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FOREWORD

HIS is one of a series of Engineering Monographs
I published by the British Broadcasting Corporation.

About six are produced every year, each dealing
with a technical subject within the field of television and
sound broadcasting. Each Monograph describes work
that has been done by the Engineering Division of the
BBC and includes, where appropriate, a survey of earlier
work on the same subject. From time to time the series
may include selected reprints of articles by BBC authors
thiat have appeared in technical journals, Papers dealing
with general engineering developments in broadcasting
may also be included occasionally.

This series should be of interest and value to engineers
engaged in the fields of broadcasting and of telecom-
munications generally.

Individual copies cost 5s. post free, while the annual
subscription is £1 post free. Orders can be placed with
newsagents and booksellers, or BBC PUBLICATIONS, 35
MARYLEBONE HIGH STREET, LONDON, W1,
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THE ACOUSTIC DESIGN AND PERFORMANCE OF A NEW
FREE-FIELD SOUND MEASUREMENT ROOM

SUMMARY

This monograph sets forth the various requirements laid down in the design of'a new free-field room at the BBC Engineer-
ing Research Department. Experiments leading to the choice of acoustic absorbent are described and some details given
of the building and associated technical equipment. The results of tests on the completed room are given; the frequency
range over which free-field conditions can be obtained depends to some extent on the direction of propagation, but in

favourable circumstances extends below 50 ¢/s.

1. Introduction

For the detailed study of electro-acoustic transducers, and
for subjective experiments in which an accurately specifi-
able sound field has to be produced, itis necessary to avoid
reflexion of sound from the walls, floor, or ceiling of the
test room. It is usually necessary also to reduce extraneous
sounds to a very low lfevel. These two requirements can in
principle be satistied by a so-called ‘free-field room’, in
which all surfaces are covered to a considerable depth with
acoustic absorbent material, while the structure itself is
designed to exclude sound. In practice, however, the ap-
proach to the {deal condition of free-field sound propaga-
tion with no extraneous noise is limited by economic
factors, and a compromise has to be arrived at by taking
into account the purpose for which the room is required.
This monograph describes the design of a new free-field
room at Kingswood Warren, Tadworth, to meet the needs
of the BBC Research Department Electro-Acoustics
Group. Of the various technical operations for which the
new roem was intended, the following make the greatest
demands on the available space: sound insulation studies
involving the measurement of radration from large sheets
of material; measurement of the free-field characteristics
of microphone or loudspeaker arrays designed for Jong-
range working; investigations into stereophonic reproduc-
tion or other aspects of directional hearing, for which
widely spaced sound sources are required. With these
requirements in mind, the dimensions of the working
space remaining after the introduction of the necessary
acoustic absorbent material were fixed at 20 ft by 16 1 by
10 ft high (6:1 m by 4:9 m by 3 m). A working floor
offering as little obstruction to sound as possible had to be
provided to give easy access to the operating area. Con-
sideration was given to the use of a permanent floor of
highly tensioned nylon mesh, such as is fitted in some free-
field rooms, but this arrangement was eventually rejected
in favour of a rigid floor of steel grids, divided into a large
number of removable sections carried on stanchions. The
working floor had to be mounted at such a height that any
apparatus placed at a point mid-way between the true
floor and the ceiling of the room would be in a convenient
position for a standing operator. To facilitate the move-
ment of heavy equipment in and out of the room, it was
essential that the working floor should be at ground Jevel;
to meet this requirement, the room had to be sunk into the
ground to a depth of 6 ft (1-8 m).

Since many of the investigations to be carried out in the
room were concerned with the high-quality reproduction
of music, It was necessary that a good approximation to
free-field conditions be maintained over the complete
audio-frequency range down to 50 c¢/s; this requirement
will be referred to again in Section 3.

The maximum sound levels to be generated in the room
were expected to be of the order of + 120 dB with refer-
ence to 2 x 10~* dynes/cm® and it was not necessary there-
fore to take precautions, as in the case of some free-field
rooms for work involving high-intensity sound, against
damage to the acoustic absorbent material through
excessive vibration.

Fig. 1 shows the general layout of the free-field room
and of the adjacent areas and Fig. 2 a photograph of the
interior.

2. Sound Insulation

The most intense noises against which protection is
required are those of aircraft flying at a low altitude
immediately over the room and of test scunds or pro-
gramme in an adjacent studio used for experiments in
room acoustics. Either noise may be expected to reach
a level of 4100 dB with reference to 2 x 107! dynes/cm?
in octave bands over most of the audible spectrum, with
slight reductions below 125 ¢/s and above 4 kc/s.

As will be seen from Fig 1, the roof and two sides of the
room above ground level are exposed to aircraft noise,
the front face being protected by an adjoining apparatus
room and one side by the acoustics studio, over which is
built a photographic studio and office.

If the sound pressure cutside is applied to an area 4 of
wall or ceiling, the reduction L in pressure level inside the
room is given by

1
L=7-101log, (—‘;—F%) dB

where 7 is the sound-reduction index (S.R.1.) of the wall or
ceiling in dB and R is the ‘room constant’ given by
Sa/(1 — &} in which § is the total area of the internal sur-
faces of the room and & their mean absorption coefficient.
1n a free-field room, & must necessarily be nearly unity,
so that the term A4/ R can be neglected ; the effective sound
insulation of the construction is then increaszd by 6 dB.
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It has been established® that the transmisston loss
through a porous layer adjacent to a solid wall is small or
even negative at low frequencies, but roughly additive to
that of thc wall. On this basis, the loss through the wedges
was conservatively estimated as nil at 62 ¢fs, rising to
34 dB at 8 ku/'s.

The requirements for maximum acceptable background
noisc are based on two types of test. Subjective tests may
require the background to be below the threshold of
hearing whilst objective measurements of the self-
gencrated noise of microphones, for instance, requirc a
still lower background noise level at low frequencies. A
maximum of -+ 15 dB with reference to 2 x 10~ dynes/cm?
in any oetave band was assumcd at frequencies up to
250 ¢fs above which the threshold of hearing of bands of
noise in a diffuse sound ficld was adoptcd.

The considerations of external noise, aceeptable back-
ground noise inside, and necessary corrections as outlined
above, finally led to the following requirements for the
sound-reduction indices of the ceiling and walls.
Frequency 62 125 250 500 1000 2000 4000 8000 cfs
S.R.I. 68 70 70 70 70 70 69 61 dB

If we consider only the requirements of subjeclive
testing, wc obtain instead at [ow frequencies

Frequency 62 125 250 cfs
S.R.L 43 6l 66 dB

To attain the first sct of figures would need a construc-
tion which was very uncconomical for middle and high
frequencies. To attain the second set of fipures would be
relatively easy. The construction described in Section 4
represents a compromise between the requirements for
subjective tests and objeetive measurements which may
result in occasional interferencein some objective measure-
ments at low frequencics.

The isolation of the room from solid-borne impact
sounds was also considercd. There are no underground
sources of vibration or noise, and isolation is therefore
required only in respect of footsteps or other impacts at
ground level, The room is protected from close approach
of footsteps by the apparatus room at the front and flower
beds at the back. One side adjoins the studio and the other
1s flanked by a passage which could be barred if necessary.
There is a minimum of 20 ft (6-1 m) of earth between the
nearest point of approach and the foundations of the free-
ficld room. This, together with the asphalt tanking over all
parts below ground level, was expected to give sufficient
protection against footsteps and other sources of ground-
borne sound.

Fig. 2 — Interior of free-field room (working floor partially removed)
7



3. Acoustic Treatment

When the building was first planned it was necessary to
decide how much space would be faken up by the sound-
absorbent lining. Since the aim of the design was Lo simu-
{ate free-ficld conditions at all frequencies down to 50 ¢/s,
it was decided that the so-called ‘cut-off frequency’ at
which the reflexion coefficient for normal incidence rises
to 10 per cent should be in the region of 45 ¢/s. From a
study of the fiterature and experience with an existing
room built in 1950, it was estimated that the desired resuoit
could be achieved by allowing a depth of 51 (1-5 m) for
aconstic treatment, this figure to include any air space
between the absorbent material and the wall. To give the
required working space, the dimensions of the bare room
were therefore fixed at 30 ft by 26 ft by 20 ft high(%-1 m by
79 mby6-1m

From published data on the design of free-field rooms,
it is clear that the most effective form of acoustic treai-
ment consists of a series of wedges or pyramids of absor-
bent material completely covering the walls, floor, and
ceiling. There is as vet no safisfactory theory by which the
reflexion coefficient of such tapered structures can be
calculated from their dimenstons and the physical con-
stants of the material employed. Most of the theoretical
analyses given in the literature®* are based only on the
flow resistance of the material and do not take into account
the elastic properties and the dissipation of energy by
mechanical hysteresis; in practice, espectally with the more
elastic materials, itis the mechapical properties rather than
the flow resistance which largely determine the sound ab-
sorption at low frequencies. However, even when attempls
have been made o allow for mechanical movement of the
material, the sgreement between the predicted and the
measured performance of the absorbers is not very good.
Tnthe circumstances, therefore, the choice of material and
dimnensions for the wedge absorbers was made on the basis
of experiment.

Most wedge absorbers used in recent years have & cross-
section at the base of 8 in. by 8 in. (20 cont by 20 cmy). These
dimensions are known ot to be eritical and it was decided
therefore not to depart from them. Measurements of re-
flexion coeflicient at normal incidence were made by means
of a travelling wave duct having an internal cross-section
of 16in, by 16 in. (40 cm by 40 cm), thus accommodating
four wedges.

Tn practice, a wedge absorber is not tapered over its
entire length, the sides beiog left parallel near the base;
moregover, a small air gap between the base of the wedge
and the wall of the room usually produces an improve-
ment in performance. Thus, although the base dimensions
of the wedge were fixed, three variable dimensions re-
mained—the length of taper, the air gap, and the overall
depth taken up by the acoustic treatment; these guantities
were varied as required to obiatn the optimum per-
formance for each material tested.

As indicated earlier, the lower limit of the useful fre-
quency range of an absorbent material for a free-fleld
room is ussally taken as the point at which the reflexion
coefficient rises to 10 per cent. To facilitate comparison

between different types of sound absorber occupying
different amounts of space, some workers have taken as a
figure of merit the value of £/ A; where Ajisthewavelength,
in air, of sound at that frequency for which the reflexion
coefficient is 10 per cent and 1D is the overall depth of the
acoustic treatment, 1.2 the Jength of the wedge plus the
length of the air gap. This procedure, however, produces
afigure which decreases when the working frequency range
of the absorber increases ; to aveid Incongruity, the inverse
quantity A,/ D will therefore be used in the present work as
a measure of the efficacy of various types of acoustic
treatment,

In the free-field rooms built before about 1955, the
absorbent materials employved were usually of the glass-
fibre or mineral-wool type; these have an unfortunate
tendency to shed sharp particles which are a potential
danger to the eyes and other delicate surfaces. In recent
years, a variety of alterpative materials has become avail-
able; among those tested for the present purpose were
rubberized hair, compressed woedwool, a new resilient
type of glass-wool fibre, foamed phenolformaldehyde, and
various types of foamed polyurethane,

The best of the fibrous materials, a resin-bonded glass
fibre used in the construction of earlier free-field rooms,
produced, with optimum wedge dimensions, a figure of
43 for A/ 0; however, this product was no longer on the
market and for the nearest available substitute of the same
type, Ao/ D was only 3-3.

Atiention was then turned to foamed plastic materials,
which have the advantage of being free from dust and not
casily damaped in handling, A wide variety of plastic
foams, both rigid and flexible, was tested, but in every case
in which the performance locked promising, the reflexion
characteristic was found to be profoundly affected by
mechanical resopance in the body of the material, Fig. 3
ghows, by way of example, the reflexion characteristic of a
polyurethane foam, [,* together with the output of an
accelerometer applied to the wedge, for this material, if it
were possible to ignore the rise in reflexion coeflicient in
the region of resonance, &,/D would be 3-8, For compari-
son, the reflexion characteristic of some mineral woal
wedges for which A/ 0 15 3-9 s also shown,

Mechanical resonance phenomena in the absorbent
material are natorally affected by mechanical constraints,
and the influence of these resonances on the reflexion
characteristic thus depends a good deal on the method of
mounting the wedges, As an example of this, Fig. 4 shows
the effect of partially attaching polyurethane ester wedges,
Il, to the wall by adhesive. The effect of the additional
constraint is to redoce the value of Ay D from 4-3to 2 4.

Most foam plastics have very little mechanical hys-
teresis; their internal resenances are therefore lightly
damped and the effects of these are subject to wide varia-
tions in manufacture. As an example, curves (a) and ()
in Fig. § show the reflexion characteristics of wedges from
two different batches of polyurethane ether foam, 111, for
which the best value of A,/ D is4-5.

* For the sake of brevity and to preserve anoaymity, commercial
brands of absorbent material are feferred to by Roman numerals,
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{@y Mineral wool, D=680in {(150cm)
(&) Polyurethane ether . De=44in (112 cm)

Fortunately, in the course of the investigation a new
tvpe of polyurethane ether foam, IV, having an appreci-
able amount of mechanical hysteresis, became available,
Fig. 6 {a) shows the reflexion coefficient obtainable with
this material, for which A/ is 4-3; the effect of the in-
ereased damping is apparent. Foam IV was found to be
sufficiently reproducible in quantity production and was
therefore adopted for use in the aew free-fizld room,

In the course of the investigation to determine the
optimim material and dimensions of the wedges, con-
sideration was given to the artifice, adopted by some
workers,2® of providing Helmholtz resonators behind the
absorbent material, the opening into each resonator being
formed by a narrow gap botween adjacent wedges, Experi-
ments indicated, however, that even under the most
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favourable conditions, any increase in absorption ob-
tained by this means was confined to a narrow frequency
band and was accompanied by a decrease in absorption at
other frequencies, It is thought that some of the effects
attributed in the literature to the action of a Helmhohliz
resonator may in fact have been due to interference between
one wave which is reflected from the front of the acoustic
treatment and anether which has penetrated the material
and been reflected from the wall behind,

The dimensions and position of the wedge finally
adopted are shown in Fig. 7. An allowance of 6 in.
{150 mm) was originally made for the air gap at the rear of
the wedge, but with the type of polyurethane foam finally
adopted, the optimum gap lenpth was found to be 41 in.
{114 mm}. The overall depth of the acoustic treatment is
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Fig. & — Polvurethane ether wedzes IV as wsed for free
field room, with and without steel rod
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Fig. 7 — Dimensions and position of polyurethane wedge

therefore 14 in, (40 mm) Iess than that originally estimated
and the working space in the room correspondingly in-
creased. Each wedge is reinforeed by a } in. (6 mm)
diameter steel rod, which is inserted into a hole previously
made by a heating element on the end of a probe. It was
originally intended to attach these rods to the walls, floor,
and ceiling; this method of supporting the wedges had,
however, to be abandoned as the mechanical constraint
thus introduced adversely aflected the sound absorption
at low frequencies. Nevertheless, it was found that by
leaving the steel rod in place but unattached, the value of

Aof D could be increased, as shown in Fig. 6(h), to 4-§—a
figure which, as far as can be ascertained from the litera-
ture, has not been cqualled or exceeded by any form of
treatment having a cut-ofl frequency lower than 60 ¢/s,
Experiments made with reinforcing rods of other materials
showed that the mass of the rod rather than the stiffness
was responsible for the improvement in performance. In
the case of wedges used on the floor of the free-field room,
the reinforcing rods are divided into sections joined by a
spiral spring, forming a flexible element which, in the
cvent ol anyone falling on to the acoustic treatment, will
told over without causing injury. As a further safety pre-
caution, the fixed portion of every unused stanchion is
covered with a loosely fitting eylindrical cap of sponge
rubber; cach cap is surmounted by a polyurcthane foam
wedge 11 in. (280 mm) high to reduce sound reflexion at
frequencies for which the flat top presents an appreciable
obstacle.

In mounting the wedges in the free-field room, a laycr
of glass fibre was used to cover any bare surfaces appearing
at the junctions of walls, fioor, and ceiling,

The main support for the wedges consists of two stecl
erids, formed by & in. (6 mm) rods at § in, (200 mm)
centres, mounted one behind the other with their meshes
in alignment at 5% in. (140 mm) and 21} in. (550 mm)

Fig. 8 — Method of supporting wedges to prevent sagging
10
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tespectively from the walls, floor, and ceiling. The mesh
opening is slightly smaller than the paralle]l portion of the
wedge, 50 that the latter is gripped firmly ; however, it was
found necessary to anchor the ceiling wedges by a stiff
wire passed transversely through the materialnear the base.

As the polyurethane foam used is very soft, it was
necessary Lo provide some additional support to prevent
excessive sagging of the wedges mounted on the walls;
this was achieved, as shown in Fig. &, by a system of
horizontal and vertical wires, small strips of expanded
aluminium being interposed to distribute the pressure
over the sutface of the plastic. The position of the point of
support was found to be important; any additional con-
straint in the neighbourhood of the wedge tip increased

the reflexion coeflicient in the region of 90 ¢/s; a similar
effect appeared, as shown in Fig. 9, if the length of the steel
rod was made too great,

Measurement of the reflexion coefficient of wedges of
foam IV was also made at frequencies above 800 c/s, the
kit imposed by the onset of transverse resonance modes
inthe 16in. by 16in. (40 em by 40 cm) test duct. To thisend,
asmaller duct, of internal cross-section 4 in. by 21in. (10cm
by 5 cm), was built, which allowed measurements to be
made up to 4 ke/s. It was not possible to accommeodate a
complete wedge in this duct, but a sample was taken from
the centre of the wedge, including the tip. The results thus
obtained have been combined with the data from Fig. 6
(b} to give the overall curve in Fig. 10.

To give some idea of the degree of reflexion to be ex-
pected when the sound approaches a bank of wedges at
nearly grazing incidence, the tests above 800 c¢/s were
repeated using sections of a wedge arranged with their side
surface normal to the direction of sound incidence. The
reflexion coelficient at frequencies up to 2-5 kc/s was less
than & per cent and fell at higher frequencies, as shown in
Fig. 11.

Because of the predominant part played by mechanical
resonance phenomena in determining the reflexion co-
efficient of the wedges, it was not possible to check the
consistency of the material in production by tests on a
small specimen; it was therefore necessary to have a
number of full-sized wedges cut from each batch as
samples. These samples, amounting to about 2 per cent
of the material produced, were tested for reflexion co-
efficient in the critical frequency range below 200 cfs; in
the event of the results falling outside tolerance in this
respect (fortunately an infrequent occurrence) the manu-
facturer was able to utilize the batch for other purposes.
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Fig. 12 shows the spread of the results obtained with 120
sample wedges, tested in groups of four,

The price of the polyurcthane wedges of the type em-
ployed in the present room was 20s. 6d. cach; the only
other material available giving comparable results appears
o be a German mineral wool costing about four times this
price. 1t may benoted that one of the types of polyurethane
wedge which initially gave promising results, but hadto be
abandoned because the material was not reproducible,
waould have cost only about 17s. 6d. The framework hold-
ing the wedges in position was made from a standard form
of steel mesh employed for reinforcing concrete, the cost
being only 1s. per wedge. The 38 in. (0-96 m} rods inserted
in the wedges, together with the tip supports, cost an addi-
tional 1s. per wedge.

The total number of wedsges emploved was 5,192, The
construction time for the framework and for the wedge
supports and the installation of the wedges amounted to
approximately 3,160 hours, L.e. -6 hours per wedge. This
compares with a figure of 13 hours per wedge for a free-
field room constructed elsewhere in 1947,

4. Structure

Forreasons given elsewhere in thismonograph, the floor of
the room was sunk to a depth of 6 f1{1-8 m). The S wallis
protected from aircraft noise by the apparatus rooni and
the space above it and the B wall by the studio, though this
is itself a source of noise. The W wall is shielded by the
boiler-house, The only completely exposed wall, the N
wall, has a height of 14 ft (4-3 m) above ground level and a
fength of 28 £t (8- 5 m). The recommended wall construc-
tion was twa leaves of 9 in. (220 mm) brickwork with a gap
of & in. (200 mm) between them. For the roef, § in. (200
mm) of concrete was recommended with 2 working space
above roofed with 1 in. (25 mm) of timber or its equivalent
in sound insuilation. In the final design the roof space was
made approximately 6 fi {1 -8 m) high and was closed by
2 in. (50 mm) Stramit. For structural reasons and to econo-
mize in space, the cavity in the walls was reduced 1o 3 in,
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(78 mm} The roof insulation was expected to be adequate
but the walls would fall short of the desired insulation even
having regard to the relatively small exposed area. It was
argued, however, that the thickness of the exposed wall
could be increased without difficulty at a later date if it
were found to be inadeguate,

The inner shell of the free-field room is entirely isolated
by the cavity from the outer walls, apart from having a
common heavy foundation and compliant fillings round
the door frames and in the attic above. The reinforced con-
creteroof is B in, (220 mm) thick and supported by integral
ralled steel joists resting entirely on the inner walls, Above
this the walls are of two 4} in. (110 mm) leaves with a 24n.
{50 mm) cavity connected by flexible wali-ties consisting of
two galvanized {ron strips moulded into 2 block of cold-
cured latex rubber, This construction is also used for the
walls of the apparatus room and the storage space above,

It was not considered necessary 1o extend the outer % in.
(220 man) leaf of the S wall of the {ree-ficld room above the
ceiling of the apparatus room. This ceiling lies approxi-
mately 4 fr (1 2 m) below the main ceiling slab of the free-
field room, but the storage space is entirely protected by
other wails from external sounds. The cavity which there-
foreappears along one edge of the floor of the storage space
was closed with strips of expanded polystyrene lightly
wedged into place, largely to prevent small objects from
falling inte and bridging the cavity,

Protection from test sounds generated in the studio is
provided by the two leaves of 9 in. (220 mm) brickwork of
the free-field room together with two 4% in. {110 mm)
leaves making up the studio wall. The measured sound
reduction index of the combination is 70 dB at 62 ¢/s, rising
with frequency, and is therefore adequate.

The sound reduction from behind through the double
9 in. (220 mm} wall was 64 dB up to 200 ¢/s with the room
complete, rising to 90 dB at 5300 ¢/s. Both these measured
results are satisfactory except those through the back wall
at the lowest frequencies.

Tt has not been possible at the time of writing to roeasure
the sound reduoction through the roof which is expected to
be greater than either of the above,
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Fig. 12 — Reflexion coefficient of polyurethane ether
wedges IV, showing spread for 120 samples tested in
groups of four




S. Technical Equipment

The only picce of technical equipment permanently in-
stalled in the free-field room is a 2 in. (50 mm) diameter
vertical shaft which projects through a hole in the ceiling
and is used to support microphones, or loudspeakers up to
1 cwt (50 kg) in weight. This shaft can be rotated by remote
control to facilitate the measurcment of polar response
characteristics. The polar characteristics of a loudspeaker
are normally mecasured by a microphone mounted on a
horizontal boom attached to the lower end of the shaft.
Theerrorin rotational position does not exceed -}- }° when
a21b (! kg)microphone is carried ata radiusof 5t (1-5 m)
—the worst condition to be expected in practice.

To obviate the necessity for trailing leads, a multicore
cable for a standard capacitor microphone together with
two screened pairs for the connection of other equipment
are brought down inside the shaft and terminated in ap-
propriate connectors.

The lower end of the shaft must be capable of being
brought to within 5 ft 4 in. (16 m) of the floor so as to be
within comfortable reach of all operating personnel. On

the other hand, in order to clear the working arca of the
room the shaft has to be retracted to within 6 in. (150 mm)
of the ceiling wedge tips; to meet these requircments, a
vertical travel of 3 ft 2in. (0-97 m)is necessary. The vertical
position of the shaft is regulated by a motor drive remotely
controlled by a small key switch on an cxtension lead. To
facilitate accurate vertical positioning, the shaft movesata
low speed when first switched on but changes to a higher
speed automatically after a few seconds, thus saving time
where a large movement is nceded.

The equipment for raising, lowering, and rotating the
shaft is mounted in a frame resting on two girders which
support the cciling. The complete assembly, shown in
Fig, 13, can be transferred to any one of three positions,
for which holes in the ceiling are provided.

As a sound source for use in microphone testing, the
special loudspeaker shown in Fig. 14 is provided; the en-
closure is designed Lo present the smallest possible frontal
area to reduce re-reflexion of any sound reflected back (o it
by the microphone. The axial frequency characteristic of
the loudspeaker is uniform within 4 2-5dBfrom 40 ¢/s to

Fig. 13 — Rewractable shaft for rotating a microphone or loudspeaker;
view from above free-field room
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Fig. 14 — Three-unit loudspeaker used as sound source in microphone testing

18 kefs; this frequency characteristic is achicved by divid-
ing the frequency band into three parts, each dealt with by
an appropriate unit. The loudspeaker is carried by a light
stand, designed to be acoustically inconspicuous, by means
of which it may be supported by the grid floor or by the
floor stanchions in one of a number of fixed positions.
The electronic measuring equipment associated with the
free-field room is bay-mounted in the adjoining apparatus
room. In addition to the usual facilities for continuous
tracing of transducer frequency characteristics, provision
is made for synchronizing the curve tracing equipment
with the rotatable shaft in the free-field room for con-
tinuous plotting of polar responsc characteristics. The
equipment also includes an interrupter and synchronized
oscilloscope display for transient response measurcments.

6. Acoustic Tests

6.1 Experimental Detaily

Several methods of determining how nearly a free-field
room approximates to free space have been suggested in
the literature.

In one of the procedurcs recommended in B.S.I. Speci-
fication No. 2498 ;1954, which is concerned wilh the testing
of loudspcakers, ‘a microphone and loudspcaker are set up
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in the room, separated as for taking the frequency charac-
teristic of the loudspeaker, but fixed together so thal the
combination of microphonc and loudspeaker can be
moved to different parts of the room without altering their
relative positions. The overall frequency characteristics of
the combination should be taken for at least four asym-
metrical positions in the room so chosen that the micro-
phone positions are at least a quarter wavelength apart at
the lowest frequency at whieh the room is Lo be used. The
degree of approximation to free-space conditions for the
particular position of the microphone in rclation to the
loudspeaker can be cstimated from the maximum differ-
ences between the frequency characteristics at the different
positions.”

The above proccdure is open to the objection that at low
frequencies the wavelength of sound may be comparable
with or greater than the distance between the parallel ab-
sorbing surfaces in the room; under thesc conditions the
room acts as a kned duct! in which the rate of attenuation
of sound pressure with distance exceeds the inverse dis-
tance law which applies to free-field conditions. In the test
described, this excess attenuation takes the form of a bass
cut which is constant and docs not therefore appear in the
result.

In another method,? a loudspeaker and microphone




combination is arranged so that it can be rotated about the
axis of the loudspeaker and the variation, with angle, in the
microphone output noted. The measurement is perfonined
for various distances of the microphone from the loud-
speaker and the departure from constant radiated power
calculated. However, in practice this method limits the
position of the source to the room centre and the measure-
ments to the horizontal plane.

The use of a highly directional microphone has been
suggested™ to determine the level of reflexions from the
walls of the room; alternatively, very short pulses of sound
may be generated and the level of the reflexions measured.
Neither of these tests can, however, be applied at the lower
end of the audio-frequency range; in the first case, the
necessary directivity is not obtainable while in the second
the duration of a cycle is of the same order as the time
interval before the arrival of the first reflexion.

The form of test adopted in the present instance is that

()

(b)

(¢)

Fig. 15 (a) to 15 {¢) —- Sound sources
used to give spherical radiation in acoustic tests

given as an alternative in the B.S.I. specification already
cited. A point source of sound is set up and the pressurc-
distance rclationship explored by means of a movable
microphone. Under free-ficld conditions the sound pres-
sure level from a point source varies inversely with distance
and the performance of the room is expressed in terms of
the maximum deviation of the sound pressure from this
law; tests are carried out along differing paths, forexample,
along a diagonal or an axis of the room.

[t is essential that the loudspeaker employed for the test
should approximate closely to a point source, thus giving
omnidirectional radiation, If this requircment is not met,
optimistic results will be obtained if measurements arc
made along the acoustic axis of the loudspcaker, In order
to simulate a point source at any frequency between 40 ¢/'s
and 15 kc/s, it was necessary to use different loudspeakers
for different parts of the range. Between 40 ¢/s and 150 ¢/s
a totally cnclosed loudspeaker was employed, having a
cabinet of dimensions 30 in. by 18 in. by 12 in. (760 min by
460 mm by 300 mm) with an aperture 10 in. by 7 in.
(250 mm by 180 mum): the sound pressure produced by
this loudspeaker was unifornm within 1 dB in all directions.
Between 200 ¢/s and 2 ke/s, the horn driver unit shown in
Fig. 15 (a) was used as the sound source. TFor the frequency
range 2 ke/fs to 8 ke/s a sull smaller radiator was required,
and to this end a driver unit was fitted with a § in. (13 mm)
diameter extension tube, as shownin Fig. 15()); toincrease
the efficiency and reducc effects of non-lincarity the device
could be tuned to any required frequency by means of a
stub let into the side of the main tube and provided with an
adjustable piston. At frequencies from 10 ke/s to 13 ke/s
a similar device, shown in Fig. 15 (¢), employing a } in,
(6 mm) diameter extension tube without a tuning stub was
used.

To avoid unwanted discrimination between direct and
reflected sound, it is clearly essential in testing for residual
reflexions in a frec-field room that the microphone as well
as the loudspeaker should be omnidircctional. A Beyer
moving-coil microphone type M100 was employed. The
diameter of the diaphragm is approximately } in. (13 mm)
and the variation in sensitivity with direction of incidence
is not greater than [ dB up to a frequency of abourt 3 ke/s.
To make the microphone less directional at higher fre-
quencies, recourse was had to a device due Lo Romanov 1t
this consists of a disk of acoustic resistance aterial, a
little larger in diameter than the microphone, mounted a
short distance from the diaphragm. With the Romanov
disk the polar response of the Beyer M 100 microphone
was uniform within 3 dB up to 12 kc¢/s.

To measure the variation in sound level with distancein
the horizontal plane, the microphone was suspended from
a light carriage, running on an overhcad track, as shown in
Fig. 16; the variation in output from the microphone was
registered on the chart of a lgvel recorder. The problem of
interpreting the resulting curves was cased by employing
the following device, which appears to have been first used
in this form by Rivin'¥ in testing a free-field room in Mos-
cow. The output from the microphone was applied to a
compensating potentiometer mounted alongside the track,



Fig. 16 — Travelling microphone used for acoustic tests

the moving contact being attached to the carriage. The
potentiometer was so connected that for a constant input
the output from the wiper was proportional to distance o
from the source, If the sound level varied exactly as the in-
verse distance, the output from the potentiometer would be
the product d % 1/d and would therefore remain constant;
any deviations from this law are thus indicated on the
chart as departures from a constant level and by the use of
a suitably expanded scale can be observed with consider-
able accuracy.

For measurements involving vertical movement, the
microphone was attached to an endless cord passing over
pulleys at top and bottom, the slide wire being replaced by
a multiturn potentiometer coupled to the driving shafl,

Measurements were made over the paths shown in
Fig. 17, Paths (a), (b), and (c) were chosen to give the
greatest distance possible in the available space along the
dircctions shown, (@) along a diagonal and (b) along the
longer axis of the room; in both these cases the micro-
phone was suspended halfway between the roof and floor
trcatment. Path (¢) was similar to that of (@) but with the
microphone only 1 ft (300 mm) from the tips of the floor
wedges. For path (d) the sound source was in the room
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centre—the position in which a loudspeaker under test
would be placed; with the source in the centre the sound
was incident more nearly at right angles to all the acous-
tically treated surfaces than for any other location, and the
difference between the results for this and other source
positions therefore gives an indication of the varialion in
absorbent propertics of the treatment with angle of sound
incidence. Path (¢) was similar to (a) but with the grid floor
in position. Path (f) was in the centre of the room in the
vertical planc, with the sound source about 1 ft (300 mm)
above the tips of the floor wedges.

6.2 Results

Fig. 18, curves (i), (i1), and (iii), gives typical results as
they appear on the recorder chart showing the deviations
from the inverse distance law as a function of distance. In
curve (i), measured at 46 ¢/s, it will be seen that the devia-
tion is mainly due to the cxcess attenuation mentioned at
the beginning of the section rather than to standing waves
mn the room; this implies that the wave front will have an
additional curvature superimposed on it ¢nd some types of
measurement in the room will therefore be affected.

In Figs. 19 to 24, the maximum deviation from the in-
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verse distance law is plotted, irrespective of sign, as a func-
tion of frequency for the different paths shown in Fig. 17,
It will be seen from Fig. 19 that up to a distance of 4 ft
{1+2 m} from the source on path (a) the inverse distance
law 15 followed within about | dB over the frequency range
55 ¢/s to 15 ko/s. In Fig. 20 the departure from the inverse
distance Iaw attributable to excess attenuation at low fre-
quencies is slightly less for path (5) along the long axis of
the roem than along the diagonal path {2} a similar differ-
ence was found in the Moscow room.*® lo Fig. 21 it will be
seen that for path (¢}, close to the wedges, in which most of
the sound is at almost grazing incidence 1o the wedges,
deviations from the inverse distance law due o excess
attenuation are greafer than for the other paths, and at
large distances from the source can be observed at fre-
quencies up to 3 ke/s, On the other hand, for distances up
to 8 [t {2 -4 m), deviations at high frequencies due to stand-
ing waves are not greater for path (¢) than for path (2) and

at 16 f1(4-9 m) only slightiy larger; this result is better than
that obtained in the Moscow room.** In Fig. 22 it can be
seen that for path () the performance at low frequencies is
not quite so good as for path (g). In Fig. 23 the effect of the
floor gratings on the high frequency performance is indi-
cated for path (¢); under these conditions it is possible to
work only 2 £t (G- 6 m) from the source i a standing wave
ratio of 1 dB is not to be exceeded at 10 ke/s. Fig. 24 shows
the resolts for the veriical path ( /1. It will be noted that fur
this path the lateral boundaries are remote from the source;
as a result the excess attenuation at low frequencies, re-
ferred to earlier, is negligible and a close approximation ta
the inverse distance law is achieved even at 40 ¢fs.

It will be observed in Figs. 19 and 20 that the deviation
from the inverse distance law rises in the 2-5 ko/sto 8 ke/s
range, This rise is due to an increase in the amplitude of the
standing waves in the room, although no corresponding
increase in reflexion factor was found in normal incidence
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measurements on samples of the wedge material, the
results of which are given in Fig. 10. It should be noted,
however, that at these frequencies sound incident on the
sides of the wedges impinges on a flat obstacle of dimen-
sions comparable to or greater than the wavelength; it was
calculated from the interference pattern shown in Fig. 18
curve (ii) that the reflexion was taking place from surfaces
near the wedge tips on the ceiling and floor and not from
the end walls. On the other hand, for path () the sound is
incident much more nearly perpendicular to the treatment
and in consequence, as can be seen from Fig. 18 curve (jii),
the standing wave effects increase rapidly at the end of the
path indicating that the main reflexion comes from the end
wall. Other laboratories using wedges of similar width but
of different materials have obtained an even greater in-
crease in standing wave ratio in the same frequency range,
while in the Moscow room,'® where the wedges are twice
the width of those employed in the present case, an increase
in reflexion in the 1 ke/fs to 3 ke/s range was reported. It
seems likely therefore that reflexion from the flat sides of a
large number of wedges is cumulative in certain frequency
bands and it appears possible that pyramidal absorbers, a
form originally used by Meyer,*® might be preferable to
wedges in this respect. It should be remembered, however,
that in practice both sound sources and microphones are
normally directional at high frequencies and this will mean
that the effect of the room reflexions will be correspond-
ingly less than that shown.

6.3 Comparison of Calculated with Experimental Results
It is of interest to compare the above experimental re-
sults with those predicted by theory. Olson!? gives the ratio
of reflected to direct energy in a sound field r cm from a
source as
Er 16mr®
Fd Slog, (1 —a)

where a is the eflective absorption coeflicient derived from
the reflexion coefficient in Fig. 10, and § is the area of ab-
sorbent, The value to be assigned to S is, however, rather
uncertain. At the lowest frequencies sound penetrates the
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absorbent treatment as far as the wall and the surface area
of the untreated room appears to be indicated. On the other
hand, it is doubtful whether at frequencies above, say,
200 ¢/s, the incident sound penetrates much further than
the base of the tapered position of the wedges. However, as
it is in the lower pact of the frequency band that the
greatest standing wave ratio exists, the surface area of the
bare room has been used in calculating the resulting devia-
tion from the inverse distance law; both the calculated and
the measured values are shown in Fig. 25. It will be seen
that for a distance of 8 ft (2 -4 m) from the sound source the
calculated values down to 70 ¢/s are in good agreement
with those measured. Asalready pointed out, the deviation
from the inverse distance law on the curve below this fre-
quency is mainly due, not to standing waves, but to excess
attenuation in the room. I this attenuation is ignored and
the standing wave ratio estimated from the measurements,
the agreement, shown for example by a single point at
36 ¢fs, is much closer,

Deviations from the inverse distance law were also cal-
culated on the basis of ray theory assuming that only one
reflexion would be significant. As before, the reflecting sur-
face was assumed, for the purposes of the calculations, to
be at the wall; the results are given in Fig. 26 and are seen
to be closely simifar to those in Fig. 25. [t appears therefore
that either approach gives a reasonable indication of the
departure from the inverse distance law to be expected in
the absence of the excess attenuation at low frequencies.

7. Conclusions

The performance of the new free-field room fulfils the
specified requirements. The frequency range over which
free-field conditions can be obtained varies with the direc-
tion of sound propagation, the lowest cut-off frequency
being obtained in the direction parallel to the shortest
dimension of the room; it appears that this dimension is a
limiting factor in determining the overall performance,
Since the completion of the work described in this mono-
graph, a new mathematical study'® of the behaviour of
wedge absorbers, taking into accouat the mechanical pro-
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Fig. 26 — Deviation from inverse distance law at 8 ft
(2-4 m) from sound source

(1) calculated from ray theory
(ii) measured over path (b)
@ estimated from standing wave ratio
{single point)




perties of the material, has shown that even with cut-off
frequencies below 50 c/s, values of A,/ Dapproaching 10 can
be theoretically envisaged; much more work on materials
is, however, required before this possibility can be realized
in practice.

8. Acknowledgements

The authors wish to acknowledge the assistance of Mr J.R.
Chew, who was responsible for most of the technical equip-
ment referred to in Section 5, and of those members of the
Audio-Frequency Section of the BBC Research Depart-
ment who carried out the various acoustic tests described.

9, References

1. See, for example, Beranek, L. L., Acoustics, McGraw-Hill, p. 325,
1954,

2. Beranek, L. L., Noise Reduction, McGraw-Hill, p. 370, 1960.

3. Bergman, P. GG., The Wave Equation in 2 Medium with a Variable
Tndex of Refraction, J. Acoust. Soc. Am., Vol. 17, No. 4, pp. 329—
33, 1946.

4. Rudrick, 1., The Propagation of an Acoustic Wave along a Bound-
ary, J. Acoust. Soc. Am., Vol. 19, No. 2, pp. 348-56, 1947.

5. Schock, A., Theory of Linings for Anechoic Rooms, Physical
Society 1948 Summer Symposium of the Acoustics Group,
pp. 167-73.

22

10.

11.

. Kolar, R. F., Fields in Imperfect Electromagnetic Anechoic

Chambers, RCA, Rev. Yal. 17, No. 3, pp. 393409, 1956,

. Miller, N. B., Reflections from Gradual Transition Sound Ab-

sorbers, J. Acoust. Soc. Am.,, Vol. 30, No. 10, pp. 967-73, 1958.

. Walther, K., Reflection Factor of Gradual-Transition Absorbers

for Electromagnetic and Acoustic Waves, 1. R_E. Trans. Antennas
Propag., Yol. AP-8, Mo. 6, pp. 608-21, 1960,

. Young, F. J. and B. H., Impedance of Tapered Structures, J.

Acoust. Soc. Am., Yol. 33, No. 9, pp. 1206-10, 1961.

Yon Mever, E., Kurtze, G., Severin, H., and Tamm, K., Ein
neuer grosser reflexionsfreier Raum, Akust. Beih., Yol. 3, pp. 409-
20, 1953,

Sabine, H. J., The Absorption of Noise in Ventilating Ducts, J.
Acoust. Soc. Am., Yol. 12, No. 1, pp. 53-7, 1940.

. Ellison, A. J.,and Miller, B. B., Design and Construction of the

Anechoic Chamber at Queen Mary College, Proc. Inst. Mech.
Eng., Yol. 178, Pt. 1, 2, pp. 53-68, 19634,

. Beranek, L.. L., Design and Construction of Anechoic Sound Cham-

bers, J. Acoust. Soc. Am., Yol. 18, No. 1, pp. 140-30, 1946.

. Marshall, R. M., and Romanov, F. F., A Non-Directional Micro-

phone, Bell Syst. Tech. J., Vol. 15, Ne. 3, pp. 405-23, 1936.

. Rivin, A_ N., An Anechoic Chamber for Acoustical Measurements,

Soviet Phys, Acoust., Vol. 7, No._ 3, pp. 258-68, 1962,

. Mever, et al., Akust, Z., Vol. 5, p. 352, 1940.
. Qlson, H. F, Elements of Acoustical Engineering, ¥Yan Nostrand,

p. 305, 1940.

. Head, J. W., The Design of Gradual-Transition (Wedge) Absorbers

for a Free-Field Room, British Journal of Applied Physics, Vol.
16, No. 7, July 1965.



BBC ENGINEERING TRAINING MANUALS

The follawing manuals by mermbers of the Engineering Division of the BBU have been prepared primarily for
the Corporation™s operating and maintenance staff, They have been made available to a wider public so that the
specialized knowledge and experience contained in them may be open to all interested in the engineering side
of sound and television broadcasting.

Sovmrd axd Television Broadeasting: General Principles—K. R. Sturley, Ph.D., B.Sc., M.I.E.E. 455, net, by post
46s. 4d. 378 pp.
This mamual explaing rhe basic principles of sound and television broadcast engineering and operations,

Studic Engineering for Sound BroadeastingGeneral Editor: J. W, Godlrey. 235, net, by post 26s. 208 pp.
Explains the principles underfying current operationo] procedures at BEC studio centres. Covers the whole range
of equipment used avid the problems arising in the studio.

Television Engineering : Principles and Practice—S. W. Amos, B.Sc.{Hons.}, AM1E.E. and D. C. Birkinshaw,
M.BE,MA. M.ILEE.
Fol. I: Fundamentals, camera tubes, television optics, eleetron optics, 455, net in UK. only. 301 pp.
Vol 1 Video-frequency amplification. 35s. net, by post 36s. 24, 270 pp.
Vol. III; Waveform Generation, (Out of Print.)
Vol IV General clreslt techniques. 35s. net, by post 36s, 2d. 277 pp.

These manuals are published by ILIFFE BOOKS LTD, DORSET HOUSE, STAMFORD STREET, LONDON, S.E.1, for
the British Broadcasting Corporation, and are available from the publishers or from BBC PUBLICATIONS,
35 MARYLERONE HIGH STREET, LONDON, W.1,

ENGINEERING TRAINING SUPPLEMENTS

§. d.
No, | Some Transmitter Problems . . . . 2 6
No. 3 Harmonic Distortion and Negative Feedback in Audio-frequency Amplifiers 7 0
No. 4 Some Fundamenial Problems in Radio Engineering 4 0
No. 3 An Introduction to Widecband Aenals 30
No. & Propramme Meters . . 20
Ne. 7 Basic Principles of Television Lighting 56
No. 9 Frequency Modulation . . 6 6
No. 10 Long-wave and Medium-wave Propagation 4 0
No, 11 Lighting for Television Outside Broadcasts & 0
No. 12 Transistors 3o

4 6

Me. 14 Colorimetry .

These Engineering Training Supplements are available from BBC TECHNICAL PUBLICATIONS SECTION,
HAREWOOD HOUSE, HANOVER SQUARE, LONDON, W.1.
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