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1. INTRODUCTION

1.1 The Camden
There is a common requirement within the BBC for lightweight panitions tor separating studio areas.They are otten needed because the maximum lloor loading figures at the buildings into which the
studios are to be built do not allow heavy brick or block walls to be used. A lightweight partition thatis used in premises throughout the BBC is the "Camden" - so named because it was developed toruse in the Camden Theatre in the 19405. '

A cross-section through a triple Camden (i.e. having three separate. independently supportedCamden leaves) is shown in the Appendix (A). Double Camdens and single Camdens are also usedextensively. and practical aspects of the use at the Camden in studio environments are discussedelsewhere [1]. The plasterboard provides the mass required tor low irequency sound insulation. Theair trapped by the tibreboard and timber battens ls acoustically slit! and provides a good highfrequency sound insulation. The tibreboard increases the sound Insulation ot the partition by tourmechanisms :-

a) it adds mass to the paru'tlon.

b) It has a lower 0 than the plasterboard and so It damps the motion at the plasterboard. Inparticular. it reduces the depth oi the coincidence dip which ocwrs at high trequencies it theplasterboard Is used alone.

c) It acts as acoustic treatment tor the cavity in each Ieat and so absorbs some at the sound thathas leaked Imo it.

d) It acts as an anti-vibration mount (avm) between the plasterboard and timber battens and
theretore reduces the mechanical coupling through the panition.

The Camden design has many men'ts which explains why it has not yet been superseded, Asalready explained. It Is lightweight for the level 01 sound insulation it provides, and so allows savingsin the cost of the building carcass Into which studios are to be built. Studios with heavy masonrywalls require strong, massive floors, and consequently the strength at the walls oi the buildingcarcass has to be considerany greater. The Camden is easier to remove than masonry walls whenrefurbishing studio areas. and less disruption is caused to other users at the building.

1.2 Possible Areas tor Improvements to the Camden
Camdens are very costly In construction time. Builders require constant supervision as sloppiness atany stage of the constmction can seriously compromise the sound insulation periormance oi thepartition.
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It was proposed that measurement at the sound lnsulation at various stages in the construction oi a
single and double Camden would give a valuable insight Into the iactors which control the sound
insulation ot lightweight partitions. With this insight and the above requirements in mind. design
changes could then be suggested and their eilects could be measured and assessed.

2. SINGLE CAMDEN

2.1 Introduction
The sound insulation beMeen the source and
receive rooms oi BBC Research Depanment's
Transmission Suite was measured at each stage
in the construction oi a single Camden. The
purpose was to investigate how each layer oi
board contributes to the overall periormance oi the
partition. The locations oi the boards lor each test

are shown in the Appendix (B) and the results oi
the tests are shown in Fig. 1.

2.2 Conclusions
The low irequency isolation oi this type oi

lightweight partition is controlled by its mass. The

 

slope oi the isolation curve tor a single Camden is rim -Van'alunuz.rbtrlleuulni¢licn o/a mummi-
9 dB / octave. The coincidence Irequency tor H mw_ml__l I“,
12.5 mm plasterboard is 4 kHz [2]. and that ior :2: mwafiimm
libreboard is 8 kHz. When diiierent types oi '-" '“""""’“‘"-"'"’"°""
boards are combined. the coincidence dips are
shallower than those that would be observed it either type at board were used alone. Slight peaks
at 160 Hz in the measured Isolations oi Camden: are probably caused by a system resonance
involving the two double layers of boards and the 75 mm air-space.

It might be thought that the final layer of plasteibcard could be omitted as it does not greatly
increase the sound insulation oi the partition. However the increase in Isolation provided by this
layer is worth having. and the plasterboard is also required for its fire-resistant properties. None ol
the tests so lar have suggested simple ways in which the single Camden design could be improved.
it is a good compromise between cost. width. weight and sound insulation.

3. DOUBLE CAMDEN

3.1 Introduction
The sound insulation between the source and receive rooms was measured at each stage in the
constmction oi the second Camden leai oi a double Camden to Investigate how each layer ol board
contributes to the overall pertormance ol the partition. The locations oi the boards ior each test are
shown in the Appendix (C)' and the results oi the tests are shown in Fig. 2.

'Note that the inner layers oi plasterboard and iibreboard have to be out to 0.6 m squares ior
insertion into the timber trameworit.
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The level oi vibration Isolation aiiorded between the previously constructed single Camden and this

second Camden leai should be very high because the first leai was built into the receive room walls.

and the second test was built Into the source room walls. The source and receive rooms are

independently mounted on avms. and so the level ol isolation between these two rooms and their

walls ls high.

3.2 Discussion
To investigate whether narrow gaps at the edges

oi the boards oi iibreboard or plasterboard could
impair the sound insulation oi any oi the partitions

tested, the joints were filled with mastic. and the
isolation only Improved tor the case oi the
plasterboard iniill squares on the Inner side oi the

second leai oi the double Camden. The

improvement was up to 6 dB at high lrequencles.

3.3 Conclusions
When boards are being added to the second
Camden leai. the isolation between 50 Hz and
100 Hz seems to be controlled more by panel - .

resonances than by the mass law. All at the Fig.2-Variotuxtaauinlhlzonrlruclianq’adoubleCaMn

 

curves shown in this section exhibit a dip In the “m
isolation at 80 Hz which is thought to have been :; ammfiflm

caused by the similar width air-spaces (75 mm :2: awakr‘mmw‘w'mw
and 50 mm). The isolation curves may be
approximated by a straight fine oi slope
15 dB I octave irom 100 Hz upwards.

Fibreboard is essential to damp the motion oi the plasterboard. and the depth ot the dip at the

coincidence irequency ior plasterboard (3.15 kHz - 4 kHz) depends upon the relative numbers at

layers oi plasterboard and iibreboard used. Peaks in the sound insulation curves lor double

Camdens at 160 Hz are thought to be caused by a resonance in the single Camden, and peaks at

250 Hz are thought to be caused by a resonance in the second Camden leai.

When building a standard double or triple Camden, each intiil square which is titled to the

25 mm x 25 mm battens must beindividually wt and tiled to size. The joins at the edges oi the

plasterboard lniili squares rmst be sealed with mastic Note that mastic was not iound to be

necessary on the intiil squares oi iibreboard. Poor workmanship or insullleient supervision when the
iniill squares are being titted will probably lead to an appreo‘ably impaired sound insulation

perionnance oi the Camden.

All oi the layers at boards contribute to the overall sound insulation oi the double Camden and no

layer can be omitted without compromising the isolation. However the oorltribuiion to the overall

sound Insulation made by the iniill squares ls out oi all proportion to their cost in construction time.

it was desirable to find some way oi increasing the isolation or the remainder oi the partition if the
iniill has been omitted so that the resultant Isolation oi the modified panition would be comparable
with that at the double Camden. it is thought that because the layers oi boards oi the double

Camden are all similar, and because the air-spaces are at similar width, that panel resonances occur

which make the sound Insulation curves irregular. In rnodiiying the design oi the Camden, it would
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be useful to introduce a degree at asymmetry to reduce the likelihood ol problems caused by dips in

the isolation curves at cenain frequencies.

4. SINGLE CAMDEN PLUS PARAMOUNT

4.1 introduction
It was thought that it might be possible to omit the infill layer it the plasterboard and fibreboard on

the outer ol the studding oi the second leat were replaced by a layer which contributed more to the

overall sound insulation ot the partition. It was suggested that a layer at 'Paramcunt" would be

suitable lor this purpose. Paramount consists at two 12.5 mm layers at plasterboard separated by.

and bonded to a 38 mm thick cellular cardboard layer. 37 mm x 37 mm and 37 mm x 19 mm

planed timber battens were used as an infill to support the edges oi the sheet material. and screws

were titted through these to secure the boards to the outer race at the studding of the second teat.

Measurements were made with and without a layer oi fibreboard between the Paramount and the

sludding ol the second test.

4.2 Features oi the Curve
The locations at the Paramount and other boards

are shown in the Appendix (D.E) and the results

at the sound insulation measurements are shown

in Fig. 3. The curves are much smoother than

that ot the double Camden because at the

asymmetry oi the partition which discourages panel

resonances.

4.3 Discussion
The average Isolation at a partition cl Paramount

alone is 30 dB [3]. and the previous measurement
tor a single layer oi plasterboard and libreboard

had an average isolation at 29 dB. Other

 

measurements not shown in this paper have Fig.3-Parmmpanfliauzmdwflhdoubhcandu

demonstrated that the resultant isolation ol the
9—0 Wand“

single Camden plus a teal on the outer ol the -—- gadgggflgggmgwmu“

second stud is approximately equal to the isolation

ol the single Camden plus that at the second teat

(i.e. the two leaves behave independently).

The tact that the single layer oi plasterban and fibreboard has a similar isolation to that ol the

Paramoum is quite surprising because the Paramount layer is almost twice as heavy. and also has a

38 mm intrinsic cavity. This observation suggests that the cardboard acoustically bridges the 38 mm

cavity (the cellular cardboard is very rigid), and also highlights the beneficial eiiect ot the iibreboard.

When fibreboard was used to damp the Paramount. the resulting Isolation was comparable with that

ol the double Camden. although the Paramount panition had a much smoother isolation curve and

did not sulter from a dip at so Hz.

 

'Paramount is a trade name registered to British Gypsum Ltd.
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4.4 Conclusions
The Paramount based partition using fibreboard had a comparable iSOlalion with that oi the double
Camden, but it had two serious drawbacks :-

a) The construction time and cost would probably be similar to that oi the double Camden.

b) The panltion is 50 mm wider than a double Camden.

Paramount was iound to be unsuitable tor use in this type oi studio partition. Paramount is intended
as simple. cheap oitice panilioning. but the degree oi isolation it provides is comparatively poor.

5. SINGLE CAMDEN PLUS 19 MM THICK PLASTERBOARD "PLANK"

5.1 Introduction
The partition using Paramount described In the previous section did not show any great benefits over
the double Camden. Thereiore a similar approach was adopted. but instead oi the Paramount.
19 mm plasterboard planks were used. Frbreboard was used behind the 19 mm planks because all

previous measurements have suggested that the use ot iibreboard with plasterboard is beneficial.

5.2 Features oi the Curve
The locations oi the boards are shown in the Appendix (F) and the results at the sound tnsutation

measurement are shown in Fig. 4. Once again, the curve ls much smoother than that oi the double
Camden because the asymmetry oi the panition discourages resonances. The low irequency
isolation ls much better controlled than that at the double Camden, The overall isolation is
comparable with that oi the double Camden. although its isolation both in the range 160 Hz - 200 Hz
and above 500 Hz is worse than that oi the double Camden.

5.3 Conclusions '
Apart from the isolations between 160 Hz and 200 Hz. the performance oi the panition using 19 mm
plank compares very tavourably with that oi the double Camden. The 19 mm plasterboard plank is
more manageable and easier to lit than sheets at 12.5 mm plasterboard because oi the smaller
board cfimensions (2.4 m x 0.6 m x 19 mm against 2.4 m x 1.2 m x 12.5 mm). However, it was ielt
that the design could be improved lunher and that the lower integrity oi the second leai at 160 Hz -
200 Hz might cause problems, especialry it the design were extended to a triple leai partition.

6. SINGLE CAMDEN PLUS TWO LAYERS 0F PLASTERBOARD

6.1 introduction
The sound Insulation periormance oi the panition based on 19 mm plasterboard plank was marginally
less than that oi the double Camden. Thereiore a new experiment was carried out with two layers
at 12.5 mm plasterboard in place oi the 19 mm plasterboard plank.

6.2 Features at the Curve
The locations oi the boards are shown in the Appendix (G) and the isolations are shown In Fig, 4.
The coincidence dip at 3.15 kHz ls lairty pronounced which shows that the two replacemem layers ol
plasterboard were acting Independeme at this irequency (otherwise the coincidence lrequency would
have been lower). Also they are only associated with one layer oi iibreboard (so the damping eiiect
is less) rather than two as in the second leai oi the double Camden.
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6.3 Conclusions
The isolation wrve oi the partition using adouble
layer or plasterboard is better than that ol the
double Camden. There Is no low lrequencypanel
resonance. and the isolation lrom 250 Hz to
500 Hz is about 5 dB higher than that ol the
double Camden. The sound insulation curve is
much smoother because ot the asymmetry ol the
partition, and the curve is a much better lit to the
general curves ol sound insulation requirements
between BBC studio areas than that at the double
Camden.

 

The partition uses less material (one lewer layer oi me... . untr- .....ne,.
libreboard and no 25 mm x 25 mm timber battens) Fig.4-Twmlypu alpam'lr'on
than the double Camden and the associated H mum"
savings in labour costs are large. The partition ;: magmgfiggggggmgm
should be more tolerant of poor workmanship and
building supervision than the double Camden. Further work is being carried out to ensure that the
tire integrity oi the cavity is maintained. '

7. OVERALL CONCLUSIONS

Several novel partition designs have been investigated with the aim at linding a cheaper alternative
to the Camden. None ol the tests suggested simple ways in which the single Camden design could
be improved.

A new partition design has been tested and will be recommended as a replacement lor the double or
tnple Camden when proving or the impact isolation ol the partition has been completed. It requires
tewer malenais than the Camden. is much cheaper to build, and should be more tolerant oi poor
building practices. It also has a slightly higher sound isolation than the Camden, and its insulation
curve is much smoother and does not sulter lrom dips at low lrequenciee.

The sound insulation curve of the double Camden is thought to be irregular and to sufler trom low
lrequency dips because cl panel resonances caused by the high degree oi symmetry (the same type
or layer is repeated each time and is separated lrom the next by a similar width air-space).

Fibreboard has been shown to provide large increases in sound insulation in proportion to Its mass
because at its ability to damp the motion oi the plasterboard. It also reduces the depth at the
coincidence dip tor plasterboard by resonating at a higher lrequency and by adding damping.
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A CROSS CORRELATION METHOD FOR MEASURING THE SOUND REFLECTED FROM
DlFFUSlNG SURFACES

Trevor Cox, R.J. Drlowski

Department of Applied Acoustics
University of Salford.

l.lNTRODUCTIUN

It is well known that the effects of reflecting surfaces on sound
generally follow simple empirical rules depending on the wavelength
of the sound and dimensions of the surface. There are many surfaces
in auditoria - such as overhead reflectorsI balcony fronts and walls
which subdivide audiences — which are small enough to diffract sound
at the lower end of the audible frequency_range. At the moment there
is little experimental data on how these surface reflect sound in
both the near and far fields. Yet such surfaces are crucial in
determining the sound field received by the audience, particularly
the early sound field.

For example, it is becoming more and more common for audiences to
be subdivided into smaller blocks. as in St David's Hall' Cardiff.
The main principle behind this is to provide more early lateral
energy to the listener and so increase the feeling of spatial
impression. This has resulted in quite large numbers of people being
near to reflecting surfaces. But there is little data on how these
surfaces reflect sound in the near field. Neither can computer ray
tracing models deal satisfactorily with the diffraction effects.
Consequently. an exact measurement of the effects of such surfaces
could aid auditoria design.

Before dealing with the surfaces in situ, an experimental method has
been devised to measure the sound field reflected from the surfaces
alone. Initial experiments have been carried out on a quadratic
residue diffusor (0RD). This is described below.

2.THE MEASUREMENT SVSTEM

A schematic representation of the experimental set up is shown in
figure (il. The source signal is white noise played through a
loudspeaker; this approximates to plane waves in the region around
the microphones and diffusor. Two microphones measure the resulting
sound pressure levels: the one nearest the loudspeaker is
stationary. the second rotates about the diffusing surface to
produce polar plots. The two microphone signals are fed to the dual
channel FFT analyser (Dno Sokki) which calculates all the necessary
cross correlation and spectral functions. The cross correlation
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function calculated between the two microphone signals is at the

heart of the measurement system.

A cross correlation between the two microphones produces four peaks,

as each microphone signal consists of incident and reflected sound.

An example is shown in figure (ii). (The fourth peak is missing as

it is outside the time limits used for the cross correlation). Once

the reflected sound peak has been isolated. see later| a Fourier

transform of this impulse response is taken. Corrections are then

made for the response of the source and pick-up systems, as well

as for the difference in the two microphone responses. This then

gives the transfer function for the panel.

The reflected sound peak is separated from the other three peaks

by two processes:

(1) A measurement of the system with no panel present produces a

cross correlation with a single peak. figure (iii). This then can

be subtracted from the cross correlation with the diffusor present.

Subtraction is necessary for measurements close to the panel as the

tail of the incident sound peak may overlap the reflected sound

peak. It also has the advantage of removing any unwanted reflections

from apparatus — such as the boom arm - provided these are common

to both measurements. A typical result for the subtraction of the

cross correlations is shown in figure (iv).

(2) A consideration of arrival times allows the blanking of! of any

remnant of the incident sound peak after subtraction, as well as

removing the two smaller 'secondary' peaks. See figure (iv).

The measurement system can be summarized by the following equation

for the transfer function of the test panel:

 

Sxx,(w).r(w)

where nyld(7) is the cross correlation after processing by

subtraction and time elimination.

Sxx,(w) is the autospectrum measured by the loudspeaker microphone

with no diffusor present. This normalizes for the response of the

source and microphone systems.

r(w) is the transfer function between the two microphones;

exp(iw1_) is a phase factor to compensate for time delays.

The calibration of the microphones is done by placing the two

microphones a few centimetres apart and several metres from the

loudspeaker in the anechoic chamber. White noise is played through

the loudspeaker and the transfer function between the two

microphones is given by the cross spectra.
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The major draw back of the system is the large amount of time needed
for the measurement. As the sound‘source is white noise, a large
number of averages of the cross correlations have to be taken to
reduce the random error to acceptable levels; typically 1024
averages are used. A graph of random error verses frequency shows
a series of minima and maxima, see figure (v) — aresult for 128
averages. (As the incident and reflected sound interfere with each
other a series of sound pressure level minima and maxima are
produced at the diffusor microphone. At frequencies where the sound
pressure level is a minimum the signal to noise level is reduced and
consequently the random error increases.) For 1024 averages the mean
error is about 72, but this fluctuates between 14Z and 3.52 with
frequency. The measurement takes about 24 hours in total for a
resolution of 2', and consequently the measurement process is fully
automated. A computer (Compaq IBM-compatible portable) controls both
the FFT analyser and the rotating boom arm carrying the diffusor
microphone. The apparatus was found to be stable enough over this
time period not to significantly affect the accuracy of the
experiment.

Due to the size of the anechoic chamber. scale models of the
diffusors have to be used. So far a 1:5 scale model of a single
period quadratic residue diffusor (0RD) has been tested. It is based
on the prime number seven and is similar to those used by
A.H Marshall in wellington Town Hall, New Zealand ‘. Host GRDs
installed in recording studios have a large number of very deep and
narrow wells. ln auditoria such a design would cause too much
absorption and so the diffusor is designed with a smaller number of
much shallower wells. The main body is constructed from hardwood,
the fins from plywood; the dimensions are given in figure (vi).

3.RESULT5

Polar plots of the transfer function of the 0RD at three different
frequencies for normal incident sound are given in figures (vii) -
(ix). These are for a diffuser — microphone distance of 1.01m scale
size, 5.05m full size. (The microphone is normal to the diffuser.)
The average standard error is about 7%, the resolution is 2'.

The frequency response of the panel roughly divides into three
regions. At low frequencies — below about 600 Hz model scale, 120 Hz
full scale — the diffusor reflects sound uniformly in all
directions, and there is little fine detail. figure (vii). The main
influence on the sound field is the total size of the diffuser, the
wells being too small relative to the wavelength to have much
effect. At high frequencies, above about 5000 Hz (1600 Hz qu
scale), the polar plot shows great variation with a large number
of peaks and troughs. yet the underlying distribution is uniform.
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figure (viii). In the mid frequency range, howeverI the distribution

is not so uniform; there are many wide peaks and troughs, figure

(ix).

Also included is a comparison between the experimental result for

1000 Hz (200 Hz full scale) and a theoretical prediction based on

a simple Fraunhoffer diffraction model, figure (x). The Fraunhotfer

theory predicts the reflection field to be the Fourier transform of

the diffusor's surface L'. The result is typical; the theory

succeeds in predicting the overall gross structure of the reflection

pattern, but nothing of the fine detail which can be as much as

+- 5 dB. The failure of the theory is to be expected as it is an

over-simplified mode]; for example it assumes measurement in the far

field.

 

4.CONCLUSIDNS

A system has been successfully set up to measure the reflection of

diffusing panels as a function of angle and distance from the panel.

The use of a cross correlation technique has allowed simple

separation of the incident and reflected sound, leading to an

accurate measurement of the surface's transfer function.

5.FUTURE WORK

Further investigations into the properties of GRDs will be done.

Other surfaces such as plane and curved panels will be tested. These

results should allow the validation of theories concerning all three

reflector types. The measurement technique is being adapted to use

a maximum length sequence signal instead of white noise. As the

maximum length sequence is a determinant signal this will remove the

necessity for time-consuming averaging without a loss in accuracy.
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Figure (vii) Measured Transfer function magnitude of 0RD.
500 Hz model scale. 100 Hz full size.

Each til-:1! u :0 a!

—¢”"""""-\_   
Figure (viii) Measured Transfer function magnitude of 0RD

17500 Hz model scale. 3500 Hz full size.
Eben circle in so an
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Figur‘e (ix) . Measured Transfer function magnitude of EEO
1000 Hz model scale. 200 Hz full size.

Each circle is so «I!

 

Figurebd Transfer function magnitude of 0RD
Measured values (1) compared to theoretical prediction (2)

1000 Hz model scale. 200 Hz in]! scale
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