
PRACTICAL 
ACOUSTIC 

SOLUTIONS 

PROCEEDINGS 

0 L...IUUUL...J 

BALLARAT, VICTORIA 
~~~ 





I~ 
ljll~ 

) 0 v 
"\. i~ ' ' ' ' ; \ '1· ! / \ V , _____ ;. V\ ._/ l. : I i / V l '\ 

... i !.""-- ~ ~ I .· --' 

ANNUAL 
CONFERE CE 

1992 

PRACTICAL 
ACOUSTIC 

SOLUTIONS 

PROCEEDINGS 



Aims 

The Australian Acoustical Society has as its aim the promotion and advancement 
of the science and practice of acoustics in all its branches and the exchange of 
ideas in relation thereto. 
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The principal activities of the Society are the technical meetings held by each 
State Division, the Annual Conferences which are held by the State Divisions in 
rotation, and the publication of a journal. 

In each state, the technical meetings are held approximately every month 
according to the availability of speakers and places of interest. 

These meetings normally consist of a lecture given by an invited guest speaker 
on some subject related to acoustics. Other technical meetings consist of 
workshops, a visit to a factory, laboratory, auditorium or some other place of 
interest to the members of the Society. 

The Society's journal 'Acoustics Australia' is published thrice yearly and includes 
technical articles and general information regarding the Society and acoustics. 

For information regarding membership of the Australian Acoustic Society, 
please contact the general secretary at : 

The Australian Acoustical Society 
Science Centre Foundation 
Private Bag 1 
Darlinghurst NSW 2010 
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PRACTICAL NOISE CONTROL METHODS 

FOB ALUMINIUM CUTTING SAWS 

John D Macpherson, B.E., M.Sc. (Acoust.), MAAS, 
Engineer, Noise Control 

Department of Occupational Health, Safety and Welfare of WA 
PO Box294 

WEST PERTH WA 6872 

Abstract 

Despite the considerable body of research into engineering noise control 
methods for preventing noise-induced hearing loss in the workplace, there 
appears to be limited implementation of these techniques in industry. 

An applied research project, funded by Worksafe Australia, was developed to 
address this .. knowledge-action .. gap in the particular case of aluminium 
extrusion saws. A second-hand saw was purchased and reconditioned and a 
range of engineering noise controls fitted to it, resulting in noise reductions of up 
to 12 dB(A). 

As part of the promotional programme, the treated saw has been set up as a 
.. hands on .. demonstration at the .. DOHSWNTAFE Engineering Noise Control 
Centre .. in Perth. 
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Introduction 

The project1 aims were as follows:-

(i) To identify and apply practical engineering noise control techniques for 
aluminium cutting saws, appropriate to W.A. industry and capable of 
implementation in a wide range of applications throughout Australia. 

(ii) To develop a promotional programme based on a full sized working 
circular saw, fitted with the optimised engineered noise control treatment, 
with a view to achieving a high rate of implementation of the treatment in 
W.A. and providing the basis for effective implementation elsewhere. 

Broadly the project was structured in three phases, as follows:-

(i) Literature search and industry survey. 

(ii) Design of engineering noise controls and construction of a working 
demonstration. 

(iii) Development of a promotional programme and evaluation. 

Industry Survey 

A total of 52 circular saws were surveyed in 16 workplaces in the Perth 
metropolitan area. Most of the workplaces were members of the Architectural 
Aluminium Fabricators' Association of Western Australia. The information 
gathered from the survey questionnaire was tabulated and analysed in terms of 
saw types and uses. 

Noise levels were measured at the operator's position when cutting, and a 
·summary of these results, in terms of LAeq, 1 os l_evels measured over one cut, 
are presented in Table 1. 

Table 1: Summary of Noise Levels from 52 Saws Surveyed 

Noise Level Range Number of Percentage 
LAeq, 1 Os,dB(A) Saws (n) (%) 

80-84 2 4 
85-89 4 8 
90-94 14 27 
95-99 18 35 

100-104 12 23 
105-109 2 A 

Total 52 101 
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The results in Table 3.5 show that the vast majority (84o/o) of saws surveyed 
generated noise levels at the operator's ear in the range 90-1 04 dB(A). Two 
saws were above this range, while six (mostly treated for noise in some way) 
were below 90 dB(A). The median LAeq,10s value was 96 dB(A). 

In general, it was found that there was considerable potential for further reduction 
in noise levels, with most companies having done little effective work in this area. 

Predominant Noise Sources in Aluminium Cutting 

From the literature search it was generally recognised that the main sources of 
noise in aluminium extrusion sawing are:-

blade vibration (both forced and resonant); 

workpiece vibration (both forced and resonant); 

aerodynamic noise from the blade. 

The factors which influence saw noise may be summarised as follows:­

blade rotational speed and feed rate; 

blade geometry, stiffness, damping and mounting; 

tooth number, geometry and condition; 

gullet geometry; 

workpiece geometry, clamping and damping. 

Purchase and Reconditioning of Project Saw 

A second-hand saw, MEP SL 350, approximately nine years old, was purchased 
for the project for $1300. This saw was typical of the most common in use, i.e., 
manual docking action, 350mm blade, belt driven from a two-speed 3-phase 
supply, with mitre cutting facility in two planes, manually operated adjustable 
workpiece clamps and a compact base. The blade was a typical aluminium 
cutting type with 84 tungsten-carbide-tipped teeth cut in a .. triple chip .. profile and 
with six plugged expansion slots. 

The saw was in poor condition and required considerable reconditioning work, 
such as cleaning and repainting the many rusted parts, and replacing drive belts 
and other fixtures. The blade was cleaned and sharpened by a local saw doctor. 
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A series of baseline noise level tests were conducted on the saw in its 
free-running mode in order to minimise mechanical noise, and the results are 
presented in Table 2. 

Table 2: Results of Baseline Noise Level Tests 
on Saw Machine (Idling) 

Noise Level - dB(A) 
Test Condition Low Speed High Speed 

i) 

ii) 

iii) 

iv) 
v) 

Motor only, original 
bearings 
Motor and shaft, no 
blade, orig bearings 
All bearings replaced, 
no blade 
As (3), plain disc 
As (3), standard blade 

60.5 

76 

60.5 
60.5 
70.5 

70.5 

. 85 

70 
72 

87.5 

Note: All tests at "operator" left ear position 1.5m above ground 0.4m out from 
saw base, with saw in "up" position and with the lower guard removed. 

The noise level tests (without blades) showed a dramatic reduction of 
approximately 15 dB(A) when the motor and shaft bearings were replaced. The 
residual noise levels were dominated by motor fan noise (Test 3). There were no 
significant noise increases with the machine loaded by a balanced blank disc 
(Test 4), apart from a small increase at high speed attributable to disc resonance. 
Installing the "triple chip" blade (Test 5) increased the noise levels to 87.5 dB(A) 
at High speed and 70.5 dB(A) at Low speed, indicating that aerodynamic blade 
noise dominated over machine noise in the idle condition. Installation of the 
lower guard resulted in a further increase of about 3 to 5 dB(A) in noise level at 
High speed, possibly due to acoustic reflections. 

Engineering Noise Control Measures 

Various noise control measures were identified from the literature and from the 
project team's experience. These measures were implemented on the project 
saw and a series of repeatable tests carried out to determine any changes in 
noise levels. 

For these tests, the saw was located in a typical workshop, at the same position, 
and a 1 OOmm piece was cut from a 900mm long extrusion, AI can E-66. 
~easurements o! LAeq, 1 OS levels was taken at three positions as shown in 
F1gure 1 . The anthmet1c average of the noise levels were taken over three cuts, 
all by the same operator using a "normal" stroke. 
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A subsequent series of tests was carried out in the new "DOHSWNTAFE 
Engineering Noise Control" workshop at Leederville College of TAFE, in a similar 
type of location to the original workshop. Typical differences between the two 
workshops were determined in a series of tests under the same saw 
configuration to be approximately ±1 dB(A) at High speed and results were 
normalised to the original workshop situation. Signals were also recorded on 
tape at two positions for subsequent analysis on an FFT analyser. 

A summary of the results is presented at Appendix 2. 

The results are discussed below in relation to the various noise control measures 
implemented:-

(i) Blade Selection 

In all, five blades have been tested. Three of these were 
tungsten-carbide-tipped (TCT) blades while two were semi-high-speed 
steel (SHSS) c·cold sawing") blades. Details of the blade and tooth 
geometry are given in Appendix 1. 

Blade TCT -2 caused severe noise and vibration on entry to the 
workpiece, primarily because of its much lower tooth passing frequency, 
and its use was discontinued. 

Blade SHSS-1, a second-hand blade, exhibited problems in the form of a 
screeching noise due to inadequate taper at the sides (due to wear) and 
consequent scraping against the workpiece, so its use was also 
discontinued. 

The use of a semi-high-speed-steel blade (SHSS-2), provided an overall 
reduction of about 5 dB(A) when compared with the 
tungsten-carbide-tipped, blade (TCT -1), originally supplied with the saw. 
This can be attributed to:-

greater number of teeth (180 vs 84); 

reduced kerf width (2. 7mm vs 3.5mm); 

lower aerodynamic noise (approx, 15 dB(A) lower) due to smaller 
gullets. 

It should be noted that, while the SHSS blade produces slightly less noise 
than the TCT blade, it can only be used on non-anodized section, and is 
therefore limited in its application. 

Recently, an improved TCT blade was investigated in the form of a DIMAR 
blade with 1 08 teeth (blade TCT -3). This was found to be significantly 
quieter than blade TCT -1 and only approximately 1-2 dB(A) noisier than 
blade SHSS-2, consistent with the factors listed above. 
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As a variation, this blade (TCT -3) was reground so that all teeth were 
trapezoidal, not just alternate teeth, the intention being to reduce noise by 
further decreasing chip size. Noise levels and chip sizes actually 
increased under this configuration, however, and the original tooth 
configuration, i.e., alternate square/trapezoidal teeth is preferred. 

Blade speed was noted to be significant in that noise levels on Low speed 
(1700 rpm) were typically up to 5 dB(A) higher than those measured on 
High speed (3400 rpm), attributable to the greater tooth passing frequency 
speed and consequent smaller chip size on High speed. 

(ii) Blade Clamping 

Research by Stewart2 indicated that significant reductions in blade 
vibration could be achieved through the use of appropriate damping 
collars, preferably covering about half the blade diameter, with a 
viscoelastic interlayer. Accordingly, collars were machined from sections 
of sawblade steel, of similar thickness and stiffness to the sawblade, with a 
slight concavity to provide a positive grip on the blade. A new drive shaft 
was manufactured to accommodate the additional thickness of metal and 
to facilitate changeovers for demonstration purposes. 

The viscoelastic material was Dyad 606, 0.5mm thick, adhered to the 
collars over approximately the outer two thirds of the radius. The overall 
radius of the collars was 87 .5mm, or half the blade radius. This resulted in 
a slight decrease in available depth of cut from about 11 Omm to 85mm. A 
schematic arrangement is shown in Figure 2. 

The noise levels measured with blades TCT -1 and SHSS-2 were 
approximately 1-3.5 dB(A) lower in the damped condition, on High speed, 
than in the undamped position. 

iii) Workpiece Clamping/Damping 

6 

Studies by Stewart3 and others indicated that noise radiated from the 
workpiece is often a significant component of the overall noise. 
Consideration was given to a number of possible schemes for providing 
clamping (to reduce forced vibration at the tooth passing frequency and 
harmonies) or damping (to reduce resonant vibration of the workpiece). 

A simple clamping system was developed, in which the existing metal 
clamping piece was replaced by a timber section, profiled to match the 
extrusion profile, with a matching timber section mounted onto the back 
fence of the saw, as shown in Figure 3. While this scheme initially limits 
the saw function, in that only one extrusion can be accommodated, it 
would clearly be possible to fabricate several timber sections to fit a range 
of extrusions. (The industry survey showed that about half the saws 
inspected were used for cutting ten extrusions or less). 
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With the SHSS-2 blade, changing from standard metal clamps to timber 
clamps resulted in a small reduction of 0-1 dB(A) at High speed, 
suggesting that the predominant residual noise may be from the blade. 
With TCT -1 blade, the timber clamps resulted in a 0.5-1.5 dB(A) increase 
in noise levels at High speed (and a reduction of 0-3 dB(A) at Low speed). 
One possible explanation is that the primary radiation from the workpiece 
may be from the horizontal surfaces which are clamped by the metal 
clamps, but are free to vibrate under the timber clamps which contact the 
vertical surfaces only. Further, the resonant and forced vibration 
components on these surfaces may be present in differing degrees at the 
two saw speeds. 

iv) Summary 

The change of blade from TCT -1 to TCT -3, combined with blade damping 
and workpiece clamping treatments resulted in an overall reduction of 
approximately 6 dB(A) at the three positions at High speed. 

The use of a semi-high-speed-steel blade (SHSS-2) resulted in an 
overall reduction of approximately 7-8 dB(A) at High speed when 
compared with the original blade and original blade and workpiece clamps. 
If one compares these results for the High speed with the original results 
for Low speed, reduc!ions of up to 12 dB(A) have been achieved. 

Further reductions may be achieved through addition of resonant damping 
treatment to the workpiece, improving the present clamping system to 
engage both horizontal and vertical surfaces, and use of an acoustical 
enclosure. 

Promotional Programme 

The promotional programme is based at a new joint facility established in 1991, 
known as "DOHSWNTAFE Engineering Noise Control". Located at Leederville 
TAFE in Perth, the facility comprises a workshop for construction of noise control 
demonstration items and a display area for conducting seminars on engineering 
noise control using the practical demonstration items, including the quietened 
aluminium saw. 

The saw has been promoted through an initial launch to the industry and the 
media, followed by its use in seminars for Approved Noise Officers, persons from 
workplaces, DOHSWA Inspectors and others. While copies of the Research 
Report1 have been circulated to interested industry members, a simpler 
pamphlet has been produced to present the most relevant findings in summary 
form. 

It is proposed to follow up the promotional phase with a targeted inspection 
campaign during which workplaces with aluminium cutting saws will be visited to 
assess the effectiveness of implementation of this work. 
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Conclusion 

Following a survey of saw usage in the aluminium fabrication industry, a typical 
saw was purchased, reconditioned and treated to reduce its noise levels. The 
noise reduction treatments applied to the saw included selection of appropriate 
blade parameters and blade speed, damping of blade vibrations and clamping of 
the workpiece to reduce its vibration. Reductions in noise levels of up to 12 
dB(A) were achieved by these methods. Further reductions may be achieved 
through refinement of the workpiece clamping system, addition of damping to the 
workpiece and enclosure of the saw. 

A promotional programme is currently in progress to demonstrate the saw to 
relevant persons and groups, with a view to the effective implementation of these 
and/or other control measures in workplaces in Western Australia and elsewhere. 
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APPENDIX NO. 1 

Table 6.1: Details of Blades Tested 

Blade TCT-1 TCT-2 SHSS-1 SHSS-2 TCT -3 

Diameter 350 mm 250 mm 350mm 350 mm 350mm 

Thickness 3.0mm 2.0mm 3.0mm 2.7 mm 2.6mm 

No. of teeth 84 12 200 180 108 

No. of 6 (with 
expansion copper 0* 0 0 6 
slots rivets) 

Depth of slots 38mm 36mm 

Gullet depth 10mm 3mm 3mm Bmm 

Gullet width 7mm 3mm 3.2mm 4mm 
(at periphery) 

Tooth const. TCT TCT SHSS SHSS TCT 

Tooth profile Square/ Square Alternate Square/ Square/ 
trapezoidal top bevel trap. trap. 
(trap.) 

Kerf 3.5mm 3.15 mm 3.0mm 2.7mm 3.15 mm 

* This blade had no gullets as such; there was a small manufacturing slot in 
front of each tooth. 
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APPENDIX NO. 2 

Test Results for MEP SL 350 Saw 

Cutting ALCAN E-66 Aluminium Section on High Speed 
an dA d . N. ero 1ynam1c OISe 

Test Condition Noise Level LAeq,10s-dB(A) 

Blade Blade Workpiece Microphone Position 
Damping Clamping West Operator East 

Cuttiog 
TCT-1 Undamped Metal 96.7 98.1 95.4 
TCT-2 II II 101.9 102.2 101.9 
SHSS-1 II II 96.4 97.8 95.8 
SHSS-2 II II 91.5 92.3 90.6 

TCT-1 Damped Metal 94.3 94.7 92.9 
SHSS-2 II II 90.2 90.9 88.9 

TCT-1 Damped Timber . 95.7 95.2 93.4 
SHSS-2 II II 89.0 90.9 88.6 
TCT-3 II II 91.2 91.9 89.0 

Aergd~oamic ~oise - "Dummy cut" 
TCT-1 Damped - 86.5 92.3 88.4 
SHSS-2 II 72.6 77.0 73.0 -
TCT-3 II - 79.6 85.4 80.5 
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The Muting of Organ Pipes 

ANDRE\V WALSH BSc.(Hons) 
MSc.(Arch) student 

The Department of Architectural and Design Science 
The University of Sydney, N.S. W., 2006~ Australia 

.ABSTRACT 

Many musical instruments (such as the stringed or brass sections) are capable 
of being muted in order to change their harmonic structure or acoustic output. 
The present investigation is aimed at determining ~ow well wind instruments can 
be muted by studying ways of muting an organ pipe. 

Three methods of muting were investigated: 

1. The use of thin sheets of perforated plastic applied to the open end of the 
organ p1pe. 

2. Application of porous absorbers to the open end of the organ pipe. 

3. The construction of a ""double organ pipe". 

The perforated sheets proved to be the most useful form of 1nute with re­
ductions in the total SPL of up to lOdB and any required value frorn 0-lOdB 
obtainable. The double organ pipe demonstrated larger reductions in the SPL 
but this value could not be altered easily. Factors that were thought to be of 
importance in determining a "good" mute were the reduction in the total SPL. 
the change in the fundamental frequency and the change in the.relative intensities 
of the harmonics. 
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1 Introduction 

The organ-pipe has it's precursors dating back to the time of the ancient Greeks. 
It then took the form of the syrinx (or pan-pipes) which was a collection of hollow 
reeds closed at one end and wind from the players mouth blown across the other 
to sound a note. 

The form of the modern organ flue pipe soon followed from this simplistic 
design. It consists of a small slit cut into the closed end of the pipe ~d a hole 
cut above this slit into the side of the pipe. The edge of this hole farthest away 
from the slit is fashioned to give a sharp edge. The bas'ic sounding·mechanism 
of this organ pipe is that air is blown through the slit so that· a thin air j.et is 
produced; as this jet encounters the sharp edge of the hole in the pipe, it flicks 
alternately into and out of the pipe. ·-The rate at which the jet flips is determined 
by acoustic feedback provided by the pipe esonance. 

The organ. as an instrument~ has many individual organ pipes grouped into 
stops. Each stop is used to produce a different sound giving variety to the or­
ganist. The purpose of designing mutes for organ pipes is that not only does the 
mute change the volume of the organ pipe~ it also alters the harmonic structure 
of the organ pipe. This allows the organist the possibility of creating more stops 
for an even wider variety of musical sounds. Also, the methods employed here 
for muting orgal?- pipes may be found to be applicable to other wind instruments. 
Mutes are generally used for violins (and similar stringed instruments) as well as 
brass instruments. A further application of this work is in combustion chambers 
where acoustic feedback from the resonating chamber can influence combustion. 

2 Existing Mutes 

2.1 Violin Mute 

This consists of a three or five pronged device which attaches itself to the bridge 
of the violin with the prongs resting on the body. It mutes the ''iolin because it 
fixes the bridge in place firmly and so dqes not transmit vibrations to the body 
as well. This mute also has the effect of changing the resonance frequencies of 
the violin. producing a different sounding violin. The mute reinforce~ the lower 
frequencies at the expense of the upper harmonics. 

2.2 The Trumpet Mute 

Investigations of various types of trumpet mute ha~e been undertaken [1 J. There 
are four main types of trumpet or cornet mute, these are the cup mute. harmon. 
straight shastock and the solotone. Each is inserted into the bell of the trumpet 
tightly. They consist of ,·arious resonant c.avities and thin tubes that produce the 
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Figure 1: la. First mode: lb. second mode; lc. third mode of resonance showing 
the intensity lobes associated with interference from the mouth and open end of 
the organ pipe. 

muting effect. These mutes drastically alter the harmonic structure of the sound 
so much that they almost; make the instrument unrecognizable as a trumpet. 
The spectrum is usually altered to give more emphasis to the middle to high 
harmonics. 

3 Background Experiments 

The organ pipe used in the experiment was wooden, of rectangular cross-section 
(Gedeckt type). It's physical length was 83·5cm and had a fundamental frequency 
of around 189Hz, depending on the conditions. ~leasurements were made in an 
anechoic chamber at 20° C and 50% humidity. 

In positioning a microphone to investigate the sound pressure levels from the 
pipe. it is noticed that there are two sound sources (the open end and the mouth) 
of approximately equal intensity. This will introduce interference effects for each 
harmonic depending on the relati\·e position of the microphone. This is illustrated 
by Figure ·l 

!(B)= [1- ( -1)n cos(kL sin B)] ( 1) 

and is derived from Equation 1 where B is the angle between the direction the 
pipe is pointing in and the position of the microphone in the horizontal plane as 
the pipe lies horizontal. k = '2:;rnj / c with f as the frequency of the nth harmonic 
and L is the physical length of the pipe. 

It is noticed that the odd harmonics ( la and lc) are extremely weak in the 
horizontal position. This corresponds to the microphone being placed along the 
axis of the pipe. At the \·ertical positions in 1. the harmonics have similar in-
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Figure 2: SPL 's measured for exciting the organ pipe by a loudspeaker (crosses ) 
and by blowing with air pressure (dots ). 

tens1t1es. This position corresponds to the microphone placed at right angles to 
the pipe and equidistant from each sound source. thus producing no destructive 
interference effects. This \Vas the position chosen to conduct further experiments 
so that the ;rear· intensities of the harmonics would be measured. 

3.1 Blowing Pressure 

From theory [2. 3] it is noted that the sounding frequency increases as the blowing 
pressure is increased. .-\ simplistic explanation of this is that as the blowing 
pressure increases so does the jet velocity. This means that the faster jet will 
flick across the upper lip more quickly and will raise the sounding frequency. 

To -investigate more closely the change in the sound pressure level (SPL) as 
the blowing pressure and hence the fundamental frequency is changed~ one must 
look at the resonance curve of the pipe around the fundamental frequency. This 
is done by acoustically exciting the pipe \Vith a loudspeaker positioned near the 
open end of the pipe with a thin tube delivering the sound to the end of the pipe 
from the loudspeaker. The thin tube is required because large objects placed over 
the open end of the pipe will change the fundamental frequency. The SPL from 
the mouth of the pipe was measured and from this the resonance curve could be 
established. 

To compare the resonance curve to exciting the pipe in the normal way (ie. by 
the jet) , one must examine how the SPL and the fundamental frequency change 
as the blowing pressure is altered. This was carried out by measuring the total 
SPL (in dB (A)) and the fundamental frequency \V~th the microphone. 

To compare the data. a difference of 3°C \Vas taken into account since the 
measurements of the resonance curve were taken at a temperature of 17° C and 
measurements of the effect of blowing pressure were taken when the temperature 
was 20°C. Having applied this correction to the fundamental frequency, the two 
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curves are plotted in Figure 2 showing the change in the total SPL as a function 
of frequency for when the pipe was acoustically dri-yen with the loudspeaker and 
when the pipe was blown in the usual manner. The similarity of the two curves 
indicate that the output SPL from an organ pipe is due mainly to the resonance 
structure of the pipe. :Ylore acoustic output is expected closer to the natural 
resonance frequency of the pipe. One would expect that the offset in Figure 2 is 
unimportant as the loudspeaker could have been turned up to match the SPL 's of 
the curve for the blown organ pipe. It is expected that there will be a smaller effect 
that will favour larger acoustic outputs at higher frequencies for the blown pipe 
since the input from the jet will be greater as the blowing pressure is increased. 

3.2 Calculation of Experimental Error 

To make an estimation of the error bars used in further experiments, it was 
necessary to locate the source of errors in the experimental procedure. 

The equipment used to analyse the spectra from the organ pipe was a Briiel 
and Kjrer type 2034 signal analyser. The procedure was to average 50 samples 
of the organ pipe's spectrum. There \vas an intrinsic error from the analyser due 
to it's gating process: the spectrum \Vas displayed in a series of bins 2Hz wide. If 
a resonance peak was located in the center of a bin, a maximum obtainable SPL 
was read in this bin. If. on the other hand. the center of the peak was located at a 
frequency' common to t\VO adjacent bins (ie. the highest frequency of one bin and 
the lowest frequency of the other) then the spectrum would haYe two adjacent 
bins showing the same SPL but somewhat less than the maximum obtainable 
SPL. The difference of these two was treated as an error in the measurement of 
the SPL of a resonance peak (typically ±1·2dB). 

Errors associated with the instability of the organ pipe's output were taken 
into account by measuring similar spectra and comparing the SPL ·s of the same 
peaks in each run. 

The errors used in further measurements were taken to be the largest of the 
two sources described above. 

4 Muting by Perforated Sheets. 

The first method of muting the organ pipe investigated \Vas that of applying a 
thin sheet of perforated perspex to the open end of the pipe. The total SPL can 
be affected by applying a solid perspex sheet to the open end by partially covering 
it but this method also decreases the fundamental frequency by a relatively large 
amount. For example. covering the open end by .50% leads to a drop of 2dB in 
the SPL but also decreases the fundamental frequency by -!·8Hz . 

. There are practical limits associated with the sheets of perforated perspex. 
Firstly, the sheets n1ust not be too thick .. \s a rule of thumb. the diameter of 
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Figure 3: Graph showing the inver~e relationship between the open area of the 
mutes and the drop in the total SPL. 

the holes should be larger than the thickness of the sheets for sound to propogate 
through[4J. Also, the holes must not be too large OL in the worst case such as 
when a solid sheet partially covers the open end, the fundamental frequency will 
drop by a large amount. The sheets used_were 1·5mm thick and the perforations 
were either 2 or 4mm ·in diameter. There was no observable difference between 
these two hole sizes in their performance as mutes. . 

To measure the performance of the perforated sheets~ a number of sheets were 
made up with varying open areas and tested on the organ pipe. There were also 
practical limits associated with the open area used: -the largest open area was 
around 40%. Above this value the perspex sheets were too fragile to perforate. 
Also, the effects of sheets with higher open areas become slight and subtle and 
possibly inaudible. The lower limit on the open area was found to be around 
10%. Below this point the fundamental mode would not resonate. 

The measurement of the performance of the sheets as mutes depends on three 
criteria: 

1. The drop in the total SPL. 

2. The drop in the fundamental frequency and 

3. The change in the harmonic structure of the organ pipe. 

Each sheet was tested on the organ pipe and the results are shmvn in Figure 3. 

88·9 
y = 1·05+-

.r 
(2) 

Equation 2 is a linear fit to the points in Figure 3 where y is the SPL and x is the 
open area. The R 2 correlation coefficient shows a close fit that can be used to 
predict the performance of a particular sheet with a particular open area. \Vhen 
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Figure 4: Relation between the drop in the fundamental frequency of the organ 
pipe and the open area of the applied mute. 

carrying out the measurements it was noticed that the performance of a sheet 
with a particular open area was drastically affected by the way in which it was 
attached to the open end of the organ pipe. Firmly fixing the sheet to the pipe 
. was found to give the most consist ant results. 

29·1 
y=0·28+-­

x 
R2 = 92·3% (3) 

Figure 4 shows how the fundamental frequency changes with the-open area of the 
perforated sheets and Equation 3 gives the line of best fit for the points withy as 
the fundamental frequenc:y· and x is the open area. Again. a close fit is obtained. 

The application of the sheets tended to decrease the levels of all the harmonics. 
bar the fundamentaL in a similar fashion. The higher harmonics were generally 
attenuated by .5dB more than the fundamental. A possible explanation[5, 6) for 
this is that the fundamental is generated by the input of airflow · from the jet 
whereas the harmonics are the result of the jet profile. 

In conclusion. the method of muting the organ pipe by perforated sheets can 
be used to obtain drops in the SPL of between 2 · 9dB and 9 ·ldB with drops in 
the fundamental frequency of up to 3Hz. 

5 Muting by Absorptive Materials . 

. The second method of muting organ pipes was to place absorptive materials over 
the open end. There were a total of 16 materials investigated including varying 
thicknesses of foam rubber. steel. rubber. carpet and fibreglass. Some of these 
materials such as the steel did not let the fundamental mode resonate when they 
were applied directly to the open end of the organ pipe. The strategy adopted. 
then, was to measure the muting qualities of each sample as it was positioned at 
various distances from the open end. This was done because some of the materials 
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did. not let the organ pipe resonate when they were fixed to the open end and so 
they were moved a few millimeters away from the end of the organ pipe until the 
pipe was resonating again. The criteria that were used to establish which was 
a "'good" mute were a large drop in the SPL and a relatively small drop in the 
fundamental frequency. It was found that all the materials tended to have the 
same maximum SPL drop of around 4 to 5dB but the fibreglass and the open-cell 
foam rubbers had the smallest drop in the fundamental frequency of typically 1 
to 2Hz. A more quantitative description of the mutes was required and so each 
material was tested for it's specific normal acoustic impedence. The method 
used1 employs an impedence tube with the testing material at one end and a 
loud speaker at the other. From measurements of the positions and magnitude 
of maxima and minima the values of Rs and .. \'"5 , the components of the specific 
normal acoustic impedence Zs (where Zs = Rs + j ~Ys ), can be calculated. The 
results showed that there was no correlation with. the specific normal acoustic 
impedence of a material and ifs performance as a mute. 

It was decided to test the materials for their airflow resistance to see if a 
correlation could be established between this and the materiars performance as 
a mute. 

The apparatus consisted of a ·rotameter·. to measure the volume velocity flow. 
connected to a long tube of diameter 10 · 3cm containing foam rubber inserts to 
steady the air flow. At the far end of the tube was the sample to be tested. The 
static pressure was measured on both sides of the sample to measure the pressure 
difference across the material. 

The rotameter \Vas calibrated for volume velocity by measuring the air velocity 
at the exit tube with a pitot tube and calculating the volume velocity from 
knowing this and the cross-sectional area of the exit tube. The rotameter was 
calibrated for volume velocities between 8 x 10-4 m3 s- 1 and 3 · 6 x 10-3 m 3 s-1 . 

Only the fibreglass and the foam rubber samples were tested for· airflow resis­
tance as the other materials (such ~s steel) would have effectively infinite airflow 
resistance as they are non-porous. 

Unfortunately. airflow resistance measurements were made at air velocities 
of 0 ·1 - 0 · 4 ms- 1 which is out of the specified range2 of 0 · 5 - 50 mms- 1 . It 
was thought that the results were unaffected as consistant values for the airflow 
resistance were obtained. 

The method of muting organ pipes by using absorptive materials has shown 
to reduce the total SPL by up to 5dB with no more than a 2Hz drop in the 
frequency of the fundamental mode. 

1 As described in Australian Standard 1935-1976 
2 ASTM Designation: 522- 80. ·Standard test for airflow reszstance of acoustzcai materials' 
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6 Muting by a 'Double Organ Pipe' 

The initial motive behind developing a double organ pipe stems from the driving 
mechanism of the single organ pipe. The driving mechanism is the interaction 
between the resonance of the pipe and. the action of the jet. As the jet flicks 
into the pipe. it drives the resonating column of air. If one were to place another 
column of air next to the first so that the jet alternately blows into each pipe ~ 

then both pipes should be excited similarly. The major difference in the two pipes 
will be that they resonate 180° out of phase. The open ends of each pipe, being 
physically ne).."t to each other. should destructively interfere and cancel each other 
out. 

The double organ pipe was made by enclosing the mouth of the organ pipe 
with another column of the same dimensions. The acoustic output was drastically 
reduced in this case. To check that the output was in fact being reduced by the 
active cancellation of the two open ends, a physical barrier such as a wooden 
board could be introduced between the two open ends and the acoustic output 
was observed to increase. 

Another method to check whether the mechanism stated above was in oper­
ation was to look at the output from each pipe. When this was done simultane­
ously, it was observed that the phase of the the two resonating columns was in 
fact 180° out of phase. 

When the double organ pipe was compared to the original single organ pipe. 
there was a reduction of 26.8dB(A) in the total SPL. This is a very large drop 
but it must be noted that there is not much control over this value as in the 
other two methods of muting the organ pipe. Also ~ with such large reductions 
in the SPL, it was noticed that the effects of noise from the air supply became 
significant in the overall sound produced. Analysis of the effect on the levels 
of the harmonics showed that the double organ pipe tended to act as high pass 
filter since it reduced the fundamental mode by 27 dB and reduced the sixth 
harmonic by only 15dB. The reduction in the harmonics inbetween tended to lie 
on a straight line between these two points. 

7 Conclusion 

The three methods used to mute an organ pipe were the applicatjon of perforated 
sheets and absorbing materials to the open end of the pipe as well as a double 
organ pipe being used. 

The muting by perforated sheets showed to be the most useful as any value 
for the reduction in the SPL could be obtained by _altering the open area of the 
perforations. The reduction in the fundamental frequency can also be easily and 
reliably predicted using this method. Practical limits on the construction of the 
perforated sheets have shown to constrain the reduction of the SPL to between 
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2·9 and 9·ldB. 
The method of muting by using absorbing materials has also shown to be of 

use with SPL reductions of around .SdB. There were attempts to correlate the 
effectiveness of each mute with it's airflow resistance but the results are not as 
conclusive as for the muting by perforated sheets. Nevertheless, there does seem 
to be a reasonable correlation evident , allowing some predictions of the muting 
qualities of each material to be made, given the airflow resistance of the material. 

The construction of the double organ pipe has shown to produce SPL reduc­
tions of 26·8dB. Unfortunately, this method does not let one alter this value very 
easily. The double organ pipe has also shown to act as a high pass filter as it 
tends to make the harmonics more comparable in their levels. 
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LIFT-OFF CHARACTERISTICS OF ELECTROMAGNETIC 
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by Chris Baharis t (B. Eng., M. Eng.) 
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In many ultrasonic applications the intimate contact required between conventional 
piezoelectric transducers and the product under inspection can prove to be a rna jor 
problem. An example of such an application is the on-line internal inspection of hot 
steel, where hot, moving and unfinished surfaces are encountered, and operation 
across an air gap of at least a few millimetres is required [Baharis, 1991]. 
Electromagnetic acoustic transducers (EMA Ts) are one solution to this non-contact 
requirement, but where the temperatures may approach 1000 degrees Celsius, it is 
necessary to cool and protect the transducer head. This leads to increased separation 
(or lift-off) from the product under test, and diminishes the sensitivity of the system. 
It is important to understand this effect and to be able to predict the rate at which the 
sensitivity drops off as it will determine whether EMA Ts are a practical solution to an 
application. The lift-off characteristics of EMA T reception have been grouped into 
three separate components and an experiment to isolate and measure one of these has 
been designed. Some mathematical modelling provides a theoretical base and its 
predictions are compared with the experimental results. The ramifications of these 
results are discussed in the context of the ultrasonic internal inspection of hot steel. 
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1 . Introduction 

One of the major problems with EMA Ts is that they provide only a few millimetres of lift-off from 
the surface before the signal becomes so weak as to be useless. Improvement in the lift-off 
characteristics of such devices is of prime importance in being able to produce a practical 
instrument that is capable of withstanding the harsh environmental conditions typically 
encountered. 

The main purpose of this paper is to discuss one of the main limitations to increased lift -off, 
namely the secondary ac magnetic field produced in the region above the isonified area. Some 
experimental evidence of lift off characteristics will be presented to show the influence of this 
major factor alone. 

2 . Principles of EMAT Operation 

Many types of EMA Ts which operate into the Megahertz range of acoustic frequencies, can be 
constructed and each type is generally optimised to generate and detect one or more classes of 
acoustic waves. The elemental transducer shown in Figure 1, although not a practical device, 
serves as an illustration of the principle of EMA T longitudinal wave ultrasound generation. 

z 

Steady-state 
Magnetic Flux 
Density, Bo 

/ 
Current, 

Conductive Test Specimen 

Instantaneous Lorentz force, F(t) 

J Ultrasound 

Figure 1: Longitudinal wave generation 

An alternating current, l(t), is fed into the wire which is in close proximity to the surface of the test 
specimen. This in tum induces an opposing dynamic eddy current, I'(t), on the surface of the test 
specimen and, in the presence of the external strong magnetic field bias, B0 , causes a deflection of 
the moving electrons in the direction of the cross product of I'(t) and B0 • 

The resultant Lorentz force generates a pressure wave that propagates into the bulk of the material. 
By changing the orientation of the magnetic field such that it is perpendicular to the surface of the 
specimen, bulk transverse waves may be generated. 

The detection of ultrasound is a reciprocal process and a simple configuration, shown in Figure 2, 
is used to demonstrate the principle. In the presence of the external steady state magnetic field, an 
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acoustic wave, reflected from the specimen surface, will produce a current sheet on the surface of 
the conductive specimen. In the body of the material, secondary electric current flows are set up 
which counteract the main induced currents. On the surface however, complete cancellation is not 
possible and a net current sheet results. This net current sheet has an effective depth given by the 
skin depth of the material at the frequency of interest. 

z 

EMAT coil above the current sheet 

Conductive Test Specimen 

1 Ultrasound 

Figure 2: Longitudinal wave reception 

Steady-state 

Magnetic Flux 
Density, Bo 

This current sheet at the surface creates a secondary magnetic field in the air above the sample 
surface which is detected by an adjacent coil attached to an amplifier. 

2 . EMA T on Reception 

The following analysis and the experimental work considers the reception of ultrasound by 
EMA Ts, although much of what is expressed is applicable to the transmission case. 

The interpretation of EMA T behaviour is simplified for the cases where the skin depth o is smaller 

than the acoustic wavelength, A, in the material. 

The skin depth is o = -- rr-­-\1 JlCOO 

where Jl and cr are the permeability and the conductivity of the medium respectively. 

If the skin depth becomes comparable with the acoustic wavelength, then the net current sheet will 
show a phase variation with depth and this phase variation leads to a diminution of the field 
strength. Hence EMA T operation is restricted to frequencies where the skin depth is small in 
comparison with the acoustic wavelength. For steels at room temperature, this ratio is small even 
at 5 MHz. However for hot steel, the resistivity increases and the permeability decreases to unity, 
both factors increasing the skin depth This effectively limits EMA T transduction to frequencies 
less than 4 MHz for longitudinal waves and less than 1 MHz for shear waves. 
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For the case of a longitudinal acoustic wave striking a plane steel surface normally, the magnetic 
field produced at the surface by the EMA T process is 

where 8 is the skin depth 

ro is the angular frequency 

J.l is the permeability of the steel 

and ~ is the acoustic displacement amplitude. 

This can be reduced to 

B = B0~-v 2COOJ.l out 

In this case, B increases with frequency. However in practical situations~ generally also 
out 

decreases with frequency. 

In terms of power, the efficiency of conversion, E, whether in transmission or reception, is given 
as [Beissner, 1976] 

B 2 
E=_o_ 

8roJ.lZ 

where Z is the acoustic impedance. 

With typical values for steel at 1000 oc 
Z = 45.106 kg.m-2.s-1 

J.1 = 41t.10-7 T.m.A-1 
a= 106 m-1.Q-1 

and B 
0 

= 1 T the following values are obtained 

f = 1 MHz 

8 0.5 mm 

A. (@ S,OOOm.s-1) 5mm 

E 5.6xl0-6 

f = 4 MHz 

0.25 mm 

1.25 mm 

2.8xl0-6 

A wave amplitude of IQ-10 m and a frequency of 1 MHz will produce a secondary magnetic field at 
the surface of 0.4 J.l T. 
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3 . Spatial Extent of the Induced Secondary Magnetic Field 

The above calculations describe the transduction mechanism for the case of plane waves of infinite 
extent striking the surface at right angles. As such, the values should be considered as maximum 
achievable values. However, any system has limited extent and geometric factors will reduce the 
effective field which can be detected. 

The limiting geometric factors are: 

• the amplitude and phase of the ultrasonic wave 
• the extent of the static magnetic field 
• the position of any conducting surfaces. 

All three factors contribute to the overall efficiency of transduction. However, to simplify the 
analysis, the last two factors were reduced in importance by only considering a special case, that 
of a uniform magnetic field in the specimen over the region at which the ultrasonic wave impinges. 
Hence the effect of the conducting surface of the magnet was eliminated as well as the limited 
extent of the magnetic field. 

4. Computer Simulation 

A number of computer simulati(Jns were undertaken of various current sheet configurations, but 
only one will be presented here, namely the complete 3D field in the half space above a rectangular 
active surface. The current density was considered uniform over this area. Although the current 
density distribution in a real situation depends on the spatial extent of the bias magnetic field and 
the acoustic field the simplified simulation was still considered to be indicative of the real situation. 

The usual quasi-static approximations were taken for this study, so the Biot-Savart Law was 
employed. 

The active area is a square with sides of 1 em and the amplitude of the effective current at the 

surface, Jo, is 1 Nm. The contour plots are given with arbitrary contour levels, primarily to 
indicate the character of the field so produced. However the field strength at the surface is about 
10-7 T. 

Figures 3a and 3b show the z component of the field (which is normal to the surface) at two planes 
in the z axis. Figures 3c and 3d shows the corresponding y component of the field, that along the 
surface but at right angles to the current sheet, again for the same two distances from the surface. 

Figure 4 illustrates the variation in the y component of the field in the yz plane, along the central x 
axis. 

These figures demonstrate a number of points: 

• the z field component has different directions on either side of the plane given by 
y=O. 

• near the surface, the z component reaches a maximum just at the edge of the active 
surface. As the plane of interest, z, is increased, so these maxima occur at larger 
values of y. (In other simulations of current sheets showing a smoother spatial 
distribution, these peaks in the z component are not so pronounced.) 

• When the lift-off is less than half the unit length of the active are(4 the field drops 
off linearly. So creating a large active area will help increase the lift-off capability. 

• as expecte<L for values of z at which the active area does not subtend a large angle, 
then the field falls off similarly to that from a point source, namely as l!z2. 
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Figure 3: Contour plots of the magneti~ field components in the xy plane above a lcm square 
current sheet 
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Figure 4: Magnetic field y component in the zy plane above a lcm square current sheet 
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5 . Reception Coil Geometry 

The emf that is produced at the reception coil depends primarily on the flux that is enclosed by the 
coil. The net flux through a coil is a convolution of the magnetic field and the size, and direction of 
the winding, of the coil. Normally the coils are laid flat, so that the z component of the field is 
detected. 

Two coil shapes are considered: 

• Single Coil type - This may be spread out in a pancake style or more tightly wound 
as with a normal coil. 

• Differential coil - This is a pancake coil, wound as in a figure of eight 
configuration. 

The following figures are outputs of computer simulation for the cases of the two coil types 
scanned across the surface. In this case, a 2D current sheet with Gaussian amplitude distribution 
was considered. 

Figure Sa illustrates the respon~e of a simple coil of unit length, aligned to be sensitive to the z 
component of the field, scanned across the surface of the sample. Experimental peak-to-peak 
measurements however, record only magnitude, taking no account of phase, and this is shown in 
Figure 5b. 
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Amplitude 
(normalised) 
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(a) Output of single coil 

Amplitude 
(normalised) 
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Amplitude 
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(b) Magnitude of the output of the single coil 

Amplitude 
(normalised) 

1. 
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(c) Output of differential coil (d) Magnitude of the output of the differential coil 

Figure 5: Coil outputs along the y-axis orientated to measure Bz 
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Similarly, Figures 5c and 5d show the responses of a differential coil (both sections having unit 
length) as it is scanned across the surface. Note that the finite dimensions of the coil tend to smear 
out the spatial response. 

6. Experiments 

Experiments were conducted to test the dimensions of the secondary field produced by the 
simplified arrangement shown in Figure 6. 

The two basic coil types were scanned in the half space above the surface. The coils were aligned 
parallel to the surface so that the z component of the magnetic field was detected. The single coil 
used for monitoring Bz had a face with dimensions 12 by 8 mm. The differential coil was a square 
of side 10 mm, each coil of the differential arrangement having a width of 5 mm. 

A conventional piezoelectric transducer was continuously pulsed by a standard pulse-echo NDT 
unit. The EMA T signals were detected, amplified and captured on a digitising CRO. The 
amplitude of the first arrived, single transit pulse was recorded. 

Elect r o ma gne t c ore 

To rec e ive r 

Co nventional l o ng i tudina l ultras oni c transdu cer 

Figure 6: .Sxperimental configuration 

Figures 7a and 7b were obtained using a 4 MHz, 11 mm diameter piezoelectric transducer by 
scanning the coils in the y direction. These experimental results show similar characteristics to 
those predicted in Figures 5b and 5d. 
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(a) Single coil 
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(b) Differential coil 

Figure 7: Coil output along the y-axis orientated to measure Bz 
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The single coil which was used to measure By had a face of dimensions 14 by 5 mm and its 
output, which is shown in Figure 8, was comparable to the predictions shown in Figure 4b. It 
should be noted however, that the simulations results are for a infinitesimal coil, whilst the 
experimental results are obviously not. This explains the absence of a linear region for small 
values of z. 

The experiments qualitatively confmn the overall geometric factors found in the simulations, such 
as the fall off in signal amplitude with lift-off and the variation in signal amplitude while scanning 
across the surface, using the two types of transducers mentioned. 
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Figure 8: Coil output along the z-axis orientated to measure By 

7 • Discussion 

This study has generally confinned that for a planar acoustic wavefront, lift-off characteristics are 
improved by having a larger active area. It also shows that a differential coil arrangement can 
create a larger signal output than a single coil. 

However to produce a large active area, the surface and acoustic wavefronts must be coplanar over 
this area. This requires the specimen surface roughness to be significantly less than the acoustic 
wavelength, otherwise a larger active area will be of little benefit. 

EMATs are been used at the exit of the Bloom Caster at BHP Rod and Bar Products Division in 
Newcastle, to internally inspect the blooms. Here, a transverse wave is injected at the top of the 
bloom and is detected underneath the bloom. In this case the wavefronts involved are normal to the 
surface of the steel. However other applications call for the generation (and/or detection) of 
ultrasound at angles away from the normal. For these applications, a meander coil is often 
employed and in these geometries, the active area will not have phase coherence along its length. 
The lift-off characteristics are therefore poorer in these circumstances. 

The other major factor in producing a large active area is the strength of the bias magnetic field at 
the surface layer. There is a trade off between the strength and the extent of the magnetic field 
which can be realistically be produced. The strength of the bias magnetic field is also strongly 
dependent on the temperature of the steel, through the effects on the permeability of the steel. 
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8. Conclusion 

One of the main purposes of this work was to understand the reasons for the marked signal 
diminution as EMA Ts are pulled away from the surface. 

The main reason for this effect is the limited strength and area of the current sheet produced by the 
ultrasonic beam. Ideally a large planar wavefront interacting with a strong DC magnetic field, also 
of large extent, will create a secondary magnetic field with a relatively small lift-off diminution. 
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ABSTRACT 

In 1984, the absorptive silencer in the induced draft fan duct at the No 3 Basic 
Oxygen Steel plant, Port Kembla Steelworks catastrophically failed after only 6 months 
operation. The resultant down-time on the Steelmaking plant cost approximately 3 million 
dollars in lost production. The cause of the failure: abrasive/corrosive wear of the splitters. 

Requirements of the Regulatory body for New South Wales, the State Pollution 
Control Commission, was that a silencer be proven in this plant and then retrofitted to the 
2 older plants. These requirements were caused by public complaint of the tonal emission 
from the stack, audible for up to 5 kilometres from the plant and affecting several thousand 
people. 

A new method for the reduction of noise was sought. After several false starts, a 
tuneable, active attenuator was installed at the fan blade cut-off. The expectation was 11 
dB reduction at 200Hz. After two and a half years and an investment of $250,000 the 
system was discarded as unworkable. 

By the start of 1991, following total investment of $1.2 million dollars, the noise 
problem on all three BOS plants had been solved, not by a new technology in acoustics but 
by rethinking the original noise reduction method. A 25dB(A) reduction was achieved and 
community complaint has dropped to nil. 

Apart from discussing the problems encountered, this paper is intended to show that 
hi-tech solutions are not the answer to all "difficult" noise problems. 
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INTRODUCTION 

In 1984, the Port Kembla Steelmaking plant installed its third Basic Oxygen 
Steelmaking vessel. The environmental protection authority for the state of New South 
Wales, the then State Pollution Control Commission, required that a silencer be installed 
following the Induced Draft fan on the Waste Gas system for this new vessel. A further 
requirement was, that once the silencer had proven effective, the other two vessels would 
be similarly retrofitted with equivalent silencing systems. Since the construction of the 
first two vessels residential complaints were regularly being made concerning the tonal 
emission from the plant. Complaints were received from as far distant as 5 kilometres. The 
emission was audible by several thousand people and potentially offensive to many 
hundreds. The noise emission was a pure tone at 200 Hz caused by the blade passing at the 
fan cut-off. A reduction of approximately 15dB at this frequency was needed to reduce the 
level to below the set requirement. An absorptive silencer was designed for a 25dB 
reduction at 250 Hz octave band. The lOdb excess attenuation was to allow for expected 
deterioration in the silencer performance caused by dust deposition in the perforations of 
the facing material. Following commissioning of the plant the silencer worked efficiently 
for around three months until the splitters in the silencer disintegrated in the duct during 
operation. The resultant down-time on the steelmaking plant while the debris was removed 
from the duct resulted in an approximate $3 million (Australian) in lost production. The 
cause of the failure was determined to be the abrasive/corrosive wear caused by the 
gases/dust particles in the waste gas duct. 

THE BOS PROCESS 

To understand the problems inherent in resolving this noise emission it is necessary 
to understand the basis of the BOS steelmaking process. To convert molten iron into steel 
it is required to reduce the undesirable elements in the iron. This is done in the BOS vessel 
by burning them out by injecting oxygen into the vessel. The primary contaminant in iron 
is carbon. The carbon is removed principally as CO - carbon monoxide - which is 
extracted from the vessel by the induced draft fan, the cause of the noise problem. Along 
with the gaseous waste is a large quantity of dust particles, primarily iron oxide that is 
scrubbed from the waste gas prior to the ID fan. 

Carbon monoxide is highly flammable and, when mixed with oxygen, forms an 
explosive mixture. At the start of each steelmaking operation some unused oxygen can 
pass through the duct. This means that between each "heat" of steel the duct needs to be 
flushed by an inert gas to remove the residual CO from the system. Nitrogen and steam are 
used for this purpose. One obvious requirement is that there be no pockets in the ductwork 
where the CO can be trapped and cause a potential for explosion at the start of the next 
production cycle. 

Deterioration of the silencer occurred because of : 
a. Particle impingement on the perforated steel surface 
b. High moisture content in the duct 
c. Temperature variations in the duct 

These elements caused the carbon steel to be rapidly corroded and break up. The 
decision was taken to find an alternative means of attenuating the noise emission from 
these fans. 
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TUNEAllLE, ACTIVE ATTENUATOR 

The use of a reactive type silencer was investigated but because of the potential for 
explosive gas mixtures the concept was not acceptable. An active system was also 
evaluated however the high moisture content and the corrosive/abrasive nature of the gases 
in the duct indicated that the system would not survive for an adequate period. 

Pressure from the public and statutory areas continued and the failure of normal 
methods to provide an answer to the problem required that the Company investigate less 
conventional methods of noise control. A joint venture was commenced with the 
Australian Commonwealth Scientific Investigation and Research Organisation (CSIRO). A 
tuneable, active attenuator was recommended and two and a half years of investigation 
resulted in the installation of an attenuator at the fan blade cut-off. Preliminary trials 
indicated an 11dB reduction at 200Hz. However, in practice, no measurable reduction in 
the emission could be attained. After an investment of $250 000 the system was discarded 
as unworkable in this situation. 

REACTIVE-AllSORPTIVE SILENCER 

While the Company, by these steps, had satisfied the Statutory Authorities that it was 
dedicated to resolve the problem, the community affected was seeing no resolution to a 
long-term problem. A visit to the 1989 InterNoise conference by the author found a 
company that had experienced a similar problem (See InterNoise 89, proceedings pp 409-
412) 

The Company had resolved the problem using an absorptive/reactive silencer 
mounted at the exit of the waste gas stack. This seemed a potentially acceptable solution to 
the BOS problem since it removed the explosion problem by having the gaseous pockets at 
the end of the duct. 

The principle difficulty with this solution was the problem of maintenance of the 
unit on top of the 70 metre stack. Any problems encountered with the silencer could cause 
significant delays on the vessel while repairs were carried out. However, even with this 
limitation, the viability of the system was excepted and costing and engineering evaluation 
was commenced. 

Concurrent with this investigation a further study was conducted to determine 
whether a solution could be reached to reduce the corrosion if the original splitters were 
replaced. The use of the splitter silencer was seen to be preferable in terms of 
maintainability. The results of this investigation provided a means whereby the original 
system could be replaced with an unknown life but a reasonable surety that the original 
catastrophic destruction of the splitters would not recur. 

The primary change to the construction was the type of steel used for the perforated 
cladding. The type chosen was 3mm 3CR 12 corrosion resistant steel. This steel had been 
proven particularly abrasion resistant in coal rail wagons outperforming both mild steel 
and aluminium in the same situation. In addition, the high Chromium content made the 
steel resistant to corrosion. 

The splitters were installed and the noise emission level was reduced by an average 
25dB at the blade passing frequency when measured at residential areas 1.0 to 1.6 
kilometres from the source. This, in effect, meant that the tonal 200Hz component was 
inaudible at any position outside the Company boundary. 
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The on-going problem with the system is the build-up of dust carried over from the 
gas cleaning system. A loss in efficiency of the silencer by lOdB has been measured and 
has necessitated grit-blasting the splitter faces approximately every 3 months. Life 
expectancy of the splitters is approximately 18 months to 2 years. The primary cause of 
deterioration of the splitters appears to be abrasion from the dust and buckling of the 
perforated steel caused by the continual temperature variations in the duct. 

Overall from the time the original splitter silencer destructed until a resolution was 
achieved, a total investment of $1.2 million (Australian) was made. Many avenues of high­
technology noise reduction were explored but the conclusion was that the conventional solution, 
modified to suit the application, was the superior means of attenuation. 
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ABSTRACT 

Pipe laggings are formed of porous jackets such as fibreglass blankets and impervious 
jackets such as metal cladding sheets. Sometimes air spaces are used to separate these 
jackets. A procedure which enables the prediction of the insertion losses produced by a 
lagging formed of these jackets is described. The models used to consider the interaction of 
acoustic waves with these jackets are based on the fundamental parameters which define the 
jackets. These include their dimensions, flow resistivities, Young's Modulii and densities. 
The insertion losses associated with the breathing, bending and ovalling modes of pipe 
vibration are considered. The procedure is used to determine the insertion losses produced 
by a typical lagging applied to a typical pipe. The results show the importance of the 
lagging in controlling the sound radiated by the bending mode. 
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INTRODUCTION 

The usual way of attenuating the noise radiated by pipes is to lag them with constructions 
formed of porous jackets such as glasswool blankets and impervious jackets such as metal 
cladding sheets. Papers in the readily accessible literature relating to the acoustic 
performance of pipe laggings generally have been concerned with presenting experimental 
results [ 1] [2]. It appears that few attempts have been made to predict the insertion losses 
produced by pipe laggings. This is not surprising in view of the difficulty which has been 
encountered in satisfactorily predicting the transmission of sound from the inside to the 
outside of a pipe. It has been found with regard to this latter problem that theoretical 
predictions of the sound transmission loss for a plane wave from the inside to the outside of 
a pipe can significantly overestimate (by 30 dB) the actual sound transmission loss [3] [ 4]. 
It has been suggested that this situation arises because unexpected vibrations of the pipe in 
the beam bending mode can be induced by a variety of mechanisms. 

THE COMPUTATIONAL PROCEDURE 

A typical construction of the lagging applied to a pipe is shown in Figure 1. The outer 
surface of the infinitely long pipe has a radial velocity defined by 
Vr = Vrcos ncp exp[j(wt-kzz)]. The value of n, which is an integer, describes the motion of 
the pipe cross-section. When n = 0 the pipe is supporting a breathing mode wave which is 
travelling in the positive z direction with a wave number of k2 . When n = 1 the pipe is 
supporting a bending mode wave and when n = 2 the pipe is supporting an availing mode 
wave. 

__.-z ------
Figure 1: Lagged Pipe Showing Air Space, Porous Jacket and Impervious Jacket 

The radial displacement of a cross-section of the pipe in the modes associated with n = 0 to 
2 is shown in Figure 2. Sound energy can be radiated from such a vibrating pipe so long as 
kz, the axial wavenumber which describes the wave motion of the pipe surface, is less than 
k, the acoustic wavenumber of the fluid which surrounds the pipe. Generally, there is a 
non-linear relation between w and kz for the pipe; for example, when n = 1, kz a w~. 
However, there is a linear relationship between k and w, that is, k a w Thus a particular 
pipe cannot radiate energy in a particular mode until some critical frequency is reached. 
When kz = 0 the wave propagation direction is normal to the pipe axis. As kz increases the 
wave propagation direction becomes inclined to the pipe axis and "conical" waves are 
radiated by the pipe. When kz = k the wave propagation direction is parallel to the pipe 
axis and no sound power is radiated from the pipe. It will be assumed in the remainder of 
this paper that kz < k so that sound is radiated by the pipe. 

38 PROCEEDINGS AAS ANNUAL CONFERENCE 1992 



+ + ------
-------.... 

11=0 II= I n=2 
Figure 2: Motions of Pipe Cross Sections Associated with Breathing (n=O), 

Bending (n=l) and Ovalling (n=2) Modes 

If can be seen from Figure 1 that the lagging is constructed of a number of types of jackets. 
These jackets are the airspace(s), the porous layer(s) and the impervious barrier(s). When 
the pipe is vibrating in a particular mode the waves in all of these jackets have the same 
values of ro and kz. It is assumed that the acoustic pressure and the radial particle velocity 
on the inner and outer surfaces of these jackets vary with cos ncp like the radial velocity, vr 
on the pipe surface. It is also assumed that the acoustic pressures and radial particle 
velocities at the interfaces between adjacent jackets are equal. Thus the radial impedance 
on the surface of one jacket is equal to the radial impedance on the surface of the adjacent 
jacket. 

The insertion loss produced by the lagging in a particular mode at a particular value of kz 
and at a particular frequency ro can be found by comparing the sound powers radiated by a 
unit length of the bare and the lagged pipes. Because the acoustic pressure and radial 
particle velocity are assumed to vary with cos ncp , the ratio of the sound powers, which 
gives the insertion loss, can be obtained by determining the ratio of the radial intensities at a 
particular point. The point just on the outside of the lagging, that is, at r = b and cp = 0 is 
convenient. 

Appendix A presents the development of an expression which enables the radial intensity at 
the point r = b , cp = 0 to be determined in terms of the acoustic pressure and the radial 
impedance at this point. Appendix B presents the development of expressions which give 
the radial impedance at this point and the pressure produced at this point by the unlagged 
vibrating pipe. Appendices C and D present formulae which allow the radial impedances on 
the inner surface of the different jackets to be found in terms of the fundamental physical 
quantities which describe the jackets and the radial impedances on the outer surface of the 
jackets. These appendices also include formulae which enable the acoustic pressures at 
cp = 0 on the outer surfaces of the jackets to be found when the acoustic pressures at cp = 0 
on the inner surfaces are known as are the radial impedances on the inner and outer 
surfaces. 

Consider first the unlagged pipe. The radial intensity at r = b, cp = 0 (that is, at the position 
of the outer surface of the lagging without the lagging present) can be found from the 
pressure and impedance formulae given in Appendix B. The radial intensity can then be 
found as described in Appendix A. 
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A similar procedure is followed when the lagging is present. The radial impedance on the 
outer surface of the lagging, that is, at r = b , Q> = 0 is found first as before. The radial 
impedance formulae in Appendices C and D are then successively used to find the radial 
impedance at the pipe surface. The pressure at Q> = 0 at the pipe surface can be found as the 
pipe radial velocity and the radial impedance at this point is known. The pressure formulae 
in Appendices C and D are then successively applied to give the pressure on the outer 
surface of the lagging at Q> = 0. This pressure, along with the original radial impedance at 
this point, gives the radial intensity at Q> = 0 on the outer surface of the lagging. The 
insertion loss can be obtained from this intensity and that found at the same point without 
the lagging. 

TYPICAL RESULTS 

Suppose that a 200mm Schedule 40 steel pipe is lagged with a 50mm thick fibreglass 
blanket spaced 25mm from the pipe. The fibreglass has a flow resistivity of 15000 Rayls/m. 
The outer surface of the fibreglass is itself covered with 0.3mm thick steel sheet. The 
dispersion curves which relate the axial wavenumber, kz and the frequency for the 
structural waves in the pipe can be determined by the procedure described in Appendix E. 
These curves for n = 0, 1 and 2 are plotted in 
Figure 3. These curves show that wave 
propagation in the breathing (n = 0) and 
ovalling {n = 2) modes cannot occur until 
critical frequencies are reached. The 
breathing mode wave cannot propagate until 
a frequency of 8260 Hz is exceeded and the 
ovalling mode wave cannot propagate until 
the frequency exceeds 750 Hz. The 
dotted line shown on Figure 3 is the 
dispersion relationship for acoustic waves. 
The pipe can only radiate sound when the 

------· acoustic wave numbir 
-- r...o 
-n-1 
-- n-2 

structural axial wavenumber, kz is o.o o 2soo sooo 7600 

greater than the acoustical wavenumber, k. FREauENcvcHzJ 

10000 

This criterion is always satisfied for the breathing Figure 3. Dispersion Curves 

12500 

(n = 0) and ovalling (n = 2) modes once they are "cut on". Only at frequencies below 50 
Hz is this criterion not satisfied for the bending ( n = I) mode. 

The axial wavenumber - frequency relationships shown in Figure 3 were used in the 
computational procedure already described to determine the insertion losses. The insertion 
losses were found in 1/3 octave bands by finding the intensities at the point r = b, <t> = 0 with 
and without the lagging at eleven frequencies in each I /3 octave band. The average 
intensities and the insertion losses were then found. The insertion losses for the three 
modes for the fibreglass jacket alone and the complete lagging are shown in Figure 4. 

COMMENTS 

The results shown in Figures 3 and 4 indicate the importance of having a lagging which is 
effective in controlling the sound radiated by the bending (n = I) mode of pipe vibration. 
The importance of controlling the sound radiated by this mode is mainly due to the fact that 
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Figure 4. 1/3 Octave Band Insertion Losses for (a) Porous Jacket Only 

and (b) Complete Lagging 

the pipe can vibrate in the bending (n = 1) mode at all frequencies. It cannot do 
this with the other modes such as the breathing (n = 0) and ovalling (n = 2) modes. 
In many applications a pipe lagging which is designed to produce satisfactory attenuation of 
the sound radiated by the bending ( n = 1) mode will be a satisfactory pipe lagging. 
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APPENDIX A 

EXPRESSION FOR RADIAL INTENSITY IN AIR SURROUNDING PIPE 

The computational procedure described in the body of the paper is based on the use of 
pressure and radial impedance and so it is convenient to derive the expression for the radial 
intensity terms of these quantities. At a point defined by r, <1> and z in the air surrounding 
the lagged pipe the complex representations of the acoustic pressure, p = P cos( wt + <l>p) 
and the radial particle velocity, ur = Ur cos(wt + <l>u) are p = P exp [jmt] and ur = Dr exp 
[jwt] where P = P exp O<l>p] and Dr= Ur exp[j<J>u]. The radial impedance, Zr, is given by zr 

= P!Ur = I P!Ur I; <j>p - <l>u = P!Ur 1 <j>p - <l>u. The instantaneous radial intensity, Iris given 

by pur and the average radial intensity, I r, obtained by averaging Ir over one cycle, is given 

by Ir =0.5PUrcos(<J>p -<l>u). This expression for Ir can be rewritten as equation (AI) 

by use of the results P =UrI zr I and Re{zr}= I Zr I cos(<l>p- <J>u). 

Ir = O.SIP!zr/2 Re{zr} (AI) 

APPENDIX B 

EXPRESSIONS FOR PRESSURE AND RADIAL IMPEDANCE IN SURROUNDING AIR 

Suppose that the outer surface of the infinitely long pipe of radius a whose axis is aligned 
with the z axis has a radial velocity vr whose complex representation is vr = Vr cos n<j> 
exp[j(wt- kzz)]. The acoustic pressure, whose complex representation is p , produced by 
this pipe motion at a point defined by r and <1> can be found by expressing the wave 
equation V2p + k2p = 0 in cylindrical coordinates, assuming a separable solution 

p = PR(r) <I>(<j>)exp[j(wt -kzz)] and solving the resulting differential equations B(l) for 
R(r) and <I>( <I>) to give the solutions defined by equation B(2). 

d2R 1 dR 2 2 n2 
-+--+(k -k --)R=O 
dr2 r dr z r2 ' 

(a) 

R(r) =A In (krr) + B N n (krr), (a) 

d2<1> 2 
--+n <1>=0 
d<j>2 

<I>( <1>} = C cosn<j> 

(b) (B. I) 

(b) (B.2) 

A, B and C are constants and In and Nn are the nth order Bessel & Neumann functions in 

which kr2=k2-ki. The radial particle velocity, ur, can be found from the linearized Euler 

equation ap/iJr= -paurlat. This radial particle velocity can be made equal to the radial 
velocity, vr of the pipe surface. The radiation condition provides a further boundary 
condition and so the constants AC and BC can be determined. The pressure at the point 
r=b, <j>=O then can be found as can the radial impedance. They are as follows: 

(B.3) 

(b) 
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APPENDIX C 

EXPRESSIONS RELATING THE RADIAL IMPEDANCES AND PRESSURES AT THE 
INNER AND OUTER SURFACES OF A RIGID POROUS JACKET 

A rigid porous jacket whose inner and 
outer radii are a and b respectively is 
made of a homogeneous and isotropic 
material with a flow resistivity of R 1 and 
porosity of Q. The arrangement is shown b 

in Figure C.l . The propagation of sound 
waves in this material is governed by the - ~.· ---, 
wave equation. V2p + k2p = 0. The term a ! 
k is the complex wave number. The i 
acoustic pressure and radial particle (L{._----­
velocity in this jacket are assumed to 

z 
--------------

vary with <1> according to cosn<j>. Figure C.l Porous Jacket Model 

The wave equation can be expressed in ·cylindrical coordinates and solved to derive 
expressions for the acoustic :Jressure and the radial particle velocity. It is then possible to 
derive an expression whici1 allows the impedance in the radial direction on the inner 
surface of the porous jacket, ie at r = a, to be found when that on the outer surface, ie at 
r = b, is known. This expression is given by equation C.l(a). It is also possible to derive 
an expression which enables the pressure on the outer surface, ie at r = b, to be found 
when that on the inner surface, ie at r = a, is known as are the radial impedances on 
these surfaces. This expression is given by equation C.l (b). 

(b) (C.l) 

where (C.2) 

The quantity kr which appears in these equations is given by k~ = k 2
- k~ . Various 

models can be used to determine k and Z0 which are needed in the evaluation of 
equations (C.l) and (C.2). The semi-empirical formulae of Delany and Bazely [5] and 
Meche! [ 6] are convenient. These formulae are given below in forms compatible with the 
notation used in this paper. They are expressed in terms of the dimensionless quantity 
C=R1/pf where R 1 is the flow resistivity of the porous material, p is the density of the gas 
involved and f is the frequency . Equations (C.3) apply when c~60 and equations (C.4) 
apply when C<60. 

k =- jk[-1.466 + j0.212C]Y2 !:..o. = [(C/2rr + j 1.403 )/( -1.466 + j0.212C) Yl] (CJ) 
pc 

k =- jk[O.l89C061 8 + j(I +0.0978C0693)] !:..o. = [1 +0.0489C0 754 - j0.087C0 73 '] pc (C.4) 

Equations C. I and C.2 can be used also when the jacket is an air space rather than a porous 
layer. In this case k is replaced by w/c and Z0 is replaced by pc. 
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APPENDIX D 

EXPRESSIONS RELATING THE RADIAL IMPEDANCES AND PRESSURES AT THE 
INNER AND OUTER SURFACES OF A CYLINDRICAL IMPERVIOUS JACKET 

A thin walled cylindrical shell of nominal 
radius a and wall thickness h is made of 

· a material with a Young's Modulus of E, 
Poisson's Ratio v , density p and loss h 

factor of 11 . The arrangement is shown in 
Figure D.I. Donnell's formulation of the_______ -
equations of motion for such a shell is 
expressed in terms of w, v and u, the 
displacements of the mid-surface of the 
shell in the r, <P and z directions as shown 
in Figure D. I . His equations are given in Figure D.l 
[7]. 

Cylindrical Impervious 
Jacket Model 

(D.Ia) 

(D.Ib) 

v au +-I av +~+f32(a2 a4
w + 2 a

4
w +-I a

4
wJ+ w = Pa(I-v

2
) 

a az a2 a<f> a2 0 az4 az2 a<t> 2 a2 a<f> 4 c2 Eh . p 

(D.Ic) 

The terms ~~and c~ are given by ~~ = h2 I I2a2 and c~ = E/ p(I- v2). 

The term Pa which appears in equation (D. I c) is a function of time, <P and z. It is the net 
pressure which is applied to the cylindrical shell and it is assumed here that it has the 
complex representation given by equation (D.2) in which the subscripts i and o relate to 
the pressures inside and outside the cylindrical shell. 

Pa = (Pi - P0 ) cosn<f> exp[j( wt- k 2 z)] (D.2) 

In view of the assumed form of loading on the cylindrical shell, that is, equation (D.2), the 
complex representations of the u, v and w displacements are given by equations D.3. 

u = U cosn<f>exp[j(wt- k 2 z)], v = V sin n<f>exp[j(wt- k 2 z)], w = W cosn<f>exp[j(wt- k 2 z)] 

(D.3) 

Substitution of equations D.3 into equations D.l leads to the radial impedance and pressure 
equations DA and D.5. 
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Zi = z0 + jy/ro (D.4) P 0 =Pi- jyU/ro (D.5) 

y is given by equation (D.6). P0 , Pi and U are the complex representations ofthe pressures 
and radial particle velocities at <f>=O. 

y = Eh [L(QC-BR)C+M(AR -PC)C -N l 
(1-v2) A(QC-BR)+B(AR-PC) J 

(D.6) 

E in this equation is the complex Young's Modulus. It is given byE= E(l +jYJ). E is the 
conventional Young's Modulus and 11 is the loss factor for the material of the cylindrical 
shell. The terms A, B, C, P, Q, R, L, M and N are given by the equations: 

A =(ro/cp)2 -k~ -n2 (1-v)/2a2
; B = -jnkz(l+v)/2a; 

P=jnkz(l+v)/2a; Q=(ro/cp)2 -(1-v)k~/2-(n/a)2 ; 

APPENDIX E 

DERIVATION OF THE DISPERSION RELATIONSIDPS FOR A THIN WALLED 
CYLINDRICAL SHELL 

The dispersion relationships which relate the axial wavenumber, kz and the frequency, ro for 
the various modes of vibration, that is, n = 0, 1, 2 can be obtained by substituting the 
solutions given by equations (D.3) into the homogeneous forms of equations (D.l). The 
resulting three equations involving U, V and W have non-trivial solutions for U, V and W 
only ifthe determinant of the coefficients ofU, V and W is equal to zero. Thus, in terms of 
A, B, C etc as defined by equations (D.7), it is necessary that: 

A,B,C 

det P, Q, R = 0 

L,M,N 

(E.l) 

Since A, B, C etc. are expressed terms of kz and ro, equation (E.l) defines the dispersion 
relatiol).ship which must exist between kz and ro for a given thin walled cylindrical shell (as 
defined by a, Cp and v) and a given mode (as defined by n). 
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John Bowers. Paper for AAS Annual Co nferenc e 1992 

Title: A co us t i c R C' a c t i o n , to a vi o d L C..' (J ,_i 1 A c· t ion: 

I received a call one day, from the manager of a Freezer Company 
in a large country town about 90 Km. away. He stated that as a 
result of pending legal action by huusiny occupants in d nearby 
residential area, certain steps had been ta.kcn to reduce noise 
from the freezer plant. He wanted rnc to measure sound levels so 
that the affect of the treatment could be evaluated. It was 
llrranged to do this on .:1 Saturda}· .Jft2rnoon \vhcn other noise in 
the area would be low. 

Figure 1. 

On arrival at the plant, I was shown that partial enclosure of 
the number 2 blast freeze compressor had been carried out, and 
the internal walls of this enclosure were lined with slagwool 
type material. He also pointed out that the complaints were 
received from two corner residences across the street, and 
another further away along a side street. He also said that 
there was a 6 metre high fen c e still to be built along the 
boundry of the freezer property. Number 2 blast freeze 
compressor was the only compressor of concern but overnight 
loading and unloading of trucks was also a subject of coml:Jlo.int. 

Figure 2. 

I measured sound levels with No. 2 Blast freeze compressor on and 
all other equipment shut down. The fJt..lttcrn indicated structurol 
borne noise from the building as well a.s airborne noise from the 
compressor. I po .in t cd o ut that as the building W.JE higher than 
the proposed 6 metre fenc e thL.tt this wo uld help with forklift 
movements and truck loading but wo uld not be c f any grc.:lt usc if 
the comprcsso r no i sc is sti 11 .=-:~. pr()bl em. Cumprcsso r noise 1 eve 1 s 
at the foot.path across the street were bare 1 'l dctcct.dblc above 
noise from a busy highway some 1 / 2 Km. away Lind wer e determined 
at around 45 dBA (Fast) durinq very brief .lulls in the traffi c 
no l s e ~ I s t Ll ted t hat I d i d not s c c: t h a t a r:::: om p 1 ~l i n L r· n u l c1 b c 
j us t i f i e d • .i\ n y p r c vi o us s o und l c v c l m c ~i sur c m c n t s w c r c i n L h r :, 
han d. B o f t h c corn p .:.1 n y ' s l c y d 1 ad v i ~; o r s a n d w c r c not ..:1 v a i L:d >1 (· \) n .). 

Saturday 3ftcrnoon, ~..;o an i.Imtwdid.L :_: c_:\dlUdt.iun of Jny 11ui~->r_' 

reduc t ion uchicvcd c u u l d nut b(~ r11c.tcl c . 
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F .1qurc 1. 

Seve ral 'V\lCC.' ks L::d.cr I had an urgent call £rom the Freezer 
Company. Tb c two c omplainants clos e st t o the Plant were 
satisfi e d that impro v ements had been made and had dropped out 
fr u nl further a c tion. The other, some distance away from the 
p l a nt, h..J.d c he c ks m.J.dc by t.hc E. P. A. and were pressing claims 
a gainst bo t h th e Company and the Local Co uncil through the 
c ourts. The c l a ims we re on the basis that a 5 dB penalty added 
for tonal components put the level from No. 2 Blast Freeze 
compresso r abo ve the permitted 45 dB overnight limit for an R4 
area. 

Figure 3. 

I was not permitted any direct contact with the people making the 
complaint so this meant working in the dark to some extent. 
There was a noticablc tonal component at 490 Hz. from the fans in 
the blast freeze chamber at the opposite end of the building to 
the compressor. I measured levels using the 500 Hz octave filter 
around this area and expressed some doubt in the ability of this 
tone to carry sufficiently to cause severe problems. The Company 
h a d a set o f lower speed fans available and decided to fit them. 
Meanwhile I arranged to measure overnight sound levels around the 
residential ar e a. 

Figure 4. 

These charts were taken from the footpath outside of the 
complainants residencs in the early hours of the morning. No. 2 
Blast freeze compressor was running along with other units. The 
noise from the freezer plant was 43 dBA (Fast). The first chart 
shows that in 11 minutes of continuous monitoring the noise from the 
highway was above this level all of the time. The second chart 
included noise from a train leaving the nearby railway station 
together with highway noise, with only several very brief drops in 
level to the freezer plant noise. 

After fitting of the new blast freeze fans the freezer company, 
thro ugh their legal reprcsenativcs, contacted E.P.A. to request a 
rec heck of levels at the home of the Plaintiffs. This was 
carri e d out and the advice was that there was no change. I then 
contacted the relevant E.P.A. officer myself and was told that 
the sound level inside of the home was higher than the levels at 
the footpath outside, and that the problem tone was in the 1/lOth 
oct~vc band centred at 315 Hz. This now gave me something to 
work on. 

An o ther report on work done earlier, including measurement of 
ground vibrations, was made available. This was sufficient to 
r11l c out a dir e ct underground transmission path so structural 
borne s o und from the c ompressor to Lhc building became the 
subj ec t f c::; r investigati o n. 
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Figure 5. 

Narrow band frequency analysis showed a peak at 320 Hz. This was 
a harmonic of the compressor piston frequency at 40 Hz. 

Figure 6. 

Vibration frequency analysis from the compressor, through the 
refridgcrant delivery and return lines and in the building 
structure, showed a strong pulsation in the refridgerant return 
line from the evaporators to the compressor. This line was a 
75mm diameter pipe clamped ridgidly to the wall columns of the 
building. Vibration measurement on the wall showed velocity 
measurements of of 0.25mm/sec at 320 Hz. 

Figure 7. 

I worked out dimensions for a single expansion chamber muffler 
based on the theory in Chapter 12 of the Beranek book "Noise & 
Vibration Control" for installation in the 75mm return line close 
to the compressor. I also specified a suitable vibration 
isolating mounting system that would be required if the pipe 
vibration was due to direct transfer from the compressor and not 
a pulsation as I suspected. The company elected to do both. The 
vibration isolating mountings installed by their own maintenance 
people were ready first. This made a reduction in the building 
vibration but the tonal sound component although reduced, was 
still there. 

Figure 8. 

The following Saturday morning I received a phone call fro~ the 
manager of the Freezer Company. He asked was it possible for me 
to come straight up to the plant and not to worry about bringing 
any instruments. About one hour and 90 Km later I was greated by 
the Plant Manager with a beaming smile. The filter had been 
installed and the tonal sound had disappeared completely. He 
invited me to come for a wJlk and we went to meet the people who 
were making the complaint. When the door knock was answered by a 
very distraught looking young lady he asked what she thought of 
the freezer plant noise now. She said straight off that "No 2 
Freeze compressor is not operating" he answered that it is on 
now and has been running all night and that this man, indicating 
me, has fixed it. The lady turned accusingly to me and said "Well, 
why didn't you fix it years ago". She then settled down and 
explained that the walls of the house all hummed with this sound 
and that it was sufficient to wake them up at night every time 
the cbmprcssor kicked in. The vibration was so strong that you 
could even feel it in the verandah posts. 
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Conclusions: 

1. Most of the houses in the area were brick on solid footings. 
This particular house was a prefabricated construction. The area 
and the directivity of the roof were such as to make a good 
receptor for airborne sound from the Freezer Plant and a 
condition of resonance was set up between the structure of the 
house and the particular driving frequency from the Freezer 
Plant. 

2. It was just on 3 months from the time I first visited the 
Plant untill the solution to the problem was in place. Earlier 
access to the complainants would have greatly simplified tracking 
the source of the complaint, with significant savings in time and 
cost. 
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Instrumentation Used: 

Impulse precision sound 1 C \7C _l me ter. Brucl & Kjacr type ~209 

12.5mm condenser microphone Brucl & Kjed.r type 4163 

Octave band filter set Bruel & Kjaer type 1613 

Acoustical calibrator Brucl & Kjc3.cr type 4]20 

Vibration Meter Brucl & Kjacr type 2511 

Accelerometer Bruel & f~ j d.cr type 4370 

Tunable band pass filter Brucl & KjJcr type 1621 

Portable graphic le'vel recorder Brucl & Kjacr type 2306 

Tripod & In t c r conn c c +_ i 11 g cables 

Bibleography: 

Beranek: Noise & Vibration Control. 

C M Harris: Handbook of Noise Control. 

Bruel & Kjaer: Acoustic Noise Measurements. 

Brucl & Kjacr: Mcchanicc3.l Vibration & Shock Measurements. 
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THE DEVELOPMENT OF ACOUSTIC VOLUME 
VELOCITY SOURCES 

K P BYRNE 
B.E.(Hons.), B.Sc., M.Eng.Sc., Ph.D. 

School of Mechanical and Manufacturing Engineering 
The University ofNew South Wales 

Sydney, Australia. 

ABSTRACT 

Acoustic volume velocity sources can be useful in experimental acoustics. They can be used, for 
example, to determine the particle velocity information needed in measuring acoustic impedance. 
The development of modem signal processing instrumentation has allowed volume velocity 
sources to be used conveniently. Two volume velocity sources developed at The University of 
New South Wales are described. One is based on a modified acoustic hom driver and the second 
is a specially constructed device. The methods used for calibrating the devices are described and 
the results of a performance test based on measuring the input and transfer impedances of a 
closed end tube are given. 
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INTRODUCTION 

Certain acoustic measurements can be undertaken conveniently if a source of known volume 
velocity is available. Examples of such measurements are given in references [ 1] and [2]. 
Reference [ 1] describes how a volume velocity source can be used to measure the normal 
incidence specific acoustic impedance of acoustic materials. The physical arrangement of the 
device is shown in Figure 1(a). Reference [2] describes how a volume velocity source can be 
used in experiments relating to the finite element modelling of an acoustical cavity. The "driving 
force" in many mathematical models of acoustical systems is usually one or more volume velocity 
sources. The physical arrangement of the system referred to in [2] is shown in Figure 1(b). 

SOUND 
PIEI.D 

(a) Impedance Measurements (b) Verification of Finite Element Model 
Figure 1. Applications of Volume Velocity Sources 

Historically, the attraction of volume velocity sources for use in acoustic measurements has been 
their ability to obviate the need to measure acoustic particle velocity which is a difficult quantity 
to measure directly. Volume velocity sources and in particular constant volume velocity sources 
have been developed with the aim of being useful in measuring the acoustic impedance in 
systems as diverse as vocal tracts, musical instruments, machinery manifolds and acoustical 
materials. The development of phase matched microphones has enabled acoustic particle 
velocity to be found easily and so has reduced the role of volume velocity sources as a means of 
establishing known particle velocities. However, modern digital signal processing has allowed 
volume velocity sources to be used in a more versatile manner than before. The technique 
described in [ 1] is an example of how modern digital signal processing can be used with a 
volume velocity source. 

Salava [3] has described some of the types of volume velocity source which have been 
constructed. Briefly there are two basic types of volume velocity source and they are shown in 
Figure 2. The first type, shown in Figure 2(a), involves a driver, a microphone and a resistive 
element such as a disc of sintered metal, whose resistance is much greater than the impedance of 
the system attached to the volume velocity source. The volume velocity produced by the source 
is obtained from the pressure measured by the microphone and the flow resistance of the resistive 
element. An obvious disadvantage is the requirement that the system which is attached to the 
volume velocity source must have a much lower impedance than that of the resistive element. 
The second type, shown in Figure 2(b ), incorporates a diaphragm or piston whose motion is 
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measured. The motion can be measured directly by devices such as capacitive displacement 
transducers, accelerometers, and velocity coils or indirectly by measuring the pressure 
fluctuations in a closed cavity behind the piston or diaphragm. 

MAGNET 

RESISTIVE 
ELEMENT 

MAGNET 

(a) Resistive Element Type (b) Piston Type 
}""igure 2. Types of Volume Velocity Sources 

THE UNSW VOLUME VELOCITY SOURCES 

The two types of volume veloctty source which have been developed at The University of New 
South Wales are variations of the piston type shown in Figure 2(b ). The main features of the 
two types are shown in Figure 3. The main difference is in how the motion of the diaphragm or 
piston is measured. The hom driver type of volume velocity source shown in Figure 3(a) was 
constructed by modifying a hom driver so that a microphone could be inserted into the sealed 
cavity behind the diaphragm. As the diaphragm moves and gas is displaced into and out of the 
throat of the hom driver the pressure in the sealed cavity alters and this can be sensed by the 
microphone. The pressure can be related to the volume velocity. Although the modified horn 

DIAPHRAGM 
PISTON ACCELEROMETER 

MAGNET MAGNET 

(a) Horn Driver Type (b) Piston Type 
Figure 3. UNSW Volume Velocity Sources 

driver type of volume velocity source can be made readily in that all that needs be done is to 
machine· a hole into the body of the horn driver for the microphone, it has several major 
disadvantages. Firstly, it has a large coupling volume between the diaphragm and the exit plane 
of the device. Little can be done to reduce this volume. Secondly, the microphone in the closed 
cavity which backs the diaphragm may not be able to sense accurately the pressure changes in 
the cavity because the cavity is partitioned into several volumes by the gap in which the coil 
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moves. However, this can be overcome to some extent by greatly widening sections of the gap 
annulus. 

The compliance of the coupling volume can cause serious measurement errors when the 
impedance presented by the load at the exit plane of the volume velocity source is high. Under 
such a circumstance, the volume velocity delivered to the load will be small despite large 
excursions of the diaphragm of the horn driver. In principle this problem can be overcome by 
measuring the acoustic pressure near the exit plane of the volume velocity source. The 
arrangement of the volume velocity source to allow this to be done is shown in Figure 4(a). The 
compliance of the coupling volume can be established by blocking the exit plane of the volume 
velocity source and measuring the transfer function which relates the pressure measured by the 
microphone in the cavity to the pressure measured by the microphone close to the exit plane. 
The model of the modified horn driver is shown in Figure 4(b ). This model can be used to 
consider both the effect of the compliance volume and the calibration procedure. 

The piston type of volume velocity source is intended to overcome the preceding shortcomings 
of the modified horn driver type of volume velocity source. The device shown in Figure 3(b) 
was constructed from standard components which included a ceramic magnet, a loudspeaker 
drive coil and a low mass accelerometer. The accelerometer allows the motion of the piston to 
be determined. A detail of the device which is important to its functioning is the sealing between 
the piston and the fixed throat parts. Several sealing techniques were used. The one which 
ultimately was found to be the most successful used an "0" ring. 

EXIT PLANE EXIT / 
PLA"f-.fE-- : 

(a) (b) 
Figure 4. (a) Modified Horn Driver with Pressure Measurement near Exit Plane 

(b) Model Used for Analysis of Modified Horn Driver 

EQUATIONS FOR MODIFIED HORN DRIVER 

The equations which govern the behaviour of the modified horn driver can be determined from 
the model shown in Figure 4(b ). The equilibrium absolute pressure in the regions of volume VR 
and V F on either side of the diaphragm is P 0 . The region of volume V F extends up to the exit 
plane of the device. If the diaphragm is moved a small distance upwards so that it displaces a 
smail volume ~ V, the acoustic pressures pRand pF associated with each of the volumes are as 
given by equations ( 1 ) . 

PR =-(Pay /VR)~V PF =(PaY /VF)(~V -A~x) (I) 
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These equations are based on the assumptions that the gas in the regions of volumes V R and V F 

behaves adiabatically and that 11 V is small compared to both V R and V p. y is the specific heats 
ratio of the gas. A is the cross-sectional area of the exit plane of the device and ~x is the 
movement of the gas particles at the exit plane. Equations ( 1) can be used to derive equation 
(2), the required volume velocity equation, which shows that if VR and Vp are known and PF 
and PR are measured, the volume velocity, U, can be found. 

(2) 

pp, PR and U are the complex representations of the harmonically varying pressures and volume 
velocity. ro is the angular frequency associated with this harmonic motion. In view of the fact 
that the microphone in the closed cavity which backs the diaphragm may not be able to sense 
accurately the pressure changes in the cavity because of the complex shape of this cavity, it is 
advantageous to consider this volume to be a frequency dependent complex quantity denoted 
VR(ro). Thus equation (2) can be written as: 

(3) 

Usually it is required to find the pressure, p, at some point in an acoustical system per unit 
volume velocity of the source and so from equation (3): 

(4) 

It can be seen that to determine p/U it is necessary to determine two transfer functions. The 
first, p/pR, relates the pressure at the point of interest to the pressure in the cavity behind the 
diaphragm. The second, pp/PR, relates the pressure at the front of the diaphragm to that in the 
cavity behind it. This transfer function allows the effect of the load impedance to be considered. 

CALIDRATION PROCEDURE FOR MODIFIED HORN DRIVER 

The calibration procedure, which essentially involves determining V F and V R( ro ), was 
undertaken by attaching five small cavities of volumes V c to the source as shown in Figure 4 (b) 
and measuring the transfer functions PRIPF· Since the volume velocity entering the calibration 
volume is jro(V c!P 0 y )pF, equation (3) gives 

(5) 

When V c = 0 the corresponding transfer function, denoted (pR/PF)o, is given hy equation (6). 

(6) 

Transfer functions for non-zero values of V c can be divided or "equalised" by equation (6) to 
give equation (7) . 

(7) 
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At each frequency the five values of the equalised transfer functions measured with the five 
calibration cavities were used to least squares fit a straight line of the form of equation (7). The 
reciprocal of the gradient of this line gives V p. The calibration cavities had a common diameter 
of 25 mm and nominal lengths of 0, 3, 8, 13 & 18 mm. The values of the real and imaginary 
components of the equalised transfer functions at 1OOOHz. for the five volumes are shown in 
Table I. 

TABLE I 

EQUALISED TRANSFER FUNCTION COMPONENTS AT 1000Hz 
WITH VARIOUS CALffiRA TION CAVITIES 

Nominal Cavity 
Length Cavity Volume Real Imaginary 
(mm) (m3) Component Component 

0 0 1.00 0.000000 
3 1. 73 28x 1 o-6 1.05 0.000290 
8 4.0644x1o-6 1.13 -0.000025 
13 6.5483xlo-6 1.22 -0.000725 
18 8.9045xlo-6 1.30 -0.002820 

A feature of this table is the relatively small magnitudes of the imaginary components of the 
equalised transfer functions. This is of course expected from equation (7) and it supports the 
validity of the model which leads to equation (7). 

Figure 5 shows the values of V F determined at 2Hz intervals by the least squares process. 
Several features of Figure 5 are noteworthy. The major spike evident at about 550Hz is 
probably associated with resonances in the individual corrugations of the corrugated circular 
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Figure 5. Vp Versus Frequency 
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flexure which supports the diaphragm. It can be seen that the average value of V c is slightly 
different below and above 550Hz. The rising trend of the graph at frequencies above about 
1200Hz is associated with wave effects in the volume in front of the diaphragm and the 
calibration volumes. 

Figure 6 shows, at 2Hz intervals, the real and imaginary components of VR(w) which were 
obtained from equation (6). The values ofVF given in Figure 5 were used in equation (6). 
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Figure 6. Real (Upper) and Imaginary (Lower) Components of V R( w) 

The major spike evident at about 550Hz in Figure 5 is again evident in the imaginary component 
in Figure 6. It will be seen subsequently that this spike has little effect. 

EQUATION FOR PISTON TYPE 

The attraction of the piston type source when compared with the modified hom driver type 
source is that the coupling volume is very small and in fact will be zero if the mean position of 
the piston can be adjusted so that it lies in the exit plane of the source. Thus the complication of 
compensating for the effects of this volume is avoided. Further, the volume velocity can be 
determined directly from the motion of the piston which is sensed by the accelerometer. The 
volume velocity, U, is simply given by equation (8). A is the piston area and a is its acceleration. 

U = Aa/jw (8) 

Since it is usually required to find the pressure, p, at some point in an acoustical system per unit 
volume velocity of the source, equation (8) gives 

p/U = jwp/ Aa (9) 

PROCEEDINGS AAS ANNUAL CONFERENCE 1992 67 



CALIBRATION PROCEDURE FOR PISTON TYPE 

It can be seen from equation (8) that, if there is no leakage around the piston, the calibration of 
the volume velocity source depends upon the calibration of the accelerometer. The exposed 
outer face of the piston, as shown in Figure 3(b ), allows the accelerometer calibration to be 
checked by conventional back-to-hack calibration with a reference accelerometer. 
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Figure 7. Real (Upper) and Imaginary (Lower) Components of the Ratio of the Volume 
Velocities Determined by Equations (8) and (10) 

The volume velocity, U, produced by the source also can be determined by measuring the 
pressure, p, in a small volume V c attached to the source in the manner shown in Figure 4(b ). 
The analysis used to give equations (1) can be applied again to give equation (1 0). 

U = jw(V c1Poy)p (10) 

The ratio of the volume velocities determined by equations (8) and ( 1 0) should be unity. The 
real and imaginary components of this ratio are plotted in Figure 7. 

EVALUATION OF PERFORMANCE 

A useful test to evaluate the performance of volume velocity sources is to use them to determine 
the driving point and transfer impedances for a column of gas in a tube. Singh and Schary [ 4] 
used such a test to assess the accuracy of a technique for measuring the acoustic impedance of 
flow manifolds. Pratt et al [5] adopted a similar test to evaluate a procedure used for measuring 
the acoustic impedance of brass instruments. The significant features of the test system used 
here are shown in Figure 8. 
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Figure 8. Test System for Assessing the Performance of the Volume Velocity Sources 

The acoustic waves in the tube are attenuated as they travel along the tube largely as result of 
viscous and thennal effects at the tube walls. The attenuation rate can be expressed in terms of 
the Helmholtz-Kirchhoff wall-attenuation coefficient aw and so the complex representation of 
the acoustic pressure the positive and negative travelling plane waves can be written as: 

P+ = P +exp[-awx] expu(wt-kx)] and p_ = P _exp[+awx] expu(wt+kx)]. (11) 

Temkin [6] gives the expression defined by equation (12) for aw. It involves the speed of sound 
c0 , the angular frequency w, the kinematic viscosity v0 , the tube radius R, the specific heats ratio 
y and the Prandtl Number Pr. 

a = _!_ ( w vo )lh ( 1 + .Y....=..!.J 
w Co 2R 2 Pr\12 

(12) 

The complex representation of the longitudinal particle velocities associated with each wave are 
given by u+ = P+lpc and u_ = -p_/pc . The boundary conditions are u = u+ + u_ = U/A at x = 
0 and u = u+ + u _ = 0 at x = L. These boundary conditions lead to the following equation which 
relates the pressure at x = L *, PL *, to U, the volume velocity at x = 0. 

PL*/U = -j(pc/A)(cos[(k-jaw)(L- L*)]j(sin[(k-jaw)L]) (13) 

Equation (13) gives the driving point impedance when L • = 0 and a transfer impedance when 0 
<L* < L. 

Figure 9 shows the modulus and phase of the "driving point impedance" computed from 
equation (13) with L • = 0. 021 m. Ideally, the driving point impedance would be obtained with 
L * = 0. However, the microphone could not be located at the plane defined by L • = 0. The 
measured values are shown as points on Figure 9. The tube internal diameter 2R was 0.0222 m 
and the tube length, L was 0.500 m. The measurements were made with an air temperature of 
20°C for which the velocity of sound, c0 is 343 rn/s, the density, p is 1.21 kg!m3, the kinematic 
viscosity, v0 is 1.5 x lQ-5 m2fs, the specific heats ratio, y is 1.4 and the Prandtl Number Pr is 
0.709 . The measured values were obtained with the modified horn driver volume velocity 
source. 
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Figure 9. Modulus and Phase of the Computed (-)and Measured (•) "Driving Point 
Impedance": (Modified Horn Driver Source) 

Figure I 0 shows the modulus and phase of the transfer impedance computed with L = L * = 
0.500 m. The parameter values used in evaluating equation (13) were as previously given. The 
measured values, which are shown as points on Figure I 0, were obtained with the piston type 
volume velocity source. 

CONCLUDING COMMENTS 

It can be seen from Figure 9 that the agreement between the computed and measured values of 
both the modulus and the phase is excellent. The dynamic range of the modulus is approximately 
70 dB. The somewhat inferior agreement between the computed and measured values evident in 
Figure I 0 is related more to the fact that a transfer impedance is involved than that the piston 
type volume velocity source was used to make the measurements. 
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NOISE PATH DETERMINATION FOR A SHIP SERVICE DIESEL GENERATOR 

C. NORWOOD B.E.(Mech), M.Eng.Sci., M.Sc. 
Senior Research Engineer 

M. O'REILLY B.E., Grad.Dip.Comp.Eng. 
Research Engineer 

Materials Research Laboratory, DSTO 

The auxiliary generator on the FFG-7 class of ships has been identified as a significant 
source of underwater radiated noise. An investigation was undertaken to determine the 
major noise transmission path. Field measurements of the airborne and structurebome noise 
were made and an SEA program was used to estimate the underwater radiated noise from 
each of these. 

INTRODUCTION 

Low acoustic signatures of vessels are basic to many operational requirements of the RAN. 
With the rapid increase in sensing capabilities in the region of interest to the RAN, it is 
necessary to provide the Navy with the capability to evaluate and reduce machinery 
acoustic emissions from vessels to the sea. 

The · FFG-7 class of ships form the current front-line of the RAN, but have been 
acknowledged as having significant shortcomings in their acoustic signature. Acoustic 
ranging reports for the FFG-7 have identified the Ship Service Diesel Generators (SSDG's) 
as a major noise source. Sell and Riley, 1987, report that "The most significant noise 
sources in serials up to and including x knots are the SSDG' s and the Gas Turbine 
Compressor." 

As part of the work on quietening the FFG-7 's an investigation was conducted into the 
underwater radiated noise from the SSDG and the transmission paths from the SSDG into 
the water. 
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This paper details the results of experimental measurements of the source strengths of the 
SSDG and the use of Statistical Energy Analysis (SEA) to rank the various sound 
transmission paths. The analysis shows that two paths are of roughly equal importance and 
hence both need treatment. 

SSDG DESCRIPTION 

The Ship Service Diesel Generator sets aboard the FFG-7 provide the ship's electrical 
power. There are four SSDG's on each FFG-7. Each set is capable of providing 1 MW of 
power and is driven by a 2389 cu in., V-16, 1425 bhp, 2 stroke diesel engine. 

Each set is mounted on a welded steel sub-base designed to form a rigid, self-supporting 
structural unit suitable for installation on its foundation in the ship. The total weight of each 
unit is approximately 18 tonnes. Each sub-base is mounted via eight resilient mounts to the 
ship's foundation. A sketch of an SSDG set and sub-base is shown in Figure 1. 

The four SSDG' s are located in separate enclosures throughout the ship and isolated from 
other machinery spaces by an acoustic enclosure on three sides. The fourth side and base of 
the enclosure is formed by the hull. Each SSDG sub-base is resiliently mounted on a rigid 
welded steel foundation. A typical foundation is shown in Figure 2, while Figure 3 shows a 
typical enclosure. 

An initial investigation was conducted where the sound pressure levels inside the SSDG 
enclosure and velocity levels above and below the mounts were measured. The mounts 
provided in excess of 20dB attenuation, with velocity levels in the order of 1 o-4 m/ s 
measured below the mount on the foundation. The sound pressure levels exceeded 11 OdB in 
one third octave band, and 100dB in half the third octave bands measured. While the 
enclosure walls separating the SSDG · from other machinery spaces had acoustic treatment, 
there was no acoustic treatment on the hull. 

In order to determine the relative importance of the various paths it was decided to 
calculate the radiated sound pressure levels in the water due to each path using Statistical 
Energy Analysis (SEA). Three major paths were considered, vertical structureborne, 
horizontal structure borne and airborne. 

SEA CALCULATIONS 

For SEA calculations it is necessary to divide the system into subsystems which represent a 
group of similar modes capable of energy storage, Lyon (1975). Physically independent 
substructures of the overall structure may include several subsystems, also boundaries of 
the subsystems do not necessarily represent physical boundaries of the substructure. 

In this case the foundation was divided into the main beams, on which the isolators are 
connected, the interconnecting cross beams, and the legs and side beams connecting these 
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to the hull. Each main beam has both vertical and horizontal bending, thus there are two 
SEA subsystems for each beam, one for each direction of motion. The cross beams, legs 
and side beams are either in bending or in-plane axial motion, depending upon the mode of 
the main beam. The hull was considered as a curved, ribbed plate in flexure. The SSDG 
enclosure was considered as a 3-D acoustic volume coupled to the hull, while the water was 
represented as a semi-infinite acoustic fluid. 

A schematic of the SEA system is shown in Figure 4. 

The inputs for the system are the vertical and horizontal velocities of the main beams and 
the sound power from the SSDG set. The spatial averaged velocity levels for the beams 
were determined in one third octave bands over the frequency range of interest. Sound 
intensity was used to determine the sound power from the SSDG in one third octave bands. 
In addition the spatial averaged sound pressure levels inside the enclosure were measured. 
These values are shown in table 1. 

INBOARD OUTBOARD JNBOARD OUTBOARD 
VERTICAL VERTICAL HORIZ. HORIZ. 
VELOCITY VELOCITY VELOCITY VELOCITY 

dB dB dB dB 
re lm/s 
-89.0 
-81.4 
-84.0 
-83.0 
-79.4 
-79.8 
-84.9 
-82.3 
-81.2 
-83.5 
-84.8 
-87.7 
-90.5 
-87.9 
-91.7 
-93.0 
-97.5 

re 1 m/s 
-90.2 
-88.7 
-87.0 
-86.7 
-83.7 
-85.9 
-87.1 
-84.7 
-82.5 
-85.6 
-87.1 
-87.4 
-93.4 
-92.2 
-95.3 
-97.0 
-102 

re lm/s 
-92.4 
-86.4 
-87.1 
-84.9 
-79.9 
-83.3 
-89.4 
-88.3 
-87.6 
-91.4 
-90.9 
-90.1 
-93.4 
-93.5 
-98.3 
-99.6 

-106.8 

re ·1m/s 
-92.2 
-85.2 
-87.1 
-85.0 
-81.4 
-83.5 
-90.1 
-89.9 
-88.8 
-92.2 
-93.0 
-90.0 
-95.0 
-94.3 

-100.0 
-101.3 
-104.8 

Table 1 

SOUND 
PRESSURE 

LEVEL 
dB 

re 2.1o-5 Pa 
80.0 
80.0 
86.6 
88.5 
93.5 
94.7 
91.0 
91.2 
101.3 
110.3 
101.6 
103.1 
103.9 
105.6 
102.1 
102.1 
97.6 

SOUND 
POWER 
LEVEL 

dB 
re 1o-12 w 

85.0 
89.2 
91.2 
97.0 
105.6 
102.0 
103.0 
104.0 
107.0 
114.0 
110.6 
114.6 
114.0 
116.4 
111.4 
110.2 
106.3 

Spatial -Averaged Velocity, Sound Pressure and Sound Power Levels For SEA Model Input 

The SEA calculations were performed using AutoSEA, developed hy Vibro-Acoustic 
Sciences Ltd .. Predicted sound pressure levels in the water due to each of the three paths 
are shown in Figure 5. 
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The analysis shows that the horizontal structurehome path is not important, as it is atleast 
lOdB lower than either of the other two paths. The vertical structurebome and airborne 
paths are both significant and neither can be considered as the dominant path. There are 
only two or three frequency hands where one path is 1 0 dB or more higher than the other 
path. 

The predicted total sound pressure level in the water due to all three path corresponds well 
with measured levels. Peaks in the curves occur at corresponding frequencies and levels are 
within 3 to 5 dB. 

The next step in the investigation is to carry out a series of "what if" studies , for example, 
varying the velocity input for the structurebome noise (simulating improved resilient 
mount~), increase the absorption coefficient in the enclosure, varying the transmission loss 
for the hull, to see how each of these influences the sound pressure level in the water. 

CONCLUSIONS 

SEA provides a quick, convenient method to assess the relative importance of the various 
transmission paths. Of the three paths . analysed, no one path can be considered dominant 
and only the horizontal structurebome path can be discounted from further analysis. The 
other two paths, the airborne and the vertical structurebome, both need to be treated if 
significant reductions in levels are to be achieved. 
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BLAST EMISSIONS FROM EXCAVATION AND TUNNELLING 

Richard Heggie BE MIE(Aust) MAAS 
Richard Heggie Associates Pty Ltd, Consulting Engineers 

Abstract 

Many major building and roadway projects require excavation of large quantities of hard rock. Over 
recent years the high cost of vacant urban land has encouraged the use of underground construction for 
road and rail transport links, services tunnels and parking stations. Such projects include the Sydney 

Harbour Tunnel, the Eastern Distributor, the Bennelong and Queen Victoria Building Parking Stations 
in Sydney, Duplication of the Brisbane Inner City Rail Tunnels and potential projects such as the Park 

Street Road Tunnel, the Metro-West Rail Link, and a possible rail/ink to Sydney airport. 

Limits placed on the emission of vibration (and noise and overpressure) from blasting for excavation and 
tunnelling projects in urban areas, are often a major factor controlling the selection of excavation 
methods and rates of progress in removing rock. They therefore have critical implications for the 

duration and cost of many projects. If the emission limits are inappropriate, adverse environmental 
impacts can increase rather than decrease, as they will result in the duration of the project being 

unnecessary prolonged. 

This presentation reviews the nature of the emissions from the various blasting techniques available for 
the bulk excavation of rock, and their effects on buildings and their occupants, on historic structures and 
on other services are described. Australian and overseas emission limits, in terms of human disturbance 

and structural damage, are reviewed and the implications of compliance for excavation projects are 
discussed. 

A justification for some rationalisation of the current limits is presented. 

1 INTRODUCTION 

Airborne emissions from blasting are caused by rock heave, stemming release, gas venting and 
inadequately covered surface detonating cord. High frequency, audible noise is almost invariably radiated 
by a surface blast, and is perceived as a "crack", "boom" or "rumble", depending primarily on the type of 
blast and the distance to the receiver. This high frequency energy is superimposed on lower frequency 
airblast overpressure energy, the frequencies of which (approximately 20Hz or lower) are usually below 
the audible frequency range of human hearing. 

On reaching a dwelling, the low frequency airblast overpressure from a blast causes the structure to 
vibrate. If the induced vibration is of sufficient magnitude, it will be noticed or felt by the occupants, and 
even greater amplitudes could cause damage to the building or its contents . 

Large, flexible building elements (walls, floors , windows, etc) and building contents cmmected to them 
(pictures, blinds, light fittings) are most susceptible to airblast, and if they (or objects on shelves, tables, 
cupboards etc) are loose, they may audibly rattle or be seen to vibrate . 
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Audible noise is also re-radiated by the vibrating surfaces of the building, and sometimes by the ground 
surface outside the dwelling (as the ground borne vibration passes beneath the building). For blasting in 
underground mines and in tunnels, it is often this re-radiated noise which causes the characteristic "boom" 
or "rumbling" sounds associated with such blasting (as airborne audible noise from the underground mine 
or tunnel portal has been effectively attenuated). 

The low frequency ground borne vibration from a blasting can also cause buildings to vibrate in a similar 
manner to that described for low frequency airblast overpressure, although vibration of the structural frame 
of the dwelling (rather than mid-wall vibration) is more affected by ground-borne energy than airblast 
emissions. Secondary noise radiation from vibrating surfaces, rattling of crockery, loose windows and 
other objects can also occur (as for airblast), and the vibration induced in floors _may be felt by the 
occupants . 

If building occupants are unprepared for the blast, airborne (direct and re-radiated) noise can have a 
significant "startle" effect. The presence of rattling and visible movement increases the concern of 
residents, and the extent of and degree of disturbance they may experience (Heggie and Godson Report 
902-R3 1988). 

2 NATURE OF AIRBLAST OVERPRESSURE EMISSIONS 

The use of explosives at quarrying, surface mining and excavation and demolition sites gives rise to 
airborne pressure fluctuations over a wide range of frequencies. The higher-frequency portion of this 
energy is sometimes audible (perceived as "noise" accompanying the blast), but most of the energy occurs 
at inaudible frequencies of less than 20 Hz. 

The detonation of the explosives, the sudden expansion of gases, and the almost instantaneous fracturing 
and movement of the rock mass, all cause vibration and movement of the ground. Typical traces 
corresponding to the airblast overpressure emission, and vibration time histories in the ground and in 
various parts of a structure from a coal mine high wall shot appear in Figure 2.1 (Siskind, Stagg et al 
1980). 

The various . ground vibration waves travel through the ground at a relatively high speed (compared to the 
airborne wave), and when they reach the receiver or an airblast overpressure monitoring location, the 
vertical component of the ground movement excites the air and creates the first airborne disturbance at the 
monitoring location. This stage of the airblast wave is identified as the Rock Pressure Pulse (RPP). 
Although it is the first to arrive, this part of the overpressure waveform is usually lower in amplitude than 
the remainder of the components making up the total airb.last waveform. 

The second part of the airblast wave is the Air Pressure Pulse (APP), and is generated by the vertical 
ground movement in the immediate vicinity of the blast. It arrives at the monitoring position some time 
after the RPP, as its speed in air (344 m/s) is usually lower than that of the ground-transmitted Rock 
Pressure Pulse (RPP). 

Other, sometimes quite significant pulses can be superimposed on the RPP and APP, due to various release 
mechanisms of the gases generated during the detonation of the explosive. These gases can vent rapidly 
through fissures or cracks in the rock face or through the collar of the blast hole. The escape of gases 
through the face is called the Gas Venting Pulse (GYP), whilst that through the collar is described as the 
Stemming Release Pulse (SRP) . 
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Figure 2.2 presents data (Siskind, Stachura ct al 1980) relating to a large number of airblast overpressure 
measurements conducted by the US Bureau of Mines_ The upper and lower limit predictions of airblast 
overpressure versus cube root scakd distance are shown by the free-air (unconfined) and Rock Pressure 
Pulse (RPP) lines_ The difference between total confinement and free-air blasts is 4 I dB ± 5 dB over a 
relatively -wide range of cube root scaled distances _ The measuring instrumentation for these data had a 
response down to S liz or lower. 

The US Bureau of Mines (Siskind, Stachura et al 19~W) collated data from many investigations of airblast 
emission _ By performing regression analysis on the data points, the researchers were able to develop 
relationships for the emission levels from various mining and shot types and cube root scaled distance_ 
Figure 2.3 presents some of their results _ 
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The left hand graph shows the results of two studies of emissions from various industries . Although the 
results of the two studies differed, they botl~ indicated higher measured emission levels in quarrying and 
construction (excavation) than in coal mining. This is probably due to the shorter absolute distances from 
blast to receiver for the quarry and excavation blasting, and to the greater relative attenuation of higher 
frequency energy components over the larger distances associated with coal mine blasts. Some researchers 
(Dowding 1985) advocate the use of a square root scaled distance for short blast receiver distances. 

The differences may also possibly have be partly attributed to atmospheric effects, which are difficult to 
quantify over long distances in field studies . Such atmospheric effects, (eg wind gradients and air 
temperature inversions) can significantly affect received airblast overpressure levels, particularly over large 
distances . Schomer (1973) has shown that for propagation distances of 3 km to 60 krn, inversions can 
produce zones of intensification of up to 3 times average values (approximately l 0 dB), with an average 
increase of 1.8 times (5 dB) . One must assume that similar degrees of excess attenuation would occur 
upwind . 

The right hand graph in Figun.~ 2.3 illustrates the effects of using instrumentation with various low 
frequency cut-off limits. The usc of the C-scale frequency weighting network clearly results in much lower 
measured levels of emission, however, the use of 0 . I Hz, 2 Hz or 5 Hz cut-off with linear response had 
comparatively little effect (less than 5 dB) on measured airblast overpressure levels, at least for coal 
parting and high wall shots. 
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Figure 2.3 Airblast Propagation from Various Mining and Shot Types 

3 SUBJECTIVE RESPONSE TO BLAST EMISSIONS 

Of all the readily perceived phenomena associated with blasting, the most noticeable is usually the audible 
sound component, and it is interesting to note that no regulating authorities place specific limits on this 
component of the emissions (Godson and Heggie Report 902-Rl 1988). Some research and regulation in 
this direction have been taken in regard to small arms fire and target shooting (Hede et al 1981, EPA 1985, 
Peploe et al 1989) and to artillery ranges and munitions test facilities (Makarucha 1987, Peploe et al 1987). 

The second most noticeable component, but the one which probably has most influence on degree of 
disturbance to residents, is the rattling or visible movement of walls, windows crockery and loose objects 
(Schomer and Neathammer 1987, Schomer, Hottman and Eldred 1987, Schomer and Averbuch 1989). 
This rattling can be caused by the ground vibration or the airblast overpressure. 

People seem to be particularly sensitive to sources of building vibration (and induced rattling) from outside 
their dwellings . Slamming doors, closing windows sharply, the playing of children or even normal walking 
across a loose timber floor often cause vibration and rattling much greater than that from blasting, however 
they are accepted by most home-owners as .. natural .. occurrences. 

When the source of Lhe rattling is from outside their houses however, and particularly when it is associated 
with a relatively loud, characteristic noise (with a possible "startle .. effect) and all the connotations of 
potential for damage commonly perceived to be associated with blasting, then the same effects are often 
highly disturbing to the occupants. 
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4 . RELATIVE SIGNIFICANCE OF AIRBLAST EMISSIONS 

The predominant frequency content of airblast energy from blasting is usually less that 5 Hz to 20Hz, and 
the sound "wave•• propagates effectively in all directions and passes over quite large obstructions with little 
of the "barrier" attenuation that would be expected of higher frequency (audible) noise (sometimes even if 
the blast face is oriented away from residences or other sensitive receivers) . 

Blast designs are usually controlled by airb]ast emission criteria, rather than by ground vibration limits , 
when residences are close to the blast . This is particularly the case for blasting in excavations and tunnels 
in urban areas. 

In general, ground vibration from blasting is a much more significant influence on the damage response of 
structures than airblast overpressure. Levels of ground vibration and airblast overpressure that produce 
equivalent structure motions (Siskind, Stagg et al 1980) are shown in Figm·e 4.1 . 
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Figure 4.1 Ground Vibration and Airblast for Same Structural Response 

The airblasts were measured with 0.1 Hz low frequency response systems. Typical 2 Hz to 5 Hz systems 
would give airblasts with sound levels in the order of l dB to 5 dB lower. 

Between 137 dB and J 38 dB of airblast overpressure is required to produce the same structural comer 
response as a peak ground vibration level of 12 mm/s . Building con1er response is the most relevant 
motion in respect to potential to cause damage. Mid-wall responses relate primarily to induced rattling and 
secondary noise . Differences between mine and quarry blasting are not significant for the critical range of 
airblast overpressure levels, 131 dB to 135 dB, equivalent in effect (on structural corner response) to 
approximately 3 mm/s to 7 mm/s of ground vibration. 

86 PROCEEDINGS AAS ANNUAL CONFERENCE 1992 



Relatively strong mid wall vibrations are produced by airblast overpressure at levels of only 128 dB to 
130 dB, equivalent in effect (on mid-wall response) to ground vibration in the order of 12 mm/s. 

5 DEVELOPMENT OF COMFORT CRITERIA FOR BLASTING EMISSIONS 

The low frequency components of the airborne en1issions from blasting, which are generally recognised as 
having the greatest potential to cause damage to structures and building elements, has historically (and 
probably quite appropriately) been quantified using the overall peak linear sound pressure level. "Blast 
monitors" often used for these measurements usually have an upper frequency limit of about 200 Hz, and 
lower frequency limits extending down to 1 Hz or below. Precision sound level meters, which are also used 
to measure airblast overpressure, may extend the upper frequency limit to as high as 20kHz. 

Studies have established reasonable correlation between this measurement index and risk of damage to 
building elements, eg window glass, the part of structures usually considered to be most susceptible to 
airblast damage effects (Windes 1943, Duvall and Devine 1966, Siskind, Stachura et al 1980, Schomer et 
al 1980). 

As various regulating authorities developed "comfort" criteria (Godson and Heggie Report 902-R1 1988), 
it became the norm to use the same peak linear sound pressure level index to quantify the potentially 
disturbing effects of the blast, duf~ partly to the vast body of emissions data that had already been gathered. 
To gain confidence in the use of these comfort criteria, it would seem prudent to examine the degree of 
correlation between this index and the subjective response of people to the most perceptible effects of the 
blast; direct airborne audible noise, audible re-radiated noise and the occurrence and sound level of rattling. 

Human comfort criteria and building damage criteria are usually regulated by separate authorities. The 
setting of reasonable and workable comfort limits for blasting needs to take into consideration the manner 
in which the community perceives the building damage risk. The thresholds at which the community is 
"disturbed" by blast emissions are clearly affected by the very widespread misconception that building 
vibration from blasting has a high probability of causing damage. There is an argument therefore, that by 
setting "comfort" emission limits for airborne emissions that are significantly lower than damage risk limits, 
the regulating authorities are assisting to perpetuate this public misconception. 

Due to the strong nexus between degree of disturbance and fear of damage from blasting, regulating 
authorities and those responsible for writing standards are in a unique position to share in modifying public 
opinion by including strong and informative comment on damage risk in their "comfort" regulations and 
standards, and by setting comfort emission limits that are possibly only slightly lower than damage risk 
criteria. While such an approach may not be socially (or politically) acceptable for long term blasting 
programmes at established mines and quarries, there is clear justification (and precedence) for its adoption 
in respect to the short term emissions from excavation blasting associated with building and transportation 
construction works in urban areas . 

6 EXISTING COMFORT CRITERIA FOR BLAST EMISSIONS 

In Australia, the limits for blast emissions in respect to disturbance to building occupants are presently set 
well below the levels required to cause damage to structures (Godson and Heggie 1987). In NSW, the 
Environment Protection Authority (fom1erly the State Pollution Control Commission) is the regulating body 
which recommends human comfort limits for ground vibration and airblast overpressure emissions from 
blasting in mines, quarries and construction (EPA 1985). 

PROCEEDINGS AAS ANNUAL CONFERENCE 1992 87 



Although different limits apply for various times of day, these guideline criteria presently take the general 
form shown in Table 6.1 (for blasting between 9.00 am and 3.00 pm Monday to Saturday): 

Emission Parameter 
Maximum Levels for Emission Levels 
95% of Blast Events Never to be Exceeded 

Airblast Overpressure 115 dB Linear 120 dB Linear 

Ground Vibration 
5 mm/s 10 rnm/s 

(Peak Vector Sum) 

Table 6.1 NSW EPA Blast Emissions Comfort Criteria (Guidelines) 

Criteria in a similar probabilistic form are also recommended by the Australia and New Zealand 
Environment Council (ANZEC 1990), and in the current committee draft of the Standards Association of 
Australia's proposed Standard "Ground Transmitted Vibration and Airblast from Explosions" (SAA 
AV/9/3/91-3 1991). The current draft revision of the SAA Explosives Code AS2187 (SAA DR 91249:S 
1991) provides guidance in the form of fixed emission limits, without specific permissible probabilities of 
exceedance. 

Due to the variability of blast emission levels, it is imperative that the quantities used to define blast 
emissions be measured, analysed and expressed in an appropriate manner, and this obviously requires a 
statistically consistent approach . 

7 STATISTICAL SCATTER OF BLAST EMISSION LEVELS 

In order to set reasonable criteria and to provide a confident basis on which to design production blasts to 
meet certain "probability of exceedance" .limits (similar to those promulgated by the NSW EPA), 
consideration must be given to the statistical variability of blast emission levels. An approach to this 
aspect of blasting is described by the following example. 

The Sydney Harbour Tunnel project required several small tunnels to be blasted to divert ex1stmg 
underground drains around the proposed alig1m1ent of the road tunnels for both north and south shore 
works . In addition to these small tmmel diversions, the two main northern road tunnels from Bradfield 
Park to the Warringah Expressway were to be driven by a combination of road headers, rockhammers and 
conventional heading and bench blasting. All the tunnelling contracts which involved blasting were in close 
proximity to residences and/or historical buildings. 

Trial blasts were therefore carried out using a range of (usually reduced) charge weights and measurement 
distances to establish the particular emission and propagation characteristics at each contract site. When 
sufficient data points were available, the results could be statistically analysed to determine (with a known 
confidence) the blast design parameters (maximum instantaneous charge MIC and distance to receiver) 
required to ensure that no more than 5% of ongoing blasts exceeded the specified emission levels. This 5% 
exceedance limit confom1ed to the style of the criteria set for the project by the NSW Environment 
Protection Authority . After the trial blast periods, the results of monitoring of on-going production blasts 
\\ere progressively added to the blast site laws to improve the reliability and confidence of their predictions. 
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Figure 7.1 presents the peak vector sum (PVS) ground vibration velocity levels (V in mm/s) measured over 
a series of blast events for the Sydney Harbour Tunnel. These levels are shown plotted (on log-log axes) 
against the "square root scaled distance" (SO) for each blast event, where: 

and, 

(SO in m.kg-112) = (D in m)/(M in kg) 1/2 

D 
M = 

Slant distance from effective charge to receiver 
Effective maximum instantaneous charge weight 

Examination of Figure 7.1 clearly illustrates the high variation in emission levels for a given blast design 
and distance. For the data points with scaled distances of 209 m kg-112, the measured vibration levels 
ranged from 1.4 m1nls to 15 nunls, a factor of more than ten to one. 
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Figure 7.1 Statistical Site Law (Vibration) for Blast Emissions 

A "Mean Site Law" for the total population of on-going blasting (traditionally assumed to be a log-normal 
distribution) can be determined by linear regression analysis of the 96 data points contained in the sample 
using the least squares, line of best fit method. This relationship is also shown in Figure 7.1. 

If a regulatory authority's requirement that a certain percentage of blast emission levels (eg 5% of blasts, or 
I in 20) shall not exceed a certain limit is to be properly addressed, a statistical single-sided "tolerance" 
interval (not a confidence interval for the mean) is required (Heggie and Thomas). Such a tolerance 
interval indicates (with a certain level of confidence), the limit above which a certain percentage of the data 
points will lie. 

Although potentially somewhat confusing, it is therefore essential to consider two "percentages" for a 
tolerance interval - the percentage of data points to be included below (or above) the limit and the 
percentage degree of confidence in stating that limit For the 96 vibration levels in this data set, the upper 
5% tolerance interval (determined with 95% confidence) is also shown in Figure 7.1. 
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Strictly speaking, there is also a level of confidence associated with both the slopes and the intercepts of 
these lines, however for convenience, the slope of the upper 5% tolerance interval has been set to be the 
same as the mean slope of the mean regression line. This is the usual practice, but it should be remembered 
that the validity of the statistical calculations is greatest for blast designs nearest the medians of the ranges 
of actual distances (D) and charge weights (D) used in the trial blasting. Caution should be exercised in 
assuming the results will also apply to blasts with significantly different absolute distances or charge 
weights, even though the scaled distances are similar. 

Experience is now indicating that a considerable number of blast monitoring data points are often required 
to determine (let alone predict) the 5% exceedance level for a series of blasts with a reasonable degree of 
confidence. Consideration should therefore be given to using a lower probability of exceedance figure, for 
example I 0%, as per the proposed draft revision of British Standard 64 72 , and the current conm1ittee draft 
of the Standards Association of Australia's proposed Standard "Ground Transmitted Vibration and Airblast 
from Explosions" (SAA A V/9/3/9 1-3 1991 ). 

A similar probabilistic approach should be adopted for developing a site law for airblast overpressure 
emissions. Figure 7.2 shows such a relationship for a series of trial blasts for a large hard rock quarry, 
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Figure 7.2 Airblast Overpressure Site Law for Large Hard Rock Quarry 

8 DAMAGE CRITERIA FOR AIR BLAST EMISSIONS 

The current ( 19X3) version of the Standards Association's Explosives Code AS 2187 contains no 
quantitative guidance in regard to comfort or damage limits for airblast overpressure emissions . While 
cracked plaster is the type of damage most frequently mentioned in airblast complaints, research suggests 
that window panes, particularly large plate glass windows, fail before any damage to the remainder of the 
structure occurs (Siskind, Stachura et al 1980, Windes 1943, Duvall and Devine 1966, Rosenthal and 
Morlock 1987). Minor cosmetic cracking of internal surface finishes may occur in conjunction with 
extensive window glass breakage. 
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Whether a window will be cracked by the airblast overpressure wave from an in-ground blast depends 
primarily on the peak overpressure level, the area, thickness and strength of the glass, the orientation of the 
window with respect to the blast, and the condition ofthe surface of the glass (Redpath 1976, ANSI 1983). 

Redpath (1976) reports that the strength of a typical pane of glass is reduced by approximately a factor of 
two from when it is manufactured to when it is installed, simply because of the minute surface scratches 
incurred in shipping, handling, installing and cleaning. 

Other factors such as edge defects, the methods of glass installation and any pre-stressing from building 
settlement or warping of the frame, appear to make little contribution to risk of breakage from airblast 
pressure loading, a result predicted from plate theory (ANSI 1983). 

In summary, the probability of damage to windows exposed to a single airblast overpressure event is as 
shown in Table 8.1. 

Airblast Overpressure Levels 
Probability of 

Effects and Comments 
Damage 

140 dB Lin 0.2 kPa 0.01% No damage - windows rattle 

150 dB Lin 0.6 kPa 0.5o/o Very occasional failure 

160 dB Lin 2.0 kPa 20% Substantial failures 

180 dB Lin 20 kPa 95% Almost all fail 

Table 8.1 Probability of Window Damage from Airblast Overpressure 

In assessing the impact of airblast overpressure on the community, it is worth noting that many 
thunderstorms generate overpressure levels in excess of 140 dB, but the literature has revealed no 
circumstances of window breakage due to a thunderclap alone (ie excluding wind effects and flying debris) . 

The US Bureau of Mines (Siskind, Stachura et al 1980) has undertaken considerable research into levels of 
air overpressure and their possible effects, and its recommendations are almost invariably taken as the 
standard to be applied to open pit workings in the United States . Table 8.2 presents these 
recommendations for various instrument frequency responses . 

The levels in Table 8.2 are based on the minimum probability of the most superficial type of damage in 
residential property. The weakest parts of a structure exposed to airblast overpressure are the windows, so 
they are the most likely to suffer damage. 

To maintain the probability of damage at 1 : 100 000 it is further recommended that the levels given in 
Table 8.2 be reduced by 9 dB per doubling of window size in excess of 7.5 m2. To exceed the 
recommended levels will clearly increase the probability of damage, with pre-stressed windows breaking at 
about 150 dB, and most other windows breaking at 170 dB and structural damage being expected at about 
180 dB . 
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Instrument Response Maximum Level 

0.1 Hz high pass 134 dB 

2. 0 Hz high pass 133 dB 

5.0 or 6.0 Hz high pass 129 dB 

C- slow 105 d.BC 

Table 8.2 USBM Recommended Airblast Overpressure Limits 

The levels in Table 8.2 are based on the minimum probability of the most superficial type of damage in 
residential property. The weakest parts of a structure exposed to airblast overpressure are the windows, so 
they are the most likely to suffer damage. 

Based largely on the work carried out by the US Bureau of Mines, Table 8.3 shows the regulatory limits 
for limiting the risk of damage by airblast overpressure from blasting (depending on the low frequency limit 
of the measuring system) promulgated by the US. Office of Surface Mining, Reclamation and Enforcement. 

Instrument Low Frequency Limit Peak Airblast Level Limit 

2Hz or lower 132 dB 

6Hz or lower 130 dB 

Table 8.3 OSMRE Regulatory Limits for Airblast Overpressure 

9 PROPOSED SAA CRITERIA FOR BLAST EMISSIONS 

Table 9.1 shows the revised criteria for airblast emission levels currently under consideration for the 
current committee draft of the Standards Association of Australia's proposed Standard "Ground 
Transmitted Vibration and Airblast from Explosions" (SAA AV/9/3/91-3 1991). 

The proposed comfort limit figures shown in Table 9.1 (but not the damage risk limits) may be exceeded 
by 10% of blast events, up to an additional 5 dB . 

Instrumentation for measuring airblast emission levels is required have a bandwidth of 2Hz to 250Hz 
(3 dB down points). The response at 0.5 Hz must be 15 dB or more below the response in the pass band. 
This frequency response characteristic and the damage limits are based on the recommendations of the US 
Bureau of Mines (see also Table 8.2). 

The draft standard's 120 dB comfort limit is 5 dB more lenient than the Environment Protection Authority's 
current weekday daytime criterion of 115 dB. The revised standard has also changed the permissible 
percentage of exceedances from 5 o/o to 10%, which is statistically more workable and is in keeping with the 
proposed revision to BS 64 72. 
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Time of Blast "Comfort" Limit "Damage" Limit 

Monday to Saturday 
120 dB 133 dB 

9.00 am to 5.00 pm 

Monday to Saturday 
115 dB 133 dB 

5.00 pm to 9.00 am 

Sundays and Public Holidays 115 dB 133 dB 

Table 9.1 Proposed Revised SAA Airblast Overpressure Criteria 

All the approaches using comfort limits based on probabilities of exceedance place an absolute upper 
absolute limit on permissible emission levels. The concept of a "never to be exceeded" level is however, 
statistically invalid. The 5 dB margin between the permissible 1 0% exceedance level and the "never to be 
exceeded" level is far to small, given the wide spreads in emission levels that occur in practice. Further 
study of the statistical distributions of blast emission levels is required, so that a more mathematically 
consistent approach can be developed 

The permissible percentage exceedance levels should also be qualified by a statement regarding the 
confidence interval required for calculating the nominated emission exceedance level from required a set of 
blast emission records . 

10. QUANTITATIVE EFFECTS OF THE PRESENCE OF RATTLING 

Although structural damage is unlikely, airblast overpressure does play a most important role in the 
annoyance aspect of blasting. Relatively low levels of airblast (ie compared to damage limits) can be 
sufficient to cause the rattling of loose ornaments or windows and hence give the impression of a significant 
ground vibration shaking the property. 

Impulsive ground vibrations as low as 0.5 mm/s can cause complaints when accompanied by such 
secondary noise effects . This is because the average person forms a judgment based largely on his or her 
psychoacoustic responses, and is usually unaware of the important distinction between the characteristics 
and effects ofthe building motion alone, and the sound effects that accompany it. 

A guide to the subjective effects of airblast overpressure levels on the community is shown by Figure 10.1, 
which relates the percentage of people highly annoyed by the rattling of homes and objects by sonic booms 
from supersonic aircraft. 

For the linear peak levels shown in Figure 10.1, 5 %> of the community would be very annoyed by house 
rattles at a .mean sonic boom level of about 125 dB. The levels not exceeded for 95% of the time in a study 
by Borsky (1965) show that the tolerable (5% very annoyed) level is in the order of 130 dB. 

Figure 10.2, from the work of Schomer et al (1989) using a "test house" built inside a laboratory, and 
exposed to artificially produced "blast sounds", suggests that the presence of audible rattling significantly 
affects the degree of annoyance caused indoors by airblast from artillery. 
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At low blast levels (eg 112 dB linear outside the test dwelling) the presence of rattling caused an 
"annoyance offset" of 13 dB. The effect was less pronounced for higher airblast levels, with an "annoyance 
offset" due to rattling of 6 dB at a blast level of 122 dB . 
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Figure 10.1 Population Very Annoyed by House Rattles 

Figure 10.3 shows the spectrum of a typical test blast used during Schomer's tests, indicating an apparent 
absence of the high level, very low frequency energy (ie below 10Hz) that would be expected of many 
blasting situations in mining and quarrying. Further study is therefore required to investigate the validity of 
applying Schomer's results to blasting in mines, quarries and excavation works . 

11. CONCLUSIONS 

Careful and controlled blasting for tunnels and excavations in urban areas (Vuolio and Jonsson 1984) is 
under-utilised in Australia, and has the potential to significantly reduce environmental impacts of the 
alternative noise- and vibration- producing mechanised techniques that are presently in widespread use. 

There is a pressing need for more awareness of the potential short term benefits of excavation blasting 
within the general community . Increased knowledge and awareness is also required by state and federal 
regulating authorities, Local Councils and by developers, builders, excavation contractors and their 
consultants. 

In view of the strong relationship between complaint thresholds ("comfort" or "disturbance" criteria) and 
the general community's perception of risk of damage from blasting, Australian Standard 2187 should be 
considerably revised so that is reflects the current state of knowledge, particularly in relation to the effects 
of airblast overpressure and the significance of the frequency content of airblast and ground vibration. 
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Further study of the statistical distributions of blast emissions should also be carried out, and be reflected 
in the Standards Association of Australia's proposed Standard "Ground Transmitted Vibration and Airblast 
from Explosions". 
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Graphs A to C compare the results for the occupants of test house_ The simulated blast linear peak levels were 
112 dB, 116 dB and 110 dB, respectively . At the 50% point, the corresponding control level difference represents the 
increase in annoyance which results from the presence of rattles . Graph D shows the differences in equivalent 
control stimulus ASEL as a function of peak linear outdoor blast level, for the high to low rattle cases 

Figure 10.2 Quantitative Effects of Rattles on AiriJiast Perception 

With sensible damage risk criteria in place, and a concerted effort to educate and reassure involved parties 
and potentially affected community groups , one would hope that the tendency for the community to over­
react to emissions from blasting will diminish . 

Attention · should then be directed towards a reviston of the current "comfort" criteria promulgated by 
various Australian regulatory authorities for mines and quarries . Special tocus should be brought to bear 
in modifying the current limits and regulatory procedures to suit the special circumstances of short term 
excavation, demolition and tunnel blasting in urban areas . Particular study is required to define more 
clearly the relationships between audible re-radiation and rattling caused within dwellings by blast vibration 
and airblast overpressure . 
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In view· of the high sensitivity of building occupants to re-radiated noise and rattling, blast emission limits 
should be based on (and would probably be largely controlled by) pot(.;nt ial to cause these effects, as well 
as on tactile perceptibility . Unfortunately, documented research into the former is minimaL All of the 
discussion relating to vibration limits in the current ISO Standard 2631, for example, relates only to the 
tactile perception of vibration. The guidance fi·om ISO 2631 specifically excludes taking into account 
auditory perception of re-radiated sound or rattling. 

!CJO 

~0 

60 

"' 
/0 . _, 

w 
~. 
' ,. 

i5 
J 6 0 . 
> 
5 
0 

'" 
~0 . 

40 .. -
II -

ea .. ~ H""'tlt• II 12 I} 14 1~ 16 II IIJ I'J 20 21 ll B H H 26 21 28 29 ~0 )I 12 H l4 l~ l6 )I jB ]~ 40 11 ,A C r 
1.1 16 20 ;t~ 32 40 ~0 fi~ I 'I tOO 126 1)8 200 z:U )li )'}8 :lOt 6)1194 1000 1~6) 2)12 1961 6810 10000 

IZU 19t5 ) 162 5012 1HS 12)89 

II} UC IAV£ fiANU CE.H I ER FUEQUEUC Y (lid 

Figu•·e 10.3 Spectrum of Indoor Blast Noise (With and Without Rattles) 

The short tem1 nature of excavation blasting in urban areas also needs to be taken into consideration, 
particularly where blasting can also result in environmenta-l benefits by reducing the extent and duration of 
the use of dust- and noise-producing rockbreakers and other noisy equipment. 

Annex A of ISO 2631-2:1989 provides tentative guidance on the magnitudes of long-term vibration at 
which adverse comment may arise . ISO 263 I also states in regard to sh011er term works (page I) that: 

"adjustments and variances may be allowed ji)/· shari-term engineering works (for example 
fiJ/Indation excavation and 11mnellmg) where good public relations practices are followed and 
prior worning is given. " 

Note 7 of Annex A also states the following in regard to transient vibration excitation with several 
occurrences per day (eg blasting) : 

"In hard rock exi:avalion, where underground disturbances cause higher jl-equency vibration, a 
j(n:tor o{up to 128 has been jimnd to be swisj(n:toty ji>r residential properties in some 
countries." 

ISO curve 128 for vertical vibration (the most sensitive direction for people sitting or standing) corresponds 
to an RMS velocity level of 12.X nun/s, or (for a smt: wave) a pcak velocity level of 18 nun/s. Blast 
vibration waveforms (parltcularly for tunnelling), with their high(.;r crest f~tctors , would correspond to even 
greater peak velocity levels . These vibration levels arc considerably higher than the highly restrictive 
comfort criteria currently being applicd by regulatory authorities to short term blasting in urban areas. 
Similar knicncy is also applicable to acoustic emissions from blasting on short term excavation projects . 

96 PROCEEDINGS AAS ANNUAL CONFERENCE 1992 



Measurement and analysis techniques also need to be reviewed to ensure that the measures used to define 
emissions correlate satisfactorily with the effects which disturb or cause discomfort to building occupants. 

Finally, some "path finding" will be necessary, and those within the industry will be required to demonstrate 
the courage of their convictions in applying their knowledge and experience to the advantage of their 
projects, and for the benefit of the community and the environment. 
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"NIGHTMARE ON LONSDALE" 

Glen Harries, Dip.H&V Eng., M.AIRAH, M.AA.S. 
Co-founder and Director- Fantech Pty. Ltd., Melbourne, Australia 

BACKGROUND 

The Commonwealth Office building is on the comer of Lonsdale and Spring Streets, Melbourne. 
As part of the air conditioning/smoke control systems, there was a requirement for eight fans 
per floor, each to exhaust 900 1/s @ 250Pa. 

The fans were in two banks of four fans, sited immediately above the acoustic false ceiling, with 
the requirement that with all fans running, the level on the floor below should not exceed NR40. 

The building has 29 floors, meani.ng that 232 fans were required. 

The space to house these fans was limited to a depth of approximately 600mm. 

FAN/ATTENUATOR SELECTION 

A number of different types of arrangements and fan selections were considered:-

1. Backward-cwved in-line centrifugal fan 
2. 400mm diameter contra-rotating axial at 1440 r.p.m. 
3. 315mm diameter single-stage axial, running at 2880 r.p.m. 

Selections and 2 were eliminated due to there being insufficient room to attenuate the fan 
noise. Option 3 was adopted as the preferred solution for the following reasons:-

1. It was the most compact selection possible. 
2. It was the most economical selection. 
3. Its measured sound power, particularly in the low frequencies, was 

less than the other two options. 

After discussion with staff at Fantech and an acoustic consultant, an arrangement was conceived 
as a likely solution (Figure 1) and a prototype was built for testing. 

A test rig was set up in Fantech's factozy where noise measurements using a Bruel & Kjaer 
sound level meter with octave filters were taken one metre from the fan assembly. Results of 
these measurements are shown in Figure 2. 

Following development of the prototype, tests were conducted at Enersonics to check our 
readings ·and confirm that the fans would meet the required specification. These readings 
showed that the fans exceeded requirements by approximately 5dB to the 125 and 250Hz octave 
bands. 

The prototype was returned to Fantech where various improvements and modifications were 
made, reducing the sound level by 6, 5 and 7 dB in the octave bands 63, 125 and 250 
respectively. 
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Following these improvements the client's acoustic consultant confirmed our measurements and 
agreed that the fans were now suitable to achieve the specified level, whilst warning that little or 
nothing was to spare and that quality control during production was of paramount importance. 

In order to ensure all fans met QA, the tested fan was used as a benchmark. All production 
fans were tested for noise at one metre from the fan inlet and any fans found to be noisier than 
the test fan were rejected or re-worked prior to despatch. 

The layout of the fans on a typical floor are shown in Figure 3. You will note there are no 
flexible connections between the fan/ attenuator assembly and ductwork. One of the strategies 
in the fan design to minimise break-out, was to mount the impeller/motor assembly on rubber 
isolators. 
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THE SITE: THE NIGHTMARE 

After all of the precautions and testing, we were confident of a successful installation. However, 
this was not to be! 

On start-up, it was noticed that the noise levels with the relief/smoke spill fans running 
appeared intrusive. At this stage the false ceilings had not been installed. Further investigation 
revealed that levels in the 63Hz octave band were the most critical, with the 125Hz band being 
marginal. 

It was also noted that with all fans running, there was a distinctive and intrusive beat note in the 
63Hz octave band. A typical level recorded with all fans funning was 78dB, some lldB over 
that allowed by the specification. 

To further complicate matters, there was a wide variation in individual fans. With one fan only 
running, the levels at 63Hz could vary on a particular floor from 61 to 77dB. 

As all the fans had been measured prior to despatch, it was possible to compare the readings 
taken on site with those recorded in the factory. There was absolutely no correlation. The 
factory tests showed that a bare fan without any attenuation had a SPL at one metre from the 
intake in the 63Hz band of between 67 to 71dB, with the noisiest fans on site often being the 
quietest in the factory, and vice versa. 

A narrow band analysis was taken on site and this revealed a distinctive peak at 47Hz, which 
exactly coincided with motor speed. In other words, with a ten-bladed fan we were 
experiencing a phenomenon which occurred once every revolution! Strange enough; however, 
worse was to follow. 

It was discovered that if fans were swapped in location; i.e. if a noisy fan was changed with a 
quiet fan, then the noisy fan became quiet, and vice versa. This led us to suspect that what we 
were witnessing was a resonant condition. 

By making adjustments to the tension on the mountiilg brackets, it was possible on some fans to 
effect a significant improvement. However, on other fans, it made either no difference, or 
sometimes the noise got worse! 

Time does not allow me to discuss all the solutions which were tried. By late in the job there 
were two acoustic consultants; one employed by the contractor and one by Fantech. In 
addition, the contractor invited an acoustic supplier to experiment on site. 

Countless theories were postulated and investigated, with little or no success. 

The bad news kept coming - someone noticed that when the fans were running on a particular 
floor, the noise level on the floor above was quite noticeable, even though no fans were running 
on that floor. Even worse, the whole floor was vibrating! 

In other words, four fans weighing approximately 10 kg each, with plastic-bladed impellers fmely 
balanced, and which were resiliently mounted, were shaking the whole building. 

The natural frequency of the slab was measured and found to be 43Hz - very close to the fan 
resonant frequency. 

THE SOLUTION 

After many trials it was discovered that the air flow on site far exceeded design - by various 
means we established that the system pressure drop was about 25Pa - not the 250Pa specified. 
We had been testing the fans, and indeed selecting the fans, at the wrong pressure! 
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The acoustic contractor had experimented by inserting a 150 diameter pod in the inlet 
attenuator and to our surprise, the level improved by approximately 2dB in the 63Hz band. 
Experiments in our factocy confumed this, but also revealed that a non-acoustic pod worked 
even better, which would indicate that the improvements were achieved by improved air flow 
onto the impeller and not by absorption. 

We tried changing impellers on one floor from ten to five blades and the improvement was 
dramatic. The critical frequency moved from the 63Hz band to the 250Hz band (not exactly 
what you would expect). 

Finally we mounted the assembly on spring hangers having a 25mm deflection, which not only 
eliminated the noise and vibration on the floor above, but also reduced the beat note to an 
acceptable level. 

In order to finally solve the problem, four things were done:-

1. All fan assemblies were spring-mounted (no flexible connectors 
were found to be required). 

2. All fan blades were changed from ten blades 27° to five blades 2sO. 
3. 150mm diameter non-acoustic pods were inserted in the inlet 

attenuator. 
4. The attenuator inlet baffles were removed. 

With all measures taken, the levels just met the NR40 criteria, with the critical frequency being 
in the 250Hz octave band. 
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NOISE CCNTROL CRITERIA 

by 

C L FOUVY, BEE, MS( Ci vEng) , BD, MIEA.ust, M.A.AS, MCIT 

Ma.n.a.ger, Fouvy Consulting Services 

ABSTRACT 

Noise Control Criteria have been developed for establishing the fact of a 
noise problem and the responsibility of the noise maker; and for apply­
ing precise acoustical principles at the desiga stage of buildings, 
equipment and machinery. 

With any noise problem, criteria are applied to the appropriate noise 
measurements. 

These criteria are fUndamental criteria based on physio- and psycho­
acoustic tests, or statutory criteria and regulations derived from them. 
They include 

(a) 

(b) 
(c) 

Sound Levels and Loudnesses of sounds and noises classed as 'quiet', 
'loud' , 'deafening' , etc, 
'Speech Interference Level' and associated criteria, and 
miscellaneous criteria relating measured Sound Levels, frequency 
spectra, durations, etc to the degree to which people exposed to 
the noise find it annoying. 

Many of these criteria have now been incorporated in Australian, International 
and other standards, and in statutory regulations. 

Some case histories illustrate their application. 
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INTRODUCTION 

1. Noise, variously defined as "sound which is undesired by the recipi­
ent" (ref 12, defn 1003), as "disagreeable or undesired sound or other dis­
turbance" (ref 16, defn 508 1008(2)), or, more complexly, as 

"(a) sound which a listener does not wish to hear, 
(b) sound from sources other than the one emitting the sound it is 

desired to receive, measure or record, 
(c) a class of sound of an •rratic, intermittent or statistically ran-

dom nature" (ref 9), 
is, as indicated by these selected standard definitions, a complex matter 
having both well-defined physical (objective) and psychological (subjec­
tive) characteristics. Though often difficult to resolve, noise problems 
can be, and are successfully dealt with when all relevant physical and 
psychological factors are taken into account. 

2. From the physical point of view of noise as "sound undesired by the 
recipient", it is possible with the many measurement techniques now available, 
though most were only beginning to be developed sixty years ago, to deter­
mine the characteristics of the source of the sound -- its location, dura­
tion, and frequency and wave-form characteristics -- and of the air-borne and 
structure-borne paths by which it is propagated and transmitted. From the 
psychological point of view it has been possible to measure mapy aspects of 
our human responses to sound and noise -- the sensitivity of the human ear to 
sounds of different pitch throughout the audible spectrum of 20 Hz to 20 
kHz, its responses to sounds of different intensity in terms of loudness and 
annoyance, and the levels of sounds of different intensity, duration, pitch 
and waveform likely to interrupt tasks dependent on hearing other desired 
sound, or likely to cause temporary or permanent hearing damage. As yet, 
much work remains to be done to determine precisely the levels of impulsive 
and transient sound likely to cause permanent hearing damage. 

5. The results of all these continuing researches and investigations have 
been used to develop quantitative Noise Control Criteria, which, as gene­
rally accepted criteria, are used as standards both for establishing the res­
ponsibility of noise-makers for reducing their noise, and also in the design 
of quieter building interiors, equipment, machinery and vehicles. Because 
vibration is often closely associated with noise because noise problems often 
include significant vibration, in that noise is generated by vibrating sur­
:races, and in that ground-borne and structure-borne vibration have to be 
taken account of in the design of buildings, Vi bra. tion Control Criteria are 
quite often also included in the consideration of Noise Control Criteria. 
In what follows there is both a brief outline of the nature and development 
of many Noise and Vibration Control Criteria, and also some specific illus­
tration of their application in a selected group of case histories. 

NOISE AND VIBRATION MEAS~T 

4. The possibility of measuring the characteristics of sounds by means of 
a not too bulky portable instrument, that is, able to be used outside a 
physics or acoustics laboratory, became possible in the late 1920s with the 
development of microphones and the electronic amplification of electrical 
signals. Amongst the earliest instruments to be developed was a 'noise 
meter', soon to become standardized as the 'Sound Level Meter', comprising a 
microphone, amplifier, calibrated attenuator, frequency-weighting networks 
and output meter (normally giving 'rms' rather than 'peak' indication). 
This instrument was designed to provide a measure of the oscillatory sound 
pressure -- either with equal response to all frequencies within the audible 
band from 20 Hz to 20 kHz, or with selective response according to a 
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frequency-weighting network in the noise propagation path at the location 
of the microphone, with the oscillatory sound pressure measured as a ratio or 
level in decibels (dB) with respect to the standard reference pressure of 
0,0002 d.yn/sq em, now described as 20 micropascal (~a). 

5. The histo~ of the 'Vibration Meter' is similar, with portable Vibra-
tion Meters, now capable of measuring vibration acceleration, velocity or 
displace~ent within a frequency band of 0 Hz or around 0,2 Hz to 15 kHz, 
having begun to be developed at about the same time as the Sound Level Meter, 
because of their common use of electronic operation. 

6. Other instruments to have become associated with Sound Level and Vib-
ration Meters in the measurement of noise and vibration are various pure tone 
and other noise signal and vibration generators, frequency analyzers (filter 
and FFT types) using either constant percentage bandwidth -- from broader 
band one octave ( 71% bandwidth) through half octave ( 35%) and one-third oc­
tave ( 25%) band analyzers down to the narrow one-twentyfourth octave ( 3%) 
band analyzer -- or constant bandwidth narrow band analyzers with a bandwidth 
between 0,025 and 50 Hz depending on the selected overall bandwidth, cathode 
ray oscilloscopes, graphic level and signal (analog or digital) recorders, 
and statistical level analyzers. 

7. In addition, the Sound Level and Vibration Meters themselves have been 
considerably developed tG include the measurement of both rms and peak values, 
usually with a 'maximum hold' control so that maxima of either r.ms or peak 
levels· can be captured and displ~ed for convenient observation. Modern 
meters usually include, as well as the 'fast' (F) and 'slow' (S) time respon­
ses, a now standardized 'impulse' (I) response (with short rise, long decay 
time) to enable the maximum value of a very short duration impulsive type 
sound to be captured and conveniently observed. As noted elsewhere, there 
is much still to be learned about the nature of impulsive sound, and of our 
human responses to it (both physical and psychological). 

8. Care has been taken here to carefully distinguish between 'peak' and 
'maximum' values. In this use, 'peak' is used only in its specifically 
mathematical sense to contrast, and distinguish be~Neen the'rms' and 'peak' 
values of the waveform of any sound or vibration signal. For precision and 
clarity of meaning, 'peak' needs to be kept for this use only. When the 
varying amplitude of a continuing waveform from time to time reaches a maxi­
mum value, for clarity it is also best referred to as a 'maximum', not a 
'peak'. Unfortunately, some writers of articles, standards, etc, and ins-
trument manufacturers, in not being careful in this, cause confusion. What, 
for example, is a 'peak hold' control? a control specifically for measuring 
'peak' values, or (more properly) a 'maximum hold' control? 

9. The most recent edition of AS 1259 on Sound Level Meters, AS 1259.1-
1990, 'Sound level meters: non-integrating' (ref 4), is still, unhappily, the 
source of some confusion over use of the word 'peak', especially in para­
graphs 4.5.2 and 5.5 on 'Time-wei&hting', and 8.1, 8.3 and 8.5 on 'Detector 
and Indicator Characteristics'. The fundamental error seems to arise from 
including 'peak' as a time-weighting characteristic instead of confining it, 
with 'rms', to discussions on detector and indicator characteristics where it 
properly belongs. Where, as in paras 4.3.2, end of 8.1, and beginning of 
8.5, there are references to 'peak' (in contradistinction to 'rms') values of 
the sound waveform, the word 'peak' would be better expanded to 'instantane­
ous peak value ' • And where, in the middle of paras 8 .1 and 8. 3, there are 
references to a 'peak detector', it would be more clearly referred to as a 
'maximum indicator (peak detector)'. This problem arises over discussions 
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of 'P char acteristic:' and 'P detector-indicator'. As a ti;ne-weighting the 
' P characteristic', though not as precisely defined as the 'I characteristic', 
also ~assesses its short averaging and long fall times, doing for 'peak' 
values what the 'I characteristic' does si;nilarly f or 'rms' values of the 
sound waveform under measurement. The whole matter would be properly clari­
fied by using 'rms' and 'peak' in connexion with detector characteristics, by 
having, as far as possible, F, S and I time-weighting characteristics avai­
lable for both 'rms' and 'peak' values of the sound level, and ensuring that 
controls for obtaining maximum values of either 'rms' or 'peak' levels are 
described as 'maximum hold' (NOT 'peak hold'!!). Our language is a precise 
medium for communicating our thought and feeling; clear thinking produces 
precise statement, muddled thinking (such as here over 'peak') generates 
unnecessary and untold confusion. 

THE DEVELOPMENT OF NOISE CONTROL CRITERIA 

10. Although the Sound Level Meter is an 'objective' meter in that it mea-
sures physical sound pressure levels independently of any human auditory 
estimate of the strength of a sound or noise, it was originally hoped that it 
might also provide a measure of Loudness -- "an observer's auditory estimate 
of the strength of a sound" (ref 12, defn 5010) -- because in much noise mea­
surement work during the 1950s, 40s and 50s, attention was focussed on the 
problem of obtaining a numerical measure of the loudness of sounds and noises. 
While it was appreciated that the sensation of loudness was not the only sig­
nificant subjective characteristic of a sound, experience had shown that the 
average person's degree of tolerance, or aversion to an unwanted sound was in 
general ~ore closely related to the loudness of that sound than to any other 
factor easily susceptible of measurement (ref 15). Portable Loudness or Phon 
Meters experimented with during this period -- in which the observer listened 
to the sound with one ear, and with the other listened through an earphone to 
a standard 1 kHz tone whose level was then adjusted by means of a calibrated 
attenuator to be of equal loudness -- were finally deemed unsatisfactory for 
this purpose because of the too great difficulty of replicating in the field 
the precise laboratory conditions required £or this comparative measurement 
(ref 2, section 3). 

Noise criteria based on Loudness 

11. As part of this work of measuring the loudness of sounds and noises, a 
number of Noise Control Criteria based on Loudness were developed. Early in 
this period were the 1955 Fletcher-Munson 'Equal loudness contours for pure 
tones', and the 'Loudness function' (relation between Loudness Level in phons 
and Loudness in loudness units or sones) which were standardized, tentatively 
in 1956, and confirmed in 1942 in American Standard Z 24.2, 'Noise Measure­
ment' (ref 1). From the 40, 70 and 90 phon pure tone loudness contours were 
developed the corresponding 'A', 'B' and 'C' (=low to medium fidelity'fla~) 
frequency weighting networks, which were then standardized and subsequently 
adopted in the Sound Level Meter, in the hope (now known to be vain except in 
the particular case of single pure tones) that it could be used as a Loudness 
Meter. The more recent (1969) 'D' weighting, now also standardized (ref' 4), 
was developed by K D Kryter as part of his researches into the measurement of 
the annoyance of aircraft noise (ref 52, p 14). 

12 . While the term 'sound pressure level' has been, and is, used to des-
cribe the measurements made with Sound Level Meters set to the 'flat' frequen­
cy weighting, the term 'sound level', in dB(A), dB(B), dB(C) or dB(D), refers, 
respectively, to the use of the A-, B-, C- or D-weighting networks in measu­
ring sound pressure levels. From this was developed the procedure widely 
used durin~ the 1950s, 40s and 50s of measuring and quoting sound levels 
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below 55 in dB(A), between 55 and 85 in dB(B), and above 85 in dB(C), a fact 
to be remembered when interpreting noise measurements made in those earlier 
years. TABLES 1A and 1B, as early alternative forms of this type of Noise 
Control Criterion, show the sound levels of numerous common sounds, mostly 
measured under specified conditions, and usefully rate the levels on a quali­
tative loudness scale from 'very faint' to 'deafening'. TABLES 1C and 1D 
show other groups of typical sounds with their levels given as Loudness Levels 
in phons and Loudnesses in sones. 

15. From 1933 there was continuing development of methods of measuring the 
loudness of sounds and noises, and of the psycho-acoustic factors underlying 
them. In 1937, two English researchers, Ch.1rchet- am King, published another 
set of 'Equal loudness contours for pure tones', and a 'Loudness function', 
slightly different from the Fletcher-Munson findings. Finally, in the imme­
diate post-World War II period, all this earlier work was superseded by the 
researches, now considered sufficiently definitive to be internationally stan­
dardized, of D W Robinson, R W Dadson and others, who established the 'Loud­
ness function' now given in, for example, British Standard (BS) 5045:1958 
(ref 14) and AS 1047-1971 (ref 2, Table 1), and the 'Equal loudness contours 
for pure tones' given in BS 5383:1961 (ref 15) and AS 1047-1971 (ref 2,Appen­
dix A). Related work, by S S Stevens and E Zwicker in determining the loud­
ness of octave or one-third octave bands of noise, has also been standardized, 
in ISO 552-1975, 'Method .for calculating loudness level' (ref 29), so enabling 
the development of values of 'Computed' or 'Calculated' Loudness Level of 
sounds and noises from their octave (ref 29, method A) or one-third octave 
(method B) analyses, which, particularly in the case of stead,y sounds, are a 
reasonably close estimate of their Loudness Level as measured under laboratory 
conditions when this is also available. Work by K D Kryter on the 'Annoyance' 
of bands of noise, similar to that of Stevens' loudness investigations, has 
also been accepted, and is used principally, though not solely, for the mea­
surement and computation of the 'Perceived Noise Level' of aircraft noise; but 
so far as is currently known is not yet standardized. Perceived Noise Levels 
are quoted in 'IN dB' (a unit analogous to the phon for Loudness Level) , with 
the unit of annoyance on an arithmetic scale being the 'noy' (analogous to the 
sone for Loudness). 

14. The measurement of the Sound Level of a noise, as a single number esti-
mate of its loudness, has culminated in the work of R Vf Young, who found in 
1964 that, for a group of common noises of different spectrum shapes, their 
A-weighted Sound Level was the equal best (with d.B(B) and AS 1469 NR no.) of 
15 measurement criteria for ranking these noises according to their loudness 
(ref 58) • From Young's Tables I and II , and also from TABLE 1D below, it can 
be concluded that a sound's Loudness Level in phons can be satisfactorily es­
timated from its Sound Level in dB(A), the Loudness Level estimate being 
d.B(A) + 13 (~ 1, for 95% confidence). As a further result, the A-weighted 
Sound Level of a noise, as the most readily measurable, is the most widely 
recommended and used single number noise measurement for noise criteria, spe­
cifications and measurements (as originally recommended in the American Ten­
tative Standards for Sound Level Meters, Z 24.5-1956!!). Now also, earlier 
measured Sound Levels of noises obtained according to the pre-1964 "less than 
55 in dB(A), between 55 and 85 in d.B(B), and above 85 in dB( C)" method of 
measurement can, if their octave or narrower band frequency spectra are known 
and therefore able to furnish a satisfactory estimate of the relationships 
between their dB(A), dB(B) and dB(C), be all converted with reasonable accu­
racy to their corresponding Sound Levels in dB(A) to enable their readier 
comparison. 

15. As an important Noise Control Criterion the Loudness criterion is a 
general one covering the whole of the audible intensity spectrum from 'very 

PROCEEDINGS AAS ANNUAL CONFERENCE 1992 109 



faint' to 'deafening' in 20 dB wide Sound Level bands from 0 to 140 dB ( and 
beyon~). As a criterion its main function, apart from indica~ing and loca­
ting the two hearing thresholds (of hearing at the 'very faint lower limit, 
and of pain at the 'deafening' upper limit), is that it indicates preferences 
-- that 'quieter' noise is preferable to louder noise. By virtue of its 
derivation from tne logarithmic decibel scale of Sound Levels, the phon scale 
of Loudness Level does not give scale numbers proportional to the Loudness. 
This is provided by the 'Loudness function' (see BS 5045:1958 (ref 14) and 
AS 1047-1971, Table 1 (ref 2)), in which the sone scale of Loudness-- an 
arithmetic rather than logarithmic scale -- gives scale numbers proportional 
to loudness, from which it is readily derived that a 10 phon change in Loud­
ness Level is equivalent to a two-fold change in Loudness. However, it did 
not take workers in the field of acoustics dealing with specific noise prob­
lems very long to find that the qualitative Loudness criteria provided by the 
descriptions of noises according to their overall Sound Levels · as, for exam­
ple, 'faint', 'moderate' or 'very loud' over these 20 dB wide ranges, lacked 
precision in that these loudness descriptions did not necessarily indicate 
exactly what was required and desirable, and lacked authority in that, in not 
being sufficiently clear and forceful, they still allowed noise-makers to -
evade their responsibility of reducing the noise. 

Criteria based on speech intelligibility 

16. Considerable advances in the establishment of more precise and authori-
tative Noise Control Criteria have been made as a result of the researches of 
those who have investigated the acoustic conditions under which reliable 
speech communication at various voice levels from 'normal' or 'conversatio­
nal' , through 'raised' and 'very loud' or ' stage voice ' , to ' shouting ' is or 
is not possible against different levels of background noise, for different 
distances apart of those speaking to each other. Two procedures have consi­
derable current use: measurement of the 'speech inter:ference level' of the 
background noise in a space; and computation of the 'articulation index' of 
the environment, room or area in which the speech communication is to occur. 
These, and several other methods of asses$ing speech intelligibility and pri­
vacy, are included and described in detail in AS 2822-1985 (ref 11). 

17. Of these two procedures, computation of the Articulation Index (AI) of 
an unoccupied room or enclosed ·apace, though the more detailed and complex, 
can to be used to estimate the degrees of both speech intelligibility and 
speech privacy possible against the existing background noise in the room. 
The AI of a room is computed by measuring the one-third octave spectrum of 
its background noise (through the 200 to 6300 Hz bands) and plotting these 
one-third octave levels on an Articulation Index Dot Field Chart (such as at 
AS 2822-1985, Figure 2) and counting the number of dots above the background 
noise spectrum line, the AI being computed as this number of dots as a frac­
tion of the total or 200 dots (each dot above the noise spectrum therefore 
contributing 0,005 to the AI). The AI Dot Field Chart is constructed on a 
one-third octave analysis chart including band centre frequencies from 200 to 
6500 Hz and band levels from 10 to 80 dB. The 200 dots, allocated to the 
various frequency bands according to AS 2822-1985, Table 1, and then uniform­
ly distributed within each band according to .AS 2822-1985, Figure 2, are en­
closed within a 50 dB wide space on this chart, the space having its lower 
and upper boundary lines meeting the 400 Hz abscissa at 40 and 70 dB. Below 
400 Hz the boundary lines have a slope of + 15 dB/decade; above 400 Hz their 
slope is - 18 dB/decade. The degrees of speech intelligibility or privacy 
possible in the room under test are then derived from AS 2822-1985, Table 2 
according to the computed AI. Details of the conditions which apply to this 
procedure and under which they are valid are given in AS 2822-1985, which in 
its Figure 1 gives a series of Maximum Permissible Speech Interference Levels 
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(SILs) for reliable conversation as Noise Control Criteria for comparison with 
a measured SIL of the background noise in the room or space under test. 

18. Calculation of the SIL of the background noise in an area (exterior or 
interior) is a simpler procedure and requires an octave band analysis of the 
background noise at the location where the speech communication is to occur. 
This measured and calculated SIL is then compared with the results of psycho­
acoustic tests in the form of a Table or Graph showing 'Maximum Permissible 
SILs for Reliable Communication' between speaker and listener(s) for several 
speaker's voice levels and various distances be~Neen persons. Notes appended 
to the Table or Graph specify the conditions under which these maximum permis­
sible SILs can be validly used. 

19. The earliest form of the SIL of a background noise, due to L L Beranek 
(1947), was calculated as the arithmetic mean of the sound pressure levels 
measured in the older 850, 1700 and 5400 Hz (that is, 600-1200, 1200-2400 and 
2400-4800 Hz) octave bands. With the introduction of the preferred series, 
the new SIL (here called SIL3) was calculated as the mean of the sound pres­
sure levels in the 500, 1000 and 2000 Hz octave bands. In the later 1960s, 
J C Webster extended Beranek's work and derived a new set of 'maximum permis­
sible SILs' (ref 36, pp 56-38) to correspond with the SILs measured from the 
levels in this preferred series of octave bands. More recent work has indi­
cated that, with the preferred series of octave bands, a SIL (here called 
SIL4) calculated as the mean of the levels in the four octave bands from 500 
to 4000 Hz (covering an audible band from 550 to 5600 Hz) gives better cove­
rage of this human speech frequency band. The use of a SIL based on these 
four octave bands was suggested in ISO Technical Report TR 3352-1974 (ref 30), 
and has been adopted in AS 2822-1985 (ref 11) for the measurement and calcu­
lation of SIL4s. However, their values of 'Maximum Permissible SIL4 for 
Reliable CommWlication' differ noticeably, with those in AS 2822 beLYlg simi­
lar to Webster (1969), and those in the ISO report being about 5 dB lower and 
therefore more conservative. TABLE 2 included here is derived from AS 2822-
1985, Figure 1 and Webster (1969), with some extrapolations on the basic 
principle of a 6 dB change per step in voice level or per two-fold change in 
distance between persons. 

20. Because of the precision -- a precision significantly greater than is 
possible with the criteria based on loudness --with which these Noise Con­
trol Criteria based on speech i~telligibility can be used, noise problems can 
be much more precisely defined. With background noise having a particular 
SIL, speech communication against it is fairly clearly defined as either 
satisfactory or unsatisfactory, the band of uncertainty being about 5 to 5 dB. 
And with a room and its existing background noise having a particular value 
of AI, the degrees of speech intelligibility and privacy likely are reasonably 
clearly defined as, for example, according to AS 2822-1985, Table 2. 

21. In addition, it has been found that, for a variety of typical back-
ground noises, the difference between their A-weighted sound level and SIL4 
lies between 5 and 10 dB with a mean of 8 dB. The scope of the SIL cri te­
rion has in AS 2822-1985 therefore been extended to allow SIL4s to be esti­
mated from their A-weighted sound level and this mean difference. TABLE 2 
here has been similarly extended. 

22.. The condi tiona for reliable speech communication against background 
noise thus determined as a result of these psycho-acoustic researches have 
proved most fruitful in enabling the development of a large group of Noise 
Control Criteria for limiting the background noise levels in areas in which 
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the expected large variety of hum~~ activities occur -- from sleeping to 
eat:i:ng, from work to recreation and travel, and from concerts, theatrical 
perfo~~ces, and worship services to business and conferences, etc. 

23. .An early exarnple (probably resulting from Beranek's work in the late 
1940s) of a collection of such 'Criteria for Noise Control' for different 
room uses, in terms of maximum permissible SIL for reliable speech communica­
tion, measured when the room is unoccupied (ref 34, old SIL, p 75), is inclu­
ded here as TABLE 3 with old SILs converted to equi valent SIL4s. Corre spen­
ding estimated A-weighted sound levels (numerically greater than SIL4 by 8 dB 
as in AS ~822-1985) have been included for convenient comparison with other 
more recently published and similar criteria. 

24. AS 2107, first published in 1977 as 'Ambient Sound Levels for Areas of 
Occupancy within Buildings', and revised in 1987 as 'Recommended Design Sound 
Levels and Reverberation Times for Building Interiors' (ref 10), gives ave~ 
comprehensive set of Noise Control Criteria for virtually every type of buil­
ding and interior use, in terms of two recommended design sound levels for 
limiting background noise -- a "satisfactory" level, and a "maximum" level 
(usually 5 dB greater, but occasionally 10 or even 20 dB) which ought not to 
be exceeded. Most of these criteria are given in terms of A-weighted sound 
levels, but with several particular groups given in terms of AS 1469 (= ISO) 
Noise Rating (NR) no. (ref 8), the NR no. allowing stricter control over the 
background noise because it also specifies a limiting spectrum shape. Also, 
because of the determined spectrum shape with any NR no, there is a unique 
relationship between NR no. and SIL4, the NR no. being always greater than 
SI.L4 by 1 dB. 

25. For comparison purposes, TABLE 5 includes the corresponding recommended 
levels from AS 2107-1987, and shows that, though similar to the older crite­
ria, the AS 2107 recommendations are sometimes somewhat more conservative. 
The 1987 revision of this Sta~dard also gives much useful information on the 
control to be exercised -- either at the design stage of new buildings, or in 
the control of noise Ln existing buildings -- over the amounts of reverbera­
tion to be allowed in many of these areas. To indicate something of the 
comprehensiveness of the scope of AS 2107, TABLE 4 gives a brief selection of 
typical Recommended Design Sound Levels and, where given, Reverberation Times 
for different areas of occupancy in buildings. Where provided, the recommen­
ded reverberation times are very useful additional Noise Control Criteria. 
In some interior areas, reverberation times of the order of 0,6 to 1,0 s pro­
vide useful amplification of the sound without being long enough to cause 
confusion by reducing speech intelligibility. It is, however, surprising 
that some interior areas in, for example, industrial buildings (TABLE 4, 
group 3) and public buildings (post offices and general banking areas) are 
not provided with maximum desirable reverberation times of the order of 0,5 s 
in order to minimize the possibility of noise problems in a reverberant area 
of the type sometimes referred to as 'cocktail party acoustics', in which one 
group of people begins talking, but when joined by another, then another, and 
further groups, find they must talk the more loudly, until eventually all 
groups are shouting!! Large luncn areas with too much reverberation are 
especially prone to this noise problem; so also in a different way are rever­
berant factory areas having noisy operations such as hammering, and machines 
such as punch presses within them. There is no longer any need for these 
areas to have 'cavernous' acoustics, with the wide range of acoustic absor­
bent materials (including concrete panels) now available. 

26. The comprehensive ~oise Control Criteria included in this Australian 
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Standard serve two major purposes. In the case of rooms and interior spaces 
in existing buildings they are criteria for determining whether or not the 
current background noise levels (which may arise from either occupational 
noise inside the building, or traffic or other noise coming in from outside) 
are a noise problem, and if so, by how much the excess noise must be reduced. 
For proposed buildings they provide design criteria to be used by architects 
and engineers -- particularly those for whom acoustics are not of special 
interest, and who are therefore not likely to be conscious of the real and 
pressing need to take proper account of acoustical considerations -- so that 
mistakes, normally requiring costly subsequent correction, are avoided and 
not made. The case histories to be discussed below include several such 
'mistakes' made through complete neglect of acoustical (and vibration) consi­
derations at the initial design stage of a building. 

27. AS 2107 and similar standards are today a very necessary part of the 
equipment required by all building designers, whether architect or engineer. 
However, it must be also recognized that they represent, as it were, only one 
side of the coin. The other side requires building designers to be thorough­
ly familiar with the acoustic properties of their building materials, so that 
they know when to use acoustic absorbent materials for reducing the reverbe­
ration in a room or enclosure, and when to use barrier materials of mass per 
unit area of wall, floor or ceiling sufficient to adequately limit the trans­
mission of noise between rooms, or between a room and the exterior environ­
ment (either to prevent loud noise generated inside from getting out, or to 
protect an interior room from loud noise generated outside, such as from 
traffic or other industry). When in doubt, building designers should always 
confer with an acoustical consultant~~ The following general formula ena­
bles calculation of the Sound Reduction Factor (SRF) in dB at any frequency, 
f kHz, of a single thickness barrier of building material of surface density, 
Ds kg/sq m, but does not allow for co-incidence effects (which can reduce a 
partition's SRF at its critical co-incidence frequencies by 10 to 15 dB). 

SRF = 18,5460 (D5 )
0

'
17937 

+ 4,2651 (Ds)
0

' 14201 • ln f dB 

28. In addition to the two Australian Standards ( 2822 and 2107) already 
referred to, which provide the basic criteria for noise control inside buil­
dings, there are three further groups of Australian Standards concerned with 
aspects of architectural and building acoustics: Standards describing methods 
of testing building materials for acoustic absorption or transmission loss, 
Standards describing acoustical tests in buildings, and Standards concerned 
with the impact of enviro~mental noise on human activity inside buildings. 
Those currently available as Australian Standards are listed in Appendix A. 
These standards then require to be supplemented by the Acoustic Absorption 
and SRF data provided by the manufacturers of acoustic and building products. 

Criteria based on human hearing loss 

29. .The two groups of Noise Control Criteria already described cover, 
firstly, in the case of the Loudness criteria, the whole audible intensity 
spectrum from 0 to 140 phons, and secondly, in the case of the Speech Intel­
ligibility criteria, a critical intensity band at the centre of this spectrum. 
The other critical area of this intensity spectrum is that already pointed to 
by the Loudness criteria as the 'deafening' region -- comprising those noises 
of high audible intensity which are highly likely to cause permanent hearing 
and hearing loss. Hearing damage and loss from this cause are described as 
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'noise-induced' to distinguish tnem from, for example, hearing loss due to 
age (presbycusis) or ear disease. 

50. As can be imagined,Noise Control Criteria designed to reduce or pre-
vent noise-induced human hearing damage and loss are contentious. Not only 
do such criteria as have been already been determined depend on the duration 
of our exposure to these intense noises, and on their frequency spectrum and 
wave shape (for example, steady or impulsive), but they depend also on the 
decisions of two groups of people sitting on opposite sides of a table, over 
whom governments, government committees and other statutory organizations 
have to arbitrate as best they can! On one side of this table are all those 
many groups of people concerned with human health and welfare; while on the 
other we have the noise-makers -- the administrators, manufacturers, etc who 
find it costly, often enormously so, to reduce their noise. But reduce it 
they must; and here we must acknowledge and pay tribute to those who al­
ready have achieved much noise reduction. The classic example comes from the 
construction industries where rivetting, as a truly deafening process for both 
rivetters and adjacent workers, was replaced by electric arc welding. A 
more recent example is that of mobile and sta:tiona:Iy air compressors, which up 
to about 1960 were likely to generate a noise level of 90 dB(A) or more at 1 
metre, but which by around 1975 had, through various quietening means, this 
level down to 70 to 75 dB(A) at 1 metre. The noise problems of, for example, 
circular saws and pneumatic paving breakers remain among those more stubborn 
ones still to be solved. 

51. The results of many and varied researches have greatly contributed to 
our knowledge of noise-induced hearing damage and loss, and to the setting of 
such Hearing Damage Risk Noise Control Criteria as we currently· have. Though 
not there precisely defined, hearing damage risk noise levels are indicated 
in the Loudness criteria (TABLES 1A, 1B, 10) through sounds having sound levels 
above 100 dB (= 100 dB(C)) being 'deafening', and through the threshold of 
feeling or pain being located at somewher~ above 120 dB or at 150 phons. 

52. More precise hearing damage risk criteria have been developed as a re­
sult of studies of noisy work environments, and of regular audiometric tests 
on those working in them. These criteria are variously defined: in terms of 
maximum . permissible noise exposure level, maximum exposure duration, and of 
frequency, for both pure tones, and also bands (usually octave or one-third 
octave) of broad band noise. Some published criteria combine in one Table 
or Graph the effects of all three variables: maximum permissible level, expo­
sure duration, and frequency. Others include only sound level and duration. 

55. As the sensitivity of the human ear varies with sounds of different 
pitch, so also does its proneness to suffer noise-induced hearing damage and 
loss, its greatest proneness to hearing damage being aronnd 5 kHz. Although 
numerous attempts have been made to develop a set of hearing damage risk 
spectra below which no hearing damage can be reasonably expected to occur, 
none, except perhaps the most conservative, appear able to inspire any great 
confidence in them. One of the earlier damage risk criteria, and still the 
most conservative, is that sounds of level above 100 dB(B) should be regarded 
as probably unsafe for long term everyday exposure, and ear protection or 
noise reduction is necessary; levels below 80 dB(B) are probably safe even 
with pure tones, with no hearing damage likely; for sound levels above 80 
dB(B) more detailed investigation and frequency analysis are necessary 
(ref 54, p 76). 

34. A group of typical hearing damage risk criteria incorporating maximum 

114 PROCEEDINGS AAS ANNUAL CONFERENCE 1992 



permissible noise levels in terms of both exposure duration and frequency 
spectrum are given, for bands of noise, in. TABLES 5A, 5B, 5C and 5D, and for 
pure tones in TABLE 6. Because the frequency contours for oroad band noise 
can represent whole spectra of wide b~~d noise, the corresponding overall 
sound levels for these contours have been included L~ TABLES 5A to 5D to 
facilitate comparisons between them. 

55. Of the various Damage Risk Contours for broad band noise, the 1955 
levels in TABLE SA (from American Standards Association \ASA, now .Ai~SI) Com­
mittee X2) represent an earlier assessment of this problem; the 1956 Damage 
Risk Levels (with mean values similar to those of ASA Committee X2 above) have 
additional 'serious risk' and 'negligible risk' contours 10 dB above and below 
the mean contour. The Kryter contours of TABLE 5B extend those of TABLE 5A 
to take account also of daily exposure duration, the 8-hour contour being 
fairly close in sound level to the 1956 'negligible risk' contour of TABLE SA. 
TABLE SC gives the results of some French investigations to re-determine the 
8-hour 'serious risk' and 'negligible risk' contours. The two French con­
tours are significantly more conservative tha."Yl any of the others shown here, 
in that the French 'serious risk' contour is similar to the 1956 'negligible 
risk' of TABLE 5A and Kryter' s 8-hour con tour of TABLE SB; and in that the 
French 'negligi-ble risk' ·contour of 82 d.B(A) is 4 to 17 dB below ~"le 1956 
92 dB(A) 'negligible risk' contour, and 10 to 17 dB below Kryter's 94 dB(A) 
8-hour contour, the great~st differences with both being at frequencies 
above 1kHZ. TABLE 5D 3hows Kryter's 8-hour and the French 'negligible risk' 
contours relocated to give overall sound levels of 90 dB(A), 85 dB(A) and 
74 d.B(A) = 80 dB(B), to correspond, respectively, with the two 8-hour 'Daily 
Noise Dose' = 1,0 criteria of the Victorian 1978 and 1392 'Noise' regulations, 
and the earlier conservative criterion of 80 dB(B) for 'probably safe' daily 
8-hour noise exposures. 

56. Further criteria concerned with noise-L~duced Hearing Damage Risk are 
given Ln the 1985 and 1988 (current) editions of AS 1269, 'Hearing conserva­
tion' (refs 5,6), AS 1270-1988, 'Hearing protectors' (ref 7), and the Victo­
rian statutory 'Occupational Health and Safety (Noise) Regulations 1992 (ref 
25) which now supersede the original 'Health (Hearing Conservation) Regula­
tions 1978'(ref 24). The main thrust of these Noise Control Criteria is 
that the environmental noise levels in all places of employment are to be 
such that any person's 'Daily Noise Dose' does not exceed 1,0. The primary 
aim is for noise exposure levels to be reduced by engineering means as the 
long-term measure. Where this is not immediately feasible, other methods be­
come necessary, such as the wearing of hearing protection devices, though 
these must be regarded as only a short-term measure, not as a long-term mea­
sure to replace eventual noise reductions by engineering means. 

57. As an almost universal practice, the Daily Noise Dose of 1,0 has been 
defined in terms of an 'Equivalent Continuous A-weighted Sound Pressure Level' 
over an 8-hour day (LAeqSh) of 90 dB( A) , with some allowance for exposure to 
higher levels for shorter daily periods on the basis of an additional 5 dB 
(the internationally accepted increment, but smaller than the US OSHA incre­
ment of 5 dB) for each halving of the exposure duration, up to (as in the 
originai Victorian regulations of 1978) a maximum exposure level of 115 
dB(A)S (that is, using the Sound Level Meter 'slow' time weighting). In the 
new 1992 now current Noise Regulations, the Daily Noise Dose of 1,0 has had 
its basis reduced from 90 to 85 dB(A) for an 8-hour daily exposure, and the 
maximum permissible exposure changed from 115 dB(A)S to 140 dB(lin)pk' using 
a 'P' time weighting function. The serious confusion in the statement of 
this last provision has already been discussed (para 9 above). 
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58.· AS 1269-1983, as well as a Partial T<oise Dose calculation chart (li1ig 
3.1), also gives (in Appendix D) Tables of 'Calculated Incidence and Degree 
of Hearing Loss' in various groups of noise-exposed people, in terms of the 
percentages of people likely to suffer noise-induced hearing loss, ~~d their 
me~~ percentage loss of hearing, for 8-hour Exposure Levels from 75 to 115 
d.B(A) ~"ld exposure durations from 5 to 45 years. These indicate how the 
expected incidences of hearing loss begin to increase more sharply for 8-nour 
Exposure Levels above 90 dB(A), and provide at least some reasonable basis 
for what is otherwise described as the arbitrary selection of 90 dB(A) as the 
8-hour Exposure Level criterion. With the reduction of this level to 85 
dB(A) in the new Victorian government statutory 'Occupational Health and 
Safety (Noise) Regulations 1992', there has been now provided a somewhat 
greater protection against noise-induced hearing damage for employees in 
noisy work environments. 

59. The Tables of 'Calculated Incidence and Degree of bearing Loss' in AS 
1269-1983, Appendix D also indicate that, even for equivalent continuous -
8-hour noise exposure levels as low as 75 dB(A), some people will begin to 
experience small hearing losses after 20 and more years' duration of regular 
exposure. This gives considerable point to the wisdom of the earlier judg­
ment (para 55 above) that noise exposure levels up to 80 dB(B) (approximately 
equivalent to 74 da(A)) "are probably safe even with pure tones, with no 
hearing damage likely". 

40. Noise regulations such as the Victorian 'Occupational Health and Safe­
ty (Noise) Regulations 1992', because they are government statutory regula­
tions, are therefore legally enforceable and have to be acted on. This has 
important implications, not only for existing work places where noisy plant 
and machinery will need to be quietened, or replaced with new and quieter 
equipment, and employees acoustically shielded from intractably noisy loca­
tions, but also for the design of new work places-, which would use, for exam­
ple, progressive flow systems involving employee isolation from noisy proces­
ses, and in which machinery and plant would be considered as at least poten­
tially noisy and therefore also to be acoustically isolated. Such design 
work should be expected to proqeed on ~~e acoustical basis that, if possible, 
noise should be reduced at its source; that, where this is not readily possi­
ble, significant reduction is required L~ the sound transmission paths between 
noise source and nearby persons; and that regulations such as the Victorian 
'Occupational Health and Safety (Noise) Regulations 1992' provide the Noise 
Control Criteria. 

:·loise Control Criteria for machinery and plant 

41. Reducing the noise of plant and machinery at its source is always a 
task calling for much ingenuity-- both in properly identifying 
the noise sources, and then in locating them. There is ample evidence that 
much has already been achieved through, for example, properly designed anti­
vibration mounts, substituting double-helical (or similar) gears and pinions 
for straight spur type gear drives, reducing fan speeds (if possible, to below 
about 700 r/min) a~d L~creasing the pitch of their blades, higher hydraulic or 
pneumatic force in impact processes (such as hammering), selected use of grea­
ter machine mass to more effectively absorb impact energy, and the careful 
acoustic shrouding of highly localized noisy operations. And there is still 
the challenge for machinery and plant designers to produce, for example, 
quieter circular saws and pneumatic pavL~g breakers. 

42. 3ome of the noise reductions already achieved have been effected 
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through organizations purchasing new machinery and plant inserting noise limi­
ting clauses in the purchase specification, and then insisting that they be 
adhered to, in order to obtain lower than previously customary operating noise 
levels. In addition, of the numerous Australian Standards specifying 
methods of noise testing (see Appendix B), some, such as AS 2726-1984, 'Chain 
saws -- safety requirements', include for the guidance of purchasers maximum 
permissible noise and vibration limits for the equipment under normal opera­
tion. Many of these types of industrial noise will be effectively reduced 
only through concerted attack on the problem from all quarters, an attack now 
also having the legal force of statutory regulations behind it. 

45. As indicated above, there are two levels of Noise Control Criteria 
required for the control of machinery and plant noise where operators and 
other employees are present. The higher of these two levels are determined 
by considerations of occupational health, and depend on the statutory limits 
set to minimize noise-induced hearing damage. The lower of these two limits 
are determined by considerations of occupational safety, and so depend mostly 
on the need for safety reqUirements depending on speech intelligibility. 
These latter, though the harder to achieve, are none the less necessary. 

44. Rail, road, sea and air transport vehicles, though their noise has 
environmental implications, are, when considered singly, a part of this 
machinery and plant group of engineering equipment. As with other machinery 
and plant, so also with transport vehicles is it necessary to design them to 
operate quietly. The Australian Standards listed in Appendix B also include 
several which describe methods of determining the noise emitted by railbound 
(AS 2377) and road transport vehicles (.AS 2240, AS 5715), by earth-moving 
machinery and agricultural tractors (AS 2012), and by sea-going vessels and 
platforms (AS 1948, .AS 1949 and AS 2254). ISO 5891-1978, 'Procedure for 
describing aircraft noise heard on the ground' provides a standard method for 
measuring some aspects of aircraft noise. While the Australian government 
Australian Design Rules (ADR) nos. 28, 28A and 28B for motor vehicle noise, 
that is, for the noise emitted by individual vehicles, have provided Noise 
Control Criteria for limiting their noise emitted as measured according to 
AS 2240-1979, and AS 2254 furnish some recommendations for limiting the noise 
in various areas of occupancy in sea-going vessels and offshore platforms, it 
has been left so far to purchasers of other types of vehicle to set appropri­
ate Noise Control Criteria in their purchase specifications and contracts. 
Such criteria as are current are very likely to be inf'luenced by existing 
environmental noise criteria. 

Environmental Noise Control Criteria 

45. As Noise Control Criteria for machinery, plant and individual transport 
vehicles are influenced by both hearing damage and speech intelligibility con­
siderations, environmental noise criteria are influenced by speech intelligi­
bility considerations, and by considerations associated with promoting general 
human and community health and welfare. In this connexion, environmental 
noise includes the acoustic environments around our homes, schools, our 
various places of community activity, and near transport ways (railways, main 
roads and airports) bordering residential areas. Noise problems might thus 
arise from community, commercial, industrial or transport activities and ope­
rations. 

46. The progress of industrilization in our communities and nations over 
the last ~00 years or more has been accompanied by a continuing increase in 
the amounts of noise generated by commercial, construction and industrial 
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operations, and by transport vehicles. Whereas until about the time of World 
War 1I this increasing noise was largely accepted as an inevitable, though 
unfortl.Ulate part of our industrial 'progress', in more recent years we have 
begun in our communi ties to take a firmer line and to protest more vigorously 
that this cacophony of noise is a source of serious annoyance, and is there­
fore no longer necessary and must be reduced. 

47. An early method of rating the degree of a.rmoyance to noises experienced 
by communities in residential environments was that developed in the early 
1950s by W A Rosenblith and K N Stevens, and also worked on by H 0 Parrack 
(ref 26, ch 56). A description of the method was included in the third 
(1956) edition of the General Radio (GR) Handbook of Noise Measurement, this 
being a significant addition to the contents of the previous (1955) edition, 
which then continued to be included through the fourth (1961) and fi:fth (1963) 
editions of this Handbook, after which (from 1967) it was no more than brief­
ly referred to. In principle, the rating of a noise according to this method 
depended primarily on its absolute octave band levels measured at the point of 
complaint. These measured octave band levels were assigned a Level Rank -­
developed from a chart (analogous to an AS 1469 NR no. chart) with 14 Level 
Ranks each from 4 to 6 dB wide (along the ordinate) extending from below 50 dB 
(850 Hz band) to above 95 dB -- which was then modified by means of 'Correc­
tion Numbers' (better and more accurately to be described as 'Adjustment Num­
bers' (see para 51 below)) to allow for differences in noise spectrum charac­
ter, impulsiveness, rate of repetition, background noise level, time of day, 
and conditioning to exposure, to obtain the Composite Noise Bating for use 
with a second chart relating this rating to an estimate of expected community 
response advancing in five steps from 'No observed reaction' through 'spora­
dic' and 'widespread complaints' to 'threats of' and 'vigorous community 
action'. The environmental noise rating method described here was intended 
mainly as a guide. It was therefore expected that, as more experience was 
gained in using it, some revision of its numerical values would be found 
desirable (ref 35, pp 67-69). 

48. In fact, more than revision of its numerical values has occurred. 
Other ~thods have been developed which are based on di:f:ferent ftmdamental 
assumptions. One quite different approach was adopted by the English com­
mittee set up under Command 2056 in April 1960 "to examine the nature, sources 
and effects of the problem of noise and to advise what :further measures can 
be taken to mitigate it", and which produced its 'Noise: Final Report' (re:f 
57) in 1965. Typical or the type of criteria which this committee produced 
are the Subjective Assessments o:f Motor Vehicle and Aircraft Passby Noise 
given in TABLE 7, and the Criteria for Noise within Buildings given in TABLE 
8. Of interest in this latter TABLE are that the maximum permissible sound 
levels are in terms of statistical ~0 (= 'near maximum') levels, and that the 
night time levels for bedrooms are similar to those of AS 2107. With the 
assessments of vehicle passby noise of TABLE 7 it can be concluded that, al­
though they are not legally enforceable as there given and stated, they indi­
cate that it would desirable for these vehicle noises (as measured under the 
stated conditions) to be 'quiet', or at worst, no more than 'moderately 
noisy'. It is probable that some of the results of the work of this Wilson 
committee found its way into BS 4142:1967, 'Method of rating industrial noise 
affecting mixed residential and industrial areas'. 

49. A method having some resemblances to the US method of obtaining Compo-
site Noise Ratings for noise intruding into residential areas, in order to es­
timate the expect~d community response to them, and which was also based on 
BS 4142: 136'1, was developed for inclusion in the first (1973) edition of 
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A.S 1055, ' ~'raise assessment in residential areas' \ref 5). but, whereas in 
the US Composite :·-raise RatLYlg method the hating was developed from the abso­
lute octave band levels of the intrusive noise as modified by several penalty 
'Adjustments' (there called 'Corrections') depending on the character of the 
noise and its background, the basic noise assessment principle adopted i~ 
AS 1055-1373 used the relative differences in A-weighted sound levels of the 
intrusive noise and its background, botn levels bein.g modified by 'Adjust­
ments ' depending on their character. In the words of the Standard, 11 the 
method of assessing noise annoyaYlce described LYl this Australian Standard Code 
of Practice is based on a comparison of the measured noise level" (of the 
intrusive noise) "with an acceptable noise level for the particular circum­
stances being investigated". But whereas in AS 1055-1975 "this code recom­
mended rules for measuring and assessing noise at residential sites", later 
editions have clarified this further that the code "applies primarily to noise 
emitted from industrial, commercial and residential premises". 

50. In making these comparisons, the ~No basic noise levels are the 'Adjus-
ted Noise Level' of the intrusive noise (which depends on its actual measured 
level, then modified by 'Adjustments' in accordance with its particular wave­
form, frequency spectrum _and duration cl~acteristics), and the 'Acceptable 
~foise Level' (which may be derived from a measured Ambient Noise Level, or 
calculated from a Base Level of 40 dB(A), then modified by 'Adjustments' in 
accordance with the time 0f day, and the type of suburban area and transporta­
tion density of the loca .. .;ion in question). In this method both forms of 
'Acceptable :'1oise Level' are to be obtained (provided the ambient level can be 
measured when the intrusive noise is absent), the lower of the two being the 
adopted 'Acceptable Noise Level'. If the 'Adjusted Noise Level' exceeds the 
corresponding 'Acceptable Noise Level', the intrusive noise is likely to be 
annoying, with differences of 5 dB(A) or less likely to be of marginal signi­
ficance, and differences of 10 dB(A) or more likely to be the source of spora­
dic or widespread complaint or of even stronger public reaction for larger 
differences (as suggested by AS 1055-1973, Appendix E). 

51. The 'Adjustments' of AS 1055-1973 in Table 1 and Figures 1 and 2 which 
are used for modifying the Measured Level of the intrusive noise to obtain its 
'Adjusted Noise Level', and the Ambient Noise and Base Levels to obtain the 
'Acceptable Noise Level' with which the 'Adjusted Noise Level' is compared, 
are of the nature of estimated penalties derived from psycho-acoustic tests, 
by which the 'Adjusted Noise Level' is then expected to give a better measur~ 
of the annoying quality of the intrusive noise, because such effects of 
increased annoyance cannot be directly measured with a Sound Level Meter. 
It is therefore both inaccurate and wrong to refer to these 'Adjustments' as 
'Corrections'. We in fact meet here a rather loose use of the term 'correc­
tion', which in mathematics and the applied sciences has the precise meaning 
of "the amo1.mt by which a number, quantity or instrument measurement or rea­
ding which contains a known and identifiable error has to be changed to make 
it true". Thus, these modifications and adjustments to a measured value 
cannot be 'corrections' in the sense that the original measurement was incor­
rect and therefore needed to be corrected because of a known and identifiable 
inst~ent or meter error; they cannot be 'corrections' in the further sense 
that there is no precise criterion or standard by whicl1 they can be judged 
less or more correct than the original measurement; and to call the 'adjus­
ted' values 'corrected' values gives what are in fact estimates based on not 
very precise human responses and judgments an air of authority which they do 
not and cannot possess. The compilers of Australian Standards and similar 
documents have acted wisely in referring to these modifications as 'Adjust­
ments'. 
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52. Several revisions of AS 1055-1973 have since been made: in 1978, to 
clarify difficulties experienced by users of the 1973 Standard, a."1d i n 1984 
a."1d 1989 to take account of the development of the more complex Sound Level 
Meters now available for evaluating environmental noise problems (especially 
those meters furnishing a statistical a.'lalysis of the varying sound levels 
measured over a specific duration). The procedure of modifyL~g mea2ured 
sound levels by mea."1s of 'adjustments' has been f'urther clarified. "The 
measurements described in this Standard are designed to give a reliable physi­
cal description of the environmental noise. For assessment of huma.."1 reac .. 
tions to noise, it is sometimes necessary to make adjustments to the measured 
levels in order to arrive at a more mea"1ingful basis for the assessment" 
(AS 1055.1-1989). Of the three parts of the current (1989) edition of AS 
1055, parts 1 a~d 2 generally replace and amplify the 1973 and 1978 editions 
and parts 1 and 2 of the 1984 edition; AS 1055.3-1984 and AS 1055.3-1989 have 
extended the coverage of the use of this Sta.~dard to a more comprehensive 
relating of land uses with existing and possible future environmental noise 
levels. 

53. In Victoria, the Environment Protection Authority (EPA) adopted and 
adapted the noise assessment procedures of AS 1055-1973 and AS 1055-1978, and 
issued its own statutory regulations f'or the control of noise emanating from 
commercial, industrial or trade premises within the Melbourne metropolitan 
area, in 1978 as Draft Environment Protection Policy no. 59/78, in 1981 as 
State Environment Protection Policy no. N-1:1981, and in 1987 as a revision 
of N-1 (ref 21). This policy is currently undergoing further revision. 
With this method the intrusive noise has its sound level (in dB(A)) measured 
and adjusted to give its 'Ef'fective Noise Level' for comparison with the 'Zo­
ning Permissible Noise Level' for the area in which the intrusive noise is 
being complained of'. Noise Levels are to be measured and expressed as Equi­
valent Continuous Sound Levels; adjustments provide for indoor measurement, 
tonal components, impulsive type noise, and the duration and intermittent 
character of the intrusive noise. The presence of' tonal components in the 
noise require to be con.f'irmed by one-third octave fre9.uency analysis; the pre­
sence of' a tonal component is confirmed if' the level \A-weighted in this Poli­
cy) in the one-third octave band suspected to contain the tonal component ex­
ceeds the arithmetic mea~ of the· two adjacent one-third octave band levels by 
over 3 dB. Zoning Permissible Noise Levels vary with the time of day and the 
distribution of heavy and light industrial, commercial and residential land 
uses within a 200m radius of the measurement point in the Noise Sensitive 
Area. Complainants of intrusive noise in the vicinity of their homes thus 
have a means of having the excessive noise reduced if its Effective Noise 
Level exceeds the corresponding Zoning Permissible Noise Level. Such revi­
sions as have been made to this EPA Policy have been basically to improve the 
workability of the noise assessment method. 

54. In addition to these EPA Noise Control Criteria f'or the control of 
noise emanating from commercial, industrial or trade premises, the EPA and 
other government authorities concerned with environmental noise arising from 
transport operations and activities such as the movement of trains, and the 
flow of motor traffic on expressways and other heavily trafficked roadways in 
built-up urban areas, have established several h oise 8on trol Criteria for 
controlling the levels of rail and motor traffic noise transmitted to neigh­
boring residential areas. For rail traffic there is a maximum permissible 
24-hour Equivalent Continuous Sound Level of 65 dB\A), while for motor traf­
fic t here is a maximum permissible value of the 18-hour ~O (= near maximum) 
noise level ~from statistical analysis) which, formerly at 68 dB(A), has been 
recently reduced to 6:) d.BlA). Both of th-:: se criteria, for the noise measure-
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ment out-of-doors, are available in case of complaint about railway or motor 
traffic noise penetrating into residential areas, though as yet guidelines. 

55. The Noise Control Criteria described here -- based on Loudness, Speech 
Intelligibility, Hearing Damage Risk, or more general health and welfare con­
siderations, with some included in statutory regulations, and others in Stan­
dards -- though not completely comprehensive, provide many useful noise cri­
teria for two basic groups of circumstances: for confirming the existence of 
a noise problem and establishing the responsibility of the noise-maker, and 
for use at the design stage of buildings, equipment, machinery, fixed and mo­
bile plant, and transport vehicles, so that through taking proper account of 
relevant acoustical considerations, new noise problems are not created, prob­
lems which, if once perpetrated, are costly to remedy. In this country, the 
Standards Association of Australia has amply supplied our need for Noise Con­
trol Criteria to help deal with all these noise problem and design situations. 

Vibration Control Criteria 

56. Just as excessive noise can cause damage to human hearing and interfere 
with speech intelligibility, so also can excessive vibration cause damage to 
the human body or building structures, and inter:fere with the proper operation 
of scientific and other equipment. As a result of experience gained with 
these types of problem, a number of Vibration Control Criteria have been esta­
blished. From the point of view of the human body, it is most sensitive to 
vibration around 5 Hz, the mean threshold of perception being 0,02 m/s2 rms, 
with vibration at this frequency above 0,28 m/s2 being 'unpleasant' and above 
about 2,0 m/s2 rms being 'intolerable' (ref 27, fig 44.20). Another field 
of the study of human susceptibility to vibration is that of 'motion sick­
ness', which occurs at frequencies around 0,5 to 1,0 Hz, and has particular 
application to quality of vehicle ride. In connexion with human susceptibi­
lity to vibration, AS 2763-1988, 'Hand-transmitted vibration' provides 'Guide­
lines for measurement and assessment of human exposure' (ref lOb). 

57. From the point of view of damage to buildings from ground-borne vibra­
tion,while some codes have allowed a vibration velocity as high as 50 mm/s pk 
before it is considered that any building damage will result, a more conser­
vative and safer code is that of DIN Standard -no. 4150:Part 3:1977 (ref 20) in 
which, with the rms magnitude of the ground velocity vector below 2,5 mm/s, 
it is stated that "structural damage is not possible", between 2,5 and 6,0 
mm/s damage is "very unlikely", between 6,0 and 10,0 m.m/s damage is "unlikely", 
and above 10,0 mm/s "damage is possible and the structure should be investi­
gated". Other Vibration Control Criteria are determined by the particular 
conditions of operation and susceptibilities of the equipment, instrument or 
machine in question. For example, with the condition monitoring of machines, 
the criteria are determined by the performance of the machine when and in op­
timum working condition. Chainsaws have safety requirements for their use, 
including some concerned with vibration and noise, specified in AS 2726-1984, 
'Chainsaws --safety requirements' (ref lOa). Ultra-sensitive measuring 
instruments have their particular vibration criteria. Electron microscopes, 
for example, cannot be expected to give satisfactory performance at their 
highest magnifications if there is any vibration present below 5 Hz, and 
above 5 Hz if the peak-to-peak vibration displacement exceeds 3 micrometre. 
Such Vibration Control Criteria provide a proper guide to the type and scope 
of vibration measurement required when a problem is suspected. 
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THE .APPLICATION OF NOISE AND VIBRATICN CONTROL CRITF....JUA TO SPECIFIC PROBLEMS 

58. Noise problems are many and varied, as is illustrated by the Brllel and 
Kjaer booklet, 'Noise Control: Principles and Practice' (re~ 19), which con­
tains a description of 49 noise problems and their solutions, together with 
notes on the ~actors which have i~luenced the generation of the noise and its 
propagation in materials, structures and rooms. However, these problems all 
begin with the assumed and confirmed existence of the problem. In many cases 
it is first of all necessary to actually confirm and conclusively establish 
the existence o£ the noise prob1em and the responsibility of the noise-makers 
before it can be agreed that the problem must be remedied. It is at this 
point that agreed and accepted Noise Control Criteria become necessary -­
either criteria such as statutory regulations, which are legaJ.ly e~orceable, 
or criteria having agreed authority as are to be found in Standards. The 
following case histories illustrate the need ~or, and use o~, some of' these 
Noise Control Criteria. 

59. However, be~ore these case histories are discussed in detail, it is 
necessary here to discuss one further general aspect of identifying and sol­
ving noise problems. With noise measurements which indicate that noise 
levels at a particular location exceed a relevant noise control criterion, 
and that, as a result, some noise reducing measure must be undertaken to re­
duce the noise by a speci~ied amount by either reducing the noise at its 
source, or reducing the noise transmitted be tween source and hearer, there is 
clear indication of what is required. In other cases where noise reduction 
is necessary because the noise is annoying, but where there is no precise 
indication of the amount of' sound level reduction required, it is helpful to 
consider the decibel sound level scale in relation _to the phon Loudness Level 
and sone Loudness scales (that is, i.."l relation to the Loudness Function). 
With this Fwlction, a two-£old change in Loudness corresponds to an interval 
of 10 phons, and therefore, because Loudness Levels in phons and A-weighted 
sound levels are reasonably closely related, to an interval of approximately 
10 dB( A). Thus, because a two-fold change in Louc:L.~ess is clearly discerni­
ble, a noise reduction of 10 dB(A) is signific~"lt and worthwhile. Smaller 
reductions in sound level are .therefore less signi~icant, and below about 4 
dB(A) not particularly worthwhile unless as part of the noise reduction pro­
cedure the frequency character o~ the noise is signi~icantly changed, such as 
by greatly reducing its high frequency content, or reducing or eliminating 
tonal components, but without greatly changing the overall sound level. 
Case history no. 7, for example, illustrates this, where a remedial measure 
removed several annoying tonal components f'rom a noise, but without signif'i­
cantly changing its overall sound level • . 

~ech intelligibility in meeting halls 

60. Case history no. 1 concerns the problem which faced the users of a 
public meeting hall situated on an arterial road also carrying a tram route, 
who, when the tram track, previously of paved ballast construction, was recon­
structed in concrete, found that the noise of passing trams had increased 
somewhat and was proving to be an increased interference to the speech intel­
ligibility of their meetings. This type of problem -- which then (mid 1950s) 
arose because of the high incidence of noise from tram wheel f'lats, but which 
nowadays no longer occurs through the conversion ~rom cast iron to composi­
tion brake shoes in older type trams, and the use of resilient L~stead of 
solid wheels in the newer all-electric types -- is of interest still because, 
rrNing to a lack, then, of suitable Noise Control Criteria, and to the older 
method of measuring low sound levels in dB(A), medium in dB(B) and high in 
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dB(C)(which actually inhibit~d their direct comparability), the problem was 
not satisfactorily solved. However, the noise measurement data obtaL~ed at 
the time (Appendix C below) can, by means of the now added corresponding 
sound levels in dB(A) and speech interference levels (SIL4) estimated from the 
octave band spectra of similar noises, be re-examined and the noise levels 
therefore more readily compared with each other in the light of the appropri­
ate Noise Control Criteria from AS 21:)7 (see TABLE 4) or TABLE 5. Several 
measurements and calculations were also recently made to obtain estimates of 
the variation in vehicle noise levels during a passby period of ! 12 s for 
vehicles at a minimum distance of 18 m from the noise measurement location 
(Appendix D) • 

61. With the noise measurements given in Appendix C, including the estima-
ted SIL4 and sound levels in dB(A), a re-examination of them shows, firstly, 
that there was, on average, an increase in tram passby noise of 4 dB(A) after 
reconstruction of the track. With a Noise Control Criterion for this type of 
building interior of 50 to 55 dB(A)(TABLE 4, for Assembly Halls up to 250 
seats, and Conference Rooms) or a maximum permissible SIL4 of 28 dB (TABLE 3), 
this re-examination shows secondly that, with a background noise level of 54 
dB(A) or estimated SIIA of 46 dB in the meeting hall, its acoustic environ­
ment was rather more noisy than desirable, by of the order of 20 d13, even 
without the additional noise of any passing vehicles, let alone the noisier 
heavier vehicles. Howevr,r, with maximum pass by SilAs of 55 to 59 dB for 
groups of motorcars, 65 G..B for individual larger vehicles and trams on the 
then new concrete track, and an estimate of 59 dB for trams on the previous 
paved ballast track, the Maximum Permissible SIL4s for Reliable Speech Commu­
nication (TABLE 2) indicate thirdly that, with 'very loud' (or 'stage') voice 
level, reliable speech communication would still be possible at up to 5,5 m 
for an SIL4 of 55 dB (minimum for motorcars), up to 5,5 m for an SIL4 of 59 
dB (maximum for motorcars, mean for trams on former paved ballast track), but 
reduced to up to only 2,2 m for an SIL4 of 65 dB (mean for larger vehicles, 
and trams on the reconstructed concrete track) • Thus, the passby noise of 
any vehicle in the street outside would have caused a temporarily but signi­
ficantly reduced speech intelligibility. 

62. If, in this situation, the SIL4 of 55 dB (minimum for groups of motor-
cars) is assumed to be what might be reasonably considered as still just tole­
rable, then any noise with SIL4 greater than 55 dB begins to be intolerable, 
the degree of intolerability depending on the duration of its SIL4 above 55 
dB. With motorcars and trucks at speeds of around 40 to 50 km/h, the passby 
SIL4 of 59 dB could be expected to exceed the tolerance SIL4 of 55 dB for 
about 4,4 s, while the passby SIL4 of 65 dB might exceed it for up to about 
9 s, or an extra 4,6 s. With trams at the then normal average speed of 
around 50 km/h, the corresponding mean passby SIIA of 59 dB (paved ballast 
track) could be expected to exceed the tolerance SIIA of 55 dB for aoout 7,5 
s, while the mean passby SIL4 of 63 dB (concrete track) could be expected to 
exceed it for up to 16,5 s, or an additional 9 s over the noise of trams 
under the former track condition. Such considerations as this, even though 
taken with the help of estimated values, help put this whole noise problem 
into clearer perspective, and indicate where the serious problems were. As 
stated .above, this serious problem of' noise from tra~ wheel flats no longer 
exists. A further conclusion is that, with the benefit of hindsight, we 
would now take frequency analyses (at least octave band) of all the noises 
directly involved with such a problem. 

Noise transmitted in ducts 

63. Some noise problems arise as a result of otherwise well-intentioned 
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acti:Jrl, but ac : i::m taken wi thout thought o.f acoust i cal cons i derations. Case 
history no. 2 provides an exarrJ_ple of tni s. At a vehicle and pla.Ylt mainte­
nance depot, the mecl"Ui..'1iGal workshop was to be provided with a new stati onary 
reeiprocating air compressor. !Jecause of its exterior location right next t o 
the workshop, the compressor was to be enclosed, with adequate provision, 
also, for it to be air cooled. 'l'hus, for winter weather there would be a 
good supply of heated air available for warming the workshop interior. 
Appropriate ducting was there.fore provided for the heated air from inside the 
compressor casing to be either diverted to a~ exterior outlet or, in cold wea­
ther, to be fed into the workshop. After installation and commissioning of 
the compressor a.T'ld its ducting, the noise levels in the workshop were conside­
red intolerable, with the heated air either diverted outside or fed into the 
workshop. Also, because the wall opening carrying the duct had not been then 
completely sealed, some compressor noise was expected to be entering the work­
shop by this path. 

64. l\loise levels inside the workshop were measured under both conditions of 
heated air diversion. The main measurements consisted in takL~g octave band 
analyses of the workshop interior noise to obtain A-weighted sound levels and 
speech interference levels (SIL4). With average levels in the workshop of 
87 dB(A) and 80 dB (SIIA) for warm air 1 on', 76 dBlA) and 68 dB (SIIA) for 
warm air 'diverted', and 69 d.B(A) and 60 dB (SIIA) for wa.:na air 'diverted' 
plus a 10 mm thick timber board placed over the air inlet grill, and corres­
ponding levels generally 4 dB higher at a point close to, and 1 m out from the 
air inlet grill, noise from the compressor through the warm air duct was con­
sidered highly objectionable, especially as, when judged by the SIL4s of 60 to 
84 dB, the noise was sufficiently loud to seriously interfere with reliable 
speech commw1ication (see TABLE 2). Thus, from the point of view of speech 
intelligibility in this workshop area, the SIIA of 80 dB with the warm air 
'on' meant that reliable communication would be possible only up to distances 
between persons o.f 0,63 m and by shouting. With the warm air and the lower 
SIL4 of 68 dB, conditions for reliable speech communication were somewhat im­
proved, with shouting up to distances of 2~5 m between persons, very loud 
voice up to 1,2 m, or raised voice up to 0,6 m. With the additional board 
over the air inlet grill and the SIL4 in the workshop further reduced to 60 dB, 
reliable communication would be possible witn very loud voice up to 3,2 m, 
raised voice up to 1,6 m, or normal voice up to 0,8 m. 

65. The existence of a serious noise problem was confirmed by these high 
SILs, and decisively established by the relevant Noise Control Criteria of 
AS 2107, in which the highest recommended design sound levels inside industri­
al buildings are 50 dB(A) as 'satisfactory' aT'ld 70 dB(A) as 'maximum', so that 
for satisfactory use of the warm air duct a noise reduction of at least 17 
di:3(A) was required. Consideration of the problem as a whole indicated that 
acoustic lining of the existing warm air outlet duct from the compressor case 
was a necessary first step. This duct was a strai gi1t duct about 2,5 m long 
with a 90 degree bend at the compressor case exit. Octave band analysis o~ 
the noise measured in the mechanical workshop near ~~e air inlet grill, showed 
that, at 91 dB(A), octave band levels of 85 dB or more occurred in the 125 to 
1000 Hz bands, indicating that a~y duct lining material to be seriously consi­
dered required an as high as possible acoustic absorption in this frequency 
zone. An available material with acoustic a.b sorptior.:. c ~:.H:· ~'.r'ic .i. E.:::.:lts of 0,25 
(1~5 Hz), 0,50 (250 Hz) to 0,95 ( 2000 ::-iz) was therefore selected as suitable, 
with these coefficients as the t;asis of the noise reduction design. 

66. Jecause calculations of the noise reduction possible through lining of 
t.'1e existing duct with this material gave a calc·:.J.lated Daise reduction of 
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8 d3(A), some form of extended duct having an additional m~1mum reduction of 
10 dB(A) was considered necessary and therefore designed. The additional 
ducting, to have a noise reduction of 10 dB~A), was designed in the form of a 
simple rectangular lined plenum chamber with, to minimize any direct propaga­
tion of higher frequency noise, the inlet and outlet at opposite ends and on 
opposite sides of the plenum chamber. The appropriate design formulas for a 
lined plenum chamber were obtained from Beranek's 'Noise Reduction', in the 
chapter on dissipative mufflers (ref 18, ch 17). Noise measurements made 
after the acoustic lining of the existing duct, installation of the lined 
plenum chamber, and sealing of the exterior brick wall around the air duct, 
showed the installation to have satisfactorily achieved its aim of preven­
ting the noise generated within the compressor case from being transmitted to 
the workshop. Overall reductions in workshop interior noise level and SIL4 
near the air inlet were from 91 down to 57 d.B(A), and 84 down to 43 dB in 
SIL4 with warm air 'on', and from 81 down to 54 dB(A), and from 72 down to 
43 dB in SIIA with warm air 'd.i verted' , the actual noise reductions effec­
ted through the lined ducts and sealing of the brick wall around the duct 
being, respectively, 34 and 41 d.B(A). Thus, the acoustic environment in the 
workshop had been brought. within the design criteria of AS 2107. The corres­
ponding reductions in SIL4 of 41 and 29 dB also showed significant improvement 
in the conditions for speech intelligibility, with reliable communication 
using normal voice now possible up to distances between persons of 5,6 m. 
There were several ways of commenting on this noise problem: firstly, that 
the noise in the workshop was very loud and annoying; secondly, that the gene­
ral noise levels exceeded the AS 2107 maximum recommendations; or thirdly, 
that the noise emanating from the duct was so intense as to make reliable 
speech communication extremely difficult, as just described by the SIL4 mea­
surements. Of these, the last is the most convincing because the speech 
intelligibility Noise Control Criterion is both precise and reasonable. 

Noise Control Criteria for lunch rooms 

67. Case history no. 5 concerns two lunch rooms, a small one of volume of 
around 200 m3 , the other a larger one of volume around 1000 m3, both of which 
gave rise to complaints of excessive noise resulting from significant reverbe­
ration. Typical of the noise problem of the small room was that any noise, 
as of a chair being moved across the floor, was greatly magnified and often 
aurally painful. In the larger room, conversation became difficult at peak 
times, with everybody needing eventually to shout at their neighbors in order 
to be understood. The reverberation times in each room were measured (accor­
ding to the method of AS 2460-1981, 'Method for the measurement of reverbera­
tion time in enclosures') and found to be, respectively, 2,~ and 2,6 s. By 
means of the formula 

T _ 0 1161 V 
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= 
= 
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the reverberation time in s, 
room volume in m3, 
room surface area in m2, 

0( 

oe.s 
= 
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mean coefficient of acoustic absorption of these surfaces, 
sum of the acoustic absorptions of all room surfaces, 

the required amounts of acoustic absorptive material of known characteristics 
were calculated, to reduce the reverberation times of these rooms to a desi­
rable value of the order of 0,5 s. 
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68. After the calculated treatments had been eff ected, the reverberation 
times were again measured. In the small room, with its reverberation time 
reduced from 2,2 to 0,5 s, the acoustic environment was greatly improved, 
with noise, for example, from a chair being moved over the floor being heard 
as only a slight scraping, and no longer aurally painful. In the larger 
room, with its reverberation time reduced from 2,6 to 1,0 s, conversation at 
peak times was found to be much more comfortable, with little or no need for 
shouting. Though the details of the noise measurements and results are not 
described here, reverberation times were measured using octave band analyses. 

69. One feature of interest with these lunch room problems is that AS 2107-
1987, in its recommended reverberation times for building interiors, does not 
provide recommendations for, for example, the interiors of industrial buil­
dings (including factory and manufacturing areas and lunch rooms) , and public 
areas such as post offices and general banking areas (see TABLE 4). In all 
of these (and other) areas -- which, if they are too reverberant, can become 
unnecessarily and uncomfortably noisy, and hence difficult for reliable speech 
communication -- their acoustic environments are much more satisfactory with 
minimum reverberation. Recommended design reverberation times of the order 
of 0,5 to a maximum of around 1,0 s, depending on room volume, appear to be 
satisfactory limiting amounts. 

Auxiliary_P.lant in lecture rooms 

70. Although, as just discussed, .AS 2107 does not include all the recommen-
ded design sound levels and reverberation times for building interiors which 
we might need, the design criteria which it does provide make it a most useful 
Australian Standard. Case history no. 4 illustrates a further use for its 
Noise Control Criteria in a case which arose in the first place from a com­
plaint about a noisy air conditioner in a lecture room having about 60 seats. 
As a result, the various aspects of the acoustic environment of this room 
were examined. 

71. The lecture room, which had a unit air conditioner installed near a 
back corner, was also situated near a moderately trafficked main road, and 
next to a lane along which heavy vehicles were regul.a.rly but not frequently 
driven (the frequency being of ·the order of one per hour). The actual noise 
complaint was that the air conditioner had usually to be turned of~ if those 
at the back of the room were to satisfactorily hear the lecturer; there had 
been no specific complaints about other noise. Ambient noise levels in the 
lecture room while unoccupied were measured with the air conditioner off, then 
on, at a location 5 m out from the front of the air conditioner, 1,2 m 
above floor level, as in the air conditioner purchase specification. Accor­
ding to this specification the maximum noise at this location from the air 
conditioner while operating was to be 40 NR. 

72. Noise measurements made at the location described with the air condi-
tioner at maximum operation showed its noise output to be significantly grea­
ter than specified, and eq_ual to 51 NR (at 250 and 500 Hz) or 55 d.B(A), with 
the corresponding SIL4 being 44 dB, enabling satisfactory speech intelligibi­
lity with'raise~voice at distances between persons of up to only 10m, or 
with 'very loud' (or 'stage') voice up to 20m. Thus, the air conditioner, 
which did not comply with its noise purchase specification by+ 11 NR, was 
somewhat of a noise problem when judged by SIL4 criteria (TABLE 2), and even 
more of a problem when judged by the AS 2107 criterion of 30 dB(A)(satisfac­
tory) to 55 dB(A)(maximum) for assembly halls with up to 250 seats and con­
ference rooms, or by the even more exacting .AS 2107 criterion of' 45 to 30 lffi 
for a conference room (without speech reinforcement) for 5v to 250 persons 
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(TABL-:~ 4), the noise levels near the air conditioner opera tine:: being 55 cB(A) 
and 51 NR. With the air conditioner off, minimum ambient noise levels were 
44 d.B(A), 40 NR and an SIIA of 30 dB, all of these still bein5 above the 
AS 2107 recommendations. These ambient levels rose slightly to 47 dB(A), 
43 NR and 35 dB (SIIA-) with the added exterior noise of birds twittering 
coming through a roof vent, and to 47 dB(A), 45 NR a-"1d 30 dB (SIIA-) for 
bursts of exterior traffic noise. The existence of the AS 2107 and AS 28~~ 

(speech intelligibility, TABLE ~) ?-loise Control Criteria thus raised the 
necessity for a serious re-consideration of the room in question as a lecture 
room, quite apart from the air conditioner noise problem. This latter prob­
lem, also raised in acute form the need for much tighter control of their 
maximum noise emissions, and for ma~ufacturers to acoustically improve their 
designs. 

Rooms for audiometry 

75. Most uses of rooms and spaces inside buildings require to be covered by 
Noise Control Criteria if the required use of the L~terior space is to be 
satisfactory. For rooms to be used for audiometric testing, the 'Maximum 
Acceptable Background Noise Levels' are specified in AS 1269, 'nearing Conser­
vation' (refs 5, 6). AS 1269 also includes the requirement that "to achieve 
the background noise levelJ it will be necessary in many circumstances to use 
a sound-isolating booth". This Standard has given several groups of accep­
table background noise levels, depending on the type of audiometric earphone 
and cushion or enclosure combination, the most exacting in, for example, AS 
1269-1983 being, for octave band levels at frequencies from 125 through 8000 
Hz, 52, 55, 15, 14, 29, 56 and 28 dB (see Appendix E). Case histo~ no. 5 
gives examples of several rooms tested for this purpose, the corresponding 
measured levels being as in Appendix E. These measured octave band levels, 
typical of 'quieter' rooms not specially treated for this purpose, show that 
Room A, a usually quiet room, would have been satisfactory for audiometric 
testing (without a sound-isolating booth) only with its air conditioner and 
the nearby exterior plant and equipment not operating. Room B, a medical 
consulting room, could only be sui table when it was equipped with a sui table 
sound-isolating booth, the remaining levels indicating that such booths them­
selves need to be well constructed and fitted with specially quietened fans 
for them to comply with the most stringent requirements of AS 1269 (in the 
500 and 1000Hz octave bands), the measurements here showing that success was 
not achieved until the fourth attempt. Room C, another 'quiet' room, again 
shows the difficult.y of complying with the requirements of AS 1269, especially 
in the 500 and 1000 HZ octave bands. 

The tolerability of factory interior noise 

74. In AS 2107, the recommended design sound levels for such operations as 
assembly lines in industrial buildings are 50 dB(A) as satisfactory and 70 
dB(A) as a maximum (see TABLE 4). Case history no. 6 describes an experience 
which i!ldicates that the provisions of this Standard are realistic rather than 
idealistic or conservative. In such a factory assembly line it became neces­
sary to instal a dust collection system, the assembly line itself being 
housed in a large building of floor area of the order of 25 by 20 m, covered 
by a saw-tooth roof about 15 to 17 m above the floor. As initially installed 
just under the roof, the dust collector fan ex!lausted its air directly into 
the factory area to provide a continuing movement of air. The resulting air 
turbulence at the f~~ outlet generated a general noise level inside the buil­
ding of 90 d.B(A), an intolerable noise under conti:1.uous conditions, and ~0 
d3(A) ai:>ove the AS 2107 recommended maximum of '/0 dB(A). The fittin . of an 
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outlet muffler reduced the gene t~al level of this loud background noise from 
JC to '78 d.B(A), tht: lower frequency spectrum being close to 70 NR (see Appen­
dix F). Because this somewl1a.t reduced level of background noise could be 
described as 'just tolerable', it was concluded that 70 NF. represents the 
very maximum tolerable level for continuous background noise. This noise 
spectrum, with an overall level of 77 dB(A), is noisier than the AS 2107 
recommended maximum of 70 dB(A), the 7 di:3 decrease representing a 35 to 40 
percent reducti..on in loudness. 'rhe noise level of 77 dB( A) also represents 
a level just aoove the 80 dB(B)/74 dB(A) considered relatively safe for 
everyday continuous exposure. The final outcome of this noiseproblem was 
that, as a further alteration, the fan exhaust was directed outside the 
building, with a significant reduction in the interior background noise. 

Commercial premises' air conditioning_plant near dwellings 

75. Numerous noise complaints arise as a result of plant and machinery 
noise emitted by commercial and industrial premises being transmitted to 
adjacent residential areas. State Environment Protection Policy no. N-1:. 
1987 is often invoked in such cases. Case history no. 7 concetns a situa­
tion in which the noise from three exterior fans as part of a commercial 
building's air-conditioning plant was sufficiently annoying to the occupiers 
of an adjacent dwelling that a complaint was registered. With fan noise at 
the building's property line giving rise to a~ Effective Noise Level of 59 
dB(A) in comparison with Day, Evening and Night Zoning Permissible Levels, 
respectively, of 54, 48 and 45 dB(A) as calculated according to Policy no. 
N-1, there was need for up to 16 dB(A) noise reduction to achieve complete 
compliance with the statutory policy. Because the intrusive noise included 
tonal components in the 65 and 125 Hz one-third octave bands, the levels of 
45 and 49 d.B(A) were adjusted to 49 and 54 dB(A) to obtain the Effective 
:ioise Level of 59 dB(A), which otherw-ise would have been 57 dB(A) without 
tonal adjustment. 

76. Several frequency analyses of the fan noise were undertaken -- octave, 
one-third octave, and narrow band -- to obtain detailed information about the 
frequency composition of the noise which, though vaguely tonal, was not obvi­
ously so (see details in Appendix I). While the octave band analysis showed 
the highest band levels to be in the 63 and 125 Hz bands, the one-third oc­
tave band analysis confirmed this through the 63 and 125 Hz bands appearing as 
low frequency 'tonal' bands with their levels exceeding those of the means of 
their adjacent bands by 14 and 10 dB, each with an excess greater than 5 dB, 
so confirming the presence of tonal components in the fan noise. The narrow 
band analysis (with 1 to 2 Hz bandwidth) showed prominent noise components at 
around 60, 120, 180, 245, 305, 362, 426 and 487 Hz: components which appeared 
directly related to the fan speed (16 r/s) and the number of fan blades (4). 
With the existing fans having metal-bladed impellers, a noise reduction plan 
of replacing these with plastics-bladed impellers, reducing fan speed, and 
increasing the height of the wall around them to increase their acoustic bar­
rier function, was considered and put into effect. 

77. Following thB substitution of plastics-bladed impellers for the or~g1-
nal metal fa~s, advice was received that there was no further complaint. 
i•,requency analyses of the plastics-bladed fa.Yl noise showed that, although 
there had been no actual overall sound level reduction, the octave band 
levels in the 63 and 125 Hz bands had decreased by 19 and 4 dB, ~Y}d the one­
third octave band levels at these same frequencies had decreased by 23 and 7 
d3. In addition, the one-third octave band analysis showed that there were 
no longer 'tonal' bands at these frequencies. Because those making these 
measurements did not request access to the complainant's d·Nelling to confirm 
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that the noise nuisance was due to the sound from the metal-bladed fans exci­
ting a room resonance at about 60 or 120 Hz, this could only be surmised to 
have been the real nature of the problem, particularly because the change 
from metal-bladed to plastics-bladed fan impellers virtually eliminated 
these prominent tonal components from the fan noise, as shown by the frequen­
cy spectra in Appendix I. Use of the formula for calculating the natural 
frequencies of a room of dimensions l, w and h (in m, and as quoted in ref 26, 
ch 29, p 21), 

where A, B and C are positive integers, c the velocity of sound in air 
(in ~s), and f (in H&) represents a series of frequencies depending 
on the values given to A, B and c. 

A room of dimensions 5 x 4 x 2,7 m would thus have its first ten natural fre­
quencies at 84, 103, 112, 127, 129, 139, 148, 149, 151 and 158Hz; while to 
have its lowest natural frequency at 60 Hz, a room would need to be at least 
as large as 8 x 6 x 3,6 m. In this particular case, the acoustical technical 
information available on plastics-bladed fan impellers, though it suggested 
an overall noise reduction of 5 dB when compared with equivalent metal-bladed 
impellers, was insufficiently detailed to indicate the larger noise reductions 
possible (such as the 23 and 7 dB measured at 63 and 125 Hz in this problem) 
at resonance frequencies of the blades of equivalent metal fans. 

Rotating machinery mountings 

78. The matter of resonances g1V1ng rise to noise (or vibration) problems 
is not one which is or even can be readily covered by existing or possible 
Noise Control Criteria. It is, however, a matter of great importance in de­
sign situations, whether of rooms or enclosures, or of rotating machinery and 
of machinery and other mountings. Case history no. 8 concerns such a situa­
tion in which a mass-produced assembly containing an electric motor mounted 
on a panel was too frequently found to be unduly noisy. This problem, though 
obviously making its presence felt as a noise problem, was as much a problem 
of vibration causing the excessive noise, and shows once again the pressing 
need for noise and vibration considerations to be fully taken into account !i 
the design sta~ of any building, equipment, plant or machinery. In this 
case, the noise problem resulted from the near concurrence of several reso­
nances. Firstly, vibration tests on a sample of typical motors showed that 
their designed operating speed was just below a critical shaft speed, which 
therefore generated greater vibration than at other operating speeds, and 
made the problem of any slack in the shaft bearings much more critical than 
it would be at speeds away from from a critical motor speed. Secondly, the 
problem of mounting such an excessively vibrating motor would become more 
critical. Thirdly, the problem of mounting such a motor on a panel would be 
further compounded if the motor speed corresponded closely to a panel reso­
nance. The series of vibration tests on a sample of motors and panels con­
firmed that all these difficulties were in fact being encountered, the panel 
reson~ces having been also identified by noise test. 

79. Ni tn this problem, the sugc;ested remedy included several steps, the 
first of which was to assume that it was redesign of the motor and its opera­
ting speed, rather than of the mounting panel, which was the more feasible. 
Thus, the primary requirements were redesign of the motor operating condi­
tions to a speed between major mounting panel resonances; redesign of the 
motor shaft (possibly by a slight increase in its diameter, or reduction of 
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the distance between bearings) to move its critical speed to a greater margin 
above its normal operating speed; and higher level quality control of the 
motor shaft bearings. 

Noise in railway subways 

80. In a paper on 'Public Transport System Noise ~d Noise Zoning' deli-
vered at this Society's 'Noise-Zoning Conference', Warburton, Vic, 1971 (ref 
22, paper no. 5), one of its conclusions was that "f'urther reduction of' noise 
is both desirable and possible, particularly in the fields of diesel engine 
noise and the operation of trains in tunnels". Concerning the operation of 
trains in tunnels or subways, as in '!itetros' or City Underground railways, 
the principles of quiet operation were considered to be stringent, and to in­
clude "the need for smooth wheels and rails, resiliently-supported rails 
(with supports -- for example, of rubber rather than ballast for space econo­
my-- having a resilience at least as low as 40 ~~/mm), rails treated tore­
duce vibration, tunnels with acoustically treated walls to reduce reverbera­
tion to a minimum, and adequate carriage body insulation". 

81. The pri~ noise generated by railbound vehicles, such as suburban 
electric trains and trams, having steel wheels running on steel rails, is 
their wheel-on-rail noise, or wheel rumble, which is minimum with smooth rail 
and wheel tread surfaces, and increases as wheel and rail surface roughnesses 
increase -- the noise level increasing by up to 10 dB(A) under the more usual 
circumstances, or by 15 dB(A) or more under the more exceptional circumstances 
of noticeable wheel flats or worn rail joints. Wheel-on-rail noise also 
varies with the resilience of the rail support, and increases with its increa­
sing stiffness. Increased resilience of the rail support also better reduces 
transmission from the rail to surrounding structures of the vibration genera­
ted by wheels moving over the track. Other noise such as from the transmis­
sion gears is minimized through the use of helical, double helical, hypoid or 
similar gears to replace the noisier straight spur gearing. While in the 
open air the wheel rumble and other noise of railbound vehicles is freely 
dispersed; in subways the noise is contained. If a subway tunnel is highly 
reverberant, which is the natural condition of a concrete- or similarly-lined 
structure, the noise is significantly amplified (sometimes by at least 20 dB), 
and the occupants or passenger vehicles suffer accordingly. Proper acoustic 
treatment of tunnel interiors -- with maximum resilience of the rail support 
to minimize the wheel rumble noise at its source, and sufficient acoustic ab­
sorption to keep the tunnel reverberation time down to about 0,6 to 0,8 s -­
can be, and is used to minimize the noise levels to which subway passengers 
are exposed. 

82. Case history no. 9 includes several groups of noise measurements made 
inside electric trains and trams travelling at their normal service speeds in 
the metropolitan subways of 15 different American, Australian and European 
cities, and shows that these measurements enable us to distinguish those in­
corporating noise reduction treaments from those without them. In general, 
though not invariably, the more recently constructed tracks and tunnels have 
been properly treated to minimize both noise and also the transmission o~ vi­
bration from the track to the tunnel wall and adjacent structures and bull­
dings. Some typical levels of the noise inside trains and trams travelling 
in subways at their normal service speeds are included in Appendix: G. 

85. Of the subway trains and trams running in older tunnels, London's 'tube' 
trains are amongst the quieter running because of the measures taken by laldon 
Transport to minimize tunnel reverberation. Of the more recently constructed 

130 PROCEEDINGS AAS ANNUAL CONFERENCE 1992 



subYiays, Chicago has achieved quieter runni~g with ballast tracks, •Nhile the 
Melbourne city 1..m.derground rail loop, the Sa.D Francisco l3ART sys tern, To ron to 
rrransit and., more recently than these 1'37.3 overseas noise measurements, the 
W~on, DC metropolitan transit authority have achieved quiet running of 
the trains in their subVIays by means of a special iesign of' resiliently sup­
ported track incorporating rubber pads betNeen rail and concrete sleeper and 
rubber blocks between concrete sleeper and tunnel wall, together with acoustic 
absorption to mi~imize turu1el reverberation. In each system the results are 
noticeably quiet running of trains (which sometimes become more noisy because 
of rough wheel tread surfaces), and effective vibr~tion insulation of tracks 
from the tunnel structure. The 1'1ontreal design, following its introduction 
in the Paris metro, using rubber-tired wheels provides a different, though not 
any quieter solution to the problems of minimizing train noise in subways, 
with the noise of the rubber-tired wheels on a concrete running surface being 
a type of 'swishing' sound. 

84. The operation of trains and trams in subways is another area in which 
there appear to be no specific Hoise Control Criteria apart from what the sys­
tems' designers consider to be a reasonable compromise between passenger com­
fort and the added capital costs of incorporating quiet operation into the 
initial design. The Australian examples of higher operating noise levels, as 
for example in some secticns of Sy&!ey's Eastern Suburbs underground line to 
Bondi Junction with, apparently, 'concrete' track and reverberant tunnels, 
seem to have occurred through a too great emphasis on reduced capital costs. 
But such 'economies' are self-defeatL~g because the cost of subsequent reme­
dial treatment is invariably greater than incorporating the anti-noise and 
-vibration treatemts into the initial design. Of the noise measurements gi­
ven in Appendix G, several show that, witn proper design and care, the quiet 
running of suburban electric trains and trams in subways can be achieved, with 
sound levels inside vehicles of 85 dB(A) and less. Sound levels above 90 
dB(A) indicate poor design (or dirty ballast in Hew York!) with little or no 
noise reducing treatments. 

Traffic noise evaluation 

85. The problem of traffic noise, especially from heavily trafficked urban 
expressways, working its way into noise-sensitive locations sucn as residen­
tial areas is of relatively recent provenance, and no more than around 50 
years old. Various methods have been proposed for reducing it either by re­
ducing it at its sources (engine, tyres and exhaust), or by modifying the 
noise transmission path between source and hearers through acoustic insula­
tion of dwellings, noise zoning (separating heavily trafficked roadways from 
noise-sensitive areas: a matter of effective and efficient land use planning), 
the use of roadway cuttings, noise barriers or road tunnels, and the reducing 
of traffic flows and speeds (for example, by the diversion of people to metro­
politan public transport (which is more energy and space efficient), and of 
freight to rail) (ref 23). 

86. One of the chief problems of the introduction into a previously quiet 
area of a new arterial road or expressway which soon becomes heavily traffic­
ked, is that residents are taken completely oy surprise at the high intensity 
of the traffic noise, something which they had never imagined possible. It 
is then too late to make noise measurements in the absence of such heavy traf­
fic flows!! What is perhaps even more deceptive is that the traffic noise 
guideline of a maximum value of the 18-hour L10 of 63 d3(A), formerly 68 
d3(A), does not appear all that high. There are, however, two reasons why 
the noise giving rise to Lto noise levels of 68, or even 63 dB\A), appears 
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louder (and therefore more a...YJ.noying) t :1an these numbers ,r.i,;h~ suggest, parti­
cularly in view of tne experience (not normally arr.wying , or at least quite 
tolerable) that the maximum passby noise level of a passing motorcar heard 
near the adjacent kerb is around 65 to 75 dB(A), depending on the make of car 
and its speed. f'irs tly, the noise oi' pass in;; vehicles at low traffic flows 
(10 to 250 vely"h) is occasional foreground noise, but wl1ich above about 300 
t o 500 veh/h cl~ges to being intrusive background noise (ref 23). Secondly, 
some knowledge aYJ.d experience are required of how, at a given distance from a 
roadway, 11o varies with traffic flow. Thus, for a dista..<ce of the order of 
:::!0 m, 1~~0 is like l y to L 1crease by 15 d3(A) for all increase in traffic flow 
from 10 to 100 veh/h, t o increase by a further 3 db\A) t u .500 vc.t/h, a..<d. tnen 
oy about <:! dB(A) for each doubling of the flow to 4000 veh/h. As with many 
other situations, so also vd th traffic noise problems, a before and after 
study as part of the introduction of a new main roadway into ~YJ. area, with 
environmental noise measurements in the noise-sensitive area before the high 
traffic flows occur, as well as afterwards, are necessary. 

87. The most common remedy used at the present time to shield residential 
areas from arterial road a...YJ.d erpressway traffic noise is the noise barrier. 
The noise reduction of such barriers depends primarily on the barrier's excess 
height above the direct noise transmission path between noise source and hea­
rer, as well as on the distances between source and barrier, and barrier and 
hearer. Formulas are available for predicting this noise reduction when 
these distances and the freq_uency spectrum of the noise source are known, one 
such formula being given in BS CP3:Chapter III:1972, 'Sound insulation and 
noise reduction', Fig 10, 'Noise reduction by screens in open air' (ref 17). 
Case history no. 10 showed that, after tests with several barriers of 2m in 
total height giving measured noise reductions of 11 and 14 dB(A), there was 
good agreement with the calculated noise reduction of 12 dB(A) predicted by 
the BS CP3 formula used in conjunction with an average octave band frequency 
spectrum for motor vehicle noise. Because travel by motorcar is significant­
ly less energy- and space-efficient in metropolitan areas than travel by pub­
lic transport ('refs 22b, 23a and 22a.) , there is considerable scope for further 
reducing the serious environmental noise problem of arterial road and express­
way traffic by diverting people to public transport. 

Loud equipment and machinery noise 

88. Case history no. 11 involved tne measurement of equipment and machinery 
noise at the operator's ear position. Appendix H gives the octave band fre­
quency spectra of a group of some of the noisiest pieces of equipment in exis­
tence, to indicate something of the problems faced by those trying to reduce 
this noise, especially of reducing it at its source or sources, in order that 
operators can work in an acoustic environment involving no or, at worst, miJJ.i­
mum hearing damage risk, and without having for ever to resort to hearing pro­
tection devices as at present. With the need for hearing protection against 
the noise of the equipment and machinery listed in Appendix H, devices having 
an Sl.Cgo rating of at least 25 dB would be generally required. Our basic 
problem here is two-fold: not only of how to reduce this equipment and machi­
nery noise at its source(s), but £y how much in order to reduce operators' 
hearing damage risk to a minimum. 

89 . A survey of the operations, and equipment and machinery noises listed 
in Appendix H will show that all, except perhaps for the operation of dressing 
grinding wheels, are operations ~nd equipment in common and widespread use. 
Pneuma tic pavin:; breakers and 'jack hammers' of one sort or another are used 
on many construction sites, circular saws l_of oath the larger fixed and s:ual-
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-ler portable types), planers and moulders can be expected in most carpentry 
and wood-working shops, furnace burners are likely on any industrial site 
where metals are melted for casting, etc, smoke testing is a required opera­
tion in di esel engine maintenance locations, and pneumatic torque wrenches 
(with their characteristic 'clatter') can be found in virtually every motor 
vehicle maintenance shop. Very many employees are therefore exposed to 
intense noise while operating these pieces of equipment, of which none of 
those listed here had noise levels at the operator's ear above the 1978 Vic­
torian Regulations' maximum of 115 dB(A)S. With the operations and pieces 
of equipment and machinery listed, the risk of hearing damage is further ac­
centuated by the fact that, mostly, they have the greater part of their acou­
stic energy at high (1 to 2 kHz) or very high (4 to 8 kHz) frequencies, the 
notable exceptions being diesel engine noise at smoke test speed, and furnace 
burner noise. One simple warning of this prominence of high frequency noise 
(for which the human hearing damage risk is greatest), which can be simply 
measured by a sound level meter having 'A' and 'B' frequency weightings 
(without need for frequency analyzers), is that the sound level in dB(A) ex­
ceeds that in dB(B) by 1 dB or, in the worst cases, by 2 dB; the Table of 
'Frequency-weighting characteristic~ shows why. Other characteristics of 
this equipment and machinery noise can be noted here. Firstly, the noise 
from a machine in need of maintenance can be significantly greater than when 
in properly maintained condition (as, for example, with the wood-working 
moulder with blunt or sharp blades). Secondly, the noise from a machine 
when idling can be greater than when it is working (as with the planer). 
Thirdly, in a reverberant location the decrease in noise level with distance 
can be noticeably less than 6 dB with each doubling of the distance between 
source and hearer (as with the large circular saw noise at 1 and 20 m). In 
this case, whereas a decrease of about 25 dB would be expected under free­
field conditions, the actual decrease was (on average above 125 Hz) 17 dB, 
indicating somewhat reverberant conditions, with a Room Constant (R) of around 
2000 m2, instead of infinity as for free-field conditions, as estimated from 
the formula 

Soond pressure level. at r m from a noise source of Directivity Factor, Q 

= Power level + 10 lg ( 4~2 + ~ ) + 0,2 

In addition, 
d.•S 

R = 1 -a&. where Sis the total room surface area (m2), ~the 

mean absorption coefficient, and d. S the sum of the partial d. S for the indi­
vidual surfaces. 

90. ~oise from the operations, equipment and machinery listed in Appendix H 
has so far proved difficult to reduce at the sources. #ith pneumatic paving 
breakers, for example, in which four possible noise sources can be identified 
(pneUJ;;atic engine noise, air exhaust noise, engine to moil steel .ha.m!&ering, 
and the moil steel pavement breaking), noise at all four needs to be reduced 
before any significant reduction can be effected. For, with a total noise 
level of 113 d.B(A), and, assuming all four sources t o produce equal noise (at 
107 dB(A)), it becomes understandable why the attempts to date to reduce this 
noise by shrouding the pneumatic engine and its exhaust outlet have effected 
only small noise reductions. Greater reductions are necessary if the sound 
level at the operator's ear is to be reduced to 85 dB(A) for long term expo­
sure in accordance with the current Victorian ' ~oise' Regulations of 1992. 
However, if as is suspected, the real safe or no-risk noise level for long 
exposure, for which there is (and probably also was) considerable evidence, is 
as low as the 80 dB(B) criterion (approximately equivalent to 74 dB(A)), even 
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greater noise reductions will be necessary. Again, we must conclude that the 
proper taking account of acoustic considerations at the design stage of any 
equipment, machinery and plant is absolutely necessary. It is a sobering 
thought that, if 200 years ago there had been stringent environment protection 
regulations in existence and enforced, many of today's polluting industries 
begun then under much more lax conditions might never have come into existence 
because of prohibitive costs for keeping indus try 'clean' ; f'or which we would 
well be the better o~~. 

91. The development, formulation and use of Noise Control Criteria both 
implies and requires the making of noise measurements if noise problems are 
to be properly identi~ied and satisractorily solved. The basic noise measu­
ring instrument is still the Sound Level Meter, though today's meters provide 
considerably more ~acilities than the early ones, which, with the capability 
o~ measuring rms sound levels ~rom 24 to 140 dB, provided only A, B and C 
~requency-weightings and '~ast' and 'slow' time-weightings as accessories. 
Today's meters are very likely to be also able to measure 'peak' as well as 
'rms' sound levels, have additional 'D' and '~lat' (or 'lin') ~requency- . 
weightings (the earlier C-weighting being only nearly ~lat), additional 'I' 
(impulse) and 'P' time-weightings ~or measuring, respectively, the short-term 
instantaneous 'rms' or 'peak' maxima o~ impulsive sounds, and a 'Maximum-hold' 
control for capturing them for convenient observation. A Sound Level Meter's 
ability for measuring the characteristics o~ impulsive sounds is today a 
necessary requirement for our clearer understanding o~, and better evaluating 
their potential for causing noise-induced hearing damage. Some meters also 
are provided with integrating ~acilities for measuring over a de~ined duration 
of time the Leq and SEL (formerly LAX) of sounds o~ continually varying level. 
But for most purposes, especially in assessing hearing damage risk and speech 
intelligibility, in applying the appropriate Noise Control Criteria, and in 
then obtaining sufficient detailed information about the noise problem to 
enable its solution, other instruments such as Frequency Analyzers, and Gra­
phic Level, Data and Tape Recorders are an essential part of any acoustical 
investigator's equipment. · 

92. The main purpose of quoting the equipment and machinery operating 
noise levels included here has been to show that, in spite of the noise reduc­
tions already achieved, there are still many noisy pieces of equipment and 
machinery in existence which require significant redesign if they are to ope­
rate noticeably more quietly than at present, a requirement which has behind 
it the authority o~ both AS 1269-1988,'Hearing Protection', and the Victorian 
government statutory 'Occupational Health and Safety (Noise) Regulations 1992'. 
But even these provisions are still an interim compromise be~Neen human wel­
fare and monetary expense, with the ultimate aim being to reduce long-term 
noise exposure levels to no more than 80 dB(B)/74 d.B(A)rms• 

SOME USES OF VIBRATION CONTROL ClTITERIA 

93. In our daily lives we encounter many sources of vibration and their 
resultant effects, some from 'natural' activity such as earthquakes, and ma.11y 
from humanly organized activities such as in manufacturing or in transport. 
Much of this vibration is of magnitude low enough to cause no problems. 
Some, however, is severe enough t·'J interfere with instrument operation, to 
excite resonance vibration (often at considerable distance from its source), 
or to cause some damage to buildi~gs. Some vibration, as from hand-held 
tools and equipment such as ch~in saws and pneumatic paving breakers, is suf­
ficient to cause human bodily damage (such as Vibration ·vvhi te Finger or 
·:;orse) • In these cases there is need to apply the criteria of A3 2763-1988 
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(ref lOb), and of ISO/DIS 5343.~ on w!1ich t 11ey ar2 based. Tn.e earlier dis­
cussion (paras 81ff above) about the need to prevent the vi"Jra tion due to 
subway train movements from being tr~~smitted from track to tunnel structure 
is at least partly to minimize transmission of this vibrati~n into buildings 
close to the turu1els, so that the movement of trains doesn't excite resonant 
vibrations in doors and windows, causing them to rattle without obvious or 
apparent cause. In another earlier discussion (para 56 above), on Vibration 
Control Criteria, the possible effects of ground-borne vibration (from what­
ever cause, earthquake, quarry blasting, or rail or road traffic movement) 
on instruments and buildings was considered. Two final case histories 
illustrate the use of Vibration Control Criteria in these circumstances. 

Vibration control criteria and instrument operation 

94. Case history no. 12 concerns an organization which as part of its ope-
rations used several electron microscopes. The organization was concerned 
that vibration from traffic on a roadway adjacent to its building, especially 
from heavy vehicles, might be disturbing the operation of these microscopes, 
particularly when set to maximum magnification. The relevant Vibration Con­
trol Criterion for these inst~~ents, as supplied by their manufacturer, was 
that below 5 Hz they shouli be subject to no measurable vibration, and that 
above 5 Hz the vibration dj.5placement should. not exceed 3 micrometre peak-to­
peak. Several vibration tests were therefore made, firstly at other roadside 
locations of the magnitude of the ground-borne vibration emanating from. moving 
motor vehicles of various size on the roadway, and transmitted to locations 
within 20 to 50 m; and secondly of the structure-borne vibrations existing in 
this organization 1 s building. All vibration was measured in terms of its 
displacements along the three orthogonal axes. 

95. The results of the vibration tests showed a number of interesting fea­
tures. Firstly, because the building in which these microscopes were situa­
ted contained on its uppermost £loor various items of building services plant 
(for air-conditioning, etc), considerable amounts of.structure-borne vibration 
were being transmitted from this plant throughout the whole building, prima­
rily in measurable (and therefore deleterious) amounts below 5 Hz. Secondly, 
ground vibration measurements just outside the building also detected this 
vibration, which was of generally sufficient magnitude to mask any ground­
borne vibration transmitted from vehicle movements on the adjacent roadway. 
Thirdly, the exterior ground vibra. tion measurements, because they -.vere made 
with simultaneous use of visual graphic level as well as of magnetic tape 
recording, also enabled the vibratory effects of wind gusts passing around a 
corner of the building to be detected and identified as well as physically 
observed and felt on the occasions on which they occurred. This showed that 
there is al-Nays a need, when either vibration or noise signals are being re­
corded for subsequent laboratorJ analysis, for an indicating instrument or 
chart to be in use as the measurements are being made so that the effects of 
unusual or otherwise unsuspected occurrences (such as the effects of these 
wind gusts) can be noted and identified at the time they occur a~d are 
observed. 

96. The organization concerned here was therefore faced with a problem 
quite different from the one wlrich it had initially expected. Under the cir­
cumstances prevailing, a possible measure to isolate the electron microscopes 
from the structure-borne vibration to which they were then suh jec t was to 
mount them on a special floor at the base of the building, on a foundation 
completely independent of the building structure, and itself not subject to 
significant vibration. This case provides a~ example to show that, designers 
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of' buildings w!1ich will contain building pla."lt and machinery for air-conditio­
n i ng· and other building services, need to explore t he possibility of isolating 
t his plant from the main structure of the building in orde r to minimize trans­
mission of its vibration into the building. Alternatively, buildings which 
are being designed to contain sensitive instruments requiring to be free of 
vibration, need to be designed with proper provision for their isolation from 
any vibration. Under these circumstances, when the vibration is of low fre­
quency, such as below 5 Hz, effective and practical anti-vibration mounts for 
individual instruments -- apart from a special floor slab and vibration-free 
f oundation independent of the main building structure -- are difficult to 
de sign and cumbersome t o use. 

Vibration control criteria and traffic movement 

97. All moving traffic, whether on rail or road, generates some vibration 
which is then propagated as ground-borne vibration. At times, residents who 
live near railways or heavily-trafficked roadways including those carrying a 
tramway, finding that their dwelling is suffering minor damage such as wall 
or ceiling cracks, immediately suspect the rail, road or tram traffic move­
ments. One of the purposes of the Vibration Control Criteria of the German 
Standard DIN 4150, Part 3, 1977 (ref 20) is to provide a satisfactory and 
accepted criterion for arbitrating disputes of this kind. For, once measure­
ment of the 3-dimensional vibration velocity vector has been made at the 
appropriate location, comparison of its magnitude with the criteria of DIN 
4150, Part 3 will establish beyond reasonable doubt whether the building 
damage observed can or cannot be considered as resulting from rail or road 
traffic movements nearby. The D~ 4150 criteria (see para 57 above) are 
especially clear here, with categories of "structural damage not possible" 
(for vibration velocities below 2,5 mm/s rms), "damage is very unlikely" 
(velocities between 2,5 and 6)0 mm/s rms~ "damage is unlikely" (velocities 
between 6,0 and 10,0 mm/s rms), and "damage is possible and the structure 
should be investigated" (velocities above 10,0 ~s rms). 

98. When it is found to be virtually impossible that the building damage 
could have been due to ground-borne vibration generated by nearby rail or 
road traffic because the vibration velocity arising from it as measured near 
the dwelling was less t~"l 2,5 ~s rms, other reasons for the damage have 
then to be sought. One quite common cause is from non-uniform movement of 
the building foundations resulting from clay shrinkage during an unusually 
dry summer season. In addition, such snrinkage in dry summers can be aggra­
vated by the presence of Australian native trees and bushes too near a 
dwelling . The ease with which appropriate vibration measurements can be 
made and compared with the corresponding Vibration Control Criteria saves 
much needless argument in these circumstances. 

The usefulness of control criteria 

99. The case histories set out above have been designed to illustrate that 
appropriate noise and vibration measurements used with the corresponding 
noise or vibration control criteria are an essential part of the process of 
establishing the existence or non-existence of a noise or vibration problem, 
anj indicating the lines along which it might be solved. However, it is 
usual that, once the existence of a noise or vibration problem has been estab­
lished, t he measurements required for this purpose are not always adequate 
f or i ts subsequent solution, and more meast1rements such as more detailed fre­
quency or time analyses are required. t/hile this aspect of noise and vibra­
tion problems has not been stressed or covered in detail her e , enough data 
from these case histories ( i n Appendixes D t o I ) haie been given to suggest 
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this. Por example, the sound level, measured at the opera tor's ear, of 113 
d.B ',A) f or pneumatic pavint?; breaker noise (Appendix ti) is enough to indicate 
that, according to the appropriate regulations (refs 6, 24 and 25), direct 
exposure of a person (operator, nearby worker or bystander) to this level of 
noise nithout hearing protection must be limited to a daily duration of 44 s 
(formerly 140 s on the basis of the 90 dB(A) 8 h exposure for a Daily Noise 
Dose= 1,0). However, any attempt to find a solution to the problem of 
pneumatic paving breaker noise would require not only the measurement of the 
octave band noise levels (needed for selecting an appropriate hearing protec­
tion device) but additional one-third octave or narrower band analysis to 
check for resonances, etc, as well as careful measurement, with a meter em­
ploying the 'I' or similar short time response, of the maximum instantaneous 
sound levels (either rms or peak, but preferably peak) as those aspects of 
such intense sound which are likely to cause noise-induced hearing loss. 

100. In addition, two case histories those concerned with excessive 
reverberation in lunch rooms (no. 3), and with the noise inside subway trains 
in tunnels (no. 9) --were not adequately provided with published Noise Con­
trol Criteria; and another (no. 1) had an inconclusive outcome because of 
apparently insufficient criteria available at the time of its occurrence, al­
though part of the difficulty with this case was also the unavailability at 
the time of any instrument other than a Sound Level Meter. It may be hoped 
that continuing researches and investigations will result in the provision of 
adequate Noise and Vibration Control Criteria where none exist at present. 

CONCLUSIONS 

101. The increased industrialization and mechanization which base been effec­
ted over the last 200 years or more, while they m-..e brought us many benefits, 
h~ also brought about a considerable increase in the levels of noise to which 
we are daily exposed. Much of this noise and, often, associated vibration 
has brought to light many human and equipment problems which must be solved 
and remedied. This need for solution and remedy has initiated and stimulated 
much development 

- in the production and use of measuring instruments, many of them por­
table for field use, to enable highly detailed analysis and study of 
noise and vibration problems; 

- in much research into, and quantification of the many human responses 
to noise and vibration; and 

- in the development over the last 60 years of Noise and Vibration Con­
trol Criteria for use both in clearly establishing the existence of 
a noise or vibration problem and the responsibility of its origina­
tors, and also for use at the design stage of buildings, equipment, 
machinery, plant and vehicles so tnat possible future noise or vibra­
tion problems (and their normally expensive resolution) are not cre­
ated, through proper initial consideration by designers of all rele­
vant acoustic and vibration factors, an activity whose importance 
cannot be too greatly emphasized. 

102. Practical noise and vibration control begin at the design stage of 
buildings, equipment, machinery, plant and vehicles by taking account of all 
relevant acoustical and vibration considerations, many of which are embodied 
in the noise and vibration control criteria developed over the last 60 years, 
for human health and welfare, and the efficient operation of buildings, 
machinery, etc. Such control also begins witn e s t ablishing and confirming 
t he existence of a noise or vibration problem, and identifying those respon-
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siLle for it, by means of initial measurements and their comparison with the 
app;.opriate control criteria, followed by additional and more detailed mea­
surements to further investigate the problem in order to develop its resolu­
tion. 

103. Noise Control Criteria have several basic forms, being based on loud­
ness considerations, which cover the whole audible range of levels from 'very 
:faint' to 'deafening'; on ~ech intelligibility considerations, with quanti­
tative measures for specifying the various conditions under which reliable 
speech communication is or is not possible against backgrounds of more or 
less noise; on more general considerations of human health and welfare against 
a background of various acoustic environments; and on hearing damage risk 
considerations, to determine the levels of broad band noise, pure tones and 
impulsive sound likely to cause permanent hearing damage for different daily 
and yearly durations of noise exposure associated with a maximum permissible 
'Daily Noise Dose' (DITD) of 1,0 (or 100 percent). 

104. Of special concern are the hearing damage risk criteria, particularly 
because over the last forty years or more they have varied considerably, with, 
:for broad band noise, the 8-hour per day long-term maximum exposure level for 
'negligible risk' decreasing from 101 dB(A) in 1953, to 92 dB(A) in 1956, to 
the French criterion of 82 d.B(A) o:f the mid-1960s. Vfuile some of tnis vari­
ability can be considered due to the added knowledge and erperience gained 
over a continually increasing time in which audiometric measurements of noise- _ 
induced human hearing loss have been available, some of it must also be consi­
dered due to the varying states of compromise between human health and safety, 
and monetary expenditure :for ensuring a quieter environment. However, behind 
all these considerations lies the 80 dB(B) maximum noise criterion (pre-1953) 
which is "probably sa:fe even with pure tones, with no hearing damage likely". 
Recent data on noise-induced hearing loss published in AS 1269-1983 and AS 
1269-1988 tend to con:firm this. The other aspect of noise-induced hearing 
damage, which is currently the subject of much research, is a concern to 
determine, in contrast to the previous work mostly on average hearing damage 
risk exposure levels, the instantaneous maximum values of sound level (both 
'rms' and 'peak') o:f the more intense solm.ds to which our ears are exposed, 
and which are likely to cause permanent hearing damage. 

105. Vibration Control Criteria have been similarly developed, so that there 
is now a considerable body of criteria covering sa:fe exposure and tolerability 
levels in human beings, damage risk and sa:fe exposure levels for buildings, 
equipment, machinery and plant, including those developed :for the condition 
moni taring o:f equipment and machinery. 

106. The many researches discussed here have resulted in these Noise and 
Vibration Control Criteria being embodied in numerous publications of the 
Standards Association o:f Australia, o:f the International Standards Organiza­
tion (ISO) and International Electrotechnical Commission (IEC), of numerous 
other national Standards Institutions, and several Victori~~ government 
statutory regulations such as the 'Occupational Health and Sa:fety (Noise) 
Regulations 1992' (a revision of the original 19'78 regulations) and 'Envi­
ronment .frotection Policy no. N-1 of 1981/1987. This country is :fortunate 
in having available a comprehensive group of Australian St~~dards covering 
ma~y aspects of noise and vibration control criteria. 

107. These Standards, though comprehensive, with good coverage of hearing 
damage risk, speech intelligibility, environmental noise and vibration con­
cerns, have several areas where the scope of their criteria could be somewhat 

138 PROCEEDINGS AAS ANNUAL CONFERENCE 1992 



enlarged, s.s in recommended reverberation times ~AS 210'7) for luncn areas, 
factories, and post office and oaYJ.!<.in6 areas. 

108. Practical noise and vibration contrcl, from one point of vie·N, begin, 
it has been said, with identifying and assessins the problem so as to resolve 
it. That noise and vibration problems, difficult thout;~l some may be, can 
mostly be remedied is illustrated in the several case histories given here. 
Such remedies, however, are usually costly; the problems are likely to have 
been avoidable. Practical noise and vibration control, from another point of 
view, therefore begin at the design stage of a project, by t~~iGg proper 
account of the relevant acoustical a~d vibration factors, including the 
already existing and available Noise and Vibration Control Criteria developed 
over the last 60 years, so not causing avoidable and unnecessary problems, 
and avoiding the consequent expense of having to remedy t~em. 

ADDENDill~1: .Between the times of writing and publishing this paper, preliminary 
tests were made of the impulsiveness of the noise of a 2-stroke petrol-engined 
lawn mower and mechanical typewriter. Appendix J gives the results. 

The results give us cause to re-assess our methods of measuring noise when 
possible hearing damage risk is involved. Lawn mower noise (at the opera­
tor'sear position) is unquestionably loud, and a risk with an Leq of 89 
dB(A)Frm5 , and maxima at 90 dB(A)§ rms and 103 dB(A):b,Pk' the Crest J:t,actor a11d 
(Lma.x.pk - Leq) being 13 and 14 d3(A). Typewriter noise is, however, much 
more problematic. While such noise appears reasonably safe with an Leq of 
75 dB(A)Frms' and probably still reasonably so with a maximum of 80 dB(A)Frms 
or 85 dB(A)Irms, this apparent margin of safety has disappeared at a maximum 
level of 104 dB(A)Fpk or 112 dB(A)Iuk' the Crest -?actor and (Lmax.pk - Leq) 
being 24 and 29 dB(A). ~ 

These types of results suggest that a more consistent practice with noise 
exposure levels likely to cause hearing damage would be to measure Leq in 
dB(A)rms as previously, with also the corresponding maxima in d3(A)rms and 
dB(A)pk so as to obtain the Crest Factor(=Lmax.pk- Lmax.rms) and Lmax.pk -
Leq' which indicate, respectively, the degrees of impulsiveness and inter­
mittency of the noise under test. 
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TABLE ·1A SUBJECTIVE ASSESSMENT OF NOISE LEVElS 0] 1 COMMON SOUNIS 

SOUND (near source) 

57 kW victory siren (50 m) 
F-84 at takeoff (24 m behind) 
ijydra.ulic press (0,9 m) 
Lge pneumatic riveter(1,2 m) 

Pneumatic chipper (1,5 m) 
Multiple sand blast unit(1,2m) 
Trumpet oar horn ( 0,9 m) 
Automatic punch :press(0,9m) 
Chipping hammer ~0,9 m) 
Cut-off saw (0,6 m) 
Anne~ furnac~ (1,2 m) 
Automatic lathe \0,9 m) 
Subway train ( 6 m) 
Heavy trucks ( 6 m) 
Train whistles (150 m) 
7,5 kW outboard motor(15 m) 
Smal.l trucks accelerating (9 m) 

Light trucks in city (6 m) 
Motorcars (6 m) 

Conversational speech (0,9 m) 

15 MVA, 115 kV transformer 
(60 m) 

Whisper (1,5 m) 

~OUND 
LEVEL SOUND (General environment) 
in dB 

140 

150 

120 

110 

100 

90 

80 

70 

60 

50 

40 

Boiler shop (max) 

Engine room of submarine :full 
Jet engine test control (speed 

room 
Woodworking shop 
I/s 00-~ airliner;weaving room 

Metal container factory 
I/s Chicago subway oar 
I/ s motor bus 

I/ s sedan car in city traffic 

Office with tabulating m/ cs 
Heavy traffic (7,5 to 15m) 

Average trafflc (50 m) 
Accounting office 
Chioaao industrial areas 

Private business office 
Light traffic (50 m) 
I/s average home 

Suburban areas a. t night 
50 Broadcasting studio(speech) 

Broadcasting studio(music) 

20 Studio for sound pictures 

10 

Threshold of hearing: 1 kHz 0 

SUBJECTIVE 
~SESSMENT 

Deafening 

Very 
loud 

Loud 

.Moderate 

Faint 

Very 
faint 

NOTE: Sound levels (from the 1955 GR Handbook (ref 34, p 2)) below 55 are in 
dB(~), from 55 to 85 in dB(B), above 85 in dB(C). 
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TABLE 1B SUBJECTIVE ASSESSMN:~T OF ~IGISE LEVF.l.S OF COt.:.MON SOillill3 

SOUND 

Jet aeroplane take-off (at 60 m) 
Threshold of pain 

Thunder, artillery 
Nearby riveter 
Pneumatic hammer (at 2 m) 
Boiler factory 

Lorry unmuffled 
Noisy factory interior 
Loud street noise 
Police whistle 

Noisy office 
Average street noise 
Average wireless (radio set) 
Average factory interior 

Noisy home 
Average office 
Average conversation 
Quiet wireless 

Quiet home 
Quiet private office 
Average auditorium 
Quiet conversation 

Rustle of leaves 
Whisper 
Sound proof room 
Threshold of audibility 

SOUND 
LEVEL in 

dB c·~ote 2) 

120 ----fl 

100 

80 

60 

40 

20 

0 

SUBJECTIVE 
ASSESSM .. ENT 

Deafening 

Very loud 

Loud 

Moderate 

Faint 

Very faint 

NOTES: (1) This TABLE (derived from 'Sound and Vibra.tion Analys1s' - ENGG, 
29 Aug 195~, Table I, pp ~86-c8) 6ives the normal subjective 
assessment of sounds in relation to their sound level, and 
suggests sounds with levels of the order shown. 

(2) Sound levels below 55 are in dB(A), from 55 to B5 in db(B), and 
above 85 in dB( C) • 
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TABLE ·1C .LOUDNESS LEVEJ.JS OP TYPICAL SOUNDS 

.LOUDNESS i.JOUDNESS 
SOUND LEVEL in 

in phons sones 

Threshold of feeling or pain 130 512 
Nearby aeroplane engine 110 to 120 128 to ~56 
Nearby pneumatic drill 105 .to 110 90 to 128 
Nearby loud motor horn 100 to 105 64 to 90 
Interior of tube train, windows open 90 to 95 32 to 45 
Interior of noisy motor vehicle; loud radio set 90 52 
Interior of main line train, windows open 80 16 
Interior of quiet motorcar; medium radio set 70 8 
Conversation (average to loud) 60 to 75 4 to 11 
Suburban residential district 40 to 50 1 to 2 
Quiet country residence 20 to 30 0,25 to 0,5 
Threshold of audibility 0 0,06 

NOTES: (1) 

(2) 

English data quoted in Langford Smith F (ed), The Radiotron 
Designer's Handbook (ref 35, p 89) 
Corresponding Loudnesses in sones (on an arithmetic scale with 
scale numbers proportional to the loudness, in contrast to the 
phon scale which is logarithmic,have been added according to 
AS 1047-1971 (ref 2, Table 1). 

----------oooooOOOooooo----------

TABLE 1D NOISE LEVELS OF SOME . TYPICAL SOUNIS 

SOUND LOUDNESS LOUI::tffiSS 
NOISE SOURCE OR FNVIR<IH4ENT LEVEL LEVEL in 

in dB(A) in phons sones 

Heavy diesel•engined vehicle (at 7,5 m) 92 108 111 
Printing press plant (medium size automatic) 86 98 56 
Loudly reproduced orchestral music in large 82 - -

(room 
Ringing alarm clock at 0, 6 m 80 91 34 
Inside suburban electric train ( 60-70 km/h) 76 87 26 
Inside small sports car at 80 km/h 75 - -
Inside small sports car at 50 km/h 72 - -
Inside small saloon car at 50 km/h 70 86 24 
Vacuum cleaner in private residence (at 3 m) 69 81 17 
Typing pool ( 9 typewriters in use) 65 79 15 
Busy restaurant or canteen 65 77 13 
Household department of large store 62 75 11,3 
Self-service grocery store 60 74 10,6 
Men's clothing department of large store 55 68 7 
Soft whisper at 1,5 m 34 47 1,6 
Room in a quiet London dwelling at midnight 32 - -
NOTE: Data are from the Wilson 'Final report on Noise' (ref 37, Table I, p 5) 

In this Table, Loudness Levels m ph::ils hive 00a1 Edied to correspond to 
the Loudnesses in sones, according to AS 1047-1971 (ref 2, Table 1). 
The mean difference of Phon - dB(A) is 13 (! 1 for 95% conf) 
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TABLE 2 MAXIMUM PERMISSIBLE S~H INTERFERENCE LEVELS FOR REI.IABIE COMMUNI­
CATION FOR VOICE LEVELS (men) AND DISTANCES SHOWN 

DISTANCE MAXIMUM F.sRMISSIBLE SPEECH INTERFERENCE EQUIVALENT MAX 

BETWESN LEVELS (SIL4) IN dB FOR VOICE LEVEL PERMISSIBLE SOUND 
LEVEL IN dB(A) 

PERSCNS Max Max for FOR VOICE LEVEL 
in m Normal Raised v Loud Shout Effort Amplif Normal Raised 

0,10 78 84 90 96 - - 86 92 
0,12 76 82 88 94 - - 84 90 
0,16 74 80 86 92 - - 82 88 
0,20 72 78 84 90 - - 80 86 
0,25 70 76 82 88 - - 78 84 

0,52 68 74 80 86 105 124 76 82 
0,40 66 72 78 84 101 122 74 80 
0,50 64 70 76 82 99 120 72 78 
0,65 62 68 74 80 97 118 70 76 
o,8o 60 66 72 78 95 116 68 74 

1,0 58 64 70 76 93 114 66 72 
1,2 56 62 68 74 91 112 64 70 
1,6 54 60 66 72 89 110 62 68 
2,0 52 58 64 70 87 108 60 66 
2,5 50 56 62 68 85 106 58 64 

5,2 48 54 60 66 83 104 56 62 
4,0 46 52 55 64 81 102 54 60 
5,0 44 50 56 62 79 100 52 58 
6,3 42 48 54 60 77 98 50 56 
8,0 40 46 52 58 75 96 48 54 

10,0 58 44 50 56 75 94 46 52 
11,2 57 45 49 55 72 95 45 51 
12,5 56 42 48 54 71 92 44 50 
14,1 55 41 47 55 70 91 43 49 
16,0 54 40 46 52 69 90 42 48 

18,0 55 59 45 51 68 89 41 47 
20,0 52 58 44 50 67 88 40 46 
22,4 51 37 45 49 66 87 59 45 
25,0 50 56 42 48 65 86 38 44 
29,0 29 35 41 47 64 85 57 43 

52 28 34 40 46 63 84 56 42 
56 27 35 59 45 62 85 55 41 
40 26 52 58 44 61 82 54 40 
45 25 31 57 45 60 81 55 59 
50 24 50 56 42 59 80 52 58 

56 25 29 55 41 58 79 51 57 
64 22 28 54 40 57 78 50 56 
72 21 27 35 59 56 77 29 55 
80 20 26 52 58 55 76 28 54 
90 19 25 31 37 54 75 27 35 

NOTE: These Maximum Permissible SILs are from AS ~822 (ref 11) and J C 
Webster (ref 36, pp 37-40) for use with measured SilAs (see para 19). 
Conditions for their use are given in AS 2822 and GR Handbooks of 
Xoise h~easurement (ref 34, p 74; ref 35, p64; ref 35a, p 62) 
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TABLE. 3 CRITERIA FOR NOISE CCX'l"THOL IN ROOMS 

MAX P.ERMISS LEVEL FOR SPEECH TI~TELLIGIBILITY 

TYPE OF ROOM SIIA EQUIV LEVEL COMPARATIVE 
in dB in dB(A) LEVEL FROM 

Room unoccupied (Note 2) AS 2107 

Smal1 private orrice 43 51 35 to 40 dB(A) 

Conf'erence room ror 20 33 41 30 to 35 dB(A) 

Conf'erence room ror 50 28 36 30 to 35 NR 

Cinema 33 41 25 to 30 NR 

Theatre ror drama 28 36 20 to 25 NR 
(500 seats, no amplirication) 

Sports coliseum 53 61 50 to 55 dB(A) 
(with amplification) 

Concert hall 23 31 20 to 25 NR 
(no ampliricatian) 

Assembly hall (no amplifi- 28 36 30 to 35 dB(A) 
cation) 25 to 30 dB(A) 

(Note 3) 

School classroom 28 56 35 to 40 dB(A) 

Home bedroom 28 36 25 to 30 dB(A) 

NOTES: (1) This Table was earlier included in the 1953 GR Handbook of 

146 

(2) 

Noise Measurement (ref 54, Table 7-II, p 74). It is reproduced 
here with the original SILs of that Table now converted to 
equivalent SIL4s. 

The equivalent &-weighted so1md levels (col 3) are added, and 
were derived from the .AS 2822 relationship of mean dB(A) - SIIA 
= 8 dB. The comparative levels (col 4) have been added from 
AS 2107 ror purposes of comparison. 

(3) AS 2107 gives two recommendations for Assembly halls with no 
amplification: the rirst for halls with up to 250 seats, the 
second ror halls with over 250 seats. 
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TABLE 4 SOME AS 2107-1987 RECOMMENDF.D DESIGI~ SOUND i.EVEI.S 1\,\D REV'c.JBERATIJ_-i 
TIMES FOR DIFFERENT AI&\3 01<-, OCCUPANCY U BUILDIJ GS 

RECOMMENDED m::::nert"l" 
TYPE OF OCCUPANCY/ ACTIVITY SOUND LEVF...ill 

Satisfactory Maximum 

1 EDUCATIONAL BUILDINGS 
Assembly halls up to 250 seats 30 d.B(A) 35 dB(A) 
Assembly halls over 250 seats 25 dB(A) 30 dB(A) 
Class rooms -- single cell 35 dB(A) 40 d.B(A) 

2 HEALTH BUILDrnGS 
Corridors and lobby spaces 40 dB(A) 50 dB\A) 
Casualty areas, consulting rooms 40 dB(A) 45 dB(A) 
Delivery suites 45 d.B(A) 50 d.B(A) 
Operating theatres, 1-bed wards 30 dB(A) 35 dB(A) 

3 INDUSTRIAL BUILDINGS 
Assembly lines - light machinery 50 dB(A) 70 dB\A) 
Foremen's offices 45 dB(A) 50 dB(A) 
Laboratories or test a7:eas 40 dB(A) 50 d.B(A) 
Lunch areas 40 d.B(A) 55 dB(A) 

4 niDOOR SPORTS BUILDINGS 
-- with coaching 45 d.B(A) 50 d.B(A) 
--without coaching 50 dB(A) 55 dB(A) 

5 OFFICE BUILDINGS 
Board and conference rooms 30 dB(A) 35 dB(A) 
Private offices 35 dB(A) 40 dB(A) 
Reception areas, rest rooms 40 d.B(A) 45 dB(A) 
Toilets and tea rooms 50 dB(A) 65 dB(A) 

6 PUBLIC BUILDINGS 
Conference and convention centres 

up to 50 persons (w/o speech reinf) 30 :NR 35 NR 
from 50 to 250 ( n It " 
up to 250 persons (with sp reinf~ 
more than 250 ( " " " 

Place of worship - up to 250 cong 
Post offices and general banking 

areas 

7 RESIDENTIAL BUILDINGS 
Sleeping (rural and outer suburb) 
Sleeping (inner suburb) 

8 SHOP BUILDINGS 
Specialty shops (needing speech) 
Supermarkets 

9 STUDIO BUILDINGS 
Film or TV studios 
Music recording; sour1d stages 

) 25 NR 
35 NR 
25 NR 

30 dB(A) 
45 dB(A) 

25 dB(A) 
30 dB(A) 

40 dB(A) 
50 dB(A) 

20 NR 
15 NR 

30 NR 
40 NR 
35 NR 

35 dB(A) 
50 dB(A) 

30 dB(A) 
35 d.B(A) 

45 d.B(A) 
55 dB(A) 

25 NR 
20 NR 

RECOMMENDED 
1~11 J:!;_tWERATI CN 

TIMES 
ins 

0,7 to 1,44 
0,6 to 0,8 
0,6 to 0,7 

-
--
-

--
-
-

1,4 to 2,9 
1,4 to 2,8 

(max) 

0,6 to 0 1 8 
0,6 to 0,8 
- ' 0,4 

-

0,7 to 1,44 
0,7 to 1,44 
0,7 to 1,44 
0,7 to 1,44 
1,6 to 2,8 

-

0,25 to 0,9 
0, 8 to 2,36 

NOTES: Data extracted from AS 2107-1987 (ref 10, Table 1, Appendix A), 
which gives all details of use, ~~d of notes to thi s TaJle. 
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TABm. 5A 1955, 1956 HEARING DAMAGE RISK CONTOURS :F'Oh OCTAVE BANDS OF NOISE 
('LONG EXPOSURE) 

lviAXIMUM PF'_.HMISSIBLE EXPOSURE LEVF:LS lli CORRESPONDlliG OVW.uRA.LL 
CONTOUR dB FOR OCT BANDS OF NOISE FOR FREQ (Hz) SOUND LEVELS 

13:1..5 65 125 250 500 1k 2k 4k 8k 16k dB dB( C) dB(B) dB(A) 

1953 ASA Comm 114 107 100 95 94 94 94 94 94 94 115 115 105 101 
Z24-X-2 

1956 
Serious risk 124 117 110 106 105 105 105 105 105 105 125 125 115 112 
Mean 114 107 100 96 95 95 95 95 95 95 115 113 105 102 
Negligible 104 97 90 86 85 85 85 85 85 85 105 103 95 92 

risk 

NOTES: (1) The 1955 contour was derived from the 1953 GR Handbook (re~ 54, 
p 76). 

(2) The 1956 contours were derived from the 1956 GR Handbook (ref 55, 
p 66). 

(3) Levels L~ the 51,5, 65 and 16 000 HZ octave bands were obtained by 
extrapolation from each graph. 

----------oooooOOOooooo----------

TABLE 5B HEARING DAMAGE RISK CONTOURS FOR OCTAVE BANDS OF NOISE 

NOISE MAXIMUM PERMISSIBLE EXPOSURE LEVElS rn CORRESPONDmG OVERALL 
DURATION dB FOR OCT BAND3 OF NOISE FOR FR&Q (Hz) SOUND LEVELS 

(per day) 131.5 65 125 250 500 1k 2k 4k 8k 16k dB dB( C) d.B_(B) dB(A) 

up to 1,5 min 155 155 135 155 155 155 124 121 130 150 - - - 158 
5 min 155 155 155 155 155 125 115 111 123 128 - - - 155 

! 

7 min 155 1.55 135 155 122 115 106 104 115 118 - - - 128 
15 min 155 155 155 122 112 106 100 98 106 109 - - - 121 
50 min 155 155 126 114· 105 100 95 93 101 105 - - - 11.5 
1 h 135 155 118 107 98 95 92 90 97 97 - - - 110 
2 h 135 123 110 101 95 92 88 87 91 89 - - - 105 
4 h 117 110 105 96 92 88 86 85 88 85 - - - 96 
8 h 110 103 96 92 88 86 85 85 87 85 111 109 100 94 

NOTES: (1) These data are from Kryter (ref 32, p 175) 
(2) The above levels are 5 dB lower for noise measured in i-oct bands 
(3) Band levels at 51,5, 63 and 16 000 HZ are by extrapolation; at low 

frequency from Kryter's graph, at high freq from the standard 
Equal Loudness Contours for pure tones. 

----------oooooOOOooooo----------

TABLE 5C HEARING DAMAGE RISK CONTOURS FOR OCTAVE BANDS OF NOISE (French) 

8-hour MAXIMUM PERMISSIBLE EXPOSURE LEVELS IN CORRESPONDING OVERALL 
dB FOR OCT BANDS OF NOISE FOR FREQ (Hz) SOUND LEVElS 

CONTOUR 
51.,5 65 125 250 500 1k 2k 4k 8k 16k dB dB( C) dB( B) dB(A) 

Serious risk 100 100 95 90 85 85 85 85 85 85 104 103 97 93 
Neglig risk 100 90 85 80 78 76 74 72 70 68 101 98 88 82 

"T~: These data are a.ls~ from Kryter (ref 3~, p 180) 
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TABLE 5D THE KRYTER AND FRENCH 8-HOUR HSARING DMiAGE RISK COI'·ITOURS ADJUSTED 
TO GIVE OVERALL SOUND LEVE.ffi OF 90 and 85 dB(A), AND 80 dB(B) 

8-HOUR MAXIMUM PERMISSIBLE EXPOSURE LEVElS IN CORRESPCXIDING OVERALL 

CONTOUR dB FOR OCT BANIS OF NOISE FOR FREQ (Hz) SOUND LEVE.ffi 

51!15 6.3 125 .250 500 1k 2k 4k 8k 16k dB dB( C) dB(B} dB(A) 

Kryter 106 99 92 88 84 82 81 81 83 79 107 105 96 90 
Fr neg risk 108 98 95 88 86 84 82 80 78 76 109 106 96 90 

Kryter 101 94 87 83 79 77 76 76 78 74 102 100 91 85 
Fr neg risk 103 93 88 83 81 79 77 75 75 71 104 101 91 85 

Kryter 90 83 76 72 68 66 65 65 67 63 91 89 80 74 
Fr neg risk 92 82 77 72 70 68 66 64 62 60 95 90 80 74 

NOTES: (1) The frequency contours used in this Table are the 8-h Kryter con­
tour (TABLE 5B) and the French'negligible risk' contour (TABLE 5C). 

(2) The above levels must be reduced by 5 dB for noise measured in 
1 3-octave bands. 

----------oooooOOOooooo----------

TABLE 6 HEARING DAMAGE RISK CONTOURS FOR PUBE TONE3 

NOISE MAXIMUM PERMISSIBLE EXPOSURE SOUND PRESSURE LEVELS IN dB 
DURATION FOR PURE TOOES AT ~UENCIES (Hz.) OF 

(per day) 
63 100 125 250 500 700 1k 1!15k 2k 3k 4k 5k 6k 7k 8k 

up to 1,5 min 130 130 130 130 127 124 123 122 118 115 116 119 122 125 125 
5min 130 130 150 122 117 114 115 112 109 105 106 109 112 115 117 
7 min 128 122 119 113 108 106 105 104 100 98 98 102 104 106 108 

15 min 119 114 112 106 101 99 98 97 94 92 95 95 97 99 100 
50 min 112 107 105 100 96 94 93 93 90 87 88 90 92 94 96 

1 h 105 101 98 94 91 90 88 87 86 84 85 87 88 90 91 
2 h 101 97 95 91 88 86 85 84 83 82 82 83 84 85 86 
4 h 99 94 92 88 85 84 85 82 81 80 80 81 82 82 83 
8 h 97 95 91 86 83 82 81 80 80 80 80 80 80 81 82 

8-h Oct Bands of 
Noise, 80 dB(B) 
(a) Kryter 83 76 72 68 66 65 65 67 
(b) Fr neg risk 82 77 72 70 68 66 64 62 

NOTES: (1) The exposure levels for pure tones are from Kryter (ref 52, p 173) 
(2) The 8-hour 80 dB(B) exposure contours for octave bands of noise, 

considered "safe, even for pure tones" have been added for compa­
rison with Kryter's 8-hour pure tone levels. 

PROCEEDINGS AAS ANNUAL CONFERENCE 1992 149 



TABLE 7 SUBJECTIVE ASSESSM.E!,JTS OB' TRANSPORT VElliCLE: PASSbY NOISE 

CORRESPONDTI\JC. S01JND L.TfVE.L.S IN dB(A) .FOH 

TYPE OF ~HICLE SUBJECTIVE ASSESSlvlENT OF 
MODERATELY V i'ill.Y 

~VIET NOISY NOISY NOISY 

Petrol vehicle at 7,5 m 70 and less 71 to 79 80 to 88 89 and over 

Diesel vehicle at 7,5 m 72 and less 73 to 80 81 to 87 88 and over 

Motor cycle at 7,5 m 72 and less 75 to 82 85 to 91 92 and over 

Aircraft overhead (from 76 and less 77 to 95 94 to 107 108 and over 
ground) 

1---------------- ------ ------ ------ ------
Tram at 7,5 m 82 and less 85 to 87 88 to 92 9.3 and over 

NOTE: These data, for the passby noise of motor vehicles and aircraft heard 
and assessed individually, are from the Wilson 'Final Report on Noise' 
(ref 57, pp 178, 177, 182 and 200). The additional tram noise levels 
were included from a Melbourne assessment. 

----------oooooOOOooooo----------

TABLE 8 CRITERIA FOR NOISE WITHIN BUILDINGS: LIVING ROOMS AND BEDROOMS 

150 

TYPE OF AREA 
MAXIMUM PERMISSIBLE ~0 

SOUND LEVELS IN dB(A; 

Day Night 

Livingrooms and bedrooms in 

(a) Country areas 40 50 

(b) Suburban areas away from 45 55 
main traffic routes 

(c) Busy urban areas 50 55 

Upper limit in buildings where 55 
speech intelligibility is 
required 

NOTE: These data are from the Wilson 'Final Report on Noise' 
(ref 57, paras 576, 577, p 154). 
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APPSNDIX A Australian Standards for Architectural Acoustics 

Group_l: Basic criteria for noise control in buildings 

AS 2107-1987 

AS 2822-1985 

Recommended design sound levels and reverberation times for 
building interiors 

Method of assessing and predicting speech privacy and 
speech intelligibility 

Group__g: Methods of testing building materials for acoustic absorption or 
transmission loss 

AS 1045-1988 

AS 1191-1985 

AS 1276-1979 

AS 1277-1985 

AS 1935-1976 

Measurement of sound absorption in a reverberant room 

Method for laboratory measurement of airborne sound 
transmission loss of building partitions 

Methods for determination of sound transmission class and 
noise isolation class of building partitions 

Measurement procedures for ducted silencers 

Method fc: measurement of normal incidence sound absorption 
coeffici~nt and specific normal acoustic impedance of acous­
tic materials by the tube method 

Group~: Methods of testing buildings in situ for acoustic absorption or 
transmission loss 

AS 1807-

1807.16-
1807.20-

AS 2253-1979 

AS 2460-1381 

AS 2499-1981 

Clean rooms, work stations and safety cabinets: methods of 
test 

Determination of sound levels in clean rooms 
Determination of sound levels at installed workstations 
and safety cabinets 

Methods for field measurement of the reduction of airborne 
sound transmission in buildings 

Method for the measurement of reverberation time in 
enclosures 

Method for laboratory measurement of airborne sound. attenu­
ation of ceilings (two-room method) 

Group_!: Sta.Yldards concerned with t .'le impact of environmental noise, i!l 
sitL~g buildings, etc 

AS 1055- Description and measurement of environmental noise 
1055.1-1989 General procedures 
1055.2-198g Application to specific situations 
1055.3-1989 Acq_uisition of data pertinent to land use 

AS ~0~1-1985 Aircraft noise intrusion: building siting and construction 

AS 23.6:)-1;-)90 Assessment of noise from heli~opter landing sites 

AS 6436-1981 

AS 270~-1384 

AS 3671-1 ~~8.1 

Guide to noise control on construction, maint~nance and 
demolition sites 

!·iiethods for the measurement of roa:i traff i~ noise 

C{oad tr!j.ffir'! noise iDtrusi·.Jn: buildins sitin~~ and 
constructi.:m 
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/L::~P~iDIX B Aus tf~~~~n C) t.:;~~~,::.~.::l.~ ~ ~:: .::;cri ~;in;r. ;'ile ~h ~:?_?-s of te st i ::1g :Sq_t&P.ment, 
~~achin~, ?la12_~ -~~'i-.:~.:::/~-~~-~~--XC:.£ J~t?..~~t~- ~~IE._'!-_~sion 

AS 1081 rvieasurernent o£' airborne noise emi tted by rotati~1g electrical 
ma chinery 

.1. 081 .1-1J90 Engi::werinc:; method for free-field cor1di tions over a 
reflective plane (from ISO 1680, 1681 ) 

1081. 2-1a9o Survey method ( from ISO 1680, 1682) 

AS 1173. 2-1:186 Re ceivers for TV broadcast tra.nsmissiJns; electrical and 
acoust i eal measurements at audio :frequencies 

AS 1217 Determination o:f sotu1d power levels of noise sources 
1217 .1-1;:j35 Gui delines J'or the use of basiG sta."'1.dards for the prepa­

ra t i.on of noise test codes 
1217. 2-1935 Precision methods for broad band sources i~ reverberation 

rooms 
1217.3-1935 

1217.4-1985 
1217.5-1a85 

1217.6-1985 
1217.7-1385 

Precision methods for discrete frequency and narrow band 
sources in reverberation rooms 
Engineering methods for special reverberation test rooms 
Engineering methods for free-field conditions over a 
reflecting plane 
Precision methods for anechoic a...l'ld hemi-anechoic rooms 
Su..Y"Vey method 

.AS 1.559.0-1989 Rotatin6 electrical machines: introduction and list of 
parts 

1559.1-1387 
1359.50-1983 
1359.51-1986 

Rotating electrical machines:defL~itions 
Vibration limits (see also AS ~625.1 and AS 2625.2) 
~ oise level limits 

AS 1861 Air-conditioning units: methods of assessing and rating per:for-
ma."!ce 

1861.1-1388 Refrigerated room air-conditioners 

AS 1948-1987 Measurement of airborne noise o~ board vessels and of'f­
shore plat.forms 

AS 1949-1988 Measurement of airborne noise emitted by vessels in water­
ways, ports an.d harbours 

AS 2012 Measurement of airborne noise emitted by earth-moving machinery 
a.l'ld agricultural tractors -- st3.tionary test condition 

2012.1-1930 Determination of compliance with limits for exterior noise 
2012.2-1990 Operator's position 

~~ 2~21 Methods for measurements of airborne souns emitted by compressor 
u..11its including prime movers and by pneumatic tools and machines 

~~~1.1-1973 Engineering method f'or measurement o.f airborne sound emit­
ted by co!npressor/prime mover units intended for outdoor use 

2~~1.2-1979 ?ngineering method for measurement of airborne sound emit­
ted by p!1eumatic tools and machines 

AS ~254-1~8S 

152 

N!ethod.s of measurement of the sound emitted by motor 
vehicles 

hecommended noise levels fo r· vari:::>us areas of occupancy 
in vessels aT1d offshore platforms 

t?ow~r transformers: sow1d levels (based on I.EC 551) 

:·,! e tnods for the mea:3 ur-ement en ' a irborne sotmd from rail­
;)9un'i 'Jel1icles 
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!f>pe:ndix B (concl) 

AS 2726-1984 Chainsaws -- safety requirements (incl noise a~d vibration) 

AS 2991 Method for the determination of airborne noise emitted by house­
hold and similar electrical appliances 

2991.1-1987 General requirements 
2991.2-1991 Particular requirements for dish washers 

AS 5554-1988 

AS 5715-1989 

AS 5755-1990 

AS 5756-1990 

AS 5757-1990 

Method for measurement of airbon1e noise emitted by powered 
lawn mowers, edge and brush cutters, and string trimmers 

Industrial trucks -- noise measurement (see also AS 1765, 
AS 2359.1) 

Measurement of airborne noise emitted by computer and 
business equipment (ISO 7779-1988) 

Measurement of high frequency noise emitted by computer and 
business equipment (ISO 9295-1988) 

Declared noise emission values of computers and business 
equipment (ISO 9296-1988) 

AS 3781-1990 Noise labelling of machinery and equipment (ISO 4871-1984) 

AS 5782 Statistical methods for determining and verifying stated noise 
emission values of machinery and equipment 

5782.1-1990 General considerations and definitions (ISO 7475-1:1985) 
5782.2-1990 Methods for stated values for individual machines 

(ISO 7475-2:1985) 
5782.3-1990 Simple (transition) method for stated values for batches 

of machines (ISO 7574-5:1985) 
5782.4-1990 Methods for stated values for batches of machines 

(ISO 7574-4:1985) 

and, in addition, 

ISO 5981-1978 Procedure for describing aircraft noise heard on the ground 
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APPENDIX C Case histor~y no. 1: Interference to speech intelligibility in a 
meeting hall 

The following Table swruwarizes the original noise measurements 

STATISTICS OF MEASURED ESTIMATED 
DETAILS OF NOISE, SOUND LEVELS IN dB LEVELS 

(note 1) (note 2) 
MF..ASLJIIDdENT LOCATION Std 

n Mean Max Min dB(A) SIIA-error 

PASSBY NOISE MEASURJID AT KERB ( 7, 5 m 
from 20 m wide roadway centre) 

- Background noise 6 67,7 2,704 76 62 60 52 
- Groups of passing motorcars 6 80,7 2,290 86 74 75 66 
- Individual large vehicles 5 98,0 5,512 105 94 88 79 
- Trams on paved ballast track (at 25 10 90,8 0,629 94 88 87 81 

to 55 km/h) 
- Trams on concrete track ( 25-55 km/h) 16 95,1 1,167 105 90 91 85 

PASSBY NOISE OUTSIDE HALL DOOR ( 15 m 
from roadway centre) 

- Trams on concrete track ( 25-55 km/h) 7 89,6 1,020 94 86 86 80 

PASSEY NOISE INSIDE HALL (approx 18 m 
from roadway centre) 

- Background noise - 54,0 - - - 54 46 
- Groups of passing motorcars - - - 74 70 64 to 55 to 

68 59 
- Individual large vehicles 2 77,5 1,500 79 76 72 65 
- Trams on concrete track 5 72,2 1,210 76 69,5 69 6.3 
- Est of trams an paved ballast track 68 - - - 65 59 

NOTES: (1) 

(2) 

Sound levels below 55 were measured in d.B(A), between 55 and 85 in 
dB(B) , and above 85 in dB( c). 

154 

The corresponding estimated levels in d.B(A) and speech interference 
levels (SIL4) have been added for comparison, and were derived 
according to the following conversion factors (from octave band 
analyses of similar noises): 

(a) Background dB(C)-dB(A) = 15; dB(B)-dB(A)=8; dB(A)-SIL4=8 
(b) Motor vehicles dB(C)-dB(A) = 10; dB(B)-dB(A)=6; dB(A)-SIL4=9 
(c) Trams dB(C)-dB(A) = 4; d.B(B)-d.B(A)=3; d.B(A)-3IL4=6 

PROCEEDINGS AAS ANNUAL CONFERENCE 1992 



A.F'PS:·JDIX D Case history no. 1: Calcillated variation of vehicle passby noise 
with time 

As part of case history no. 1 (paras 56 to 58), a calc~ilation of vehicle pass­
by noise level decay from its maximum at the minimum dista~ce to lower levels 
after various intervals of time was made in order to estimate the length of 
time by which any passby noise level might exceed some lower reference or tole­
rance noise level. ~,or the purposes of this calc·.lla tion the minimum source 
to measuring point distance was t~~en as 18m (as for the noise measurements 
made inside the meeting hall), average adopted vehicle speeds were 50 km/h 
(15,9 m/s) for cars and trucks, and 50 km/h \8,5 m/s) for trams, while the 
incremental decay of passby noise level with doubling of the distance was 
taken as 4,5 dB for motor vehicles (from Alfredson, 1974, ref 23) and 4,0 dB 
for trams. This increment can be of any value between 6 dB for point sour­
ces and 5 dB for long line sources. Since trams are slightly more of a line 
source than motor vehicles, an increment of 4,0 dB was adopted. 

TABLE OF VEHICLE PASSBY NOISE DECAY AT 1 s INTERV AlB 

TIME DISTA...l\fCE ."G'{ m FROM SOURCE PASSBY :NOISE LEVEL DECAY 

INTERVAL 
TO ME:illURING POLl'I.JT L~ dB FOR 

IN s Motor vehic- Trams Motor Trams 
les. 50 km/h 50 km/h vehicles 

0 18,0 18,0 0 (max) 0 (max) 
1 22,7 19,8 - 1,3 - 0,6 
2 55,1 24,6 - 3,5 - 1,8 
5 45,4 50,8 - 5,7 - 5,1 
4 58,4 37,9 - 7,5 - 4,3 

5 71,8 45,4 - 8,6 - 5,3 
6 85,3 55,1 - 9,7 - 6,2 
7 99,0 61,0 - 10,6 - 7,0 
8 112,6 69,1 - 11,4 - 7,8 
9 77,1 - 8,4 

10 85,2 - 9,0 
11 95,4 - 9,5 
12 101,6 - 10,0 
15 109,8 - 10,4 
14. 118,1 - 10,9 

15 126,5 - 11,2 
16 134,5 - 11,6 
17 142,8 - 12,0 
18 151,1 - 12,5 
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AF'PENDLX E Backgrour .. d noise levels in 'quieter' rooms proposed .for audio­
metric testing (case history no. 5) 

LOCATION, OCTAVE BAND ~;vEIS IN dB OF ROOM 

ROOM COKDITIONS 
BACKGROUND NOISE AT FEEQ (Hz) 

125 250 500 1000 2000 4000 8000 

AS 1269-1988 lowest maxima for audio- 52 55 15 14 29 56 28 
metric testing 

Room A: air-cond ON, ext noise ON 38 29 28 32 31 24 16 

" " 0:-J " If OFJ.i' (calc) 57 27 28 32- 31 24 16 
" u OFF It .. ON 52 26 16 12 8 8 9 
" " OFF " tt OFF 27 18 15 10 8 8 7 

Room B: general background in room 60 58 52 47 45 57 . 29 

I/s audiometric booth, fans on (1) 41 41 22 20 14 15 16 
n " " If tt " (2) 51 58 19 16 11 11 12 
II " " " " n (3) 45 52 17 15 10 11 12 
n " tt " " n ( 4) 54 27 15 12 13 15 16 

Room C: general background in room 45 56 29 27 25 18 14 

----------oooooOOOooooo----------

APPENDIX F Case history no. 6: Dust collector .fan noise in a .factory building 

FACTORY INTERIOR DUST COLLECTOR FAN NOISE OCTAVE OVERALL 
ENVIRONMENTAL B.AND LEVElB IN dB AT FREQUENCIES (Hz) SOUND LEVELS 

NOISE 
31,5 63 125 250 500 1k 2k 4k 8k 16k dB(A) lsi.IA: tNR 

Initial installation 85 78 85 85 86 87 82 76 67 55 90 85 88 
(w/o outlet muf.fler) 

Modified with outlet 77 81 80 76 77 76 71 66 57 54 80 72 76 
mu.ffler 

The same a.fter 6 mths 77 79 80 75 74 75 70 66 58 49 78 71 75 

AS 1469 75 NR curve 106 95 87 82 78 75 75 71 69 - 82 74 75 
70 NR curve 105 91 83 77 75 70 68 66 64 - 77 69 70 

NOTE: From these tests it was concluded that a sound level of 70 hR, equiva­
lent to 77 dB(A), represents the very maximum tolerable level for expo­
sure to continuous background noise. 
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APN-JDIX G Case history no. 9: Noise inside subway trains and trams at 
normal service speeds 

METROPOLITAl'i TYPICAL INTERIOR 
O~TING CONDITIONS VEHICLE SOUND 

AREA 
I.EVEIS IN dB (A) 

Boston, USA Subway trains: Harvard line 91-101 
'Orange' line 87-90 
Quincy line 75-80 

Subway PCC trams 92-97 

Brussels, Belg Subway trams, 40 km/h 78-85 

Chicago, USA Rapid transit trains: subway ballast 
tracks 80-86 

II " It : concrete tracks, 
50-80/110 km/h 82-90/94-97 

" II II : steel 'El' tracks 90-97 

Frankfurt, Germ u-trains 78-85 

London Subway ' tube ' trains 80-88 

Melbourne, Aust City UG rail loop: smoot~rough wheels 78-82/85-88 
Ground level, suburban ballast track 

(average wheels) 78-82 
Reverb tunnel, cone track (average wheels) 90-94 

Montreal, Canada Subway rubber-tired Metro trains 78-86 

Munich, Germ Subway: S-ba.hn 82-84 
U-bahn 78-87 

New York, USA Subway trains: some on old (rigid) ballast 92-102 
tracks 

Philadelphia, V3A Subway: older system 90-97 
Lindenwold line 80-85 

San Francisco, lBA BART subway: 50-80 km/~1~0-130 km/h 72-78/80-84 

Sydney, Aust City UG trains: resilient/rigid tracks 83-87/93-98 

Toronto, Canada Metro subways, 50-80 k~h 80-86 

:·TOTE: All train and tram noise was measured inside vehicles, in subway or UG 
tunnels unless specifically stated otherwise (eg, Chicago rapid transit 
on 'El' (elevated) tracks), and at normal service speeds of 50-80 km/h 
w1less otherNise specified. Measurements overseas were made in 1973. 
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APPJ1JDIX H C:ase his tory no. 11: :Jctav~~ band f'requency spectra ~: t.:J.t. ~Jpera­

tor' s ear position, of typically noisy equipment . and machint!ry 

NOIS-E OCTAVE BAl\TD NOISE LEVEL..S IN dB OVERALL 
AT OPERATOR'S F~ POSITION SOUND 

FROM 
~10R FREQ "(J]KijCY Bili'IDS ( Hz) LEVELS 

51,5 63 125 250 500 1k 2k 4k 8k 16k dB( B) dB(A) SIIA 

Pneu paving breaker 85 94 93 99 106 106 107 105 108 98 115 113 106 

Dressing grinding 79 79 82 84 87 96 94 104 109 104 108 110 95 
wheel 

Circular saws: 
- lge, fixed (+am.b) 78 85 86 95 88 98 100 97 92 80 104 105 96 

(ambient) 78 85 83 87 78 73 70 66 61 - 88 82 72 
- lfe at 20 m(+amb) 70 76 76 76 75 85 78 80 76 66 88 87 80 

ambient) 70 71 73 72 69 65 59 55 46 - 75 70 62 
- lge at 1m (-amb) - - 83 94 88 98 100 97 92 80 104 105 96 
- lge at 20m (-amb) - 74 73 74 74 85 78 80 76 66 88 87 79 
- small, portable 64 70 72 72 82 78 82 89 97 96 96 98 85 

Planer, idling 69 80 78 85 95 103 85 76 66 61 104 103 89 

" 
, .operating 72 82 78 86 93 95 91 83 72 62 ~8 98 90 

Moulder, blunt blade~ 77 83 88 89 87 99 97 89 85 80 102 102 93 

" 
, sharp blade f 75 82 88 92 89 91 90 89 86 83 97 96 ;:l0 

Truck diesel engine 88 96 95 93 106 93 91 83 76 69 107 104 94 
at smoke test speed 

r:Fotmd.ry furnace bur-
ners: 

- lge, shielded 85 95 98 89 88 84 72 68 58 55 97 89 87 
- small, unshielded 94 96 1Q5 108 100 85 77 75 78 80 108 102 84 

Pneu impact wrench 82 82 86 85 86 88 94 100 1.00 98 103 104 92 

" " " 
82 84 85 87 90 93 96 98 101 92 105 104 S)4 

Kryter 8-h max, 90dB 106 99 92 88 84 82 81 81 83 79 96 90 82 
Kryter 8-h max, 85dB 101 94 87 85 79 77 76 76 78 ?4 91 85 77 

Fr 'neg risk' (orig) 100 90 85 80 78 76 74 72 70 68 88 82 75 
Fr 'neg risk',SOdB(B) 92 82 77 72 70 63 66 64 6~ 60 80 74 67 

-. 
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APfh~IX I Case history no. 7: Intrusive air-conditioner f~~ noise in a 
residential area 

.BAND 
FREQUENCY Al.~ALYSES OF FAN NOISE: BAND LEVT".._LS IN dB 

CENTRE 
ME'fAL-.S.LADED .B'A.~S P.LA.STICS-i::LADED :r,Al'~S 

~UENCY 
(Hz) OC'rAVE ~-OCTAVE 

3-0CTAVE ADJUSTED OCTAVE is-OCTAVE 
3-0CTAVE 

d.B(A) .i-OCTAVE d.B(A)_ 

20 - 22 - - - 47 -
25 30 - - 46 1 
31,5 50 40 1 1 51 47 8 
40 '-r9 14 14 46 11 

50 55 25 25 45 15 
63 69 69 T 45 49 50 46 20 
80 54 52 32 46 24 

100 57 38 38 57 38 
125 66 65 T 49 54 6~ 58 42 
160 53 40 40 57 44 

200 55 42 42 55 44 
250 57 52 43 43 60 56 47 
315 51 44 44 55 48 

400 49 44 44 55 48 
500 54 48 45 45 58 50 47 
630 49 47 47 49 47 

800 47 46 46 47 46 
1 000 51 45 45 45 52 47 47 
1 250 45 46 46 45 46 

1 600 42 45 43 44 45 
2 000 46 41 42 42 47 42 43 
2 500 58 39 59 40 41 

5 150 38 59 59 58 39 
4 000 40 35 56 36 41 56 37 
5 000 32 32 32 32 32 

6 500 31 31 31 31 31 
8 000 34 29 28 28 35 3U 29 

10 000 26 24 24 28 26 

12 500 23 19 10 27 23 
16 000 25 20 13 13 29 25 18 
20 000 15 6 6 19 10 

Overall dB(A) 57 57 57 59 !:;8 58 58 

I:OTE: 'T' in col 3 indicates a tonal component 
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A.:).P '•j\:JlX. J : ase history nc. 14: measurer;;t·Lts of irr,pulsive type noise 

The investigations described here were begtm as a result of]}; P V brllel' s 
comments made in his lecture on Sotmd .Level Meters give :t in Melbourne on 
92 Sep 16, in which he suggested that we need t o measure maximum sotmd levels 
in d~pk rather thlli1 the normal and averaged level in dBrms if we are to 
satisfactorily correlate the exposure levels of intense, and particularly of 
itLpulsive ty) e noise with hUlllan hearing damage risk. 

Case history no. 14, briefly described here, concerns the measurements made 
recently of noise from a ~-stroke petrol-engined lawn mower and from a mecha­
nical typewriter. The measuring instruments used comprised a Sound Level 
Meter (with F, S and I time-weightings, and capable of measuring sotmd levels 
in both d.Brms ~d d.Bpk), O_?tave/one-third octave J:i'il~er Set, Printer~ and_ 
;raphic Level necorder. ~or all measurements, the ~nstruments' cal~brat1on 
and batterie.s were checked and found satisfactory before and after each test. 
In each case, sound levels were measured .at a distance from the noise source 
equivalent to that of the operator's ear position, at 1,6 m above ground with 
the mower, and at 250 to 300 rom with the typewriter. In addition, ambient 
noise levels were measured so that, if necessary, adjustments could be made 
to the mower or typewriter noise levels if ambient levels were insufficiently 
low. 

Output from the octave and one-third octave analyses of the lawn mower noise 
(measured out of' doors), and OI1e-third octave analyses of the mechanical type­
writer noise (measured indoors in a room of' low reverberation time of arowd 
0,35 s ) provided the Leq and Lroax in d.Brms' and Lzna.x.pk in dBpk for each fre­
quency band time period, the durations at each frequency band being controlled 
by the programmed Sound Level Meter. For the typewriter noise, several addi­
tional sound level measurements were made with a graphic level recorder as a 
check on the frequency analyses. 

The results of these tests are tabulated below. Their important features 
are that, for each measurement period, the Leq value gives the averaged sound 
level in d.Brms, the Lmax gives the maximum in dBrms' and the Lmax.pk the cor­
responding maximum in dBpk• Of' these, Lmax.pk - Lmax gives the Crest Factor, 
the amowt by which, for a given waveform, dBpk exceeds dBrms' and a measure 
of the impulsiveness of the sound under test; Lmax - Leq gives a measure of 
the variability of the sound level within each measurement period, and an 
indication of its intermittent characteristic; while Lroax.pk - Leq indicates 
the amount by which Lmax.pk exceeds the normally measured averaged level (Leq) 
in dBrms, or by which the difference Lmax.pk - Leq exceeds the Crest Factor, 
so including also a measure of the variabili~ of the instantaneous level of 
the sound under test. 

Examination of the tabula ted results of' these tests sha.o.ed tmt the mower noise, 
with Crest Factors of 4 to 20 <li3 and Lmax.pk- Leq of 5 to 21 dB, was neither 
highly impulsive, nor greatly intermittent (except at lower frequencies of 20, 
31,5 and 80Hz in tne one-third octave analysis). By contrast, the typewri­
ter noise, with Crest Factors of 5 to 27 dB and ~nax.ok- Leq of 12 to 31 dB, 
was, as coul3 be expected, both hi3hly impulsive and i~termittent, the impul­
siveness bei:1g especially proninent at the higher frequencies, from 1000 Hz 
upwards. 

This investiga ti ::m has thus shown that, for the measurement of any sound 
levels, particularly of i:;1pulsive and inter1,1i ttent sou."lds, and where heari::1.g 
:iama5~ risk is a s•..: ri:ms cor1ce rn, t'1e ,,, ,~ asure ment lover sor:te shorter or longer 
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period of time) of a sound's Leq and Lmax in dBrms, and Lmax.pk in d.Bpk pro­
vides a good and useful measure of tnat sound's intensity, giving considerably 
more informati :m than Leq alone. This could well becorae and be made a stan­
dard procedure for the measurement of sound levels where there is any suspi­
cion of hearing damage risk, with Lma.x.pk given first priority in the assess­
~ent of the noise exposure level. 

TABLE J-1 Octave band analysis of 2-stroke petrol-engined lawn mower noise 

OCT An LAWN MOWER NOISE (mean of 5 tests) AM31E:'.'"T NOISE 
FREQU-

d.Brms dBpk dBrms dBpk ENCY Crest ~pk Crest Luax.pk 
( t1z) Leq Lmax Lmax.pk Factor - Leq Leq Lmax l.nax.pk Factor - Leq 

31,5 '78 80 87 7 9 54 59 66 7 12 

63 88 89 95 6 7 55 58 66 8 11 

125 86 87 98 11 12 46 48 58 10 12 

250 90 91 103 12 15 40 42 52 10 12 

500 86 86 98 12 12 57 58 49 11 12 

1 000 82 85 96 15 14 58 59 52 15 14 

2 000 85 84 98 14 15 55 58 50 12 15 

4 000 76 77 94 17 18 51 55 45 12 14 

8 000 70 72 91 19 21 23 27 41. 14 18 

16 000 62 65 83 20 21 15 14 27 1.3 14 

dB 95 95 109 14 14 59 61 72 11. 13 

dB(B) 93 93 105 1.2 12 50 55 62 9 12 

d3(A) 89 i 90 103 13 14 43 44 56 1.2 15 
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TABLE J-3 One-third octave a~alysis of mecha~ical typewriter noise 

-$-OCT TYPEWRITER NOISE (mean of 2 tests) A1:.DI~ ~T ROOlt1 NOISE 
FREQU-

d.Brms d.Bpk d3rms dBpk ENCY Crest Lnax.pk Crest Lam.pk 
(Hz) Leq Lmax ~pk Factor - Leq Leq Lmax ltm.x.pk Factor - Leq 

20 49 64 69 5 20 43 51 56 5 13 

:d!5 54 65 71 6 17 45 51 57 6 14 
31,5 53 59 65 6 12 44 .50 j5 5 11 
40 52 57 63 6 11 40 -±4- 51 7 11 

50 55 61 68 7 13 38 44 51 7 13 
63 57 61 69 8 12 36 4~ 48 6 12 
80 64 69 77 8 13 37 40 50 10 13 

100 61 70 80 10 19 50 53 61 8 11 
125 58 61 70 9 12 37 40 48 8 11 
160 57 61 72 11 15 38 40 50 10 12 

200 53 57 67 10 14 37 39 46 7 9 
250 48 52 6Z: 11 15 31 36 44 8 13 
315 45 53 6.:) 12 20 27 29 39 10 12 

400 48 54 67 13 19 23 L:5 55 10 12 
500 48 53 67 14 19 20 ::i;~ 32 10 12 
630 47 62 '77 15 50 21 22 33 11 12 

800 52 59 75 16 23 2~ 24 54 10 12 
1 000 58 62 78 16 20 22 23 54 11 12 
1 250 56 60 77 17 21 ~~ ~3 33 10 11 

1 600 60 65 82 17 2~ ~0 21 3:C:. 11. 12 
2 000 61 68 88 20 '2.7 ~6 50 41 11 15 
2 500 65 69 92 ~3 '2.7 ~2 26 40 14 18 

5 150 65 70 92 ~~ 27 19 22 54 12 15 
4 000 66 70 94 24 28 15 16 29 13 14 
5 000 64 71 95 24 51 15 14 ~6 12 13 

6 300 68 72 99 27 51 13 17 31 14 18 
8 000 65 70 94 24 ~9 10 12 ~5 13 15 

10 000 68 75 98 25 50 1 1. 11 26 15 15 

12 500 64 69 94 25 30 11 12 ~5 13 14 
16 000 5~ 64 90 26 31 - 11 25 12 -
20 000 55 59 85 26 50 - 10 27 17 -

dB 74 80 105 25 31 5:.::: 54 63 9 11 
dB(B) 74 79 102 23 28 46 49 57 8 11 
d.B(A) 75 80 104 24 29 .:J6 69 49 :LO 13 

Me as 
d.B(A) 72 84 112 ~8 40 .)6 40 50 10 14 

dB - - - - - 55 58 67 9 12 
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Abstract 

EFFECT OF ATMOSPHERIC FLUCTUATIONS ON 
IMPULSE SOUND PROPAGATION 

I. McLeod, G. G. Swenson, A.J.Cramond and C.G.Don 
Department of Physics, Monash University, Clayton, Victoria. 

Outdoor sound transmissions often vary in time because of changes 
in the atmospheric conditions, especially in the presence of winds. 
While there are large scale effects such as wind and temperature 
gradients producing a shadow zone into which little sound 
propagates, there are also more localized fluctuations in levels 
caused by turbulence in the atmosphere. An understanding of these 
meteorological variations is useful for interpreting acoustical 
data. On the other hand, acoustic measurements can provide insight 
into the atmospheric mechanisms producing the fluctuations. 

A seven microphone system, in conjunction with an impulse source, 
has been used to investigate how atmospheric fluctuations alter the 
pulse waveform. One microphone located close to the source was used 
as a reference to compensate for minor changes in level between 
shots. The other microphones were located on a circle, concentric 
with the axis of symmetry of the source, at distances out to 16m 
from the source. Measurements taken indoors in still air indicate 
that the waveforms closely agree from shot-to-shot and between 
microphones, although allowance must be made for ground reflections 
for the lower microphones. Outdoors, the range of waveforms 
recorded include changed peak-heights and wider or narrower peaks. 
Individual impulses have been categorized according to the change 
in waveform from the average value and correlations sought with 
meteorological data acquired while the propagation occurred. 
Analysis techniques and the implications of atmospheric 
fluctuations on propagating sound measurements will be outlined. 

Introduction 
Continuous wave propagation measurements have the char~cteristic that th~y 
represent an integrated effect over both space and tlme. Also, it. IS 
difficult to separate the effects of ground reflections from the behaviour 
of the direct signal.. Generally the me~suremen.ts 

1 
hnvolve averaging over at 

least a several minute data collection penod · , so any short term 
fluctuations are removed and it is hard to relate changes to anything other 
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than· the mean meteorolog~cal data. As an alternative, because of its short 
duration, impulse sounds experience essentially a "snapshot" of the 
atmospheric conditions. In principle, changes to the waveform between 
successive impulses should relate to the changes in the meteorological 
conditions between shots. As it is impossible to determine fully these 
conditions along the propagation path, an estimate must still be made from a 
few sample measurements, however, time averaging effects are markedly 
reduced. As well as acoustic data, the impulse also carries a piece of 
meteorological data: the delay between creation and reception of the pulse 
is related to the mean sound speed, and therefore wind speed, along the 
propagation path. Thus a reasonable correlation is expected between pulse 
delay and wind speed and this offers a potential test of whether meaningful 
meteorological data have been acquired. 

Experimental Arrangement 
When a shot-shell primer is discharged down a lm long tube to form an 
impulse source, it possesses conical symmetry about the tube axis 4 • Thus 
microphones arranged in a circle concentric with this axis, as indicated in 
Fig.l, show little variation in pulse waveform between positions for a given 
impulse. Furthermore, if shot-to-shot variations of the source are allowed 
for by adjusting peak heights with respect to those from a reference 
microphone kept close to the source, there is little shot dependence in the 
corrected pulse shapes recorded at larger distances. This is certainly true 
indoors, where conditions of minimal wind and temperature gradients exist. 
To demonstrate this, Fig.2(a) shows plus and minus a standard deviation from 
the average of 10 waveforms recorded indoors at a single microphone, located 
4m from the source. A similar plot, showing the deviation from the mean of 
the 10 shots recorded at six microphones located on the cone, ie. a total of 
60 waveforms, is given as Fig.2(b). 

WIND DIRECTION 

Source 1 ~ 

Source 2 

Fig.l: Measurement Geometry Showing Six Microphones 
Positioned on the Cone of Symmetry about the Source Axis. 

~he previous data were obtained by locating the microphones on a lm diameter 
cucle centered 2m above the ground and 4m along the source axis. When a 
similar .geometry was used outside, with the wind blowing along the 
source-miCrophone axis, the waveform variations were significantly larger, 
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as is apparent 1n Fig.2(c) and (d) . Extending the previous geometry to an 8m 
and then a 16m source-receiver distance, with corresponding 2m and 4m 
diameter circles but retaining the axis 2m above the ground, produced much 
greater deviations. Examples are shown in Fig.2(e) and (f) for the 16m case, 
where waveforms for the two lower microphones have been excluded from the 
average as the ground reflected component is sufficiently merged with the 
direct to cause major alterations of the waveshape. 

At single 2m high microphone 

(a) (c) (e) 

For all 6 microphones For top 4 microphones 

(b) (d) (f) 

Indoors ( 4m) Outdoo r s (4rn ) Outdoors (16m) 

Fig.2: Repeatability of Pulse Shapes 
(Contours represent ± a standard deviation around the average) 

Wind and temperature data were collected at 1 second intervals from each of 
four Alnor thermo-anemometers located along the propagation path. Three were 
placed near the microphones, one at each of the three heights involved, 
while the fourth was positioned half-way along the propagation path at the 
source · height. Readings were continuously stored in a computer, which was 
triggered by the impulse to output the mean of the three readings around the 
trigger point and also the average and standard deviation of ninety readings 
around the trigger instant. Thus both a short and longer term wind speed 
average were gathered in conjunction with each impulse. Unfortunately, wind 
direction was not automatically recorded, instead it was estimated from the 
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direction of "flags" positioned around . the measurement site. Care was taken 
to capture impulses when the wind direction was essentially along the 
propagation axis - with one set obtained when propagating alternatively up 
and down wind - which is why a second source is shown in Fig. I. 

Results From Pulse Shape Considerations 
Outdoors, at say 16m, the pulse waveforms displayed a range of shapes 
between shots and between similar microphone positions. When the differences 
between the individual and the average peak height, L1-height, at a 
particular location are plotted and compared with the difference involving 
the total area of the waveform, L1-area, as shown in Fig.3, it is apparent 
that the overall correlation is poor. An enhanced peak may be associated 
with a smaller than usual area or a larger one, so the waveforms were 
sub-divided into six broad types, as indicated in Table 1. 

Fig.3: L1-height and L1-area 

of Consecutive Pulses 

Table 1 

..... 
..0 
OJ) ....... 
C1) 

..0 
I 

Pulse Number 

Distribution of pulses at the three microphone positions, according to their 
height and area. Total of 264 pulses. 

L1-he i ght increase equal decrease 

L1 - area + - + - + -

Top 18 10 17 23 5 15 

Middle 15 7 19 21 2 24 

Lower 30 2 10 16 3 27 
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1) Analysis indicated that the effects observed at the left and right 
microphones at the same height were essentially identical. In what follows, 
no distinction will be made between results from such microphone pairs. 

2) Comparison of the ensemble averaged waveforms indicate no significant 
difference in the peak value for up and down wind propagation .out to 16m, 
with only minor differences in the shapes of the rarefactions. 

3) From Table 1 it is apparent that a reduced peak height is rarely 
associated with an increased area, occurring only in 4% of cases, which is 
much lower than a random distribution would predict. 

4) The predominant mechanism for pulse shape changes for the lower 
microphones is the reflected pulse combining with the direct, the degree of 
cancellation depending on the relative delay of the reflected compared with 
the direct pulse and the amount of inversion of the reflected component. 
Consequently, reduced height and area pulses are expected when inversion of 
the reflected pulse occurs · while large pulse amplitudes and increased areas 
suggest little inversion. These cases occur with about equal probability. 
Pulses with a greater than average peak value and a decreased area only 
occurred in 3% of cases . This percentage increases with height. 

5) At all measuring heights, an unchanged peak value is equally associated 
with smaller or larger areas. At the higher height there is a tendency for 
all categories to become equally populated. 

Consideration of Meteorological Information 
As a major objective of this research is to link meteorological fluctuations 
in the atmosphere with corresponding changes in the acoustic behaviour, it 
is important to establish that the meteorological data are meaningfuL As 
indicated earlier, the delay experienced by an impulse is expected to 
correlate strongly with the wind speed. 

A careful check was kept on the flight time of the impulses . As the reference 
microphone was only a metre from the source, the delay between its pulse and 
the arrival at the other microphones should give a direct indication of any 
fluctuation in the average wind speed experienced by the particular pulse. 
Although care was taken in the set-up to ensure that all microphones were 
located at the same distance from the source, an uncertainty of perhaps 
several centimetres remained in the 16m distance. Microphone supports were 
stayed by cords to restrict their movement as the wind gusted . 

While there are differences between the mean delays at the three microphone 
heights, as shown in Table 2, these are within the uncertainties of locating 
the microphones. However, the associated uncertainties indicate that the 
spread in the delays increase significantly with height. In Table 2, 0 
represents the mean value of the anemometer readings over the total time of 
some 45 x 90 = 4050 second recordings , while ii is the average using the 45 x 
3 = 135 second readings taken at the time of the pulses. These two averages 
closely . agree, showing an increase in wind speed with height. The two 
anemometers at a 2m height gave essentially identical results for 0 and ii. If 
long term averages are at all meaningful , one might have expected the spread 
in delays at a given height, as measured by the quoted uncertainty, to be 
related to the corresponding RMS fluctuation par_ameter, however, this does 
not appear to be the case. The fact that 0 and u both increase with height, 
yet their RMS difference is essentially constant suggests that they are 
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measuring the same quantity and that perhaps our sampling time of 1 second is 
too large. 

Table 2 
Comparison of Pulse Delay with Meteorological Data at the Microphone Heights 

Top 

Middle 

Bottom 

Av. 'Wind Av. 'Wind 
Mean Speed Speed F 1 uctuat ion 
Delay 9 0 sa mp 1 e s 3 sa mp 1 es 

- ( u - U) u u 

-0.30±0.13 3. 8 ±0. 6 3. 7 ±0. 3 0.64 

-0. 28 ±0. 08 3. 5±0. 9 3. 4 ±0. 6 0.72 

-0. 35 ±0. 05 2.7±0.7 2. 7 ±0. 5 0.63 

- 1 All de 1 a y s in m s , a 11 wind s p e e d s in m s 

rms 

If individual pulse delays are plotted against th~ corresponding short term 
wind speed, u, no significant correlation IS obtained, Fig.4. The 
temperature measured at each location only changed by about 2° during the 
measurement period, although the temperature distribution was not uniform . . 
No trend was apparent when the delays were plotted against temperature, as 
evidenced by small and large delays occurring at the same temperature. This 
lack of correlation indicates . that the meteorological parameters measured in 
the above experiments are inappropriate. This could be due to incorrect 
positioning of the anemometers, the need for more measuring points along the 
path or, very likely, the requirement of faster responding anemometers and 
more rapid sampling of the meteorological data, as one second is long 
compared to the lOOms flight time of the pulse. While the situation is not 
yet resolved, it does demonstrate the insensitivity of using mean parameters 
in such investigations. 

10~-------------------------------------, 

• • • • 8- • 
"0 • •• • Q) •• ·--Q) • c.. •• • (j) 6- • • I • "0 • • ..... c • 
~ •• I • 

4- • • 
• 

2 I I I I 1 

-0.1 -0.05 0 0.05 0.1 0.15 0.2 
Delay mS 

Fig.4: Test for Correlation between Wind and Pulse Delay 
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Energy of Impulse 
A measure of the energy of a pulse can be obtained by summing the square of 
the instantaneous pressure occurring over the duration of the impulse. The 
energy ratio can then be calculated by dividing this energy measure for an 
individual pulse by the average value calculated for, say, an indoor pulse 
recorded at the same distance. This was how the data presented in Fig.S was 
obtained. 

10 

0 

· 10 

·15 

·20 

-- ·-

Top 
I 

Middle 

. . . 
~--

..... 
·J'. • . ·- Jlo!, 

~-
... 

p~-. 
. . ~ . 

0 0.2 0.4 0 6 0 8 . 1 1 .2 1.4 1 6 1 0 0 2 0 4 0 6 0 .8 
Energy ra tio 

lOr 
Bortom 

10 
,; ... , 

15 ; 

Energy ralio 

... 

. . 

i 2 1 4 1 6 1 8 

Fig.S: Energy Distribution Within the Pulses 

Perhaps the most significant feature of the top two data sets is the 
presence of cases where the energy ratio exceeds one. When a similar plot is 
drawn for the 126 indoor measurements, the data groups tightly about one, 
with a maximum excursion to 1.1. Thus, approximately 5% of the outdoor 
measurements display an energy significantly greater than that expected on 
the basis of the indoor result. This increase in energy of the pulse 
suggests that a turbulent focusing mechanism is occurring in these cases, 
in contrast to the majority which loose energy through scattering. 

The lower microphone case is dominated by the relative delay between the 
direct and reflected pulses. Waveforms for two extreme cases (dashed), 
compared with the average pulse shape (solid line), are also indicated. The 
behaviour of the larger !!-height pulses is typical of the reflection being 
well delayed, allowing the full height of the direct to be observed. The 
average· pulse has a significantly reduced height, due to partial attenuation 
by the reflection. When there is little delay between the components, as 
occurs for the very negative !!-height cases, the rounded pulse shape typical 
of the ground wave results. Because of the summation of the direct and 
ground reflection, the lower microphone results can vary between zero and 
two without having to introduce turbulence to explain the results. 
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Frequency Content of Pulse 
The above data have considered the pulses only in the time domain , however , 
it is interesting to see what information is available from the frequency 
domain. Figure 6(a) shows the difference in the relative amplitude of the 
frequency components in the pulses captured indoors while Fig.6(b) is the 
corresponding data for outdoor pulses recorded at the higher microphone 
locations. It is apparent that the atmospheric fluctuations cause a 
significant change to frequencies above several kilohertz, while little 
alteration occurs at lower frequencies. 

Ill 
'0 

C]) 

'0 

. .E 
c. 
E 
C1l 
C]) 

> 
-~ 

a; 
CI: 

100 1000 100 1000 

Frequency Hz Frequency Hz 

Fig.6: Variation amongst pulses (a) Indoors, (b) Outdoors 

Conclusion 

10000 

In the study reported here , the meteorological data clearly did not relate 
to the acoustic pulse delays: indicating that in-appropriate wind 
information was gathered. Impulse measurements offer the prospect of being 
able to correlate acoustic effects with meteorological data in a way not 
possible using continuous wave. propagation. It is intended to pursue this 
approach until we have established a technique for gathering meaningful 
atmospheric information Once an appropriate measure of the wind properties 
is found, which correlates with the delays, it should be possible to proceed 
with greater confidence in examining how turbulence alters the pulse. A 
particularly intriguing aspect is how turbulence increases the energy 
content of some individual pulses. 
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INSERTION LOSS OF ACOUSTIC BARRIERS 

P.McMullen and C.G.Don 
Department of Physics, Monash University, Clayton, Victoria. 

Abstract 
Acoustic barriers are a widespread way to shield populated areas from an 

unwanted noise, but what is the most effective design and how important is 
the surface treatment of the barrier? 

This paper presents experimental results obtained using a short duration 
impulse sound as a source, over a range of barrier designs. The advantage of 
using an acoustic impulse is that it can be time isolated thus avoiding 
complications due to the ground or other reflections. The impulse used 
(produced by . discharging a shot shell primer) has a broad frequency content 
ranging from 100Hz to 10kHz, allowing the investigation of this entire range 
at once. 

It has been found experimentally that the insertion loss produced by two 
parallel barriers can exceed that of a single equivalent wide barrier. For 
example an increase in attenuation of approximately 3dB has been achieved 
using two parallel barriers l.Om apart, as against a single l.Om wide barrier. 
Also the effects arising from altering the impedance of one or more surfaces 
of the barrier has been investigated. 

The experimental results are being used as a base to improve existing 
models for predicting barrier insertion loss, with an emphasis on including 
the effects of surface impedance and using multiple barriers. 

Introduction 
It has been found that the effective insertion loss of an acoustic barrier can be 

altered by applying small design changes in the construction of the barrier. Often it is 
impractical to examine these changes on a barrier installed on a full length of highway, 
so investigations into the effectiveness of different designs typically involve 
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measurements taken using scale models, short lengths of barrier or by theoretical 
calculations. 

Historically, theories have been based on geometrical diffraction. One of the first 
models was that derived by Maekawa 1 for a semi-infinite thin barrier. His design curve 
for the attenuation produced by a barrier can be represented analytically by 

~L = 20log( ~2rcN I tanh~2nN) + 5dB (1) 

providing the Fresnel number N = 28/'A exceeds -0.2 at the wavelength A. Here 8 is the 
difference in path length between sound passing over the barrier, d0 , and the direct 
distance from source to receiver, dct : ie. 8 = d0 - dct· This model can be adapted for a 
wide barrier by varying the height of the effective thin barrier, but the model is only 
approximate and does not make allowance for the nature of the barrier surfaces. 

An exact theory for a hard wedge has been modified by L'Esperance et al2 to 
include finite impedance sides of the wedge. However this is a very restricted barrier 
geometry. Other theories including a time domain approach by Medwin3 which can, in 
principle, be applied to a variety of barrier shapes and an exact truncated wedge model 
derived by Tolstoy4.5, but both these models assume an infinite barrier surface 
impedance. 

A more general treatment is the boundary element method6 which has the 
advantage that arbitrary barrier shapes and surface impedances can be accurately 
represented in the calculation. The principle of this theory is that an acoustic wavefront is 
moved step by step across the barrier and a modified wavefront calculated . at each step, 
which then acts as the input for the following step. A major disadvantage is that long 
computing times and vast storage arrays are required. 

Using an impulse technique 7 for determining the behaviour of various full size 
barriers, the validity of several of the above the9ries will be tested by comparison with 
experimental measurements. 

Experimental Method 
The acoustic impulses used to measure barrier attenuations are produced by 

discharging a shot-shell primer through a one metre length of 30mm diameter plastic 
tube. The impulse is typically 2-3ms in duration with a peak level of 120dB at 1m, 
originating from the mouth of the tube. Because of the conical symmetry of the sound 
source, the two microphone system described in Fig. 1 is used. The advantage of this 
technique is that it allows a comparison of the diffracted and direct waveforms of two, 
originally identical, impulses which have travelled the same distance, thus avoiding the 
need for corrections due to geometric spreading or atmospheric absorption. The barrier is 
rotated through 90° so that the diffracting edge is vertical to allow ground reflections to 
be eliminated by time isolation techniques. Also complications due to room and other 
reflections can be eliminated as the short duration impulse can be easily time isolated, as 
indicated in Fig. 2. 
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Figure 1: 
Geometry of 
measurement 
system used. 

Previous work 7 indicated that fluctuations in the measured attenuation data which 
occurred at high frequencie~ were probably due to vibrations in the barrier itself. For the 
current measurements a very rigid barrier was constructed, using 18mm chipboard 
covering a pine backing frame, and this has significantly reduced such fluctuations . 

Both the direct and diffracted impulses were recorded using B & K, type 2218 
sound level meters with 1/4" microphones type 4135, their outputs being connected 
directly to a Data Precision DATA 6000 analyser with 16 bit analogue to digital 
conversion and storage. The impulses were then down loaded to a personal computer for 
ensemble averaging and later analysis. By doing a FFf on the appropriate waveforms 
and dividing the diffracted frequency components by the corresponding direct pulse ones 
the attenuation at the particular frequency can be converted to insertion loss by 

. diffracted do 
InsertiOn Loss= 10log( . ) + 20 log(-) 

drrect dd 

r ............................................................................ --..... -·-·-·-·--·-·-·-·-·-·-·-·-·-·--·-·--·-·--·-·-·--r--·-·---······--· .................. . 

I ! 

l 

Direct Pulae 
Floor Retlet11on 

I 
Preaaure l 0~ (\ Floor Reflet11on 

I L "'' "'k• __] " 

I Portion Und I Retlet11ona Ignored 
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impulse are isolated from 
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R-esults 
Measurements were taken over a rectangular barrier of width 0.1 and l.Om, with 

source angle , ¢, equal to 300, 60°, 80°, and 9oo. The receiver angle, 8, was set at an angle 
of 600 between the barrier and the ray from the top of the barrier to the receiver. Only 
one receiver angle has been used as it was found experimentally that the insertion loss for 
¢ = 800' e = 600, is the same for ¢ = 600, e = 80° for the symmetric rectangular barrier 
being considered. The surface impedance of the barrier walls was assumed to be infinite 
in model calculations, as the chipboard used in construction acts as a near perfect 
reflector. 

In general it was found that for angles of¢ around 60°, all the theoretical models 
considered produced a reasonable match with the experimental results for both the 0.1 m 
and l.Om wide barriers . However as ¢ approaches 90°, as shown in Fig. 3, Maekawa's 
approximation and especially Medwin's time domain calculation fail to match the 
experimental results. As expected, results calculated using the more sophisticated 
boundary element method give good agreement with experimental results for all source 
and receiver angles. 
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Fi&ure 3: Comparison of experimental results with predictions from the boundary 
element theory, Medwin's theory and Maekawa's simple model for a wide barrier. 

When the surfaces of the barrier are covered with an absorbent layer such as 
carpet with a measured flow resistivity of 350,000rayl/m, it was found experimentally 
that at frequencies above 2kHz an increase occurs in the insertion loss achieving an 
additional attenuation of 22dB at 5kHz. As shown in Fig 4(b), the side surfaces only 
contribute about I dB of this. For a O.I m barrier the additional attenuation is 6dB at 5kHz 
with the side surfaces contributing about 3dB of this. As one would expect, a finite 
impedance on the side surface has more of an effect as the source or receiver angles 
decrease. One interesting phenomena, found both experimentally and with the boundary 
element calculation, is that the insertion loss actually decreases at frequencies between 
I OOHz and I.I kHz when one or more surfaces are covered with a finite impedance layer. 
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Measurements indicate that when the source geometry is equivalent to the 
receiver geometry the attenuation is the same, irrespective of the absorbing material 
being placed on just the source or receiver side of the barrier. This symmetry in the 
barrier geometry has also been found by L'Esperance et al2. 

Included in Fig. 4(c) are the experimental results produced for a wide barrier of 
width l.Om with a Scm layer of foam covering the top surface. As the foam has a much 
lower impedance (5000 rayVm) the impulse will travel both through and around the foam 
causing an interference at appropriate wavelengths, producing the resonance pattern seen 
in the insertion loss graph. 
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Fi&ure 4: Comparison of experimental measurements for a l .Om wide hard barrier and 
the same barrier with carpet or foam attached to one or more of the surfaces. 

Perhaps more unexpectedly, when two parallel, O.lm wide rectangular barriers 
were positioned 0.6m apart to form an effective l .Om wide barrier but without a 
continuous top surface, the insertion loss was found to be greater than that of the hard 
surfaced l.Om wide barrier. As shown in Fig. 5, the difference varies from ldB at lower 
frequencies to 4 dB by 1OkHz. This contrasts with carpet, which produces little alteration 
below 1kHz. 
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Fi~ure 5: Experimental results for a multiple barrier system. 

The formation of the double barrier increases the number of diffraction edges and 
produces a cavity, in which sound energy can be trapped. An intermediate block was 
added, with its upper surface in the plane of the barrier top. The block was fashioned 
from a 30mm wide by 88mm deep length of pine wood. This further enhanced the 
insertion loss at frequencies above 1kHz, which is perhaps unexpected, as the top surface 
area is effectively increased, approaching closer to that of the solid barrier. 
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Figure 6: Experimental results for a O.lm wide barrier and the same barrier with a 15mm 
crack 38mm from the top of the barrier. 

The importance of the cavity itself was demonstrated by adding a chipboard sheet 
to the pine block, as indicated by the dashed line in Fig. 5(a). This had the effect of 
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slightly reducing the insertion loss at the higher frequencies but improving it by several 
dB below 1kHz. 

Fig. 6 shows the interference type pattern that occurs in the insertion loss when a 
crack is introduced near the top of a barrier?. Similar to the example involving a foam 
layer on the top of the barrier, Fig. 4(c), the interference pattern occurs due to p~t of the 
impulse energy travelling through the crack and some over the top causing cancelling and 
enhancement at appropriate frequencies. 

Conclusion 
Using acoustic impulses is a relatively simple technique for determining the 

insertion loss of a barrier over most of the audio range. In particular it is a convenient 
way of studying how changes to the surface impedance alters the barrier performance. 
While adding carpet to the top of a barrier may not be particularly relevant to the design 
of outdoor systems, it does indicate that the presence of grass covered berms (grass 
covered ground having a flow resistivity about that of carpet) are more effective than 
concrete ones. Further, such experiments act as a useful test for the theoretical models. 
For mid range angles of incidence and diffraction the simplistic Maekawa model is 
surprisingly effective, even for a 1m wide barrier, however, it can be in error by many 
dB at extreme geometries. Boundary element calculations are necessary for more 
complicated geometries, sr.ch as the multi-barrier system discussed here, and when the 
barrier has varied impedance surfaces. However, the computing time involved makes 
such investigations tedious so, in many ways, it is simpler to construct a barrier and test it 
directly using the diffraction of impulses. 
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The Attenuation of Impulse Propagation 
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ABSTRACT 

This paper presents the findings of an interim report on the study of peak levels propagated 
from an impulse noise source over long distances. The distances of measurement stations used 
for the study were lOOm, 800m, 1.6km and 3.2km. Attenuation rates of the peak levels and 
a statistical analysis of the results are presented. Meteorological profiles of the prevailing 
atmospheric conditions were also gathered at the same time to examine the influence of wind 
strength and direction and the effects of the atmospheric temperature profile. This study is 
part of a much larger study of sound propagation through the atmosphere being conducted by 
the National Acoustic Laboratories and the Department of Defence. 
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INT-RODUCTION 
This paper represents part of an interim or progress report of an extensive amount of 
experimental data that has been gathered by the Prevention Services group at National 
Acoustic Laboratories. The main objectives of the project are to examine the effects of 
meteorological conditions on the propagation of sound over longer distances and to establish 
a stastical data base of noise level versus distance. This study has included both continuous 
and impulsive sound sources. Experimental work with impulsive sources commenced in 1989 
and continued through until 1991, although to some extent more data is gathered from time 
to time if the opportunity presents itself. As will become apparent an enormous amount of 
data has been collected and the processing and interpretation of this data represents a 
mammouth task. As a consequence analysis is proceeding in stages and this paper presents 
the initial overall analysis of the impulse propagation data. 

THE EXPERIMENTAL ARRANGEMENTS 
The experimental setup was the same in each instance of the seven field trips from which data 
is taken for this paper. There was a source located at what we can term ground zero and out 
on a single radial from this source lay four manually operated recording stations. The 
direction of this radial was purely governed by the geography of the area and the ease of 
access that was required to access the measurement points. Usually they were, for this reason, 
placed along a single road or such that road access was available at each site. In this sense 
the radials along which the measurements were taken were not completely random. The 
terrain, while not being completely tlat and free of bush was usually slightly undulating to 
flat and carried low scrub, grass and sometimes trees. 

After much trial and error it was decided that the most effective impulse source would be a 
"plug" of high explosive, usually a 125gm stick of Tovex, Powergel or similar. The explosive 
was suspended by cord from a metal frame such that it was two metres off the ground, giving 
the closest approximation to an omnidirectional source. 

The manually operated recording stations were situated at 100m, BOOm, 1.6km and 3.2km. 
They consisted of computerised equipment that could not only record the maximum linear 
peak level (MAXP) of the impulse but also capture the resulting waveform for later analysis 
of frequency content, duration, etc. The only information that was required for this report was 
the MAXP. The aim is to analyse the other data at some future time. The co-ordination of all 
sites and the source was carried out through the use of portable radios. 

At each of the manned measurement locations and in the vicinity of the source were portable 
ground meteorological stations and at each of these, ground meteorological conditions were 
recorded at half hourly intervals through out the measurement period. Also at a location not 
far from the propagation path was a meteorological team from the School of Artillery of the 
Australian Army. At specified intervals throughout the measurement period they would release 
a radiosonde which would send back information on the meteorological conditions prevailing. 
Data from the radiosonde then gave a complete meteorological profile of the atmosphere. 
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The duration of the measurement period was usually eight hours with the start and stop times 
being governed by whether interest was in a sunrise period or sunset period. For a sunrise 
period measurements were commenced one hour prior to sunrise, concluding eight hours later; 
for sunset periods, measurements were commenced such that the conclusion of the eight hour 
period would be one hour after sunset. 
By convention the day is divided into three measurement periods; the morning, 00:00 to 10:00 
hours; day time, 10:00 to 17:00 hours; and evening, 17:00 to 24:00 hours. These periods are 
adopted as they reflect the time periods that are frequently used when studying annoyance of 
noise from impulse sources such as rifle ranges. It can also take into account enhanced 
propagation conditions that can sometimes exist in the winter months when inversion 
conditions can be present in the atmosphere in the morning and early evening. A more 
detailed analysis of these propagating conditions will be undertaken in the future. In this 
analysis I have only considered the day as a single period from 00:00 to 24:00 hours. 

Measurement sites were chosen such that they represented as many climactic zones in 
Australia as practically possible. Sites were at Innisfail, Queensland; Singleton and 
Holsworthy, NSW; Port Wakefield and Woomera, South Australia; and Bernacchi in the 
Central Highlands of Tasmania (twice). 
A summary of the propagatio'1 directions is given in the following table:-

Summary of Propagation Directions 

Innisfail, Qld 232° (true) 

Singleton, NSW 243° (true) 

Holsworthy, NSW 222° (true) 

Woomera, SA 184° (true) 

Port Wakefield, SA oo (true) 

Bernacchi, Tas 143° (true) 

As can be seen these directions are not completely random but were subject to the conditions 
discussed above. 

RESULTS 
Meteorological Data Summary 
There were in the order of 300 radiosonde flights. The meteorological conditions necessary 
for this work are summarised as follows:-

a) Temperature: The ground temperatures measured were in the range -5°C to +35°C, naturally 
temperatures at altitude tended to be lower again. 
b) Relative Humidity: The relative humiditiy fell in the range of around 20% to close to 
100% as measurements were not taken when it was actually raining in order to protect the 
instrumentation. 
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c) .Wind Direction: For this section o f the experiment it was preferable that wind should come 
from any possible direction compared to the direction of propagation in order to give a true 
random sample. At this stage it is not possible to state definitively that all and any wind 
directions were involved with respect to the propagation directions , only that it is presumed 
that this is most probably the case. 
d) Wind Speed: When the steady wind speed rose over lOm/s measuring ceased as it was 
found that there was too much wind noise generated near the microphones and this did not 
allow accurate measurement of the impulses. Hence, results for wind speeds greater than 
lOm/s are not included. Toward the end of the series of field studies several different forms 
of wind screens were tried with varying degrees of success. This is the topic of separate work. 

Experimental Results 
There were in the order of 2,500 impulses measured and recorded. The following table 
summarises all of the valid data for the maximum peak levels collected from all locations and 
for all day periods as mentioned above. 

A SUMMARY OF MAXIMUM PEAK LEVEL DATA (00:00 to 24:00) 

Measurement AVE MAXP . Maximum Minimum No of valid 
location (dB) MAXP (dB) MAXP (dB) data points 

100 metres 140.4 147.5 129.1 2097 

800 metres 116.1 132.9 90.9 2102 

1.6k metres 109.2 124.5 81.9 2088 

3.2k metres 101.1 116.5 66.5 1882 

DISCUSSION 
The Relationship between MAXP and Distance 
When the plot of the Average Maximum Peak Level, in dB, versus the logarithm of distance , 
in metres, is drawn (see above) it is found to be a good approximation to a straight line over 
the range of interest. On calculation the equation representing this line is found to be:-

MAXP(dB)=26.7(7.28-logd(m)) 

Given the sample size that was considered, this can be taken as a true indication of the 
relationship involved. The general equation becomes:-

MAXP(dB)=26. 7(C- logd(m)) 

where the constant C is dependent on the type of explosive source. 
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One important qualification on the use of this equation is that the type of source used should 
be of a similar nature to the one used for this experimental work. It is useful to say here that 
this equation is consistant with other studies conducted by NAL (see Peploe 1992). 
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Spread of Results 
One of the main results to note from the above table is the range of values of MAXP 
obtained at each measurement location. These can be summarised as follows:-

RANGE OF MAXP LEVELS 

Measurement Range of MAXP 
distance (m) (dB) 

100 18.4 

800 42.0 

1.6k 42.6 

3.2k 50.0 

The range of values indicated here graphically illustrates the wide variation in MAXP levels 
that can be experienced at a particular location. This is very important when the 
environmental effect of noise is being considered as predictions must take into account the 
worst case scenario. 
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Th~ next table comperes the measured values to those that would be expected from, 
a) a simple six dB per doubling of distance; and 
b) the simple six dB per doubling of distance plus the maximum 3 dB per 
kilometer as proposed by Embleton (1982). 

AVERAGE MAXIMUM PEAK LEVEL WITH RESPECT TO DISTANCE 

ASSUMED DISTANCE (Metres) 
CONDITIONS 

100* 800 1.6k 3.2k 

Measured 140.4* 116.1 109.2 101.1 

6dB/doubling of 
distance 140.4* 122.4 116.4 110.4 

6db/doubling of 
distance plus 140.4* 119.8 111.3 100.8 
3dB/kilometer 

Note: * This is used as the reference value 

As can be seen the 6 dB/doubling of distance plus 3 dB/kilometre comes the closest to the 
measured values. 

When examining the environmental impact of a proposed development that would involve 
impulses of this nature the consideration of Accumulated Peak Levels (APLs) and hence the 
average MAXP is satisfactory but for the determination of annoyance the availability of 
percentile levels would be useful. This work is planned for the future. 

CONCLUSION 
From the above discussions there is now firm relationship between the average maximum 
peak level of an explosive impulse source and distance, up to a range of at least 3.2 
kilometres. Possibly more important- is the range of maximum peak levels that has been 
observed at these distances, up to 50 dB at 3.2 km. 
While an extension of the MAXP versus distance relationship to longer distances would not 
seem unreasonable for predicting an average level, the omission of consideration of the 
possible wide range of levels could be disasterous. 
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A FLUSH MOUNTED MICROPHONE TURBULENCE SCREEN 
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CSIRO Division of Building, Construction and Engineering 

Abstract 

This paper describes the development of a flush mounted microphone turbulence screen for 
measuring the sound pressure at the wall of a power station chimney flue due to the sound waves 
propagating up the flue. The purpose of the turbulence screen was to reject the pressure 
fluctuations due to the turbulent gas flow in the flue. The turbulence screen was flush mounted to 
avoid generating self turbulence and noise. The turbulence screen was required to protect the 
microphone from the hot gases flowing in the chimney flue so that the microphone would not be 
used outside its rated temperature range. 

The modal and flow velocity corrections in the international standard ISO 5136 (1990) "Acoustics 
- Determination of sound power radiated into a duct by fans - In-duct method" are designed for 
estimating the sound power propagating along the duct. Since the flush mounted turbulence screen 
was designed to measure the sound pressure at the wall of the flue, it was necessary to develop 
new modal and flow velocity corrections. The turbulence screen was calibrated and its directivity 
checked in an anechoic room. The turbulence rejection of the turbulence screen was measured at 
three different flow velocities. 

1. Introduction 

When measuring the noise emitted from brown coal fired power station chimney flues, it is 
desirable to measure the sound pressure level inside the chimney flue in order to avoid the large 
influence of the exterior climate on exterior propagation paths. The State Electricity Commission of 
Victoria (SECV) decided that it was necessary to measure the sound pressure level at the wall of 
the chimney flue using flush mounted devices because probes placed in the interior of the flue 
would disturb the exhaust gas flow and generate extra turbulence and noise. Thus they have 
specified maximum sound pressure levels on the inside of the chimney flue wall in their contracts. 

The silencers at the Loy Yang A and Yalloum W power stations were retrofitted. SECV experience 
at these two power stations convinced them that the existing methods of measuring the sound 
pressure levels inside power station chimney flues were inadequate. This was because the 
magnitude of the turbulent pressure fluctuations could be comparable to the magnitude of the 
sound pressure fluctuations in the chimney flues which were fitted with silencers. In an effort to 
overcome this problem the SECV experimented with a prototype flush mounted microphone 
turbulence screen. They constructed a section of false wall which could be placed on the inside of 
the wall of a chimney flue through an existing inspection hatch. A conventional Briiel and Kjccr 
microphone turbulence screen type UA 0436 was flush mounted in this section of false wall. 
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Unfortunately it proved impossible to rigidly mount this section of false wall to the inside of the 
chimney flue wall and it partially lifted off the flue wall in the presence of flow in the chimney 
flue. 

Silencers were incorporated as part of the original design of the new Loy Yang B power station. 
There was also a clear need to develop a new system of measurement. A number of precision 
machined measurement ports were constructed in the walls of the chimney flues of the Loy Lang B 
power station. These were also part of the original design. Each of one of these measurement ports 
has a slit measuring 600 by 40 mm in which a flush mounted microphone turbulence screen can be 
rigidly mounted and four 24 mm diameter holes in which a flush mounted microphone can be 
mounted. To insure independence, the SECV and their contractor agreed that the flush mounted 
microphone turbulence screen and the equivalent of a flush mounted microphone should be 
developed by a third party with appropriate experience and ability. The CSIRO Division of 
Building, Construction and Engineering was contracted to carry out this development task. This 
paper describes the results of that contract. 

CSIRO was required to develop a flush mounted microphone turbulence screen for use in 
measuring the acoustical pressure level at the wall of a 5.5 m diameter power station chimney flue 
at a temperature of 188 °C. The microphone turbulence screen was required to be flush mounted 
so that it did not generate any self noise or additional turbulence. It was also required to be 
provided with correction factors for the measurement of sound pressure level at the flue wall, 
rather than with corrections for the measurement of the propagating sound power in the flue as is 
the case in the international standard ISO 5136 (1990). 

Another requirement was that the microphone must not be used outside its manufacturer's 
recommended temperature range. Briiel and Kjrer (1982) state that their air condenser microphones 
can be used continuously up to a temperature of 150 °C. They also state that intermittent operation 
is possible up to 200 OC, but recommend that their microphones not be used above 150 °C. 

Because the exhaust gases in the chimney stack are close to the dew point of their acidic vapour, 
and because the microphone turbulence screen is calibrated with the same temperature inside and 
outside, another requirement was that the microphone turbulence screen be thermally insulated. 
This would ensure that the screen's temperature would be close to that of the exhaust gases in the 
chimney flue, in order to prevent condensation or a change in the calibration of the microphone 
turbulence screen due to temperature differentials. 

A further requirement was that the microphone turbulence screen be capable of measuring third 
octave band acoustical levels as low as 60 dB. An equivalent of a flush mounted microphone in 
which the actual microphone did not exceed the maximum temperature recommended by its 
manufacturer was also requested: 

2. Design of the microphone turbulence screen 

The initial idea was . to use a piezoelectric pressure transducer which could be used up to 
temperatures of 250 °C. Unfortunately their stated background noise levels are of the order of 94 
dB (1 x 10-5 atmospheres). This was confirmed by third octave band measurements on an actual 
piezoelectric transducer. The measurements were made in the hope that the third octave band noise 
levels would be significantly lower than the stated DC levels, but this proved not to be the case. 

The use of a microphone probe tube to sample the sound pressure at one end of the turbulence 
screen w_as also. considered. !he idea '"':as that the microphone probe tube would pass through the 
thermal tns~latton surroundt.ng. the chtmney and thus keep the temperature of the microphone 
below 150 C. However thts tdea was abandoned because of concerns about condensation 
obstructing the small diameter probe tube and the problem of calibrating the probe tube with a 
variable temperature gradient along it. 

190 PROCEEDINGS AAS ANNUAL CONFERENCE 1992 



It was then decided to adopt the approach that has been used previously to make measurements in 
chimney flues, and which is used in the current Briiel and Kjrer probe microphone. This consists 
of using a microphone or microphone probe tube in the wall of a tube which joins the chimney flue 
at right angles. The other end of the tube has an anechoic termination. The anechoic termination 
consists of a long length of coiled flexible tubing with the same internal cross sectional area as the 
rigid tube. Although the flexible tubing has only a small attenuation per metre, because of its long 
length and the fact that the reflected sound from its far end has to transverse the same long length 
of tubing before it reaches the rigid tubing, the long length of flexible tubing acts as a good 
anechoic termination. Because the microphone can be placed outside the thermal insulation which 
surrounds the chimney flue, it can be kept at a temperature much lower than the temperature of the 
flue. Use of a flexible goose neck to connect the microphone to its pre-amplifier will keep the 
microphone pre-amplifier at an even lower temperature. 

The design of the microphone turbulence screen is based on Annex E of the international standard 
ISO 5136 (1990). However some deliberate changes were made. The length of the slit was 
increased from 400 mm to 500 mm so that the microphone turbulence screen would have the same 
directivity characteristics at 188 DC as a screen with a 400 mm slit at room temperature. Because 
the microphone turbulence screen had to be flush mounted a nominally square cross section tube 
was used instead of a cylindrical tube. The actual internal dimensions of the tube were 11.2 by 
11.8 mm. 

500 x 1 m m slit covered by cloth with 
specific flow resistance 322 mks Rayl 

30 m coil of 12.5 mm ID tubing. 
[Anechoic termination) 

~---------
12.7 mm Mic. 

(Flush mounted) 

30 m coil of 12.5 mm ID tubing. 
[Anechoic termination) 

Figure 1. Schematic of microphone turbulence screen. 

Th~ microphone tur.bulence screen .tube was extended beyond the slit length and bent in a large 
ra~1us curve so that It extended o:uts1de the thermal insulation screen around the chimney flue. The 
microphone was flush mounted m the wall of the tube outside the thermal insulation screen. The 
tube .was terminate~ at bot~ en.ds with 30m of coiled 12.5 mm internal diameter flexible tubing to 
provide an anechoic terminatiOn at both ends of the tube. The anechoic termination at the end 
without the microphone provi~es the opportunity to install a condensate trap or gas purge if found 
necessary. The layout of the m1crophone turbulence screen is sketched in Figure 1. 
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A sl~t· ·width of 1 mm was retained and. the s.lit was covered with two layers of a woven synthetic 
fabnc. Each layer had a measured specific atrflow resistance extrapolated to zero flow rate of 166 
m~s. rayl. This synthetic fabric was ch.osen ~ecause it could withstand the temperature and the 
acidity. Seven different woven synthetic fabncs were tested for their specific airflow resistance. 
The values claimed by the manufacturer with a pressure drop of 196 Pa had almost no relationship 
to the measured values of specific airflow resistance extrapolated to zero flow rate. A fme stainless 
steel mesh was also tested, but its specific airflow resistance was far too low. Sintered metal was 
also considered, but there was concern about its resistance to acid attack. 

End of tube covered by cloth with 
specific flow resistance 322 mks Rayl 
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12.7 mm Mic . 
(Flush mounted) 

30 m coil of 12.5 mm ID tubing. 
r Anechoic termination) 

Figure 2. Schematic of perpendicular tube. 

The two layers of fabric were sandwiched between the tube and the plate in which the tube was 
mounted. The slit was machined with the tube in the plate to ensure proper alignment of the two 
slits. 

The microphone turbulence screen was originally tested without the anechoic tenninations because 
this made the mounting of the microphone much easier. It was hoped that the attenuation due to the 
fabric in the slit would dampen any resonances due to the reflections at the ends of the tube. When 
tested with a fabric with a specific flow resistance of 2400 mks rayl, many pronounced resonances 
were observed in its Fast Fourier Transform (FFf) frequency response due to the low attenuation 
along the tube. When the specific flow resistance was changed to 332 mks rayl, some but not all 
of these resonances were damped out. The resonances which were damped out were obviously 
those involved with the length of the slit. It was then realised that the undamped resonances were 
due to reflections between the end of the slit where the impedance of the tube changes and the ends 
of the tube. To damp out these resonances, a. flush mounted micr~p~one and the anechoic 
terminations described above were employed. This damped out the remammg resonances and gave 
a locally smooth FFf and third octave frequency response. The damping out of the resonances 
ensures that the frequency response of the microphone ~urbulence screen will not dep~nd on !he 
temperature gradient along the two arms of the tube which extend through the thermalinsulatwn 
around the chimney flue. 
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The frequency response of the microphone turbulence screen was also measured with only one 
anechoic termination which was placed at the end without the microphone. This configuration 
makes construction of the microphone mounting easier, but unfortunately some of the resonances 
returned due to reflections between the end of the slit and the microphone. In retrospect, the single 
anechoic termination probably would have been successful if placed at the microphone end of the 
tube. However there is little tobe gained compared to the double anechoic termination design in 
terms of ease of construction. 

The double anechoic termination design was also successful when used with fabrics of specific 
airflow resistance of 1170 and 493 mks rayl. However these fabrics were discarded because they 
did notmeet the directivity requirements. The directivity problems were due to the fact that the 
directivity equation in the draft international standard ISO 5136 (1990) is a poor approximation to 
the directivity of microphone turbulence screens in the 30° to 45° angle of incidence range. 

The equivalent flush mounted microphone comprised a length of the same tubing used in the 
microphone turbulence screen, mounted at right angles to the wall of the chimney flue with its 
inner end flush with the inner surface of the flue wall. This end was covered with two layers of the 
same fabric used in the microphone turbulence screen. These two layers were glued to this end of 
the tube to inhibit whistling due to the flow in the chimney flue. The microphone was flush 
mounted to the tube outside the thermal insulation around the chimney flue to keep the temperature 
of the microphone below 150 °C. The other end of the tube had an anechoic termination like those 
on the microphone turbulence screen ends. This equivalent flush mounted microphone was called 
the perpendicular tube. The layout of the perpendicular tube is sketched in Figure 2. 

3. Frequency Response 

The frequency response of the microphone turbulence screen was measured in an anechoic room at 
room temperat_ure using third octave bands of random noise. A 300 mm diameter dual cone 
loudspeaker mounted in a baffle was placed 3600 mm from the centre of the microphone 
turbulence screen slit with the axis of the loudspeaker on the line which was an extension of the 
microphone turbulence screen slit. The loudspeaker was driven with pink noise which was passed 
through a third octave graphic equaliser set to boost the high and low frequency noise. The 
measured results were corrected for the effect of background noise which was minimal for the 
results reported here. A Briiel and Kjrer half inch flat free field response air condenser microphone 
type 4133 without grid was used in the microphone turbulence screen. The response of the 
microphone turbulence screen was measured relative to the response of another 4133 microphone 
with a protecting grid positioned facing the microphone turbulence screen slit 6 mm above the 
centre of the slit. The relative 90° response of the two microphones with grids was measured by 
pointing the two microphones at each other with their grids 6 mm apart and their common axis at 
right angles to the line between them and the loudspeaker, and used to correct the measured 
results. The published Briiel and Kjrer 90° free field response of a type 4133 microphone relative 
to the microphone's electrostatic actuator response was used to calculate the response of the 
microphone turbulence screen relative to the microphone's electrostatic actuator response. 

The frequency response correction of the microphone turbulence screen is the negative of its 
frequency response. It is the amount in decibels that must be added to the output of the turbulence 
screen microphone to correct for the frequency response of the turbulence screen. The output of 
the microphone must also be corrected so that the microphone has a flat pressure or electrostatic 
actuator response. The frequency response correction of the microphone turbulence screen is 
shown in Figure 3 as a function of Helmholtz number. The Helmholtz number is the product of 
the wave number of the sound and the length of the turbulence screen slit. It is used to make the 
results independent of temp~rature. The theoretical frequency response correction for the 
microphone turbulence screen ts 0.9 dB. 

It should be noted that it would actually be more appropriate to use a flat pressure response 
microphone such as a Brliel and K jrer type 4134 in the microphone turbulence screen, 
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perpendicular tube and as a flush mounted microphone. However the difference is only about 4 dB 
at 10kHz. A 4133 was used in these measurements because the results in the Brtiel and Kjrer 
microphone turbulence screen data sheet are relative to a 4133 microphone. Also Australian sound 
level meters are equipped with flat 0° incidence free field response microphones . 
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Figure 3. Frequency response corrections for microphone turbulence screen and perpendicular 
tube as a function of Helmholtz number. 

The directivity of the microphone turbulence screen was measured from 0° to 75° in increments of 
15°. The measurements were made using third octave bands of random noise from 50 Hz to 10 
kHz inclusive. The turbulence screen easily satisfies the requirement that it be more omni­
directional than the lower limiting curves given in Figure 2 of ISO 5136 (1990). However these 
curves as labelled do not agree with the equation on page 6 of ISO 5136 (1990) from which they 
are derived. The labels on Figure 2 of the International Standard have been drawn n/18 radians 
(1 0°) to the right of where they should actually be drawn. 

When the directivity of the microphone turbulence screen was compared to the lower limiting 
equation on page 6 of the standard it did not satisfy the omni-directivity requirement. There are 
two reasons for this fact. The first is that the microphone turbulence screen was deliberately 
designed with a slit length of 500 mm rather than the 400 mm length recommended in the 
standard. This was done so that the microphone turbulence screen would have the same directivity 
at 188 OC as a turbulence screen with a length of 400 mm has at room temperature for the same 
frequency. 
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Secondly, the equation on page 6 of the international standard is based on an early empirical 
approximation of the directivity pattern of a microphone turbulence screen by Bolleter, Cohen and 
Wang (1973). They obtained their approximation by best fitting 'a simple empirical formula'. 
Their formula is a function of the Helmholtz number of the microphone turbulence screen and the 
cube of the angle of incidence. The equation on page 6 of the international standard removes the 
dependence on slit length by assuming a slit length of 400 mm, and expresses the wave number in 
terms of frequency in hertz by assuming a temperature of 20 °C. 

These limitations can be overcome by multiplying the frequency used in the equation on page 6 of 
the international standard by either the ratio of the length of the microphone turbulence screen slit 
to the standard microphone turbulence screen length of 400 mm or by the ratio of the speed of 
sound at 188 OC to the speed of sound at the temperature at which the microphone turbulence 
screen directivity was measured. Both of these approaches lead to the same result because this is 
how the length of the microphone turbulence screen was selected. With this modification the omni­
directional requirement was satisfied at all but three points. These three points have values of 
Helmholtz number which correspond to room temperature frequencies of 50 Hz, 200Hz and 10 
kHz. These frequencies are not the frequencies (1, 2, 4 and 8kHz) at which the omni-directional 
requirement must be satisfied in Figure 2 of the international standard. 

The frequency response correc_tion of the perpendicular tube with an anechoic termination and a 
flush mounted microphone in t!1e tube wall was measured at the same time as the frequency 
response correction of the microphone turbulence screen. The result is also shown in Figure 3. 
The theoretical frequency response correction of the perpendicular tube is 5.1 dB. 

4. Higher order modal and flow velocity correction 

The microphone turbulence screen is calibrated in an anechoic room with zero flow (Mach number 
M equals zero ) and with angle of incidence equal to zero. For non zero Mach numbers and non 
zero angles of incidence a theoretical correction to the calibration must be calculated. If sound is 
incident from different directions at the same time, the theoretical correction must be averaged over 
the different angles of incidence with a weighting which is proportional to the sound energy 
incident from each direction. This approach assumes that sound incident from different directions 
is uncorrelated. Because of the large chimney flue diameter ( 5.5 m ), back reflections can be 
ignored (see Appendix B of British Standard BS 4718 (1971) ). This means that we only have to 
average over angles of incidence from 0° to 90°. 

According to Morse and Ingard ( 1968), the cut on frequency of the first cross mode in a 
cylindrical duct is 0.5861 c/D where c is the speed of sound and D is the diameter of the duct. 
Thus for a 5.5 m diameter cylindrical chimney flue at 188 OC, the cut on frequency of the first 
cross mode is 46 Hz. This means that propagating cross modes will be present across the whole of 
the frequency range from 50 Hz to 10kHz. Thus angles of incidence other than 0° have to be 
considered. 

However we do not know the angular distribution of sound energy in the chimney flue. The 
obvious assumptions that might be made about the angular distribution of sound energy in the 
chimney flue are that every mode carries equal power down the duct, that every mode has equal 
energy density, that equal energy is incident from every angle or that equal energy is incident from 
every element of solid angle. This paper recommends the use of the equal modal energy density 
assumption, but also covers the other possibilities. The correction factor C is calculated by 
averaging the pressure-squared response lpl2 of the microphone turbulence screen with the 
appropriate weighting factor over angles of incidence 8 from 0° to 90° and dividing this into the 
product of the pressure-squared response for zero angle of incidence and zero flow and the 
average of the desired angular response with the appropriate weighting function. This gives 
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1t/2 

lpi~=S=OJ f(6) w(6) d6 

C= . 
rt/2 

(1) 

J w(6) lpl2 d6 

The function f(8) is the ideal pressured squared response as a function of angle of incidence that is 

desired. For measurements of sound pressure squared f(8) is equal to 1. For measurements of 

sound power propagating down a duct, f(8) is equal to cos(8), since the sound power is 
proportional to the projection of the duct cross sectional area onto a plane perpendicular to the 

direction of propagation of the sound. This projected area is proportional to cos(8). For equal 

energy from every angle of incidence, w(8) is constant. For equal energy from every element of 

solid angle, w(8) is proportional to sin(8). For every mode with equal energy density, w(8) is 
proportional to the number of modes per unit angle of incidence . 
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Figure 4. Combined cross mode and flow velocity correction for the case of equal modal energy 
density as a function of Helmholtz number and Mach number M. 
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The correction factor C is the factor by which values measured with the microphone turbulence 
screen are less than the desired values. Thus the values measured with the microphone turbulence 
screen must be multiplied by the correction factor. In practice the correction factor will be 
expressed in decibels and will be added to the sound pressure level. 
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Figure 5. Combined cross mode and flow velocity correction for the case of equal energy incident 
from every angle of incidence as a function of Helmholtz number and Mach number M. 

If the weighting function is relatively constant, the denominator of equation (1) is basically a 
measure of angular bandwidth. This means that directivity values which are more than 3 dB down 
will have little effect on the correction factor C. Thus for determining the correction factor C it 
does not matter greatly if our predictions or measurements of directivity are in error for those 
values which are more than 3 dB down. 

For a temperature of 188 °C, a slit length of 500 mm, a slit width of 1 mm, a slit specific airflow 
resistance of 332 mks rayl, a tube depth of 11.2 mm, a tube width of 11.8 mm, a duct radius of 
5500 mm and a pressure of 101.325 hPa, the correction factor C for measurements of sound 
pressure level has been calculated for the case of equal modal energy density and the case of equal 
energy per unit angle of incidence. The calculations were carried out for the third octave frequency 
bands from 50 Hz to 10kHz inclusive and for flow velocities of 0, 10, 20, 30 and 40 m/s. The 
results are expressed in dB as a function of Helmholtz number and Mach number M. The equal 
modal energy density case is shown in Figure 4 and the equal energy per unit of angle of incidence 
case is shown in Figure 5. 
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The Ce)rrection factor for sound power level measurements of sound propagating along the duct 
can be obtained by subtracting 2.0 dB from the values in Figure 5. For Figure 5 the adjustment for 
the lowest value of Helmholtz number is 1.4 dB, and increases to 1.8 dB for the highest value of 
Helmholtz number. If the propagating sound power level or the average sound pressure level 
across the duct is being estimated from measurements made at the wall of the duct, then 3 dB 
should also be subtracted from the values in Figures 4 and 5. This is to account for the fact that the 
incident and reflected waves are always in phase at the wall of the duct and thus add in the 
pressure domain rather than in the energy domain. 

The values in Figures 4 and 5 are not strongly dependent on the value of the specific airflow 
resistance of the slit. If the specific airflow resistance of the slit is increased from 332 to 1170 mks 
rayl, the correction factor for the highest values of Helmholtz number and Mach number M is 
changed from 20.9 to 21.3 dB in Figure 4, and from 20.5 to 21.1 dB in Figure 5. 

5. Turbulence rejection 

The turbulence rejection of the microphone turbulence screen relative to a flush mounted Briiel and 
Kjrer Type 4133 microphone was measured in a square cross section duct. The cross section of 
the duct measured 244 by 244 mm. The duct is described by Shepherd and La Fontaine (1986). 
Air is sucked through the duct, via an anechoic tennination and silencer, by a remotely located fan. 
Measurements were made at average velocities across the duct cross sectional area of 11.6, 22.5 
and 31.4 m/s. At the measurement temperature of 16.9 °C, these velocities correspond to Mach 
numbers of 0.034, 0.066 and 0.092. The turbulence was produced by the separation bubble from 
a sharp straight flanged entry to the duct. Although this produced much lower acoustic noise than 
other turbulence generators tested by Shepherd and La Fontaine, the acoustic noise was still a 
major problem when measuring the turbulence and limited the amount of turbulence noise rejection 
that could be measured. 

The acoustic noise was removed using a cross spectrum technique. This method determines the 
acoustic noise by averaging a large number of cross spectra between the microphone turbulence 
screen and the flush mounted microphone. Because the turbulence detected by the two microphone 
systems is uncorrelated it is reduced by averaging, while the correlated acoustic noise is not 
affected by the averaging. The sensitivity of the cross spectrum to acoustic noise is the geometric 
mean of the sensitivities of the two microphone systems. Thus if IHI2 is the square of the 
magnitude of the frequency response of the microphone turbulence screen relative to the flush 
mounted microphone, then the acoustic noise measured by the microphone turbulence screen is the 
magnitude of the average cross spectrum multiplied by IHI and the acoustic noise measured by the 
flush mounted microphone is the magnitude of the average cross spectrum divided by IHI. His the 
relative frequency response measured in the duct with noise coming from the area where the noise 
due to turbulence is generated. It was measured without flow using random noise from a loud 
speaker mounted on a baffle bolted across the entrance to the duct. It includes the effects of cross 
modes, end reflections and the variation of the relative frequency response with angle of incidence. 

The turbulence measured by both microphone systems is calculated by subtracting the acoustic 
noise estimated above from the magnitude of the microphone system's auto spectrum. The 
difference in acoustic sensitivity between the two microphone systems must be taken into account 
by dividing the estimated turbulence measured b3' the microphone turbulence screen by the square 
of the magnitude of the frequency response IHr' of the microphone turbulence screen relative to 

the flush mounted microphone. 1Hf12 is measured for zero degree angle of incidence relative to the 
axis of the microphone turbulence screen in an anechoic room. The anechoic room measurement is 
used since in actual use the microphone turbulence screen and the flush mounted microphone will 
have their acoustic measurements corrected using their frequency responses as measured in an 
anechoic room. 
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The turbulence rejection ratio t is the ratio of the turbulence measured by the microphone 
turbulence screen to the turbulence measured by the flush mounted microphone. It is given by 

(2) 

where Gu is the auto spectrum of the microphone turbulence screen with flow, Gmm is the auto 
spectrum of the flush mounted microphone with flow and Gtm is the cross spectrum of the 
microphone turbulence screen and the flush mounted microphone with flow . 
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Figure 6. Turbulence rejection ratio for plane wave propagation as a function of Helmholtz number 
and Mach number M. 

Because our equipment only allows measurement of the real part of the cross spectrum directly in 
third octaves, the measurements of turbulence rejection were made using Fast Fourier Transforms 
(FFf) and the results were combined into third octaves. The relative standard deviation of a single 
FFf line in the power domain when measuring random noise signals is equal to one. Averaging n 
FFT spectra reduces this relative standard deviation to 1/{0. Thus even taking a relatively large 
number of averages will not completely eliminate the relative standard deviation of the turbulence 
and acoustic noise signals. Because the differences in equation (2) are often small compared to the 
quantities whose difference is being taken, the relative standard deviation of the differences are 
much larger than the relative standard deviations of the quantities whose difference is being taken. 
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This means that the uncertainty of the turbulence rejection ratio is often very large and because of 
statistical variation can sometimes assume physically unrealistic negative values which preclude the 
taking of logarithms to convert the ratio into decibels. The aver~ging of t~e turbulenc_e rejection 
ratios for each of the FFT lines into third octave bands reduces this uncertamty but agam does not 
completely remove it. The uncertainty is largest where the turbulence measured is very much less 
than the acoustic signal from the turbulence generator. 
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Figure 7. Turbulence rejection ratio for cross mode propagation as a function of Helmholtz 
number and Mach number M. 

The means and the standard deviations of the turbulence rejection ratios in each third octave band 
are calculated and used to calculate the 95% confidence limits for the turbulence rejection ratios in 
each third octave band using Student's t distribution. The means and the 95% confidence limits are 
expressed in decibels after taking their inverses to give positive decibel values. This gives the 
turbulence rejection 

T = -10log10(t). (3) 

The values of turbulence rejection T for three different Mach numbers M were measured using an 
average of one hundred 2048 point FFTs which produced 768 useable FFT lines. To give a more 
equal distribution of the number of FFT lines in each third octave band, FFTs with maximum 
frequencies of 12kHz, 3kHz, 750Hz and 187.5 Hz were used. These were combined into third 
octave bands from 50 Hz to 12kHz inclusive. The centre frequencies of these third octave bands 
were then converted to Helmholtz numbers using the temperature of 16.9 OC at which the 
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ABSTRACT 

The trend in the acoustic profession is towards greater number of measurements and more so­
phisticated analysis of data. This is true in both diagnostic measuretnent and site measurement. 

Whilst the old adage "you get what you pay for!" is valid with current sound level meters, it is 
practiCal to link less expensive sound level meters to portable office computers to provide a 
powerful measurement instrument. The prerequisites are software to interrogate the sound level 
meter and software to run various applications on the data collected. 

This paper illustrates some applications, within the building acoustic domain, of the combination 
of computers and sound measuring equipment. 

INTRODUCTION 

The trend in the acoustic profession is towards greater nUlnber of tneasurements and more so­
phisticated analysis of data. This is true in both diagnostic measuretnent and site measurement. 
Current ~echnology allows greater detail to be extracted fr01n field 1neasurements. 

This paper illustrates sotne applications, within the building acoustic domain, of the cOinbination 
of computers ar.d sound measuring equiptnent. 
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HISTORICAL VIEW 

The acoustics profession has been rapidly evolving in its approach to the way it performs its 
tasks. We have seen, over the last two decades, a quantutn leap forward in the array of tech­
niques and equipment available to analyse tasks . The profession is becoming more scientific in 
its analysis techniques, both in measuretnent and calculations. This is partly due to research, ed­
ucation and the availability of tnore affordable and powerful instnunentation. 

From the practitioners view point, current acoustic equipn1ent, whilst still costly, is proving 
more flexible. Current equipment designs have been enhanced by the electronics industry's 
abilities to increase the power and perfonnance of the cunent range of instrumentation. A rede­
velopment of design philosophies were required to switch fr01n or selectively mate the best of 
the analog devices with the newer digital technology. 

FIELD MEASUREMENTS 

Gathering acoustic data out in the field has been a tnajor focus with a range of cuiTent field use 
equipment that has the capabilities previously found only in laboratory based equipment. Often 
the new breed of equipment is tnore capable than the older laboratory equipment. The power of 
these new machines has caused the concept of field measuretnents to change. 

The overall concept in any form of field measurement, is to be able to gather sufficient informa­
tion in the most economical method possible. Field measuretnent can become a costly exercise 
when, due to incomplete data, or poor technique, additionaltneasurements are required. 

The cost of field measurement can be analysed in the following tnanner: 

(i) Transportation, titne, travel and accOintnodation; 
(ii) Time for measurement; 
(iii) Laboratory analysis; 
(iv) Cognitive processing; 

Cost reductions in the measurement procedure outlined above can be a major factor in the prof­
itability of a project. The major concern in conducting field 111easurements is to gather sufficient 
pertinent data. In a problem solving situation, the acoustician requires to be in a position to in­
terpret the data as it becomes available. In this way the acoustician can be assured that all neces­
sary data has been collected. 

The cunent octave band real time sound level meters when interfaced with a computer, offer 
significant diagnostic power for field 1neasuren1ents. In addition, they represent enormous time 
saving, in that all frequency data is measured simultaneously. 
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COMPUTER, SOUND LEVEL METER CONNECTION 

Recently the School of Architecture at Curtin University purchased an octave band real time 
sound level meter for use in investigative projects. 

The major influences in this decision can be listed: 

(i) Real time analysis and display of octave data from 32 Hz up to 8 KHz, plus overall, 
(ii) Memory capacity to measure and store 1500 complete spectras 
(iii) Measurement modes including: Lp, Leq, LAE, LMAX, LN. 

(iv) Serial Intetface (RS232C) 
(v) Precision Integrating, Type 1 
(vi) Cost 

This sound level meter has been intetfaced with a cmnputer and specific software has been 
written to interrogate the sound level meter, retrieve and store all relevant data. In addition com­
puter applications have been written for specific measurement procedures. 

Spatial Mapping 

As a student project the spatial mapping of an auditorium and amphitheatre was carried out. The 
students were given brief instructions on the sound level meter operation and computer interface. 
With the auditorium evaluation, two students were able to cmnplete the measurements in 
approximately 2 hours. Octave band sound pressure levels were recorded at 84 positions and 
stored in memory. At the completion of the measurement procedure, the data was down-loaded 
to a spreadsheet. 

The purpose of the exercise was to consider the effect of acoustic reflectors located above the 
stage area. From the data collected, spatial contouring was used to present a visual map of the 
results. The students chose to present the data via Computer Aided Design software. In this case, 
they used EAGLE, though AUTOCAD has similar capabilities. 
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Figure 1 Spatial Mapping 

Essentially the data required for these spatial n1aps, comptises the X and Y coordinates, ie the 
seat locations, plus the Z or height data. The appropriate frequency, or dB(A) data was used for 
the Z column. 

Reverberation Time 

With an octave band real time sound level meter, it i_s possible to conduct detailed reverberation 
analysis. The basic sound level meter offers the capabilities of measuring sounds at precise time 
intervals and then stating the data automatically into its tnetnory. With time intervals selectable 
from 2 milliseconds to 10 seconds, this allows a maxitnutn ·recording' time between 3 seconds 
and 4 hours. The instrument also features a trigger feature allowing itnpulse sounds to be used, 
in the form of clapper boards and pistols. 

While decays may be viewed via the LCD screen of the sound level meter, increased flexibility 
can be achieved when the sound level meter is connected to a cmnputer. Software has been de­
veloped enabling a IBM compatible computer to interrogate the sound level meter enabling 
semi-automatic reverberation times, across all frequencies to be tnade. 

The software currently utilises a recorded atnbient noise level to provide a tninitnum plus 10 dB 
cut-off for the calculations. A linear interpolation is used over the nonnal -5 dB down to the cut­
off or base of the dynamic range as appropriate. An early decay titne is also calculated in a sitni­
lar manner. 

Down-loading of 1500 full spectrums can take up to 6 tninutes. Care needs to be taken to bal­
ance the quantity of data required to the titne for down-loading. In other words, an RT of 
1.2 seconds sampling at 2 milliseconds intervals requires approxitnately 400 spectra. An advan­
tage of this instrumentation set-up is that a clapper board or pistol can be used as the source. As 
a by-product it is possible to record on disk, the rise time and decay titnes for each measurement 
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This procedure provides the data in a format suitable for decision making at the time of the tnea­
surement. 

Machinery Noise Database 

This instrument configuration is being used in noise survey work where large numbers of ma­
chines are measured. The advantage presented are the sound levels can be down-loaded directly 
into a database. 

Custom designing the interface software allowed: 

(i) additional survey information to be recorded 
(ii) measurements to be forced into dB(Lin) even if recorded in dB(A) 
(iii) automatic up-loading to the database. 
(iv) up-loading to the Hearing Protection Calculation program 

This new procedure produced significant saving in time production of normal reports, and updat­
ing the database. They also improved the reliability of data by avoiding errors in data entry. 

The cost benefits of such a database are self evident, especially in cases involving enquiries re­
garding equipment purchases, such as is product A quieter than product B, or please recommend 
the best three brands and type of a patticular product. Table 1 below shows a sample listing: 

Type Make FREQUENCY LEVEL (Leq.A) PEAK (Lin) 
Model 63 125 250 500 1K 2K 4K 8K Free Workin Free Workin 

g g 

ANGLE BOSCH 78 79 82 65 75 75 92 90 88 93 101 109 
ANGLE BOSCH PWS115 78 82 88 61 72 71 88 89 87 93 99 108 
ANGLE HITACHI METAL 72 81 87 63 65 64 95 90 87 97 99 103 
ANGLE HITACHI 75 77 88 64 70 71 92 90 96 91 110 105 
ANGLE HITACHI 69 85 86 54 58 61 89 92 91 94 101 115 
ANGLE HITACHI100C 82 89 90 61 65 70 97 97 88 102 100 118 
ANGLE HITACHI G10SD 76 81 85 55 64 67 93 92 95 95 106 109 
ANGLE HITACHI G10SD 74 77 83 66 65 65 92 93 98 95 109 108 
ANGLE HITACHI G10SD 73 76 82 53 59 65 92 92 93 95 110 112 
ANGLE HITACHI PDP-100C 85 86 91 63 72 70 97 107 94 107 108 115 
ANGLE HITACHI PDP-100C 81 81 89 65 82 76 92 91 89 96 104 114 
ANGLE HITACHI PDP-100C 71 73 82 62 74 66 95 86 88 93 101 105 
ANGLE HITACHI PDP-100C 75 81 86 55 59 62 93 92 91 98 102 110 
ANGLE HITACHI PDP-100C 74 85 89 54 62 63 93 92 86 98 99 110 
ANGLE HITACHI PDP-100C 75 81 86 55 59 62 93 92 91 98 102 110 
ANGLE HITACHI PDP-100C 84 90 95 68 77 80 93 96 93 100 105 114 
ANGLE HITACHI PDP-100C 76 81 93 64 74 70 94 92 91 97 103 110 
ANGLE MAKITA 77 83 95 62 71 73 99 96 89 100 92 113 
ANGLE MAKITA 9501 B 75 78 84 63 68 68 93 93 87 97 101 111 
ANGLE MAKIT A 9501 B 81 86 89 61 72 71 88 86 88 91 100 105 
ANGLE MAKITA 9501 B 71 79 84 55 64 65 87 87 89 93 94 106 
ANGLE MAKITA 95038 73 82 91 60 66 67 99 98 92 101 105 115 
ANGLE RYOBI 80 83 90 62 67 72 93 92 94 95 106 108 
ANGLE RYOBI G1005 70 80 88 53 57 61 88 88 99 93 111 105 
ANGLE RYO~I HG-1 00 70 80 85 56 66 67 91 90 92 96 104 107 
ANGLE RYOBI SG-1 000 82 89 98 65 69 72 96 93 89 99 104 102 
ANGLE RYOBI SG-1 000 83 85 86 68 83 87 89 92 89 97 101 111 
ANGLE SKIL 75 82 84 61 65 75 92 94 87 95 99 110 
ANGLE WOLF 4594 76 80 88 59 66 68 99 99 90 102 104 119 
ANGLE WOLF 4594 72 75 81 58 62 66 93 95 89 97 102 110 

Table 1 Machinery Noise Database 
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RASTI 

Another example of c01nputer interfacing is in conjunction with RASTI (Rapid Speech Trans­
mission Index) measurement equipment. 

The measurement procedure using the RASTI equiptnent has benefited with the interfacing of 
computers. The RASTI machine generates significant infonnation which is readily down-loaded 
via the RS232C interface. The advantage of connecting a con1puter, is the data can be captured, 
then later processed to form the typical graphical output (see figure 2 below), as well the sum­
mary data (see Table 2 below). 

Pos'n Rasti 

No. 500Hz 

1 0.69 0.73 
2 0.66 0.57 
3 0.70 0.66 
4 0.68 0.65 
5 0.58 0.53 
6 0.60 0.64 

59 0.68 0.66 
60 0.64 0.63 
61 0.67 0.65 
62 0.65 0.64 
63 0.67 0.63 

Average Rasti 
Standard Deviation 

0 % of sample area 
96 % of sample area 
3 % of sample area 
0 % of sample area 
0 % of sample area 
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SUMMARY OF RASTI MEASUREMENT DATA 
JOONDALUP W.A.C.A.E. LECTURE THEATRE 

STI Level (dB) SIN Equivalent 

2kHz 500Hz 

0.66 61.50 
0.73 62.50 
0.74 62.90 
0.71 61.80 
0.61 59.60 
0.58 59.60 

0.71 58.90 
0.65 59.80 
0.68 60.30 
0.67 60.20 
0.70 60.70 

= 0.66 
= 0.03 

2kHz 500Hz 

49.70 6.80 
51.30 2.10 
52.00 4.80 
50.60 4.60 
48.70 0.80 
47.20 4.20 

49.00 4.70 
48.30 3.80 
49.40 4.60 
49.90 4.20 
50.70 3.90 

QUALITATIVE ASSESSMENT 

Subjective Intelligibility 
Excellent 
Good 
Fair 
Poor 
Bad 

Table 2 RASTI Smntnary Data 

2kHz 

4.90 
6.90 
7.10 
6.20 
3.40 
2.30 

6.20 
4.40 
5.50 
5.00 
6.00 

EDT Equivalent 

500Hz 2kHz 

0.54 0.71 
---- 0.49 
---- 0.48 

0.73 0.56 
1.30 0.87 
0.78 1.00 

0.73 0.56 
0.82 0.77 
0.73 0.64 
0.78 0.69 
---- 0.58 
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SPEECH TRANSMISSION ANALYSIS 

...JOONDALUP VV.A.C.A.E. LECTURE THEATRE 

500 Hz Octave Band 2K Hz Octave Band 
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Average Rasti 0.689 

Figure 2 RASTI 
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TOO QUIET FOR THEIR OWN GOOD 

Geoffrey A. Barnes M.A.A.S. 
Principal, Geoffrey Barnes & Associates. 

ABSTRACT. 

The usual environmental noise problem for the acoustical engineer to solve, involves 
excessive noise generated by industry, entertainment or transportation in close proximity to 
residential properties. 

However along with the increasing community awareness of the harmful effects of noise, 
has developed the not uncommon acoustic problem of the 'too quiet' environment which 
brings about its own set of problems. 

Three case histories are presented where a perceived annoying environmental noise 
problem was in fact a difficulty exacerbated by a low ambtent sound level. 

This paper seeks to establish that the human ear requires a reasonable degree of natural 
ambient sound for well being. 
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INTRODUCTION. 

This paper addresses an acoustic difficulty which the author has encountered on increasing 
occasions in providing solutions to clients' noise problems. This difficulty may be due to an 
increasing community awareness of both the harmful physiological and psychological effects of 
noise. 

The acoustic difficulty is that of the very low ambient sound level environment, which 
generally manifests itself following retirement to bed awaiting sleep. 

The paper highlights three different situations where a very low background sound level has 
emphasised an annoyance which would be effectively 'absent' in a reasonable background 
sound level environment. 

In these cases, some understanding of the aural processes, and counselling skills were found an 
important adjunct to a working knowledge of acoustics, in presenting the client with an 
appropriate and acceptable solution. 

DISCUSSION. 

International and Australian Standards have been established for recommended ambient sound 
levels within areas of occupancy within buildings, which set guide-lines for an optimum range 
for background sound levels. 

The Australian Standard AS 2107- 1987 sets out a range of recommended ambient noise levels 
in areas of occupancy within buildings. (1) 

TABLE 1. 

RECOMMENDED DESIGN SOUND LEVELS FOR DIFFERENT AREAS OF 
OCCUPANCY IN BUILDINGS. 

, ____ , _____ _ 
Type of occupancy Recommended design sound level 

Satisfactory Maximum 
------------------------------------- , ________ _ 
Private houses (rural & outer suburbs) 
Sleeping areas 

Private houses (inner suburbs) 
Sleeping areas 
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25 dB(A) 30 dB(A) 

30 dB(A) 35 dB(A) 
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Ambient sound levels in excess of the design sound levels as set out in Table 1 may become 
increasingly unacceptable as the sound level increases, as shown in Table 2. (2) 

TABLE 2. 

ESTIMATED PUBLIC REACTION TO NOISE. 

Amount in dBA by 
which Noise Level 
ex~eeds ~ug~ested 
nolSe crttenon 

0-5 

5-10 

10-15 

15-20 

20-25 

25 & over. 

Strength of 
Public 

Reaction. 

No 

Little 

Medium 

Strong 

Very strong 

Extreme public 
reaction. 

Expression of public reactions 
in a Residential Situation. 

From no observed reaction to sporadic 
compaints. 

From sporadic complaints to widespread 
complaints. 

From sporadic to widespread 
complaints to threats of 
community action. 

From widespread complaints to threats 
of community action. 

From threats of community action to 
vigorous community action. 

Immediate direct community 
action & personal action. 

From the author's experience, the potential for acoustic difficulties to arise also increases as 
the sound level decreases below the design levels presented in Table 1, in the quiet 
environment generally conducive to sleep. 

The strong psychological effects which can be generated at extremely low sound levels are well 
known, and have been used by security agencies as a manipulative tool for unco-operative 
detainees. 

A much milder effect, but nevertheless one which stimulated significant annoyance can be 
experienced by the intrusive effects of unwanted sounds into the domestic sleeping 
environment, particularly in the absence of a reasonable background sound level. 

Such an inappropriate acoustic environment may increase aural sensitivity causing sleep 
deprivation, and in more serious cases, irrational behaviour necessitating medication or 
professional counselling. 

During the evening and into the night period, in most suburban environments, the ambient 
sound level falls. Traffic decreases in volume, neighbourhood activities cease, and activity 
noise within the home generally subsides as the occupants retire. The residual effective ambient 
sound level in the sleeping area is due to a range of both internal and external noises. 
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Internal sound sources during the quiet night period may include: 

Electrical appliances, such as freezers and 
refrigerators, heating units, hot water services, 
clocks, and the sounds of other occupants. 

External sounds which may vary during the night period may include the following: 

Natural sounds such as rain, wind in trees, insects, 
croaking frogs and night birds. Background traffic 
noise and distant transportation noise, which is ever 
present although substantially diminished during the 
night period, with no local content in some suburban 
areas. 

Typical intrusive sounds which have caused acoustic difficulties and become manifest as the 
ambient sound level has fallen below 30 dB(A), include the following cases of which three are 
discussed in further detail. 

Case examples of noise difficulties experienced in a low ambient sound level sleeping area 
environment. 

Sound generated by squash balls at a squash centre. 

Raised voices in a quality villa unit. 

The sound of an unidentifiable persistent barking dog. 

Next door to a night club closing at 3.00 am. 

Extremely distant traffic noise. 

The distant sound of entertainment music. 

Wedding Reception Venue car-park noise. 

The sound of one's own circulatory system. 

SELECTED EXAMPLES. 

1. RAISED VOICES IN A QUALITY VILLA UNIT. 

Background. 

In the multi-tenancy situation such as strata-titled quality villa units, it is quite likely that 
master bedrooms will have common walls. 

Where this wall is of inferior construction, and/or conversational speech is generated at a 
higher level than normal, then the potential for an acoustic difficulty is hightened, allowing 
audibility to occur, particularly as the ambient sound level falls. 
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The client's acoustic problem was intrusion of voices into the bedroom through the common 
wall between the villa unit apartments, particularly during arguments which occurred regularly. 

Raised voices were clearly audible, generally late at night in the adjacent bedroom when the 
ambient sound level was low. 

A field transmission loss evaluation of this inter-connecting wall established that it performed 
poorly in relation to an optimum acoustic performance, with poorly sealed jointing allowing 
significant flanking sound. (3) 

TABLE 2. 

ACOUSTIC LIMITATION OF CLIENT'S INTER-TENANCY WALL. 

----------------------
Octave band Centre Frejuency (hz) 

'A' weighting. 125 250 500 1 2k 4k 

Typical male voice in · 
conversation at one 
metre. (dB) 59 60 62 60 46 43 45 

Typical raised male voice 
at one metre. (dB) 72 60 70 73 62 58 54 

Typical shouting male voice at 
one metre. (dB) 78 55 74 78 71 65 59 

Noise Reduction through 
client's bedroom wall. (dB) 38 39 47 52 53 62 

Resultant sound level of 
shouting, in client's 
bedroom. (dB) 17 35 31 19 12 

Ambient sound level in 
client's bedroom. (dB) 29 34 30 26 24 22 21 

Resultant excess (dB) 
providing audibility. 5 5 

Acceptable Solution. 

Having identified the major flanking paths for sound passing between the two bedrooms, the 
client was able to acoustically seal the joints eliminating the major flanking sound paths , thus 
optimising the acoustic performance of the brick wall. 

The client then rearranged the bedroom, shifting the bed to the other side of the room, 
significantly increasing the distance from the inter-tenancy wall, along with the hope that with 
the intensity of the neighbouring bedroom arguments, one party will soon quit, restoring the 
tranquillity of the environment. . 
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General Comments. 

From experience, it appears that many suburban quality villa units are built as economically as 
possible, with minimal thought giving to adequate sound isolation between tenancies. 
The wall type may comply with building and planning regulations, but the construction is not 
adequate to provide optimum sound isolation. In addition, close proximity of bedroom 
windows may provide a significant flanking path for sound between adjacent bedrooms. 

In addition to the above comments it should pointed out that with the present trend in 
construction of luxury multi-tenancy apartments in Melbourne, using single thickness light 
weight autoclaved concrete block work for inter-tenancy common walls, it is expected that 
these luxury apartments will provide inadequate sound Isolation in terms of ensuring voice 
inaudibility between the apartments. 

In past times the common wall between tenancies, as well as being of pressed clay solid brick 
construction, passed through the roof to form a parapet, and in doing so provided an optimum 
sound barrier between the two areas. 

To minimise this acoustic isolation problem as experienced in this quality villa unit 
development, particularly in low ambient sound level environments, attention should be given 
to location of master bedrooms to provide no commonality of walls, with each other, and 
preferably with no other living area or utility area, as shown below. 

FIGURE I. QUALITY VILLA UNITS WITH ACOUSTICALLY ISOLATED BEDROOMS. 

~ IIIII ~ibn 1111! 

KITCHEN KITCHEN 

LOUNGE LOUNGE 
BATH ' 

BEDROOM•---~ BEDROOM·----------' 
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2. THE SOUND OF AN UNIDENTIFIABLE PERSISTENT BARKING DOG. 

Background. 

The client, who lives in an outer suburban area, where properties are divided into 2 hectare 
allotments was annoyed by the intermittent but persistent barking of a dog in the 
neighbourhood. Repeated night-time reconnoitres of the area had failed to identify the dog, 
with neighbours also being of no help in establishing its identity. 

The background sound level within the bedroom was in the order of 22 dB(A) with the 
windows closed. Bearing in mind the high sound level generated by a barking large dog, and 
the impulsive nature of barking which hightens annoyance (3) a distant persistent barking dog 
in this instance created a significant intrusive noise problem. 

TABLE3. 

INTRUSIVE EFFECTS OF DISTANT BARKING DOG. 

Octave Band Centre Frequency (hz) 
'A' weighting. 125 250 500 1k 2k 4k 

Barking gennan shepherd 
dog, typical ~eak sound level 
at I metre. 'dB) 94 74 81 95 90 87 75 

Approximate resultant peak 
sound level at 500 metres from the dog, 
at residential facade. (dB) 35 30 41 42 37 20 

Actual noise reduction through the 
front window of the residence. (dB) 18 19 18 18 15 10 

Expected sound level peak from 
barking dog in bedroom. (dB) 17 11 23 24 22 10 

Ambient sound level 
in bedroom. (dB) 22 30 24 20 21 18 17 

Excess barking sound level in bedroom. (dB) 3 3 4 

Acceptable solution 

The client made use of an FM-tuner with a graphic equaliser, shaping the random noise 
between stations to provide a pleasant continuous background sound which was generated in 
the lounge of his home. 

This sound filtered through to the bedroom effectively removing the annoyance of the barking 
by raising the level of internal noise within the bedroom. This effectively reduced the 
magnitude of sound level difference between the bark impulse peak and the ambient sound 
level within the bedroom. 
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General Comments. 

Having failed to establish the identity of the barking dog, the client, had not been able to 
request the dog's owner to prevent the barking. Further, he was not able to involve the 
Municipality in taking action on his behalf, and in any case, other neighbours appeared not 
unduly upset with the barking. 

Thus not being able to rectify the noise problem at the source, which is generally the most 
desirable point of acoustic treatment, carrying out the measure outlined above was found the 
most appropriate and cost effective. 

It should also be borne in mind that impulsive noise may still be audible at a level below the 
actual measured background sound level, particularly when using a weighted sound level 
measurement. 

3. THE SOUND OF ONE'S OWN CIRCULATORY SYSTEM. 

Background. 

This phenomenon has been experienced on several occasions, of which one is hi~hlighted. The 
client was distressed and on medication when I was engaged to solve this acoustic problem, 
which apparently had been getting worse. 

The engagement brief was to identify and control an environmental noise which had to that 
date eluded inspectors from various Statutory Authorities, as well as an 'acoustic expert' in 
identification of the noise source. 

One inspector indicated that he could also hear the noise, although my client's spouse could 
not. The noise source was 'located' in an industrial estate some 1 km distance from the 
complainant's home, but when eliminated, thenoise continued! 

The background sound level in the sleeping area was below 20 dB(A), and the noise was 
explained to be like the sound of an idhng diesel bus! Vwoom.. Vwoom .. Vwoom .. 

The sound being heard, I suspected, was my client's pulse, detected in the extremely quiet 
ambient environment, as had been observed by the author on previous occasions. 

On diplomatically expressing my explanation of the noise source, the client pondered this and 
remarked simplistically: 
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'I can prove your hypothesis quite simply. If I place my fi'!gers in my ears, according to 
your explanation, the sound I am hearing should remain. If it is from an external 
source then I would expect the level to diminish ..... Your right, the sound is still there!' 
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On further investigation it was discovered that the bedroom windows had been recently double 
glazed to escape from the annoying sound, and new heavy drapes had been fitted to the 
windows. In addition the client had organised for his spouse to sleep in a separate room to 
minimise his disturbance! 

Acceptable solution. 

The acoustic difficulty was easily rectified in this case by a series of measures. 

1. The client invited his spouse back to bed! After consultation with his medical 
practitioner, ceased tranquilliser medication, 

2. Removed the double glazing and opened the windows to let the environmental sounds 
filter into the bedroom, 

3. Opened the bedroom door to allow residual ambient sound within the house, to pass into 
the bedroom, and was proposing to purchase a grandfather clock to further mask the 
problem sound. 

General comments. 

It is an established fact that at low ambient sound levels, body noises and also tinnitus (ringing 
in the ears which often accompanies a loss in hearing) become audible, and can become a 
severe annoyance. If these sounds are mistaken! y thought to be of external nature, the 
annoyance and frustration is hightened. 

When an acoustical consultant is confronted with a perceived annoyance with a sound which 
can be detected neither by the consultant's sensitive ears, nor sophisticated instrumentation, 
thought should be given to the possibility of an internal auditory stimulus. 

At this point, where an acoustical solution may not be considered appropriate, the client should 
be encouraged, without causing undue alarm, to seek professional advice for what is likely a 
medical condition which may respond to suitable audiological or other treatment. 

CONCLUSION. 

The case histories presented all had a common basis. The ambient sound level in the sleeping 
area was too quiet for the occupant's comfort. In each case, raising the ambient sound level 
within the room would have lessened the acoustic problem, by masking the intrusive noise 
where elimination of the noise source was inappropriate. 

It is desired by the author, that this paper will serve as a gentle reminder to acoustical 
engineers when offering solutions for noise problems associated with a low ambient sound 
level environment, that modification of this environment may be as important in providing an 
appropriate solution to the acoustic difficulty as identifying and quantifying the actual noise 
source. 

PROCEEDINGS AAS ANNUAL CONFERENCE 1992 219 



REFERENCES. 

1. S.A.A. Australian Standard 2107-1987, ACOUSTICS- RECOMMENDED DESIGN 
SOUND LEVELS & REVERBERATION TIMES FOR BUILDING INTERIORS p 7. 

2. S.A.A. Doc 1707, DRAFT AUSTRALIAN STANDARD CODE OF RECOMMENDED 
PRACTICE FOR NOISE ASSESSMENT IN RESIDENTIAL AREAS 1971 p 19. 

3. Geoffrey A. Barnes, A CATALOGUE OF ACOUSTIC SHORTCOMINGS IN THE 
SCHOOL MUSIC DEPARTMENT, AAS 1990 Conference proceedings, p 6.6 

4. State Environment Protection Policy, CONTROL OF NOISE FROM COMMERCE, 
INDUSTRY & TRADE No. N-1. p 6. 

220 PROCEEDINGS AAS ANNUAL CONFERENCE 1992 







A STUDY OF THE STRUCTURE-BORNE VIBRATIONS OF PLATE-BEAM 
SYSTEMS USING STATISTICAL ENERGY ANALYSIS 

Yan TSO B.Sc., M.Sc. 
Engineer, Materials Research Laboratory 
Defence Science and Technology Organisation 

ABSTRACT 

Statistical Energy Analysis (SEA) provides a means of evaluating the average response of 
interconnecting elements based on energy flow relationships. This method is applicable to the 
analysis of complex mechanical and acoustical systems, especially at high frequencies where 
numerical methods are difficult to apply, mainly because of the large number of degrees of 
freedom involved and the high level of modelling detail required. This paper describes 
analytical procedures for calculating the coupling loss factors of plate-beam systems 
commonly used in naval ship constructions. The calculated coupling loss factors are then 
used to study the vibrational response of two plate-beam systems. The SEA predictions show 
good agreement with experimental results. 

1. INTRODUCTION 

Statistical Energy Analysis (SEA) is a technique for analysing the average vibrational 
response of interconnecting elements in a system and has been used successfully in a large 
number of engineering applications [ 1 ]. One of the major advantages of SEA is that it is 
capable of providing a fast estimation of the average response in different parts of a complex 
structure with a minimum of input data compared with other methods of analysis such as the 
Finite Element Method. The parameters required in SEA to describe the energy flow 
relationships between system elements include the modal density, the material loss and the 
coupling loss factors. For SEA to be used with a high degree of confidence, an accurate 
estimate of the above parameters is essential. The evaluation of material loss factors and 
modal densities of system elements has been considered by several authors [2 - 6]. 
Normally, the material loss factor may be measured experimentally or estimated from known 
material properties data. The modal density may be determined theoretically for simple 
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homogeneous elements or measured experimentally for the case of complex elements. This 
paper describes analytical methods to determine the coupling loss factors of plate-beam 
junctions typical of those found in ship constructions based on wave transmission theory. 
The use of SEA to predict vibrational response is demonstrated by two examples of plate -
beam systems. Results of SEA predictions and experimental measurements are presented and 
discussed. 

2. COUPLING LOSS FACTOR 

The coupling loss factors used in SEA define the amount of energy flow from one sub­
system to the other. It can be shown [2] that for two coupled sub-systems, the power loss by 
sub-system 1 due to coupling to sub-system 2 is proportional to the energy of sub-system 1 
and may be expressed in terms of the coupling loss factor as: 

P12 = w 1112 < E1 >' 

where < E1 > = time averaged energy of sub-system 1, 
77 12 = coupling loss factor between sub-systems 1 and 2, 
w = frequency. 

(1) 

Consider an SEA system that consists of two coupled plates as shown in Figure 1. If plate 1 
carries a diffuse vibration field incident on the junction, the total power transmitted to plate 2 
may be obtained by multiplying the power of plate 1 with the transmission efficiency and 
then average the results over the entire range of incident angles (see Cremer et al. [ 8], p 
426): 

= (cgl Lc <E1 >/A11r) J: (a) d(sina), 

0 

where Lc = coupling line length, 
c 1 = group velocity of plate 1, 

7 fa) = transmission efficiency at an incident angle a, 
7 m = mean transtnission efficiency, 
A 1 = area of plate 1. 

(2) 

From equations (1) and (2), the coupling loss factor between two coupled plates is given by: 

(3) 
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The above analysis shows that the mean transmission efficiency r m may be used as a 
parameter for the calculation of coupling loss factor. In the following sections, the derivation 
of transmission efficiency for plate-beam systems will be discussed. 

3. GOVERNING EQUATIONS FOR PLATE VIBRATIONS 

Figure 2 shows a structural junction that consists of a number of plates coupled to a 
beam. The plates are assumed to be infinite along the y and x 1 to xn directions while the 
beam is assumed to be infinite in length. The cross sectional dimensions of the beam are 
assumed to be small compared with the wave length so that the boundary conditions may be 
applied to the origin of the junction. Plate 1 is subjected to an oblique incident wave which 
can be either bending (B), longitudinal (L) or transverse shear (T). The incident wave is 
partially reflected and partially transmitted at the junction as bending, longitudinal and 
transverse shear waves as shown. The elastic deformations due to these reflected or 
transmitted waves in an arbitrary plate along a set of local co-ordinates x, y and z are 
defined as u, v and w respectively (see Figure 3). Using thin isotropic plate theory, the 
governing equations of motion for plate deformations may be derived (see Love [7] p 496). 

The bending wave equation being: 

(4) 

and the in-plane wave equations are: 

a2ufax2 + [(l-JL)I2]a2ulay2 + [(l+JL)I2]a2waxay- (p(l-JL2)/E]a2w'at2 = o, (5) 

a2way2 + [(l-JL)/2]a2wax2 + [(l+~£)12]a2u!axay- [p(l-JL2)1E]a2uJat2 = o, (6) 

where v4 = [a2;ax2 + a2;ay2]2, 
p = material density, 
p. = Poisson Is ratio, 
h = plate thickness, 
E = Young Is modulus. 

The in-plane wave equations are functions of the plate deformations u and v. To obtain a 
solution for these equations, one can make use of the velocity potential ¢> and stream 
function t/; defined as follows (a detailed discussion on the use of velocity potential and 
stream function to analyse vibration waves is given by Cremer et al. [8], p 138): 

u = -iJ¢>/iJx- iJtf;/iJy, (7) 

v = -iJ¢>1 ay + iJt/;1 ax. (8) 

Using equations (7) and (8), each of the in-plane wave equations is reduced to a function of 
one dependent variable ( ¢> or t/;)only: 

(9) 
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The general solutions to equations ( 4), (9) and (1 0) may be expressed as: 

w = W exp (kBxx + ksyY + jwt) , 

¢ = 4> exp (kLx x + kLy y + jwt), 

tf; = 1' exp (krx x + kryY + jwt). 

(10) 

(11) 

(12) 

(13) 

The velocity potential ¢ is associated with longitudinal waves while the stream function 1/; 
with transverse shear waves. For the solutions to be valid, the following conditions must be 
satisfied: 

2 2 
-(kBx + ksy) 

2 2 
-(kLx + kLy) 

2 2 
-(kTx + kyy) 

= ± [l2pw20-~A-2)1E h2]
1
/
2 = ± k~, 

2 
(pw20-~A-2)/Ej = kL, 

2 
= [2pw2(l + ~A-)/EJ = ky, 

(14) 

(15) 

(16) 

where kB , kL and kr are the bending, longitudinal and transverse shear wave numbers 
respectively. For an incident bending wave travelling at an angle a to the normal, kBx =j kB 
cos a and ksy= j kB sin a (this is also true for an incident longitudinal or transverse shear 
wave except that in such cases the appropriate wave numbers must be used). Compatibility 
of trace velocity at the junction requires that the re_sponse of all plates along they - direction 
to be the same. This implies that they -component of wave numbers (ie, kBy, kLy and kr) 
for the reflected and transmitted waves of all plates must be the same as that of the incident 
wave. The x - component of wave nul,llbers may be determined from equations (14) - (16). 
For bending waves, equation (14) yields four roots, the negative imaginary root and the 
negative real root must be selected since they represent propagating and decaying waves 
respectively in the positive x - direction (ie, away from the junction). Similarly, the solutions 
for longitudinal and transverse shear waves must be negative imaginary. Equations (7), (8) 
and ( 11) - ( 13) give the elastic deformations of the plate u, v and w. These deformations are 
expressed in terms of four unknowns representing the complex wave amplitudes, namely, the 
amplitudes for longitudinal and transverse shear waves, as well as the propagating and 
decaying bending waves. For plate 1, the deformations must also include the component of 
incident wave which may be considered as having a unit amplitude. Hence, in a junction that 
consists of n plates, there are 4n unknowns to describe the wave motion. These unknowns 
may be solved by the appropriate boundary conditions. 

4. BOUNDARY CONDITIONS 

To consider the boundary conditions at a junction, it is convenient to introduce the 
suffix i to denote the plate number (i = 1, 2, 3 ..... n). The compatibility of plate motions 
requires that the component of displacements of all plates along a set of reference co-
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ordinates ( eg, x 1, y and z 1) must be the same. In addition, the rotation about the y axis of 
all plates at the origin should be equal. The plate rotation is given by: 

(17) 

The compatibility requirements between plate i and plate 1 lead to the following equation: 
n 

[ 

u1 l [ cos {3; , 
"1 - 0 ' 
"'1 - sin {3; , 

()1 0 ' 
i=2 

0 
1 
0 
0 

where (Ji = angle between plate i and plate 1. 

-sin {3; , 
0 

cos {3; ' 
0 ! l [ ~J (18) 

For thin isotropic plates, the forces and moment per unit length of plate (along the y -
direction) may be expressed as: 

Fyi = -[Eih/2(1 + 1-ti)l[aujlay + a ~/axil, 

F zi = [Eihi3 /12( 1-1-Li2) ][ a3 ")_laxi3 + (2-1-Li)a3 "1_1 axiay2], 

Mi = -[Eihi3112(l-1-Li2)][a2"'i;axi2 + 1-Lia2"1Jay2]. 

(19) 

(20) 

(21) 

(22) 

At the junction, the sum of the forces and moments due to all plates may be resolved along 
the beam co-ordinates xb, y, zb and expressed as the beam forces and moment (see Figure 
3): 

n n 

Fxb = Fx 1 cos {3b - Fz1 sin {3b + L Fxi cos (f3tf3b) + L Fzi sin ({3i-{3b), (23) 
i=2 i=2 

n 

Fyb = L Fyi' (24) 
i= 1 

n n 

Fzb = Fx1 sin JJb + Fz1 cos JJb- L Fx1 sin (f3tJJb) + L Fzi cos ({Ji-JJb), (25) 
i=2 i=2 

(26) 

The motions about the beam centroid q,, 'b, "b and ()b may be expressed in terms of the 
elastic deformations of plate 1 : 

(27) 
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(28) 

(29) 

(30) 

where 13b = angle between the beam and plate 1, 
S = distance between beam centroid and the junction. 

The equilibrium of forces and moments at the junction must allow for the torsional, bending 
and inertia effects of the beam. Consider the balance of forces in the xb direction, the beam 
force Fxb is augmented by the shear force as a result of beam bending in the xb-Y plane (a 
similar argument exists for forces in the zb direction). Assuming that the beam centroid 
coincides with the shear centre and the beam axis xb is a principal axis, the force balance 
equations are given by: 

-F xb - Eblzb a4 q/ ay4 = mb a2 q,l at2, 

-Fyb = mb a2lb/at2, 

-F zb - Eblxb a4 "1/ ay4 = mb a2 "b/ at2' 

where mb = mass per unit length of beam, 
Eb = Young's modulus of beam, 

Ixb' Izb = second moments of area about beam ~entroidal axes. 

(31) 

(32) 

(33) 

The variation in plate rotation Oi along the y - axis causes the beam to twist and results in a 
torsional moment. Equilibrium of moments about the centroid leads to: 

(34) 

where Tb = torsional stiffness of the beam, 
J = polar moment of inertia per unit length about beam centroid. 

Equations (18) and (31) - (34) prQvide the necessary boundary conditions for the solution of 
wave amplitudes. This set of 4n linear equations may be solved by a standard computer 
routine which handles complex coefficients. The above analysis can be easily modified to 
allow for other types of boundary conditions, eg, a plate-plate junction. 

5. JUNCTIONS WITH THIN BEAMS 

Some engineering structures (eg, ships, aircraft) quite often involve the use of thin beams 
to reinforce plate elements. A thin beam in the context of this paper implies that the beam 
thickness is of the same order as that of the plate element and is therefore subjected to 
bending and in-plane waves. A schematic diagram of the structure is shown in Figure 4. The 
analysis of this type of structures may be conducted by assuming that the thin beam behaves 
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as a finite plate with waves travelling in both the positive and negative x - directions. 
Referring back to equations ( 14) - ( 16), the solutions to wave motions of the finite plate in 
this case must include the positive and negative roots. This results in eight unknown complex 
wave amplitudes (instead of four unknowns as in the case of an infinite plate). The additional 
four unknowns in a plate- thin beam junction represent waves in the finite plate that travel in 
the negative x - direction. Four additional boundary conditions are thus required to solve the 
wave motions at the junction. These boundary conditions may be obtained by considering the 
force and moment balance at the end of the finite plate. For example, in the structural 
junction shown in Figure 4, the forces and moment must vanish at the free end of the plate. 

6. TRANSMISSION AND REFLECTION EFFICIENCIES 

The above analysis solves the wave amplitudes of plate - beam junctions and leads to the 
calculation of wave power. The wave power per unit length of a junction may be expressed 
as the energy per unit area multiplied by the component of group velocity normal to the 
junction. Recall that the incident wave has a unit amplitude, the wave power due to an 
incident wave at an angle a is given by: 

(35) 

where m 1 = mass per unit area of plate 1. 

Similarly, the transmitted and reflected wave power may be expressed as: 

(36) 

where suffix D denotes the wave type (ie, bending, longitudinal or transverse shear) and ~ is 
the wave amplitude. For bending waves, the power is determined by the travelling waves 
only. The near field decaying waves carry no power. The complex number j appears in the 
equation since kDxi is negative imaginary, hence the value of power is a positive real 
number. Thus, the transmission efficiency is given by: 

(37) 

where i = 2 .... n. 

For a diffuse incident vibration field, the mean transmission efficiency may be obtained by 
averaging the efficiencies over the entire range of incident angles as shown in equation (2) 
and Figure 1. The reflection efficiency of plate 1 may be obtained in a similar manner. 
Conservation of energy requires that the sum of all transmission and reflection efficiencies to 
be equal to one. In the next section, the above theory is applied to two plate - beam systems 
to calculate some of the parameters for SEA study. 

7. SEA CASE STUDY 

The SEA method involves modelling groups of similar resonant modes as individual 
elements in a given structure. Energy balance equations are then developed for all the 
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elements based on the energy flow between different groups of resonant modes. The energy 
dissipated by an element is characterised by the material loss factor and those transferred to 
connecting elements by the coupling loss factor. Solution of the energy balance equations 
lead to the vibration energy of individual elements which can then be expressed in terms of 
the average response level. 

7. 1 Periodically stiffened steel panel 

Figure 5 shows the test panel which consists of periodic T -sectioned stiffeners welded 
onto a flat plate. The SEA model was constructed by first calculating the coupling loss 
factors between plate elements by treating the stiffeners as beams under bending and 
torsional motions. A second set of calculations was performed by treating the web of the T -
section as a finite plate and the flange as a beam attached to the web. Results from the 
calculation of transmission efficiencies suggest that the conversion of bending to in-plane 
vibration modes through the junction is negligible at the frequency range of interest (ie, 1000 
- 5000 Hz). Hence only bending modes are considered in this study. The SEA model 
therefore consists of five elements each representing a group of resonant plate bending 
modes. For the smallest element, the number of resonant modes at the lowest frequency band 
(1000Hz band centre frequency in the third octave band) is about four. Although the modal 
density is slightly on the low side for the lower frequency bands, it is believed that it will not 
significantly affect the accuracy of the present study. The material loss factor is evaluated by 
the steady state power injection method [3] and the value is found to be approximately 
0.0015. 

Tests were carried out with the panel suspended by cables and excited by an 
electromagnetic shaker through . an impedance head. The force and acceleration 
measurements from the impedance head were processed to give the input power for the SEA 
model. Six accelerometers were randomly placed -on each element in tum to measure the 
response. The accelerometer signals were processed to evaluate the mean square velocity of 
each element. Figure 6 shows the experimental set up. 

Figures 7 shows the attenuation in mean square velocity between elements 3 and 5. 
It can be seen that the conventional beam theory significantly overestimates the attenuation, 
especially at high frequencies. Although the thin beam theory underestimates the attenuation, 
the discrepancy is only 2 - 3 dB and may be considered acceptable since it is within the 
normal range of experimental errors. The difference between the two models can be 
explained by the fact that the conventional beam theory models the system as a low pass 
filter (see Cremer et al. [8] p 442) and ignores the effects of beam bending and in-plane 
vibrations. Such effects are significant in this example since the thickness of web is of the 
same order as that of the plate. 

7. 2 Model of a ship structure 

Figure 8 shows the basic model used in this example. The model has been studied by 
Nilsson (9) using the wave guide theory. In his analysis, Nilsson assumes that the ship 
frames act like rigid boundaries and the vibration power flow is considered to be mainly 
propagating in the plate elements through bending motions. Measurements on the vibration 
levels of the decks have also been carried out by Nilsson to verify his theory. A variety of 
noise suppression methods have been investigated by Nilsson including: 
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Model 1 
2 
3 
4 

Bare steel model as shown in Figure 9, 
Damping layers on vertical elements between decks A and C, 
Damping layers on decks Band C, 
Superstructure connected to the main structure by frames only (ie, no plate 
connection between the main structure and superstructure). 

The object of the present analysis was to apply the SEA method to the model ship 
structure and compare the results with those measured by Nilsson. In contrary to the wave 
guide theory, it was felt that the frames may contribute to a significant amount of vibration 
energy transmission. This is evident from the experimental results presented by Nilsson on 
model 4 which shows a significant level of vibrations in the superstructure (see Figures 11 
and 12). On the basis of this consideration, it was decided to consider both the plate and 
frame elements in the SEA model. Only bending modes are modelled for plate elements 
while the frames were modelled as beams in bending and longitudinal modes of vibration. In 
calculating the coupling loss factors, it is assumed that the junctions are rigid. However, this 
condition is not completely ~lfilled in Nilsson's model as some junctions are connected by 
brackets spot welded onto the plates. The loss factors of all plate elements were measured by 
Nilsson using the reverberation time method and such values are used in the present SEA 
model. In models 2 and 3, Nilsson reported some difficulties in measuring the effective loss 
factor of the damped plates. He observed that the damped plates tend to be driven by the 
adjoining undamped plates and thus affects the reverberation time. There are also some 
elements of uncertainty as to the effect of damping layer stiffness and other material 
properties on vibration transmission. As a result, models 2 and 4 were not considered in the 
present SEA study. 

The attenuation of mean square velocity between deck A and decks B and D for models 1 
and 4 is shown in Figures 9- 12. In Figure 9, the SEA model underestimates the attenuation 
between decks A and B by about 2 dB. This small discrepancy may have been due to errors 
in the measurement of loss factors and the method of connection between elements as 
discussed. For model 4, the agreement between SEA and measured results is good. It should 
be noted that the wave guide model cannot be applied to model 4 since there is no plate 
connection between the main deck and the superstructure. 

8. CONCLUSIONS 

A method for evaluating the coupling loss factor of plate -beam junctions for SEA study 
has been developed. The method can be applied to junctions that consists of thin beams 
typical of naval ship constructions. 

Results of SEA calculations and experimental measurements on the vibration levels of two 
plate - beam systems are presented. The results demonstrate that the SEA method can be 
used as a tool for the prediction of average system response. 
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MULTI-FREQUENCY OPERATION OF TilE ACOUSTIC IMPEDANCE TUBE 

ABSTRACT 

R.J. HOOKER, B.E., Ph.D. 
Associate Professor 

Department of Mechanical Engineering 
The University of Queensland 

The acoustic impedance tube (or standing wave apparatus) has been used for many years 
as a means for measuring the absorption properties of acoustic materials. A 
disadvantage of the technique is that it is slow and laborious unless automated or 
expensive equipment is available. 

The time required for a series of measurements could be reduced significantly if it were 
possible to operate at several frequencies simultaneously. Such an approach should be 
feasible given the capabilities of modern frequency analysis instrumentation. 

A study is described in which the feasibility of this approach has been verified 
experimentally. A signal source capable of providing simultaneously up to seven single 
tone inputs in separate octave bands has been designed and built. The source has been 
used in an impedance tube and the absorption properties of various acoustic materials 
measured by both single frequency and multi-frequency excitation (with appropriate 
filtering). 

It has been proved possible to test a sample over the full frequency range (in octave 
steps) ~ith one traverse of the apparatus. 
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1. .INTRODUCTION 

The Acoustic Impedance Tube, also known as the Standing Wave Apparatus, provides a 
well-established technique for determining the absorption properties of acoustic 
materials [1,2]. The possibility of using this technique is recorded as having been noted 
in 1902 [3]. A commercial version has been available since 1955 [3] and a modernised 
version was marketed in 1991 [4]. 

The original idea and the first commercial version utilise testing at single frequencies in 
turn, with levels being measured by a travelling microphone. The technique can be 
made faster and less tedious by using mechanical microphone drive, computer control 
and digital data acquisition [5]. In the 1991 version, the two-microphone technique is 
used, giving extremely rapid testing over all frequencies at once. However, the 
apparatus is expensive and requires high precision equipment. 

An alternative possibility, suggested by · the availability of modern frequency analysis 
instrumentation, is the further development of the standing wave approach using 
excitation by several frequencies simultaneously. Such a technique has been 
implemented and has operated successfully. 

2. BASIC APPARATUS 

The starting point for this development was a conventional impedance tube with probe 
type microphone, as described previously [5]. The carriage carrying the microphone is 
driven by a stepper motor and pinion and rack. The motor control is program-generated 
by a personal computer. The microphone output is detected, filtered and converted to 
D.C. level by conventional acoustic equipment, then sampled by A/D conversion and 
stored, for each motor step, in the computer. The stored schedule of sound level v. 
distance is then analysed for absorption coefficient and acoustic impedance (real, 
imaginary, magnitude and phase). 

The full traverse takes about two minutes and computed data is available immediately 
the traverse has concluded. This is considerably faster than the previous manual 
operation, which involved searches for maxima and minima, manual recording of level 
and distance, and subsequent calculations. 

3. MULTI-FREQUENCY EXCITATION 

The basic procedure, even with automatic operation, still required repetition at each test 
frequency. The question arises as to whether the apparatus will give satisfactory results 
if the excitation is composed of several frequencies together. This requires that the 
output filtering has sufficient discrimination to extract the standing wave data for each of 
the excitation frequencies without interactions producing invalid results. 

A preliminary investigation was carried out using an existing multi-frequency supply - a 
unit used for a carried-based multiplexing system. The frequencies available for testing 
were 320, 560, 985, 1690, 2875 and 4860 Hz. Results over four materials at these six 
frequencies showed that good results can be obtained for each test frequency even 
though all six frequencies were applied together. Consequently a new signal generator 
was designed and built to supply signals at the more usual acoustic test frequencies. 
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The new generator has seven channels. each channel supplying a signal which can be 
adjusted over an octave range. The centre frequencies of the channels are 125, 250, 500, 
1000, 2000, 4000 and 8000 Hz. The signal level from each channel is adjustable, and 
each channel can be switched on or off, i.e. the output can be from any one channel, or 
from any combination of any number of channels up to all seven channels on 
simultaneously. 

TEST RESULTS 

Results are presented for four test samples: 

( 1) Highly reflecting 
(2) Polyurethane foam 
(3) Fibreglass (low density) 
( 4) Perforated plasterboard with airgap. 

Each sample was tested with single frequency excitation and with simultaneous excitation 
at five frequencies, 250, 500, 1000, 2000 and 4000 Hz. The frequencies 125 and 8000 Hz 
are outside the range of the. impedance tube used. 

Two data acquisition techniques have been used. A multi-frequency (FIT) analyser was 
used to obtain maximum and minimum sound pressure levels, at all test frequencies. 
However, the analyser could not identify position along the tube. The results presented 
here are taken from the second technique, which was simply to analyse one frequency at 
a time but with all frequencies excited. Thus full advantage of the multi-frequency 
principle has not been taken, but there was some merit in verifying the practicality of the 
idea before setting up a multi-frequency analysis system. 

Figure 1 shows results for the highly reflective end. This figure and all the subsequent 
figures giving test results are presented in three parts: 

(a) normal incidence sound absorption coefficient an 
(b) specific normal acoustic resistance, R5 
(c) specific normal acoustic reactance, X5 

R5 and X5 are normalised with respect to characteristic impedance, pc. 

In each case the single frequency and multi-frequency results are presented together. 

Test results for the three absorptive samples are presented in Figures 2, 3 and 4. 

It can be seen from the results that there is good agreement and hence the principle of 
the technique is verified. 

5. FURTHER DISCUSSION 

The signal filtering has been performed by a Bruel and Kjaer Frequency Analyser Type 
2107, set at frequency selectivity Max, i.e. the signal is attenuated 45 dB at one octave 
either side of the set frequency and 53 dB two octaves either side. The influence of a 
standing wave at one frequency on the results for an "adjacent" frequency depend on the 
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relative positions of maxima and minima. Taking a worst case (i.e. a maximum at one 
frequency occurring at the position of the minimum for a frequency one octave 
different), equal maxima, and true level difference 40 dB, the indicated level difference 
would be approximately 39 dB and the calculated absorption coefficient 0.043 instead of 
the true 0.039. Such an influence is apparent in the results for the reflecting end, Figure 
1. Thus results for highly reflective samples must be viewed with care. With this 
equipment, absorption coefficients less than 0.07 may not be valid. 

More modern equipment has better resolution than was the case in this work, and hence 
the problems of the previous paragraph would not arise. It is the intention to aim for an 
analysis system which will permit simultaneous operation in one-third octave steps of 
frequency. 

6. CONCLUSION 

Multi-frequency excitation of the acoustic impedance tube gives a potential benefit in the 
sense of reducing the time necessary to conduct absorption measurements over a wide 
frequency range. The feasibility of multi-frequency excitation has been proved 
experimentally. 
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THE SOUND POWER LEVEL 
OF A SWITCHED RELUCTANCE MOTOR 

J.C.S. Lai , B.Sc.(Eng), PhD, MIEAust, MAIAA, MAAS 

Acoustics & Vibration Centre 
Australian Defence Force Academy, Campbell, ACT 2600. 

ABSTRACT 

A switched reluctance (SWR) drive is basically an electronically controlled stepper motor with 
position feedback, specifically designed for variable speed drive operation. This type of drive 
offers the user a relatively simple motor configuration which leads to a significant reduction in 
manufacturing costs while the performance is comparable with conventional drives. The 
converter and control electronics associated with this type of drive is comparable with inverter 
technology in terms of drive complexity. In addition, the SWR drive is capable of high speed 
operation and the operating temperature of the motor is not constrained by the presence of 
permanent magnet (PM) as in the case with PM drives. Despite these advantages, switched 
reluctance drives generally tend to be noisier than conventional drives and thus are often 
precluded from widespread use. There is, therefore, a need to understand the noise generation 
mechanism of SWR so that effective engineering noise control strategy may be implemented. In 
this paper, the acoustic performance of a switched reluctance motor will be reported. 

The sound power level of a switched reluctance motor under various operating load conditions has 
been measured by using the sound intensity technique. By using appropriate parameters, the 
sound power level results can be reduced to a single curve, thus implying a full description of the 
acoustic performance of this type of machines for all possible operating conditions can be obtained 
by simply testing the machine for a limited number of operating conditions. 
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1. 0 INTRODUCTION 

With the improvement in power electronics technology in the past decade, variable speed drives, 
such as inverter-driven induction motors or switched reluctance motors, are finding increasing 
usage in industrial and domestic applications because these drives are generally more efficient and 
offer potential savings in energy consumption. Variable speed drives are now being introduced to 
environment which may be subject to stringent acoustic regulations such as in office buildings 
where variable air flow airconditioning systems are used. · It has been found that some of the 
variable speed drives produce unacceptably high acoustic noise levels and the noise spectra vary 
with the speed of the drives. In order that variable speed drives can be used widely in quiet 
environment, it is important to study the acoustic noise generation mechanisms in these drives so 
that appropriate noise control measures can be introduced at the design stage or retro-fit solutions 
can be implemented. Although there have been a few recent studies on acoustic noise generation 
in electrical machines (see, for example [1] & [2]), there is generally a lack of understanding in 
this area and the electrical design of these machines is usually more advanced than giving due 
considerations to acoustical performance. 

The acoustic performance of a source (such as an electrical machine) is best specified by its sound 
power level which is basically a measure of the acoustic noise producing capacity of the source. 
Unlike the sound pressure level which is dependent on the acoustic environment and the distance 
from the source, the sound power level of a source is independent of these variables. 

This paper is part of a major study aimed at reducing acoustic noise from electrical machines, in 
particular, a switched reluctance motor. In this paper, the principle of operation of a switched 
reluctance motor will be briefly described~ The acoustic performance of a switched reluctance 
motor under various test load conditions will be quantified by its overall A-weighted sound power 
level and a semi-empirical technique in reducing the overall A-weighted sound power level data 
into a compact form using appropriate scaling parameters wiJI be introduced. 

2.0 OPERATION OF A SWITCHED RELUCTANCE MOTOR 

A good description of the operation of a switched reluctance motor and its advantages and 
disadvantages has been given by Miller [3]. Figure 1 shows the schematic of a three phase, six 
stator pole/four rotor pole configuration (6/4). By exciting the windings of a pair of stator poles 
with a constant current, a torque will be produced due to the magnetic attraction so that the rotor 
will move from an 'unaligned' position until the rotor poles and the stator poles are aligned. 
Continuous motion will be produced by exciting the windings of each pair of stator poles in turn. 

It is, therefore, not surprising that acoustic noise may be generated by the pulses exciting the 
resonant frequencies of the motor structure. Owing to the finite rise and fall times of the current 
pulse, a large negative torque will be produced if the excitation current is introduced at the 
unaligned position and turned off at the unaligned position. In order to reduce the negative torque 
produced and hence increase the average torque achieved, the excitation current is applied at an 

advanced angle Sad before the rotor poles reach the unaligned position and turned off at a delay 

angle Sde before the rotor poles are aligned with the stator poles, as shown in Figure 2 which 
compares the torque produced with and without the use of delay and advance angles. Speed 
control of this type of motor is achieved by producing a square-wave pulse train with variable duty 
cycle (8) to supply a voltage (proportional to 8) to the windings of the stator poles. It is, 

therefore, expected that both the electrical and acoustical performance will be dependent on Sad, 

sde and 8. 
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Figure 1 A switched reluctance motor 
with a 6/4 configuration. 
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Figure 2 Comparisons of torque produced with 
and without the use of advance/delay 
angles. 

3.0 EXPERIMENTAL SET-UP AND INSTRUMENTATION 

Figure 3 shows the schematic set-up for measurements of the sound power level of a 600 W 
switched reluctance motor in an anechoic chamber with free-field dimensions of 3.5 m x 3.5 m x 
3.5 m and a lower cut-off frequency of 150Hz. The switched reluctance motor is connected to a 
dynamometer (which is a 2 kW DC generator) with a flexible coupling and both machines are 
supported by vibration mounts attached to a base plate. 

Measurement frame 

r- -- ___ / -----, 
I 

Flexible coupling 

Switched 

;......--------, 
Dynamometer 

Figure 3 Schematic of experimental set-up. 

In order to eliminate the contribution of the noise produced by the dynamometer to the measured 
sound power level of the switched reluctance motor, measurements have been made using the 
sound intensity technique. The theory of the sound intensity technique and its errors have been 
described in detail in the literature, see for example [4] and will not be repeated here. It is sufficed 
to say here that the main advantage of using the sound intensity technique in sound power 
n1easurements is its ability in suppressing the contribution of external background noise. As has 
been shown by a number of studies, for example [5], the external noise suppression capacity is 
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determined by the dynamic capability Ln of the sound intensity measuring system and it is 
important to monitor the pressure-intensity index LK during the measurements to ensure that LK 
does not exceed L 0 . Here LK is defined as the difference between the measured sound pressure 
level LP and the measured sound intensity level~· 

In all the measurements described here, the sound intensity measuring system comprises a Bruel & 
Kjaer (hereinafter referred to as B&K) 2032 dual channel FFT analyzer and a sound intensity 
probe made up of a pair of B&K 4181 phase-matched 0.5 inch microphones mounted in a face-to­
face configuration, separated at a distance of 12 mm. The valid frequency range covers the 1/3 
octave frequency bands with centre frequencies from 125 to 5000 Hz. There has been 
considerable debate in the literature regarding the accuracy between measurements obtained at 
discrete points and those obtained by the scanning technique and the current International Standard 
for sound power measurements using the sound intensity technique is only for discrete point 
measurements [6]. However, our experience [5] indicates that as long as scanning is performed 
properly, the difference between the two techniques is insignificant. All measurements described 
here have been obtained by scanning the sound intensity probe over the five faces of a rectangular 
volume (with dimensions 0.27 m x 0.3 m x 0.3 m) which encloses the switched reluctance motor 
(Figure 3). The narrow band sound intensity data were processed and synthesized into 1/3 or 1/1 
octave bands with a Hewlett-Packard series 300 microcomputer. 

Although a range of rotational speeds, N (rpm) and duty cycle (o from 0.3 to 0.7) was tested for 

the switched reluctance motor, only the results for a fixed advance angle (Sad= 21 °) and a fixed 

delay angle (Sde = 6°) are being reported here. The output power (shaft power),P, of the switched 
reluctance motor has been determined by measuring its rotational speed with a tachometer and its 
torque with a Staiser Monilo torque transducer. 

4. 0 RESULTS AND DISCUSSIONS 

The shaft power (P) of the 600 W switched reluctance motor determined for various rotational 
speeds (N) and duty cycle (0) is shown in Figure 4. It- can be seen that for a given speed (N), the 

shaft power (P) increases with the duty cycle (0) and for a given duty cycle (0), there appears to 
exist a speed (N) at which maximum power (P) may be obtained. 
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Figure 4 Variation of shaft power with Figure 5 Variation of shaft power 
speed for various duty cycles. parameter with speed parameter. 
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Since the shaft power curves for various 8 appear to be fairly similar and since for a given advance 

angle ead and delay angle ede' p depends only on 8, it may be possible that with appropriate 

scaling of P and N using 8, the curves may be reduced to be geometrically similar. As displayed 

in Figure 5, with the use of a shaft power parameter, P/8 and a speed parameter N/82
, all the shaft 

power data for various 8 collapse onto a single curve. The slight departure of some of the data 
from the curve is well within the limits of accuracies of the experimental measurements. The curve 
of best fit to the test data in Figure 5 is given by: 

p N 
-= 1966-420 log-
8 82 

with a correlation coefficient of 0.95. 
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Figure 6 Variation of sound power level with 
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~ 
CQ 
"'0 -c. -s c.o 

*< 
J 

(1) 

0.70 

0.60 

0.50 

0.40 

0.30 + 8= 0.3 

0 8= 0.4 

0.20 D 8=0.5 
a. 8=0.6 

0.10 • 8=0.7 

o.oo· 
0 5000 10000 15000 20000 

N/8 2 (rpm) 

Figure 7 Variation of sound power 
parameter with speed parameter. 

The variation of the overall A-weighted sound power level (LwA) with the shaft power (P) for the 

same test conditions is shown in Figure 6. For a given 8, LwA decreases with increase in P and 

for lower 8, there appears to be a shaft power at which LwA is maximum. For a given P, Lw A 

increases with 8. As the sound power level curves show similar trends, it is expected from the 
above discussions on scaling for shaft power data that with appropriate scaling, the sound power 

data may be reduced to be geometrically similar. Since LwA depends on P and 8, various 

combinations of LwA, P and 8 have been tried to formulate a sound power parameter to describe 
the acoustical performance of this switched reluctance motor as a function of the speed parameter 
N/82. As shown in Figure 7, with the use of a sound power parameter LwA8 113/P, the sound 
power data all collapse onto a single curve, thus supporting the postulation that these data can be 
scaled appropriately to yield geometric similarity. The curve of best fit to the test data in Figure 7 
,with a correlation coefficientof0.97, is given by: 
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L 8113 N N 2 w~ = 0.032 + 6.08x1Q-5 
02 

- 1.312x10-9[
82

] (2) 

The successful collapse of the shaft power and sound power data with an appropriate choice of 
parameters indicate that ,at least for a given pair of advance and delay angles, the performance of a 
switched reluctance motor may be explicitly described by equations similar to (1) and (2). These 
results indicate that for switched reluctance motors, there will be a significant reduction in the 
number of motor tests that have to be conducted to produce performance data. Work is now being 
in progress to examine if the dependence of the performance of a switched reluctance motor on 
advance/delay angles can be described by modifying the shaft power parameter and sound power 
parameter with the introduction of an angle parameter. It is also important to examine through 
testing of motors with different power capacities whether, for the same motor 
configuration,control and mechanical structure, equations (1) and (2) are independent of the power 
output of the motor. 

5.0 CONCLUSIONS 

The basic principle of operation of a switched reluctance motor has been described. The overall A­
weighted sound power level of a 600 W switched reluctance motor for various operating load 
conditions have been measured in an anechoic chamber by using the sound intensity technique in 
order to eliminate the noise contributed by the dynamometer. It has been shown from the results 
obtained that with an appropriate choice of relevant parameters (speed, shaft power and sound 
power parameter), the sound power data for various operating conditions can be collapsed onto a 
single curve and can be explicitly described by an equation. While it remains to be seen whether 
the same parameters can be used for switched reluctance motors with different power outputs, 
there is no reason why the same procedure cannot be used for reducing the data into geometrically 
similar form. The parameters not only allow a compact description of the performance (both 
mechanical and acoustical) of a switched reluctance motor but also they eliminate the need for 
extensive testings in order to produce adequate performance data. 
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THE USE OF TREES FOR NOISE REDUCTION 

Peter Peploe, B.E., Post Graduate Diploma in Telecommunications, MAAS 
Manager Prevention Services, National Acoustic Laboratories 

Division of Australian Hearing Services 
126 Greville Street, Chatswood, N.S.W., 2067, Australia 

ABSTRACT 

Many Defence bases are set in, or surrounded by, large areas of trees. Several tests have 
been conducted by the National Acoustic Laboratories to evaluate the effectiveness of trees 
in reducing environmental noise levels. Sound sources used for these tests include continuous 
noises and various types of impulsive noise. 

Results of the tests are included and discussed. 

1.0 INTRODUCTION 

National Acoustic Laboratories (NAL) have been conducting research into propagation of 
sound outdoors since 1984. This has consisted of field trials at various locations around 
Australia using both continuous and impulsive noise sources and measuring the characteristics 
of these sounds at distances up to 3.2 kilometres. The research has been sponsored by the 
Department of Defence because of concern about the possible effect of its noisier activities 
on the community. 

Recently these studies have included measurements of the effects of trees on the 
propagation of sound. To date four field trials have been conducted: 
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At Greenbank, south of Brisbane in Queensland, 570 gramme slabs of TNT were 
detonated at the edge of a stretch of trees and peak levels and waveforms measured 
both through and alongside the trees. 

At Williamtown, north of Sydney in NSW, continuous sounds from horn 
loudspeakers were measured at various distances through trees and at the same 
distances alongside the trees. 

Also at Williamtown, peak levels and waveforms were recorded of both detonators 
and Powergel explosive along these propagation paths. 

Using blanks from a rifle, peak levels were measured at Kingswood near Sydney for 
propagation through trees and at similar distances over open ground. 

Typically, the vegetation through which these tests were conducted consisted of dry 
sclerophyll with angophora, eucalypt and casuarina trees. 

2.0 MEASUREMENTS 

2.1 GREENBANK 
An area was selected with a clearing approximately 100 metres wide and 500 metres long 

with an access road cutting through the trees at one end. At the other end there was a small 
clearing in the trees off the main clearing. Explosive noise sources were placed in this small 
clearing and identical sound measuring equipment were located at the other end of the 
clearing near the road and also on the road behind the trees. 

With this set up, noise measurements could be taken of the explosions for the sound 
travelling along two paths, one through the clearing in the trees and one through the trees, 
with about 20 metres of clearing between the sound source and the tree line and 10 metres 
at the other end between the microphone and the trees. In both cases, the source to 
microphone distance was almost 480 metres. 

2.2 WILLIAMTOWN - CONTINUOUS 
Tests were conducted at a location which had a depth of trees of over 750 metres with a 

wide road/service corridor running alongside. Tracks lead into the trees from this corridor at 
several points allowing access for measurements. 

A high power horn loudspeaker was mounted so as to propagate sound through the trees. 
An identical unit was used to propagate sound in a parallel path along the corridor. The 
speakers were alternately driven so that levels could be measured in the trees and at the same 
distances in the open. Each speaker was driven from a 200 watt amplifier using a swept tone 
signal from 2000Hz to 200Hz. 

Sound levels were monitored 10 metres forward of each loudspeaker. 
Tape recordings were taken along the road at distances of 190 metres, 570 metres and 750 

metres from the sound source in the open and recordings were taken in the trees at similar 
distances from the speaker located in the trees. 
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2.3 WILLIAMTOWN - IMPULSIVE 
The same propagation paths were used for the impulsive noise tests. Sticks of Powergel 

and electric detonators were used as impulsive sound sources. The typical firing sequence 
would be to fire a detonator in the open, then in the trees, Powergel in the open and then in 
the trees, after which new charges would be set and the sequence repeated . 

Peak levels and waveforms were measured at distances of 190 metres, 570 metres and 750 
metres, both in the open and in the trees. 

2.4 KINGSWOOD 
Using an LlAl SLR rifle firing blanks , as a noise source, peak level readings were taken 

at distances of 100 metres, 200 metres and 400 metres along the small arms range. The noise 
source was then moved to the edge of an area of trees at the end of the range and peak levels 
were measured in the trees at these same distances and for the same direction of propagation. 

3.0 RESULTS 

3.1 GREENBANK 

570 gramme TNT slabs measured at 480 metres 

.·.············ ····•···•· ·· lAne~rRenk. LereldB · 

Open Trees Open- Trees 

134.8 131.8 3.0 

136.2 133.0 3.2 

137.5 135.0 2.5 

139.3 135.3 4.0 

133.5 131.5 2.0 

138.0 135.3 2.7 

137.3 136.9 0.4 

137.5 134.4 3.1 

139.7 134.8 4.9 

Mean 2.9 

Standard Deviation 1.2 

No. of Samples 9 

Maximum 4.9 

Minimum 0.4 
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3.2 WILLIAMTOWN - CONTINUOUS 

Level Differences - Continuous Noise Propagation through Trees 

Measurement Distance from Source (m) 

190 570 750 

> e > >>< ; . r ~• ltli~ •• ~ mf~~ 1 &.h , k{\) ! 
<. >>:::< ::::: :;::::<s : /~< ><:: :::: :::: :::::::::::c: : :::::::~: : T::c:: :·g ::::::: . 

7.2 10.4 8.2 

4.8 12.6 14.0 

2.8 12.6 14.3 

6.8 13.7 10.6 

4.9 17.3 

0.3 13.6 

1.4 14.3 

4.5 18.1 

6.7 16.8 

18.5 

Mean 4.4 12.3 14.6 

Standard Deviation 2.3 1.2 3.1 

No. of Samples 9 4 10 

Maximum 7.2 13.7 18.5 

Minimum 0.3 10.4 8.2 
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3.3 WILLIAMTOWN - IMPULSIVE 

Excess Attenuation due to Trees, using Detonators 

Statistic 190 metres 570 metres 750 metres 

Mean 6.9 10.8 >7.3* 

Standard Deviation . 3.9 6.1 5.8 

No. of Samples 30 31 33 

Maximum Value 13.8 19.7 >15.6 

Minimum Value -0.4 -3.6 -6.8 

Excess Attenuation due to Trees, using Powergel 

. . . ....... . . . . . . .... . . . ... .. . · ··· - ·· · 

P~l< i~~JI)if:f~reijc9: (Opfill 21Jt~s) -~J~ 
Statistic 190 metres 570 metres 750 metres 

Mean 3.9 10.4 8.2 

Standard Deviation 1.2 2.3 2.7 

No. of Samples 29 35 34 

Maximum Value 7.8 14.3 13.2 

Minimum Value 1.0 0.8 2.0 

* When measuring through the trees, some levels were at, or below, ambient noise levels. 
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3.4 KINGSWOOD 

Rifle Blanks Measured Through Open 

·:;c····· .. ··•···. ·>···· ,,. 
•··· ········· ·< ' ··· P~t;~\ ••.•••• i. 411 >. ······· 

· .·. .. 
. ... 

.. 

100 metres 200 metres 400 metres 

I Statistic I Linear A-Weight Linear A-Weight Linear A-Weight 

Mean 120.6 121.4 114.8 112.7 98.3 92.8 

Standard Deviation 3.1 0.8 1.3 1.4 2.5 2.4 

No. of Samples 10 10 10 10 10 10 

Maximum 125.0 122.5 116.9 115.2 102.0 97.5 

Minimum 115.6 120.0 113.0 110.0 94.1 88.7 

Rifle Blanks Measured Through Trees 

100 metres 200 metres 400 metres 

Statistic Linear A-Weight Linear A-Weight Linear A-Weight 

Mean 106.3 108.0 92.6 88.2 86.8 81.0 

Standard Deviation 3.4 2.1 0.8 1.5 1.2 1.3 

No. of Samples 8 8 9 10 10 10 

Maximum 112.6 111.0 93.7 91.0 90.2 83.5 

Minimum 102.0 104.9 91.3 86.0 85.7 78.8 

Excess Attenuation due to Trees 

. · 

100 metres 200 metres 400 metres 

Linear I A-Weight Linear I A-Weight Linear I A-Weight 

14.3 1 13.4 22.2 1 24.4 11.5 1 11.8 
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4.0 DISCUSSION 

Trees can provide useful reductions for both continuous and impulsive noises where there 
is a good depth of trees. 

This depth will depend on the type and density of trees, hut for those tested the depth 
should be at least 100 metres. 

In general, impulse noises of short duration (ritle blanks, detonators) will be attenuated 
more than those of longer duration (TNT, Powergel). 

Attenuation appears to be non-linear with distance and frequency. For instance, at 
Williamtown, the A-weighted attenuation rate decreased with distance and, using detonators, 
the attenuation at 750 metres was not much greater than at 190 metres. Also at Williamtown, 
with a continuous noise source, although the attenuation rate generally decreased with 
decreasing frequency, in the range 200 to 300 Hertz the attenuation rate increased and did so 
rapidly at the 190 metre positir,n. 

Some of these non-linear effects may be explained by variations in the type and density 
of growth along the propagation path and also the contribution of tlanking paths around and 
over the trees. Where the attenuation increases rapidly over a narrow frequency range, as with 
the continuous noise tests at Williamtown, then this may be related to the average spacing of 
the trees. 

5.0 CONCLUSIONS 

Although many factors affect the sound attenuation performance of trees, useful reductions 
of both continuous and impulsive noises are provided by depths of 100 metres and more. 

In general, the greater the depth of trees or the higher the frequency of the continuous 
sound or the shorter the duration of the impulse then the greater the attenuation. 

Buffer zones around noisy activities, such as firing ranges and engine run-up areas, will 
be far more effective if heavily timbered. Clearing these zones of trees for farming, mining 
and other development will greatly reduce their effectiveness. 

PROCEEDINGS AAS ANNUAL CONFERENCE 1992 255 



256 PROCEEDINGS AAS ANNUAL CONFERENCE 1992 







IMPULSE MEASUREMENTS OF ACOUSTIC IMPEDANCE 
USING A MICROPHONE ON THE SURFACE 

A. J. Rogers, D. E. P. Lawrence, and C. G. Don 
Department of Physics, Monash University, Clayton, Victoria. 

Abstract 
Many acoustic problems, including noise propagation studies, require a 
knowledge of the impedance of surfaces. While impedance tube 
techniques are appropriate for uniform materials, they are limited for 
situations involving multi-impedance paths, or where dynamic conditions 
exist, such as when rain-water is altering the properties of soil. 
One established impulse technique uses two microphones to compare the 
direct and reflected waveforms measured about a metre above the surface 
to determine it's average impedance. A recently developed technique uses 
a single microphone located on the surface to capture the resultant 
waveform from an impulse source also located on the surface. Because 
the direct and reflected signals have merged, and there is a ground wave 
component, an iterative analysis is required to deduce the impedance from 
the ground wave. Apart from being a simple set-up, this method permits 
the direct measurement of the effective impedance experienced by sound 
propagating over composite surfaces. By contrast, when the impulse 
source is located, say, lm above the microphone on the surface, the 
resulting sound field is influenced by a restricted area around the receiver 
producing localised impedance data, which is especially useful for 
investigating the layering properties of wet soils. 
Impedance measurements obtained over layered foam, carpet, and 
different types of soil will be presented, and a comparison of the above 
techniques will be made, demonstrating their advantages and limitations. 
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Introduction 
Calculating the interaction of sound with a boundary surface requires a knowledge of 
the characteristic or normalised impedance of that surface1•2• Experimental methods 
to determine these parameters include using a standing wave tube3 and the reflection 
of either continuous4 or impulse sounds5•6• An impulse method has the advantage of 
obtaining impedance data over a wide frequency spectrum simultaneously, and, 
under suitable geometric conditions, providing the ability to time isolate the required 
signal from unwanted reflections. In this paper three impulse methods are compared; 
one which is well established in the literature6 uses a two microphone technique 
while the other two require only one microphone and use a simplified geometry. 
Providing the latter techniques are reliable, they offer the advantage of convenience 
when taking measurements. Results over different surfaces using the three methods 
are compared and the limitations of the individual techniques are discussed. 

Principle of measurin~ ~ound impedance. 
Above flat ground, the sound pressure due to a point source above the surface 
consists of two components, the direct wave from the source and the wave reflected 
by the ground, as shown in Fig.(la). The principle of measuring impedance by the 
impulse technique is to capture a pulse which has been modified in amplitude and 
shape by reflection from the impedance surface. A direct or free field pulse, that is, 
one which travels the same distance to the microphone without interacting with any 
surface, is also required. By dividing the frequency components of the reflected 
pulse by the corresponding direct ones a quantity Q is calculated, at each frequency, 
which theoretically is given by 

(1) 

where both the plane wave reflection co-efficient, Rp, and the boundary loss factor, 

F(w), depend on the normalised surface impedance, Z, given by 

z = __ l_+R_..._p_ 
(1-Rp) sin'V ' 

(2) 

where 'Vis the angle the incident sound ray makes to the surface. F(w) is a relatively 
complicated function which depends ori the geometry of the system as well as the 

impedance. When 'V is greater than 300, F(w) becomes sufficiently small that the 
approximation Q = Rp holds, so that Z can be readily detennined for either the 

geometry of Fig.1(a) or 1(b). As 'V approaches 0°, F(w) becomes a dominant term. 

In the geometry of Fig.1(c), where 'V = oo , Eq.(2) indicates that Rp = -1 and Eq.(l) 

now simplifies to Q=-1+2F(w). If Rp = -1 then the incident pulse is exactly inverted 

and since it arrives simultaneously with the direct, in the geometry of Fig.1 (c), they 
both cancel leaving only the 2F(w) term, which is often called the ground wave. As 
indicated by the typical pulse waveforms shown in Fig.1, the ground wave pulse is 
much more rounded than those recorded in the other methods and the reflected pulse 
may become inverted when 'Vis sufficiently small. 
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Fig.1: Three methods used to determine impedance and typical pulse shapes. 

Measurement Techniques 
The data was processed in a PC, by ensemble averaging at least 10 direct and 10 
reflected waveforms before performing fast fourier transforms to obtain the 
frequency data required to determine Q. B & K 1/4 inch microphones and type 2218 
sound level meters connected into a Data 6000 waveform analyser were used to 
record the signals. In most of this work shot shell primers were discharged to 
produce the impulse signal, however, in some measurements using method 3, a 
speaker driven by a waveform synthesiser was used to produce an impulse with a 
reproducible amplitude and frequency content. The reduced signal level from the 
speaker was acceptable for this method as the sound only had to travel one metre, 
whereas method 1 typically requires a path distance of 4 m to obtain the necessary 
time separation between the direct and reflected wave recorded at the microphone. 

A geometry similar to that shown in Fig.l (a) was used for the two microphone 
technique6 where one microphone records the reflected pulse and a second 
microphone was located a distance r away from the source such that it recorded the 
pulse travelling directly from the source. This avoided having to allow for geometric 
spreading of the signal. 

Method 2 involves using the geometry in Fig.l (b) with the one microphone 
measuring the direct pulse and then some time later, depending on the distance of the 
microphone from the ground, recording the reflected pulse. If the time separation is 
small, so the reflected pulse is recorded on top of the direct pulse, the direct pulse 
must be determined in an independent measurement and then appropriately 
subtracted from the initial recording. Since there is a difference in the distance 
travelled between the direct and reflected pulses, the direct pulse must be rescaled 
according to the inverse square law. 

The third method involves placing both the microphone and the source on the 
ground, thus both the direct and the reflected pulses arrive at the same time, Fig.l (c). 
This means that a direct pulse must always be recorded separately to be used in the 
calculation of Z. Because this n1ethod involves finding an appropriate value of Z to 
fit the measured F(w), an iteration technique must be used, whereas the other two 
methods involve a simple calculation to find Z from Eq.(2). 
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Experimental results 
Carpet is a useful test situation as it is easy to obtain a large uniform surface area, in 
this case laid over a hair felt backing. Method 2 results are the average of seven 
independent sets of data taken at microphone heights varying between 0.8m and 
l.lm with the source at 1.5m or 1.8m. All the individual data sets agreed to within 
the size of the data points used on the graph. Both the sets of data used to form the 
average for the method 3 results were taken with a source receiver distance of lm. 
As shown in Fig.2. all three methods give good agreement above 2kHz, with some 
diver ence at lower fre uencies. 
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Fig.2: The complex impedance, Real (Re) and Imaginary (Im), of carpet using, 
o method 1, x method 2, + method 3. 
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Fig.3: The impedance of wet grassland using, o method 1, x method 2, + method 3. 
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An example of the impedance of grassland determined by the three techniques is 
presented in Fig.3. The measurements were taken over a very wet sports field 
covered sparsely with grass mown to about 2cm. Method 1 data are an average of 
two impedance measurements taken over the same area but with the point of 
reflection moved lOcm, while the method 2 results were obtained at the mid-point of 
the reflections from the previous experiment. An average of two impedance data sets 
obtained by method 3, using a source to receiver distance of lm is also shown. The 
most notable feature of the data is the lack of "resonances" in the method 3 results. 
These resonances are believed to occur because of layering in the wet so iF. The 
frequencies at which these resonances occur are known to be sensitive to the nature 
of the soil around the point of reflection. It appears that method 3 does not detect this 
layering in the same way or simply averages out such effects along the lm path. This 
averaging effect may also occur in the data of Fig.4, where method 3 was used, at 
varying distances between source and microphone, over much drier grassland. While 
the three sets of data in Fig.4(a) are in good agreement, the smoothest curve is the 
3m data set while the most fluctuations occur in the lm result. The average of these 
three data sets is in agreement with method 1 data obtained over the same area, as 
shown in Fi .4 b . 

Re (b) 

1000 10000 

Fig.4: (a) The impedance of dry grassland using method 3 over o 1m, + 2m, x 3m. 
(b) method 1 o compared to the average of method 3 +. 

Results from a thick layer of grass, which formed a very porous mat about 5cm deep 
over the soil, are shown in Fig.5. There is good agreement between the results of 
method 1 and 2, except when the microphone was placed on the ground in method 2. 
These results appear to agree more favourably with data obtained using method 3. At 
this stage we have not been able to resolve why such differences occur, although it 
appears to be due to the extreme layering. 
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Fig.5: The impedance of thick grass: (a), (b), (c), (d) method 2 with receiver heights 
of 0.5m, 0.25m, 0.05m, O.Om respectively; (e)-- trend line of (a), (b), and (c), 

+method 1; (f)-- trend line, x method 3. 

A layer of foam is a more complicated system than those considered above, as the 
surface is not locally reacting but one of extended reaction - this means that the 
pressure incident at one point influences the motion elsewhere on the surface. Under 
this condition, Eq.(2) no longer applies and the effective impedance will be angle 
dependent. To illustrate this, Fig.6 shows measurements at various values of 'If, 
obtained over a Scm layer of foam on a hard surface. The resonances, caused by 
interference of sound reflected from the upper and lower interfaces, occur at 
different frequencies which can be calculated theoretically at higher angles, such as 

900 and 60°, as demonstrated in Fig.6(e) for the latter case. At lower angles the 
complication of theoretically including extended reaction in the ground wave term 

has not been resolved. Fig.6(f) compares a measurement taken at 600 with a set 
where the microphone was placed on the surface such that the ray from the source to 

the microphone was at 60° to the surface. Unlike earlier method 2 measurements, 
where the microphone on the surface gave inconsistent results, these are in excellent 
agreement. 
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Fig.6: The impedance of foam: method 1, (a) 'V = 900; (b) 'V = 60°; (c) 'V = 300; 

(d) method 3, 'V = oo; (e) - theory, • method 1, 'V = 600; 

(f) • method 1, +method 2, 'V = 600;. 

Conclusion 
Results for all three methods are generally consistent over ground and over thin 
layered surfaces, such as carpet. At this stage it appears necessary to take care when 
interpreting method 2 data taken when the microphone is placed on the surface. Only 
data taken over the extended reaction surface of foam seem to be consistent with 
other techniques. Method 3 did not agree with the other data over a thick grass layer 
and in a number of cases seems to diverge at frequencies up to 1kHz. Further, this 
method appears to give a more averaged impedance than the other techniques. A 
major advantage of method 2 is that it can be applied to smaller areas than method 1, 
which is, to a lesser extent, also true for method 3. 
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MICROPHONE PLACEMENT, WIND NOISE and WINDSCREENS 

R. Cook. 
Senior Engineering Consultant, 
National Acoustic Laboratories. 

126 Greville St., 
Chatswood NSW 2067 

When measuring impulsive noise in an outdoor environment, air movement across the 
microphone diaphragm generates "wind noise". This wind noise component may be of 
sufficient amplitude as to dominate the measurement process and result in meaningless data. 

The effect of the microphone height above the ground is discussed with respect to both 
the amount of wind noise and the waveform shape. Microphone windscreens constructed 
from "shadecloth" are discussed and a windscreen design , suitable for a low mounting height 
microphone , is also presented. 
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Microphone Placement, Wind Noise and Windscreens 

1. Introduction 

Various Environmental Agencies throughout Australia specify that annoyance caused 
by impulsive noise is to be assessed by the measurement of the linear (broadband) peak level 
of the impulse. The measurement of impulses in an outdoor setting is regularly interfered with 
by the presence of wind noise components in the measured signal. For example, in wind 
speeds of 9 m/sec (Beaufort scale 4, "moderate breeze") broadband (2 Hz to 70 kHz) linear 
peak levels of nearly 130 dB SPL are experienced when using a 12 mm diameter microphone 
without a windscreen. 

Wind noise is low frequency dominated. Cooper [Reference 1] and Daigle et a/ 
[Reference 2] report measurements of wind turbulence using a hot wire anemometer which 
indicate that the amplitude of frequency components reduces at a 6 dB/octave rate with rising 
frequency. 

Reference 3 describes the mechanism involved in the generation of wind noise and the 
use of shadecloth as a windscreen material. 

2. Wind speed versus height 

In the lower level of the earth's atmosphere, the interaction of the atmosphere and the 
earth's surface creates a "friction layer" which reduces the wind speed as height is decreased. 
Figure 1, below, shows an exampie of a graph of wi-nd speed versus height. 
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Figure 1. Wind speed versus height. 
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It can be seen that the wind speed decreases rapidly as the ground surface is 
approached. From measurements conducted by Thornthwaite [Reference 4] the reduction in 
wind speed is of the form : 

where u = wind speed (m/sec) 
u1 = wind speed at 1 m height 
z = height of interest 

and a = factor which varies as to height, temperature surface 
roughness and time of day. 

The expected result of reducing the microphone height from say 1.5 m to 10 em is that 
the wind speed should reduce by approximately 50 % and thus a decrease in wind noise of 
approximately 15 dB should a ~so be expected. 

Another way of looking at this proposal to lower the microphone height is as follows : 
Geiger [Reference 5] cites measurements taken by Hellmann of wind speed checks taken with 
cup anemometers over a period of several months at heights of 5, 25, 50, 100 and 200 em 
above the ground. Figure 2 shows one result of these measurements. The Figure expresses in 
percentage terms the frequency of 11 hours of calm 11 in the lowest 2 metres of the atmosphere. 
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Figure 2 .. Frequency of "hnurs nf calm" 
in the lowest 2 m nf the atmnsphere. 
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It can be seen from Figure 2 that for a microphone height of 1.2 to 1.5 metres the 
frequency of "hours of calm" between 0800 and 1700 hours is substantially 0%. Thus at this 
microphone height one can always expect to have wind present during normal working hours. 
However, if the microphone height is reduced to 10 em then a significant proportion of time 
will be spent in calm conditions. 

3. Acoustic effects versus height. 

In order to examine the effects, if any, of reducing the microphone height from 1.2 
m to 10 em, many measurements were conducted using the equipment set-up detailed in 
Figure 3. 
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Figure 3. Equipment used for acoustic measurements. 
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Simultaneous measurements were conducted with one microphone mounted at the 
standard height of 1.2 to 1.5 metres above ground whilst a second microphone was located 
in close proximity at 10 em above the ground. The acoustic sources were all impulsive and 
were recorded in conditions as detailed below in Table 1. 
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TABLE 1. 

Details of the measurement conditions. 

Location Source Ground Meteorological Distance from 
Conditions Conditions Source 

RAAF No. 8 electrical Sandy soil, 24°C, 61% 180, 570 and 
William town detonator plus covered with R.H., no wind, 750 metres 

120 g stick of mown grass. medium height 
Powergell broken cloud. 
"Magnum" 
3151 explosive. 

Holsworthy 400 g Dynagex Clay soil, small 18°C, 40% 3.2 km 
Army Range explosive, shrubs to 0.5 m R.H. , wind 1-2 

1.25 kg TNT, height. m/S across 
or, 1.25 kg Measurement propagation 
ANFO location in path. 
explosive. open area. 

RAAF Orchard Small arms Long grass, 16°C, 60% 400 m 
Hills weapons. scattered 5 m R.H., wind 0-2 

Muzzle, and high trees. m/S in 
shock waves. direction of 

propagation. 

Puckapunyal 80 mm Sparse grass, 26°C, 60% 1.3 
Army Range Mortars, small stones R.H., wind to 10.2 km 

105mmand together with 5 m/S in 
155 mm small trees. various 
Artillery. Measurement directions 
Muzzle, shock location relative to the 
wave and elevated. propagation 
impact. path. 

Several examples of waveforms recorded at some of these sites are presented helow . 
The waveforms were recorded using the set-up detailed in Figure 3 and are presented here 
in a manner that enables a close comparison of the waveform shapes. 
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Figure 4. Waveforms recorded at RAAF Williamtown, 
180 m from the source, at microphone heights as indicated. 

Waveform sample rate 50 kH. 
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Figure 5. Waveforms recorded at RAAF Williamtown, 
570 m from the source, at microphone heights as indicated. 

Waveform sample rate 50 kHz. 
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Figure 6. Waveforms recorded at RAAF Williamtown, 

750 m from the source, at microphone heights as indicated. 
Waveform sample rate 50 kHz. 
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Figure 7. Waveforms recorded at RAAF Orchard Hills , 
400 m from the source, at microphone heights as indicated. 

Waveform sample rate 100 kHz. 

It can be seen from examination of Figures 4 to 7 that for all practical purposes there 

is no difference in the peak level recorded hy each microphone. 

Linear peak sound pressure level measurements were also conducted at Puckapunyal 
over a period of two days of 80 mm mortars and 105 mm and 155 mm artillery. For the 
80 mm mortars, measurements were of the impact detonation, whilst for the artillery weapons 
the muzzle and projectile impact were recorded. Commencing as early as 0624 hours and 
finishing as late as 1813 hours (a total measurement time over the two days of> 17 hours) 
the results ohtained from two microphones mounted at heights of 1.2 m and 30 em indicated 
that the mean difference hetween the two microphones was (l.05 dB over a total of 17'K 
events. 
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4. Windscreen design for low mounting height microphones. 

Reference 3 describes the characteristics of "shadecloth" when used for the 
construction of microphone windscreens. Briefly, shadecloth is a readily available knitted 
material, with low stretch characteristics, good resistance to tearing, is UV stabilised and 
strong. The grade used is classed as 70% shade. Tests conducted in an anechoic chamber 
reveal that for frequencies as high as 20 kHz the shadecloth is acoustically transparent. 

Several designs for windscreen have been investigated at NAL but for reasons of ease 
of installation by one person, and for the reasons detailed above, the preferred design is a 
hemisphere as shown below. Such a design should be constructed with a diameter of 
approximately 2 metres so that significant wind noise reduction is obtained. 

Figure 8. Hemispherical windscreen design. 

5. Conclusion. 

The problems encountered when measuring low level linear peak sound pressure levels 
in an outdoor environment are well known. One significant problem is the interference with 
the desired signal by wind noise components in the microphone output. It has been shown that 
by mounting the measuring microphone close to the ground it will be subjected to less wind. 
Mounting the microphone in a suitable windscreen will further reduce the wind noise 
components that can be present in the microphone output. 

At the source to receiver distances usually involved (> 100 m) when environmental 
measurements are being conducted it has been shown that there is little or no effect from 
lowering the measurement microphone to a mounting height of 10 em above the ground. 
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Confidentiality/Crosstalk 

Richard Latimer 

Confidentiality/ Crosstalk is a noise problem with an ever increasing demand for solutions. 
D.G.Latimer and Associates tackled the problem from a practical manufacturing base in both 
new and refurbished high rise fit outs. 

This common problem has thre8 key factors governing its solution. 

Firstly the issue of fire, its egress and the effect on escaping occupants using AS 1530 Early 
Fire Hazard results as the benchmark. 

Secondly the ease of re-sealing and fitting to obtain an acoustically tight seal without excess 
labour cost over runs. 

Finally the acoustic performance, STC test data on the product and the insitu results. 

Our proposed paper will outline the development of the product to solve these problems, its 
testing (with its actual installation into a building and comparable insitu results) and a look at 
other options to finally demonstrate a satisfactory solution to this noise problem. 

The paper will be supported by specific test data slides of installation and comments from the 
installers and final users of the building. 

The paper will be presented in conjunction with Nylex, the Australian agents for the material. 

Copies of this paper are obtainable from the author at the following address: 

D.G.Latimer and Associates 
PO Box 12-032 
Beckenham 
Christchurch 
N.Z. 
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BALLARAT,VICTORIA 
Ballarat is Victoria's largest inland city with a 
population of approximately 90,000 and is 
situated in the Central Highlands, 110 km 
from Melbourne along an excellent freeway. 

Old Ballarat Village, situated opposite 
historic Sovereign Hill gold mining 
settlement, is a large self-contained 
conference facility built around a large 
ornamental lake, offering modern motel-style 
accommodation including colour TV & en­
suite, and fully licensed restaurant with 
blazing log fire . 

The complex stands on seven acres of lush , 
landscaped grounds. 

The charming miner's cottage style buildings 
were constructed from reclaimed materials 
from a disused pottery of bygone days. 
Although the complex contains all modern 
facilities , the atmosphere complements the 
history of the area. 

On site recreational facilities include squash , 
jogging track, volleyball , barbecues , billiards 
and table tennis . The Royal Tennis court is 
available for guests to try their skills (helpful 
coaching available) and for afterwards, a 
relaxing sauna and hot tub . The Village 
provides something unique for visitors to 
Ballarat , at the same time blending in with 
the fascinating historical background on 
which this picturesque city was founded . 
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