢fghted) with and without HVAC are
shown in Table 4 (room 16 did not have an operatiéC).

Without the HVAC, rooms 2 and 16 have the largessea levels (42 dBA) while room 5
has noise levels of 29 dB(A). That higher resutiug to the fact that such rooms are in the front
facade of the building, facing a major urban strééis traffic increases in 13 dB(A) the sound
levels of the rooms exposed to it.
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With the HVAC on, room 2 has the higher noise lsvél7 dBA) motivated by its
proximity to the street and by the exterior noigkhough the noise from the HVAC system
looks similar. Room 5 has the lowest noise levelofdBA).

A comparison of the sound levels with the HVAC omd @ff in both museums (Table 4)
show that the HVAC produces an increases up toB(A)Xin relation to existing background
noise (in room 5 NMSR). The all rooms’ noise legekerage, in each museum, indicates that is
in the NMSR that the HVAC causes a greater increaseund level over the background noise.

Noise criteria curves (Noise Criterion NC and Ndi&ting NR) with the noise of HVAC
were also calculated (Table 4). Significant differes in the CAMS results were found that show
the disparity between the levels of backgroundengisoom 11 and rooms 12 and 14, being the
11 significantly more oppressive and causing digooimin NMSR room 2 does not respect the
ideal conditions (NG 35) indicating a possible nuisance by operatirgHWAC.

Table4: Noise levels (HVAGff andon, and with visitors), their differences, and NC/ERboth museums?

Museum NMSR CAMS

Parameter Room # 2 5 16 11 12 14
Laeg HVAC off (dB) 42 29 42 32 25 26
Laeg HVAC on (dB 47 40 * 41 27 27

AL peq (= Lagg HVAC 0n - Lygg HVAC off) (dB) 5 11 * 9 2 1
L aeq Visitors (dB) 60 62 58 66 63 61

AL peq (= La visitors - Ly HVAC on) (dB) 13 23 * 25 36 34

AL peq (= La Visitors - Ly HVAC off) (dB) 19 34 16 34 38 35
Noise Criteria (NC) with HVAC on 42 33 * 37 20 19
Noise Rating (NR) with HVAV on 43 34 * 39 22 21

* HVAC not available

3. Background noise with visitors

The measurements of the background noise with tieeom open to the public, that is, visitors
and HVAC noise (Table 4) show, in CAMS, that theligglent continuous sound level resulted
in significantly higher values (61 to 66 dBA) thasthout visitors (27 to 41 dBA). An increase
between 25 and 36 dB(A) in the sound level was dooetween the situations with and without
visitors (with HVAC on).

For NMSR Table 4 shows the results of the room ayernoise levels of visitors with
guided tours l(x visitorg. These results (58-62 dBA) are 13 to 23 dB(A)atge than the
background noise only with HVAC, which means tleg visitors' noise masks the HVAC noise,
making it almost unnoticeable. The room dominans@decomes the visitors, which makes the
number of persons the prevailing factor for theralleacoustical conditions within the rooms.
So, on a given day when there are few people, dingirchnt noise is the HVAC. On days when
there are many visitors, visitor noise becomes danti

The room noise levels with visitors are 16 to 33AIBhigher than without visitors and
without HVAC, which also makes it almost impercejgiany noise from outside.

5. COMPARATIVE ANALYSIS WITH OTHER MUSEUMS

To analyze the CAMS acoustic behavior comparedthero'modern” museums, its measured
values were compared with those in the National @duos of Iceland (NMI) and in the New
Acropolis Museum (Athens) (Table 5).

In these museums the RT [500, 1k, 2k Hz] valuey \omtween 1.5 and 4.1 s, what is a
broad divergence. Of the three, the CAMS presém$igher RT and to a large extent.

The lower values for the Museum of Iceland are ua great concern for its soundscape
taken into account in the rehabilitation works done2004. The Greek museum, built from
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scratch (in 2007) having very high volumes and maowcrete and glazing surfaces, and
anticipating a bad acoustic behavior that was sbinehe design stage.

Also compared were CAMS background noise levels wie NMI when they are closed to
the public but with the HVAC connected (Table SheTAegat both museums were between 27
and 44 dB, representing a wide margin for theseegsbut it is the CAMS that presents, in
general, lower sound levels.

Table5: Comparison of several “modern” museumis.

Museum Room Vsolume RT [500, 1k, | La H\(AC without
(m”) 2k Hz] (s) visitors (dB)
National Museum of Iceland (Reykjavik) 1151td50 15t01.7 36 to 44
New Acropolis Museum (Athens, Greece) 4,750 t0 19,1 17t02.1 -
Contemporary Art Museum of Serralves (Porto, RT) 1,070 to 1,760 3.8t04.1 271041

6. SUGGESTIONS FOR ACOUSTIC CORRECTION
The study of CAMS’ rooms revealed as major acougfithologies the high RT values that
contribute to raise the background noise to undebép values and influence speech
intelligibility. This is due to the high ceilingdpng corridors, very large volumes and halls
contactable with each other through large openiiggese rooms are further characterized by
very smooth and reflective surfaces with a low sbabsorption coefficient and without any
significant absorbent elements.

Based on those problems, some suggestions arenfgdge reduce the RT values closer to
the ideal, by an increase of sound absorption. CHileng systems selected wer@ASWAphon
Classi¢c Sonacoustic Fellert Ultra, Rockfon Mono Acoustic TE, StoSilentTop Finish and
WilhelmiAlvaro (Figure 9).

Only the conclusions for room 11 are presented umxd@ has the worst conditions (see
others in[2]). It was chosen only to intervene on the ceilig§q nf) by replacing the existing
plasterboard by the various proposals achievinggaificant RT reduction (Figure 9). Most
materials present a worse performance at the 12Bddmency band than the existing material.
In the remaining frequencies there is only a sligirtation of RT values among proposals.

Two additional proposals are also presented thiatlyouseBASWAphomndJocavipanels
for a correction in the 125 Hz band to filBASWAphomleficit absorption at that frequency.

The best solutions for room 11 aB®nacousticor StoSilentA-Tec Top Finish, with a
predicted RT [500, 1k, 2k Hz] reduction of abous 3or about 25,000 € ($33,000) but it can
double with a correction at low frequencies.

Table 6: Acoustical problems at the NMSR and correctiveppsals.

Acoustical problems Proposals

RT and RASTI Add sound absorptive materials/systfforsexample on ceilings
HVAC noise Change HVAC and/or improve duct isolatio

Exterior noise Change window frames and/or inclddeble windows

Step noise Include underlays and/or carpets

For the NMSR, Table 6 identifies its typical mamolplems and possible solutions. In room
2 the correction would include new interior doublmdows (to reduce exterior noise) and the
placement of a walkway carpet surrounding the rmminimize step noise) at a total cost
around 1,500 € ($2,000); In room 5 the solution Mdoe to put absorptive material on the
ceiling and a walkway carpet surrounding the rowith a total cost of about 2,300 € ($3,000);
In room 16 new interior double windows and carpetlee floor (to reduce RT) with a total cost
of 5,000 to 7,500 € ($6,600-$9,800). With the iiegtm of not being able to change the walls,
ceiling and the positioning of the exhibition, #@utions to this room are limited.
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—— RT measured
—se— BASWAphon Classic 30mm
—=— BASWAphon Classic 50mm
o--- Sonacoustic 25mm
Wilhelmi Alvaro
—e— BASWAphon Classic 30mm +

Jocavi Staidtreat BXW*
—sa— BASWAphon Classic 50mm +

Jocavi Staidtreat BXW*
---a-- Fellert Ultra

Reverberation Time (s)

Rockfon Mono Acoustic TE

0,5

125 250 500 1k 2k ---e-- StoSilent Panel Top Finish

Frequency (Hz) - - - StoSilent A-Tec Top Finish
Figure9: Measured and predicted RT in Room 11 (CAMS) liersuggested acoustical corrections.

7. CONCLUSIONS
Table 7 summarizes the measured values in the mssend compares them with the ideal
values. The average RT values are higher in CAM8 §) compared to the ideals and to other
modern museums, due to the large room volumes, t&gings and the existence of highly
reflective surfaces.

The measured background noise values show a misrfatthe target levels. Also RASTI
values show inadequate conditions of speech igieility but show good conditions of privacy
in conversations among visitors.

Improvement at CAMS can be achieved by increasmung@ absorption at the exhibition
halls’ ceilings with a minimum cost of approximat@5,000 € ($33,000) per room, which would
reduce the average RT of about 3 s.

In the “old” museum (NMSR) measures to improveat®ustics were also suggested by
using double interior windows (to reduce backgroumaise from outside), carpet walkway
circling the rooms (to minimize step noise and dase RT) and, where aesthetically possible (a
major but usual restriction in this type of musewan)increase of ceiling absorption, with a total
cost per room, between 1,500 and 6,300 € ($2,088,800).

Table 7. Measured in both museums and ideal values faratacoustical parametersH/AC not available)'?

Museum “old” NMSR “modern” CAMS Ideal

Parameter Room # 2 5 16 11 12 14 values
Reverberation Time (s) RT avg. [500, 1k Hz] 16 2(63.1 4.3 4.0 4.0 08-1.4
Background noise level (dB)

Laeq (Without HVAC and without visitors 42 29 47 32 25 26 <35

Laeq (With HVAC and without visitors) 47 40 * 41 27 27 <45

Laeq (With HVAC and with visitors) 60 62 58 66 63 61 <55
Noise Criteria (NC) / Noise Rating (NR) 42/43 33/34* | 37/39| 20/22| 19/21| <35/37
RASTI 053 | 0.47| 0.47 040 | 042 0.45 0.45-0.6b
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