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A STUDY OF NOISE IN OFFICE BUILDINGS
C.E. Mather, B. Arch., M.Bdg.Sc., A.R,A,I.A,,
Ian Buchan Fell Research Student, Sydney University

SUMMARY

The purpose of this investigation was to examine the existing acoustical conditions
in four modern office buildings in Sydney, and to find out how managerial, professional
and typing staff were affected by these conditions. A comparison of the resulting data
with some existing overseas criteria was made, particularly with the N, C. Curves devel-
oped by Leo L. Beranek.

INTRODUCTION

Sound is one of the environmental factors contriburing to the overall user evaluation
of an office building, but a given sound environment does not have a given stimulus on
the office user.

By definition, it is noisiness rather than loudness that is of most importance in the
context of estimaring adverse reactions to sound. Judgments about the noisiness of a
sound are thought to represent a general "bothersomeness" level, resulting from the com-
bined or separate functions of the following: -

* concern about damage to one's hearing (conscious or unconscious)
* the masking of speech or other auditory signal
* the interference with sleep.

It is generally accepted that noise which was initially annoying becomes tolerated
and even unobtrusive after a sufficient period of exposure due to a process called habitu-
ation. However, there is also evidence that after inirial habituation, a person becomes
less, rather than more tolerant to the continued noise,

Noise can influence work output in many ways. Broadbent (and others) found the
effect of noise on work output depends greatly on the nature of the work - a long term
job requiring constant alertness being especially susceptible. It seems the effect of
noise is more likely to cause a higher rate of errors than reduction in total outpur.

In offices noise isolation and insulation are the principal tasks, but in modern office
buildings the tendency is towards lighter construction, which is at variance with the
acoustical requirements of the occupants.

THE SURVEY

This study was directed towards developing an understanding of office workers' atti-
tudes to the noise levels existing in their working environment,

The survey was conducted throughout as an investigation into the functional effic-
iency of modern office buildings. A selected sample of managerial, professional and
typing staff from each of the four buildings chosen was interviewed during normal office
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hours. In the majority of offices examined, only one person occupied the area, hence
there was very little interruption to the usual background noise level while the respondent
filled out the questionnaire. ~When more than one person occupied the area (e.g., lyping
pools and sales administration areas) never more than one quarter of the room's occupants
were given a questionnaire simultaneously, so the general level of noise from office activ-
ities remained uninterrupted.

Nojse measurements, using a calibrated sound level meter to record through to a tape
recorder, were made concurrently with the answering of the questionnaire. ~Measurements
were taken at the respondent's desk at ear level, the number of measurements in aiy one
area being governed by the number of respondents using that area. Each recording was of
approximately 14 minutes duration.

The tapes were analysed using a graphic level recorder coupled to an automatic
frequency spectrometer which analysed the various noise spectia in one-third octave bands.
From this analysis the S.I.L. in dB and the L.L. in Steven's phons were computed for each
noise spectra.

The questionnaires were analysed by computer, programmed for the desired coirela-
tions.

THE RESULTS
1. Rating of Background Office Noise

The modal rating for the background noise within the offices of the four buildings
was, with the exception of Building 1, "average", which corresponds with the modal rating
for the entire sample of respondents. The modal rating for Building 1 was "quiet”, which
was probably due more to the fact that these respondents had recently moved to this prestige
building from an old building with many defects, rather than the background noise level
which, in many offices, was relatively high.

The modal rating of the background noise level in the offices occupied by the three
different groups of respondents, (managerial, professional and typing), was again "average”,
showing a comparauvely even distribution of opinion about the noise conditions regardless
of which group the respondent belongs to. This is in agreement with Beranek's and
Keighley's findings. (Refs. 1, 2)

2. Age

A comparison of the response 10 background noise with age was computed as a percen-
tage of the total percentage of each age group within the sample.  This indicates people
are capable of regarding an area 1s noisy regardless of their age and corresponding hearing
loss. This is again in agreement with Keighley's findings.

The dominant frequencies of the background noise in the offices examined were be-
tween 20 H, and 2000 Hz, except in typing pools which partly explains why age (which
with increase atrenuates the frequencies greater than 2000 Hy by the greatest amounts)
does not help in making the older respondent less conscious of background office noise.
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Also, at higher levels, the masking effect of sound spreads out to cover a wide range,
mainly for frequencies above the frequencies of the dominant components. Therefore,
i most of the offices examined (except typing pools), the higher frequencies do not con-
tribute significantly to the unacceptability of background noise.
3. Height Above Ground Level

For this survey there teaded to be a decrease in complaint about external traffic
noise with increase in height above ground level, which 1s at variance with many overseas

findings.  This trend s partly because two of the four buildings are not surrounded by
main traffic routes  Also the double glazing used 11 two of the buildings seemed efficient
m excluding all but the street noise of greatest intensity and lowest frequency. One
bu11ding had its exterior grazed walls protected by a projecting, coutinuous sun screei,
hence the upper floors were largely protected from the impinging street noise.

4, Exclusion of Voices from Adjacent Offices

The results of this survey indicate a full height parution appears to be one of the
best methods for controlling the noise of voices from neighbourning offices, however lining
the full height parution with lead does not sigmificantly Jecrease the rate of complaint
This is partly explained by the rype of respondent occupying the leald Lined partirioned
office - normally one of the orgamsatioa’s leading executives.  As such he tends to be
more critical of all aspacts of his office environment, expectiag “the best” in accord with
his position.

The rate of complaint of voices from neighbouring offices falls off by nearly 50%
when a suirable false cerling trzatment is employed, as opposed 1o a sprayed acoustic
plaster treatment to the structural slab,

Carpet used 1n an office area substantially 1ncreases the frequency of complaint of
voices from adiacent offices This 1s partly explaned by the absorbeat nature ot carpet,
wtoch reduces the amount of noise orsginating in rthe office under examination, a1i con-
sequently the transmutted nosse is not masked ro the same degree as in the office with a
harder, more reflecttve floor frnish.  This aspect has been more thoroughly investigated
by K=zightey  (Ref. 2)

There is genarally an overall decrease of complaint of voices from neighbouring
offices as the number of persons usiag the same office increases mainly due to the greater
amount of masking.

5. Exclusion of Noise From Office Equipment

Noise from office equipment in adiacent offices, although reduced by a full height
partition. 1s not excluded, partly because of the high componeat of low frequency aoise
from most office equipment, for which most partitions are poor insulators, and partly
because the partition is often not adequately sealed around its connectng edges

The frequency of complaint about noise from office equipment 14 adjacent offices
rose by nearly 50% when a metal hung false ceiling was used. This is a complete reversal
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of the results obtained for voices from neighbouring offices, which suggests the flanking
sound path problem with equipment noise is far greater than with voices.

The frequency of complaint about external equipment noise again rose sharply when
the office had a carpeted floor. The same comments apply here as for voices from
neighbouring offices.

As soon as more than one person uses the same office, the use of equipment by
other occupants interrupts and distracts the respondent not involved in using that particular
piece of equipment,

6. Air Conditioning Noise

The largest source of complaint in this survey came from offices within twenty feet
of large package units which supplied one whole floor of a building. These units were
inadequately isolated and insulated from the surrounding areas and emitted a continuous,

distracting roar.

The smaller package units designed to serve a much smaller area, but which were
located in the same office as the respondent, again had a high rate of complaint,
Because of their noise output, they were left switched off as often as possible by the
majority of respondents with this type of air conditioning.

7. Effects of Office Noise

The various effects office noise had on the respondents are listed below in order of
frequency of complaint: -

* interruption to concentration on work
* interference with office conferences

“ interference with telephone conversations

* physical effects (e.g. headaches)

* caused a lot of work to be done away from the office
confidential meetings overheard,

THE NOISE CRITERIA CURVES
The Noise Criteria (N,C,) Curves were developed by Leo L. Beranek, and are used
to specify the maximum permissible or desirable levels in various occupancies. They give
a favourable relationship between the low and high frequency portion of the neise spectrum.
Using the results from this survey a detailed comparison was made with Beranek's
N.C. data, The median rating of the noise environment by each group (managerial,
professional and typing) of respoudents within each of the four office buildings was computed
and compared with its correspon'ing median S.I,L (dB)and L L, (O.D. phons). To con-
sider how well a straight line explained the relationship between the subjective noise rating
and the S I.L. and L.L . the equations for the least square regression lines were calculated

and are as follows -
for S.1.L - Rating =0 035(S.I.L.) + 1 26
for L L, - Raning = 0.044 (L.L.) - 0.12
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where the ratings are very quiet, quiet, average, noisy and very noisy.

The rank order correlation coefficient for S, I, L. versus subjective noise rating is
0. 94 compared with 0. 85 obtained by Beranek. The rank order correlation coefficient
for L, L, versus subjective noise rating is 0. 97 compared with 0. 95 obtained by Beranek.
Using the Students' t© distribution, we obtain t approximately equal to 9, 8 for both
rank correlations, Thus the probability that the distribution of these results differ from
the results that would be obtained from the population as a whole is less than 0. 01.

As no day-long level recordings were made in this survey, it was not possible to do
a statistical description of the variations in day-long levels, and hence obtain a relation-
ship between responses to the background noise environment with the measured day-long
§.I.L's and the calculated L.L's (O.D. ) as done by Beranek.

For this survey, to obtain a further comparison with Beranek’s findings, a correlation
was made between the way all respondents (regardless of building or group) rated their
office(very quiet, quiet, average, noisy or very noisy) and the correspoading median and
mean S,1,L, and L.L. From this, the general increase in S,I.L. and L L. as the subject-
ive noise rating increases towards very noisy is readily seen.

Quietzsch (Ref. 3) found the correlation between S,1.L, and L. L, of a given aoise
was very higk, the difference between them being about 20 units, but there were some
marked discrzpancies, Beranek used this fact in addition to his survey data in stating
office persoanel seem to desire a loudness level in phons (O.D, ) that does not exceed the
speech interference level by more than about 22 units, with a maximum differeace of
30 units.

Of the 10 offices in this survey where the L.L, exceeded the S, I.L. by more rhan
26 units and less than 34 units, only one respondent rated his office very noisy, two rated
their offices average, and the other seven said their offices were quiet or very quiet.

The median and mean differences between L. L. and S.1.L. were computed for all respond
ents rating their office very quiet, quiet, average, noisy or very noisy. T¥is illustrates
that for rhis survey there is no significant increase in the difference between L. L. and
S.I.L. as the respondents' ratings of their office noise environment increase from very
quiet to very noisy.

As there were 1usufficient offices in this survey where the L. L. exceeded the S 1. L.
by more than 30 units, no comment can be made here on the unacceptability of a noise
eavironment with these.conditions

Tte results of this survey indicate rhat provided the L. L, does not exceed the
S.I.L. by more than 30 units, the background noise eavironmeit will be satisfactory,
provided the L L, and S.I.{. are not excessive in 1nteusity.

It is recommended the S.1.L, and 1. L. should 2ot exceed 40 4B aal <2 proas
(O.D.) respectively. which is i1 agreement with Beranek's findiags.  For typiig staff r»
recommead:1 imits atre a S I... of 4 4B and a L.L. of 68 phoas (O D.)
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CONCLUSION

There is good agreement between the findings of this survey and Beranek's Noise
Criteria data. However, the use of the median values in the derivation of the N. C,
Curves is equvalent to desigming for the 50th percentile, which would seem to indicate
that 50% of the population are not being taken into consideration,

Much more research needs to be carried out into this form, and others, of noise
iolerance levels within the population.

REFERENCES
1. BERANEK, L L Criteria for Office Quiete 1ing Based on Questionnaire
Rating Studies - Journal of the Acoustical Society of
America, Vol, 28, September 1956, pages 833-852,
2.  KEIGH:EY, E.C. The Determination of Acceprability Critena for Office

Noise - Journal of Souad and Vibration, Vol.4, No,i,
July 1964, pages 73-87.

3 STEVENS. S.§, Editor Handbook of Experimental Psychology.
4 DOEwL:E Aconstics 11 Arch.tectral Design,

) CREIGHTON. H Noise ia the External Eaviroament, R I.B. A. Journal,
October 1966, pages 465-470,

3 WE. 16, B Psychological Stady with Office Design I'nplications -
Architects’ Journal, @4tk Ocrober. 1964. pages 877-
&K2.

7 Modern Offices - A Users Survey; National Building
Studies, Research Paper 4l H M.S.0.

8.  GUILFORD, J.P, Psychometric Methods.

9. BROADBENT, D.E. Perceprioa and Communicario.

iU, LANGDON. F.J. A Suudy of Annoyance Caused by Noise in Auromar-
ic Data Processing Offices - Building Science. Vol. 1

January 1945 pages 59-78.



V.NDISY

2

w AYERAGE coop g -jvé:

s //

° ’\/<

Z owier : ogps -/ A

z —t

u;, Y- QUIET | ]
10 10 30 40 50 €0 70 80
MEDIAN S1L.(DB) & L.L. (PHONS)

Fi6. . 7he  median Swbjective ro/se

rdflhj v Hhe medizn S-I.L. (545) Arnd
median competed L.t (0-D) mn phons
or o o o e. .//Lg{///c’//ﬁy_{.



¥ NOISY T Y ]
\D J
ZNOISY - 74
5 LT 22 NS
Pt
 AVERAGE : =z
@ 95;%::;:5::0 =
S QuIET p
e ACCEPTABLE
ol V_y 49/;—7: R ENCE
V. QUIET = 36 v
~
o

0 20 30 40 so 6o 0 80
s.t.L.(vVB.) OR L.L.(PHONQ)
FIG 2. Summary graph showing the
@vaurgb/e, acoustical/ anvironmestt for
manageridl, professiond/ and Fyprnd
sHAIE A€ Sower ofices A

s HLAHIS swrvey.



THE SOUND CONDITIONING OF SPACES

By ROGER WILKINSON
Partner of CARR & WILKINSON, Consulting Accoustical Engineers.

SUMMARY

This Paper summarizes the main features and advantages of a
fully-zoned Sound Conditioning installation and shows how such
a system can provide effective noise control in many commercial
and residential spaces with minimum cost and maximum arch-
itectural freedom and flexibility.

Amongst the problems facing Architects, Owners and Managers
of large commercial buildings, partitions must rank high in
terms of annoyance, wasted space, cost and inconvenience.

.How to provide the visual and speech privacy required by
occupants and executives of the building's tenants without
becoming involved with costly and inconvenient partitioning
systems?

.What class of Speech Privacy should be provided for all
probable occupants anyway?

What dead load do these types of partitions impose on the
building's structure and how much does that cost?

.How flexible are these 'demountable’ partitions - especially
those having reasonable~high Sound Transmission Class
ratings?

.How many spare partitioning components should be kept in
store for the project - our store or the partition contractor's?

.Who will carry the cost of partition alterations?

.How long will these partitions be "fashionable " in style and
function?

. .What maintenance is required?

-How easily can alterations be made to services which either
pass through or are housed within the partition structure?
The answers to all of these questions usually cause the Arch-
itect, the Owner, the Building Manager and the Tenants to wish

for some almost-miraculous method of eliminating partitions
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from their project. Yet, how can this be done and still provide
the visual privacy and speech privacy so necessary to the
creation of an acceptable working environment?

A successful solution to these problems is now available which
virtually eliminates the acoustical necessity of partitions,
allowing open-space office layouts with screens and/or planter-
boxes, etc, to provide the visual privacy required to executive
areas. Recent installations utilising this Sound Conditioning
technique have proved most successful from the Architectural,
Acoustical, Owner and User viewpoints.

SPEECH PRIVACY is a term used to describe an environment where
conversations and/or equipment activity can be conducted without
being overheard by, or causing annoyance to, neighbouring work-
ers or residents. Speech Privacy is dependent on the facility or
ability of an observer to decipher speech etc. above his back-
ground sound level. This ability is influenced by the level of

the source of sound (e.g. speech, typing, etc.) the Sound Trans-
mission Loss between the source and the observer, and the back-
ground sound level in the observer's space. Corrective control
over any of these three factors can improve the Speech Privacy
conditions attained.

The achievement of satisfactory conditions in this regard is
normally a two-way problem, firstly Speech Privacy is required
from an executive area to the outside areas and secondly,
freedom from annoyance and distraction from outside noises
transmitted to the executive areas is required.

THE APPROACH outlined in this Paper is to provide effective
'masking' of unwanted sound by introducing a neutral, unob-
trusive background sound level which is free from any annoying,
distinctive, descrete frequencies. This unobtrusive sound is
made even more unnoticeable by use of special 'loud Speaker'
arrangements which can usually be fully concealed to 'bathe’

the areas in an even sound level, zoned to suit the activities
and requirements of the respective areas. Smooth transitions
from one zone to another avoid noticable changes in zone levels.
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In addition, these lower NC levels are created by sounds having
their NC rating determined by the lower frequency bands; Sound
Pressure Levels in the mid and higher frequency bands being

much lower than the rated (and specified) NC curve's spectrum
levels. This, of course, is a very poor foundation for the creation
of Speech Privacy conditions and the masking of Activity Noises.

Also arising from on-site investigations is an approach to the cal-
culation or assessment of Speech Privacy conditions which cast
doubt on the validity of the current and "conventional" method

of calculation of Articulation Index and thence the derivation

of Speech Privacy rating. Whilst the latter point is beyond the
intent of this Paper, experience shows that an increase in back-
ground masking sound level is more effective (db for db) than an
equivalent increase in Sound Transmission Loss between the
noise source and the observer. That is, the Intelligibility of
Speech is more readily spoiled by a properly designed back-
ground sound, than is contended by other writers on this subject.

THE COST OF SOUND CONDITIONING is only a fraction of the
cost of the types of partitioning which might provide the same
acoustical effects. For guidance only, the cost of Sound
Conditioning usually works out to be between 30 cents and

50 cents/sq.ft. of floor area treated - the larger the area

the smaller the cost per square foot. Space-divider requirements
can now be reduced to the 'planter-box' or filing facility types
or eliminated completely if desired - depending on the interior
effect and Speech Privacy rating required.

In many instances Sound Conditioning can save money on other
components apart from partitioning. Just as the system effect-
ively masks-out annoying intrusions from neighbouring activit-
ies (without preventing across-the-desk or telephone conver-
sations) it also masks out noises emanating from airconditioning
and air distribution equipment or external traffic and activities.
Hence the noise levels created by these factors can now be
higher than previously acceptable, because they are now




The electronic generator used to provide the signal to these
speakers can be adjusted at the control point to balance,
blend, supplement, or optimise the existing background or act-
ivity noise level spectrum,

THE MASKING provided by this supplementary, zoned, back-
ground sound level drastically reduces the Sound Transmission
Loss requirements of partitions to achieve the desired speech
privacy conditions. In fact, this system often eliminates
acoustical justification for partitioning and allows open office
layouts, uncluttered by the forest of heavy, expensive part-
itions previously required to provide adequate Speech Privacy
and freedom from distraction. In executive offices, where
partitions may be required for Visual Privacy, these partitions
need have no special acoustical properties and can thus be
selected for best architectural effect.

Further, many EXISTING SPEECH PRIVACY AND ACTIVITY NOISE
PROBLEMS can be overcome by installing Sound Conditioning
within and/or surrounding the problem areas. For instance,
many commercial buildings have partitions which are either
part-height only or which go up to a false~ceiling having poor
"Room~to-Room via Ceiling" Sound Transmission Loss charact-
eristics. Acoustical correction of these conditions to allow
attainment of good Speech Privacy or the control of Activity
Noises usually involves a messy, costly and inconvenient
extension or reconstruction of partitions to more effectively
close-off acoustically critical ar eas from their surrounds.

Installation of a designed Sound Conditioning System can usually
alleviate (and often eliminate) the necessity of any changes to
the existing partitioning and, in fact, has allowed the removal

of existing partitioning, as functionally required, whilst still
providing the Speech Privacy control desired.

FIELD EXPERIENCE shows that the commonly specified NC
levels, as maximum allowable noise levels (from say Aircond-
itioning equipment) , usually lead to the creation of steady back-
ground noise levels significantly lower than the NC level spec-
ified.
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blended into the overall background sound. This can often
lead to significant savings in air silencing equipment and
external building components by an integrated design of the
acoustical performance of air-conditioning, building and
sound conditioning systems.

THE TECHNICAL DETAILS of this Sound Conditioning system
are the subject of a patent application but a brief outline of
the components follows:=

..THE GENERATOR used to create the background sound is an
electronic random noise generator capable of simple, knob
tuning to achieve a wide range of spectrum shapes and levels.
This generator is transistorised and assembled on a printed
circuit to give reliable service and minimum space requirement:

.THE AMPLIFIER used to provide the signal power to the system
is a good quality commercial amplifier to suit the power
requirements of the installation. Operating costs are low

and are roughly equivalent to the running costs of a three lamp
fluorescent light fitting for each floor treated (i.e. approx.

4 cents/hr.).

.THE SPECIAL SPEAKER ARRANGEMENTS used can usually be
selected and placed in conjunction with architectural, light-
ing or airconditioning components to provide concealed,
wide-angle diffusion of the background sound into the occupiec
areas. Wiring to the speakers can normally be in 'figure 8'
wire. Individual speaker or whole-zone 'volume controls'
can be supplied to suit the current or future requirements of
the respective areas. Experience to date indicates that
Sound Conditioning system background sound levels, in the
order of 5 to 10 Noise Criteria curves higher than those
normally acceptable, can be created at the working level
without causing offence or annoyance. This, of course, is
a very 'usuable' foundation for the creation of good Speech
Privacy conditions.



MECHANICAL VERSIONS of the electronic generator-amplifier
are currently undergoing development and final trials. These
devices are intended for the creation of Sound Conditioning
effects for small areas where fully-zoned, variable~spectrum,
variable-level Sound Conditioning requirements are not warran-
ted. Such areas, already treated successfully during trials,
include Board Rooms and Chief Executive offices having
somewhat public-adjoining areas (two-way control provided) ,
Private Residences with excessive traffic noise and Home
Units having intruding noises from fellow unit occupiers.

The mechanical Sound Conditioning devices available can
either incorporate a Supply (or Exhaust) Air System or not,
and the Supply Air type may have a Heater fitted if required.

The basic concepts involved in this Sound Conditioning
principle are by no means new. What is perhaps new is the
ability to create, adjust and control an unobtrusive back -
ground sound and to introduce it into large (if necessary)
spaces, in zoned levels appropriate to the requirements of
the respective areas, with concealed and/or disguised,
wide-dispersion "loudspeakers".

The full possibilities of Sound Conditioning are not realised
until this concept is considered and treated as an integral
component in the environment to be created. Then, at the
design stage of a project, the full acoustical, functional

and economic benefits of utilising this system can have their
maximum effect. Itis at this design stage that decisions can
be made to:-

.Relieve the structure (and the Owner!) of the dead load
imposed by partitions.

. .Alleviate the necessity for rigid architectural restraint
and limitations on space utilisation and space-dividing
techniques.

.Relieve the structure of the dead load imposed by a heavy
Plant Room Floor at its top which is often provided,
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whether needed or not, for noise attenuation to a prestige
area immediately below.

.Reduce the acoustical requirements of external building
components for adequate control of external noises.

.Reduce the quantity (and possibly quality) of "silencing"
equipment in the Airconditioning system.

.Provide complete flexibility, for all probable usage and
occupation of building space, by a simple knob-turning
operation at the control point.

CONCLUSION

This Paper describes an effective method of creating Speech’
Privacy conditions and reducing the annoyance of Activity
Noises within spaces in general and open-office layouts in
particular. The technique employed masks, rather than
reduces, speech and activity noises by introducing a steady,
unobtrusive background sound to supplement, balance, blend
or optimise the existing background noise level spectrum.



TRANSDUCER TECHNIQUES FOR MEASURING
THE EFFECT OF SMALL-ARMS' NOISE ON HEARING

by

Georges R. Garinther, Research Engineer, U.S. Army
Human Engineering Laboratories, Aberdeen Proving Ground,
Maryland 21005, USA

% 3k %k

This study investigated several types of transducers which
might be considered for use when evaluating the hearing hazard
of pressure waves that small arms produce. In measuring the
small arms’ peak sound-pressure level, error was directly pro-
portional to the measured rise time and inversely proportional to
the positive pressure duration of the wave. The most accurate
results were obtained by positioning the transducers vertjcally,
with the pressure wave grazing the sensing surface at 90° inci-
dence. Moreover, there was good agreement between measure-
ments made with a wide-band piezoelectric transducer and those
made with a wide-band condenser microphone. Finally, piston-
phone calibrations at low levels (127 dB) compare favorably with
shock-tube calibrations at high levels (170 to 180 dB).

* %%k

Improvements in small arms, within recent years, have
raised the sound pressure level (SPL) at the operator's ear until
many firers show large hearing losses. The purpose of this
report is to help establish a uniform procedure for measuring
small arms' pressure waves accurately -- the primary require-
ment for evaluating how such weapons affect hearing.

One of a transducer's most important characteristics when
measuring impulse noise is its rise time capability. Although
no present-day transducer can follow the pressure rise exactly,
the device chosen must be able to reach a peak before significant
pressure decay occurs. In order to evaluate this characteristic,
several pressure transducers were exposed to the pressure pro-
duced by a shock tube. The shock tube nominally produces a
shock wave which rises "instantaneously' to a preselected pres-
Sure, remains at that pressure for a short time, then gradually

C-1



returns to ambient pressurc. When a transducer measures the
shock-tube pressurce wave, the pressurce-vs-time history oscillo-
gram is an accurate index of the transducer’'s rise-time capability
for a given pressure and a given angle of incidence. Moreover,
the shock tube produces an accurate, preselected pressure, which
is a useful reference for verifying other calibration methods. The
transducer’s ringing and overshoot characteristics may also be
evaluated. The results indicate that at a grazing transducer in-
cidence angle, rise time for different transducers varied from 10
to 170 pscc; it can be scen that at this incidence angle the shortest
possible rise time will be determined by transit time -- the time
it takes the pressure wave to cross the face of the transducer. At
normal incidence all transducers ¢xhibited wave distortion due to
overshoot and several showed severe ringing.

It was determined that the overshoot at normal incidence was
produced by reflections off the face of the transducer. Therefore,
it was decided to investigate how intermediate incidence angles
affect measured pressure-time histories. The wave shape chosen
for the investigation was the shock wave of a supersonic 7.62mm
projectile in flight which produces the classic "N'" wave.

This wave shape was measured with two transducers: a) a
BRL" 250-kc lead zirconate pressure gauge and b) a Bruel & Kjaer
(B&K) type 4136 capacitor microphone. Both transducers were
oriented at incidence angles varying in 30° increments from 0° to
90° with reference to the bow wave of the supersonic projectile.
The resulting oscillo%raphic wave shapes are shown in Fig. 1 for
both transducers at 0~ and 90~ incidence. Ideally, the "bow wave’
of the projectile should produce an instantaneous increase to some
positive amplitude,P;. The pressure then decreases linearly until
it reaches a negative value, Py, where (|P1|==|P2[), and then the
“stern wave'' instantaneously returns the pressure to ambient.
The important point here is that the pressure decrease from posi-
tive to negative pressure (P} to P2) should approach a straight
line, and have no overshoot when returning to ambient. The two

1

" Ballistics Research Laboratories, Aberdeen Proving Ground, Md.
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transduccrs, when positioned at 900 incidence, agree within 0.3
dB when measuring the peak pressurc produced by the "N wave:
and its duration is the same (150 psec). Also, the wave shapes
produced by the two transducers are very similar, and both
have the required straight line between Py and Py.

NS
BN
N
N
IR

N |
IEEES

BRL @900 B&K @900

BRL @Q° B&K @0©
Fig. 1. Pressure vs Time History Produced by the Shock Wave of
a 7.62mm Projectile in Flight When Measured with BRL 250-kc
and B&K 4136 Transducers at 90° and 0° Incidence (sweep time
= 30 psec/major division).
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As the transducers are rotated from an incidence of 900 to
609 several changes occur. The peak-pressure measurements
arc higher than at 900 incidence. The increased peak is caused
by the pressure reflected off the transducer's face. Also, the
decay from Pj to Py is no longer lincar and a peak is created as
the pressure returns from Py to ambient. This smaller peak is
due to reflection from the transducer's face as the stern wave
passcs, as well as slight transducer overshoot. The reflected
pressure phenomenon may be seen clearly in Fig. 2 which shows
a projectile’s shock wave striking a transducer. A small spheri-
cal shock wave is generated, expanding until it reaches the cor-
ner of the transducer, and then dissipating, since there is no sur-
face to support this reflected pressure.

Fig. 2. Spherical Shock Wave Being Reflected
Off Facc of a Transducer as a Shock Wave Strikes It.

Table 1 shows how peak SPL increases over the 909 incidence
measurement as the transducers are rotated from an incidence
angle of 909 to 00.



Table 1

Variation in Peak SPL at Different Incidence
Angles for the BRL 250-kc and B&K 4136 Transducers

Incidence Angle Pcak SPL Deviation from 90°
(degrees) Incidence (dB)
B&K BRL
90° v S
60° 1.1 3.3
30° 3.6 5.0
0° 3.6 9.0

The B&K 4136 produces smaller variation from the 909
measurement at 00 than the BRL 250-kc since it has a lower fre-
quency responsc (70 kHz vs 250 kHz) and also is more heavily
damped. These characteristics can be readily scen in Fig. 1
where the BRL 250-kc transducer produces minor higher fre-
quency deviations during the pressurc decay than the B&K which
dvcrdg_,cs these variations into a smoother decay curve.

Fig. 1 also indicates that the BRL 250-kc transducer at 0° in-
cidence creates additional difficulties -- the measured peak SPL
includes overshoot inherent in the design of the transducer, as
well as reflected pressure. The net result is a misleading in-
cident pressure-time history. The B&K transducer's record at
09 incidence indicates that its best rise time is about 10 pscc,
which agreed with the shock tube measurcments. Because of
this poorer risc time capability, reflected pressure and over-
shoot will not increasc peak SPL at 07 as much as with the BRL
250-ke transducer.

Thus far in evaluating a transducer's ability to accurately
measurc small-arms ' pressure waves, angle of transducer in-
cidence has been found to be very important. Also, since the
pressure wave we are measuring is of such short duration, rise
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time must be kept as short as possible. Therefore, we also in-
vestigated the rise time capabilities of various types of trans-
ducers at different pressures. This was accomplished by mceas-
uring the pressure time history of the expanding muzzie gasses of
a 7.62mm rifle at points 0.25, 0.5, 1, 2, 4, and 8 mcters to the
side of the muzzle. The transducers werce placed at 90 incidence
and tested individually starting at 8 meters.

The results indicate that at the higher pressures the risce time
of the capacitor microphones became longer. Some exhibited
risc times as long as 200 usec and measurced pressures of 167 dB
when in actuality the rise time was less than a microsecond and
the pressure was 180 dB.

The design and operation of a capacitor microphone arc such
that the output signal is proportional to diaphragm displacement
when displacements are small. Measuring high pressures forces
the diaphragm into relatively large displacements. Then the dia-
phragm docs not move lincarly and the rise time capability de-
teriorates. The B&K 4136 began to exhibit rise time deteriora-
tion at 170 dB. The BRL 250-kc¢ piezoclectric transducer did not
show this non-lincarity and conscquent rise-time deterioration;
it rosc to a peak in less than 10 pscc at all pressures tested.

For acoustical transients such as those produced by small
arms which have positive pressure durations in the order of
200-300 pscc and rise times of less than 1 psec, assuming there
is a lincar decay, the percent error can be written as:

Percent error = T x 100
Td

where: Tr

risc time measured by the trans-
ducer

1

Td = duration of the transient.
Thercefore, if a transducer's rise time is 10 pscc, the error
when measuring small arms will be 3.3 to 5.0 percent (about
0.3to 0.5dB).
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In summary, our recommendations for measuring small-
arms’' pressure waves are:

a. Use a transducer which has a risc time capability of ten
microscconds or less at the pressure being measured.

b. Transducer ringing and overshoot should be less than 1.5
dB at the pressure being measured.

¢. The transducers used should have (a) enough sensitivity to
allow a signal-to-noise ratio of 25 dB or greater, and (b) mini-
mum drift caused by temperature instability.

d. In relation to the weapon, the transducer should be where
the left ear of a righthanded firer would be (firer not present).
It should be oriented (a) at 90° incidence, and (b) with its sen-
sitive surface approximately parallel to the ground (Fig. 3).

Fig. 3. Recommended Transducer Orientation for
Measurements Made at the Operator's Left Ear Position.
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ACOUSTICAL HORTICULTURE, OR HOW TO GROW A TTS

David C. Hodge and R. Bruce McCommons
U.S. Army Human Engineering Laboratories
Aberdeen Proving Ground, Marylands 21005, USA

ABSTRACT

A procedure has been developed to observe the
growth of temporary threshold shift (TTS) which
circumvents problems of individual differences

in susceptibility to impulse-noise-induced TTS.
Using this method each subject is exposed only

to the minimum noise conditions required to induce
a criterion level of TTS. The method has been
employed to compare effects of monaural vs.
bianural exposures, and is presently being used
in a study of recovery from TTS.

INTRODUCTION

One of the significant procedural problems in investi-
gating the effects of impulse noise on hearing is that the
range of INITTS is far greater than is the case with steady
noise. This makes it necessary to select exposure condi-
tions very carefully. If the conditions are too severe there
is considerable risk of (a) permanently damaging the sub-
ject's hearing, or, at the very least, (b) the receovery time
will be lengthy (3). On the other hand, if the number of
impulses in an exposure is selected to protect the most

susceptible subjects, the least susceptible subjects
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will demonstrate either zero TTS or, as we have observed,
negative TTS (2). Exposing all subjects in an experiment

to the same number of impulses is advantageous when the
purpose is to establish the distribution of TTS resulting from
a given set of noise parameters. However, when the pur-
pose is to study more general features of the hearing mechan-
ism's response to noise, or when several conditions are to be
compared, it would be more beneficial to obtain a measurable,
positive, TTS from each subject. To accomplish this end the
amount of exposure would have to be tailored for each indiv-
idually; then the dependent variable would be the amount of

exposure required to produce a set criterion level of TTS.

This paper relates experiments in which a procedure
was developed for observing the growth of INITTS from zero
to a criterion level. The approach was somewhat akin to that
employed by Elwood, et al. (1), in their method for separat-

ing subjects into categories of suscepiibility.

PROCEDURE

The subjects were first trained to give reliable audio-
grams with a discrete-frequency Bekesy audiometer. They
were then exposed to groups of impulses produced by a .30

cal. small arm. (The impulse waveform is shown in Fig. 1.)
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The peak level of each

impulse was 155 dB re —r— 7T T T T T
0.00024bar and the A- : :
duration was 0.35 msec R g
(free-field measure- _ 4
ments; subject absent) . " e
During the exposure the R _J -
subject was seated in a W W Tt L

it h that hi 0 01 02 03 04
position such that his DURATION (MSEC)

FIG.1: IMPULSE WAVEFORM

left ear was oriented at

normal incidence to the

oncoming shock wave. After each group of impulses the sub-
ject's thresholds at 2, 4, and 6 kHz were measured. This
alternation of noise exposure and threshold measurement was
continued until the left ear demonstrated 15dB TT82 at one or
more of the test frequencies. When the criterion was reached
no further noise exposure was administered. Post-exposure
adiometry varied according to the purpose of the experifnent.
Sometimes complete audiograms were taken on both ears.

In other cases only the left ear was tested, repeatedly, to

establish recovery functions for INITTS.



EXPERIMENT #1

32 subjects were exposed to group of 10 impulses. A
maximum of 20 such 10-impulse groups was administered;
thus the least susceptible subjects were exposed to no more

than 200 impulses. A monaural exposure was used.

The distribution of INITTS growth rates is shown in

Fig. 2. 56% of the sub-

jects reached criterion
after exposure to only
three groups of impulses.

We concluded that this

NO. OF SUBJECTS

particular procedure

would not be suitable

for use in a future study

10 15 20
of, for example, higher NO. GROUPS TO CRITERION

peak levels, since the FIG.2: TTS GROWTH RATES (EXP.NO.1|
higher levels might be

expected to cause more rapid TTS growth. If TTS grew more
rapidly than it did in the present case it probably would not

be possible to discriminate among the growth rates.

Another question which arose during this first investi-

gation was whether there would be any difference in TTS
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growth rate in the test ear when binaural, rather than monaural,
exposure was given. To test such a possibility, 19 subjects
were given binaural as well as monaural exposures. The dis-
tributions of growth rates are shown in Fig. 3. The distributions
are remarkably similar. The mean number of groups of impulses
to criterion was 4.11 for the binaural exposure and 4.53 for the
monaural exposure. The difference between these means was
not significant. Four subjects demonstrated identical growth
rates under the two conditions; 8 subjects' TTS grew more rap-
idly under the binaural condition,j the remaining 7 subjects’
TTS grew more slowly under the same condition. Hence, we
concluded that, while there might be individual differences in
rates of growth under the two conditions, there was no consist-

ent or obvious trend favoring either approach.

10

MONAURAL

BINAURAL

NO. OF SUBJECTS

'
10 15 20 1 3 10 15 20
NUMBER OF GROUPS TO CRITERION

FIG. 3: TTS GROWTH RATES FOR BINAURAL AND MONAURAL EXPOSURES
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ent or obvious trend favoring either approach.

EXPERIMENT #2

To better define the initial portion of the TTS growth
function, 31 subjects were given binaural exposures to the
same peak level and duration used in the first study. The
numbers of impulses in the groups was changed: the first
four groups contained 5 impulses each; the next four, 10;
the next four, 15; the last four, 20. The distribution of
growth rates is shown in Fig. 4. Compared to Fig. 2 and
Fig. 3, the distribution is skewed to the right. The number
of subjects reaching criterion in the first few groups has

been reduced and a more

10
nearly rectangular dis- 5 ]

tribution of growth rates
resulted. From this we
concluded that the pro-

cedure used in Experiment

NO. OF SUBIJECTS

#2 was more nearly accept-

able for our purposes.

s
NO. OF GROUPS TO CRITERION

FIG.4: TTS GROWTH RATES (EXP.2)



CONCLUSIONS

1. It is possible to monitor, within a single test
session, the growth of TTS from zero to a criterion level,
examining enough frequencies to obtain a general picture

of the effect of impulse noise on the ear's sensitivity.

2. A procedure has been developed to compare the
effects of various combinations of noise parameters which

may be expected to cause different rates of TTS growth.

3. We have eliminated, for practical purposes, the
problem of individual differences in susceptibility to INITTS

as a limiting factor in designing impulse-noise studies.

4. No consistent differences in rate of TTS growth

resulted from binaural vs. monaural noise exposures.
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A COMMUNITY ANNCYANCE PROBLEM OF
MODULATED LOW FREQUENCY NOISE

Louis A. Challis
Consulting Acoustical Engineer

In 1965 the Dutch dredge H.,A.M. 208 was involved
in dredging sand from Botany Bay for the extension
into the Bay of the North=-Scuth runway at Kingsford
Smith International Airpo:rt.

These operations were carried out on a 24 hours
per day basis, and resulted in a large number of com-
plaints that the dredge noise was causing loss of
sleep and general annoyancc at distances as great as
4 miles from the dredge.

lnterviews with some ¢f the complainants showed
that the complaints were nct that the noise was loud
but rather that it was "pulsating". This pulsating
or modulated characteristic of the noise produced by
the dredge was confirmed and two distinct primary
modulation components were isolated. These were
found to be a 4 to 5 Hertz modulation component, and
a 0.5 to 0.6 Hertz modulation component.

A 1/3rd octave band analysis of the engine noise
showed that the two main pumping engines each 14
cylinder, 2 stroke diesels cf 1750 horsepower pro-
duced their main acoustical outputs in the 4N Hert=
to 50 Hertz bands.

The modulation depth at these frequencies was
measured and the differencc between peak and minimum
signal was typically 12 decibels for the 50 Hert=



and 14 decibels for the 40 Hertz band.

Night measurements were conducted on the shorec
at a distance of one mile from the dredge under
nominally free field conditions, and the results
plotted on normal equal loudness contours for pure
tones as details in I.S.0. Recommendation R 226.
These showed peak levels of 60 phons and minimum
levels of approximately 40 phons in the critical
50 Hertz band as shown in figure 1.

Because the modulation component was the
primary source of annoyance, it was resolved that
the problem could be best solved by reducing the
carrier level, to the background level. Thus the
modulation level would in theory still have the
same relative peak to minimum level but would be
virtually inaudible.

An investigation was made into the possible
causes of the low frequency modulation components.
The 4 to 5 Hertz component was found to be caused
by non-linear flow patterns in the exhaust manifold.
This resulted from the varying distances of the
respective cylinders from the common junction of
the dual exhaust manifold on each engine. Thus
this component occurred at shaft speed in the range
240-260 r.p.m.

The 0.5 to 0.6 Hertz component was the result
of the variation between the respective engine
Speeds. Differences in engine speed of the order
of 4 to 5 r.p.m. were common and synchronisation
of the two engines was not readily possible. The
difference in shaft speed, when compared to the
basic exhaust gas flow variations of each engine
exhaust resulted in a 0.47 Hertz modulation com-
ponent for 4 r.p.m. difference, and 0.585 Hertz
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modulation component for 5 r.p.m. difference.

The required minimum insertion loss was
determined to be 22 decibels for the 1/3rd octave
bands centred on 40 Hertz and 59 Hert=. To provide
insertion losses as high as this at such low fre-
quencies presented a problem as a silencer offering
this performance would need to be physically large.
Even more important, tests were conducted on the
exhausts of the engines using orifice plates to
determine the effects of increasing back pressure
on the engines. These tests showed that provided
the increase in back pressure did not exceed 5.5"
W.G. the engine performance would not be affected.

In analysing the performance of the silencers
small perturbation theory was not applicable as the
pressure changes produced by the engines was of the
order of half an atmosphere and the large changes
of density which accompanied the unsteady flow,
resulted in increases in the actual pressure drop

over those calculated by steady state flow con-
ditions.

The design configuration finally selected as
being the most practical utilised a two stage
modified expansion chamber design. The first
chamber being designed primarily to attenuate the
1/3rd octave bands centred on 40 Hert= and 50
Hertz, and the second stage to provide broad band
attenuation to the noise components above 80 Hert=.
The silencers were 10'8" high by 6‘10" in diameter
and each weighed two tons.

The design of the silencers was complicated
by the limited lifting facilities on board the
dredge, and as a result the silencers were designed
to be fabricated in three sections which would be
assembled in situ. This however provided the
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opportunity to test each section as it was assembled
and enabled us to compare the actual pressure drop
with that previously calculated.

The silencers actual insertion loss was
determined by measurements made 2 diameters above
the exhaust outlet under conditions of full load
both before and after the fitting of the silencers.

The silencers measured insertion loss was as
shown in figure 3, and was 27 decibels in the 40
and 50 Hertz bands. This was better than calcu-
lated, and this is believed to be partially due
to a snubbing action of the silencers on the 4
Hertz modulation component. The difference be-
tween the peak and minimum modulation signal
being reduced to approximately 8 decibels for
the 40 and 50 Hertz bands.

The actual pressure drop achieved was 5.6"
W.G.

Night measurements were again conducted on
the shore with the dredge at a distance of 2700
feet away. With the dredge working at this
distance it was not readily possible to detect
the engine noise nor the modulation components
above the background noise level.

No further complaints of noise were received
by the dredging company, or by the local Councils
for the remainder of the project, even though the
dredge worked at distances as close as 1800 feet
to the shore line.
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THE INFLUENCE OF TRAFFIC NOISE ON THE DESIGN
OF EXTERNAL WALLS OF BUILDINGS.

Anita Lawrence, School of Architecture §
Building, University of New South Wales.

SUMMARY .

A statistical analysis of Sydney traffic noise has allowed
mean and maximum spectrum levels to be determined with sufficient
accuracy for design purposes. These levels are compared with
acceptable background noise levels inside buildings so that the
required sound transmission loss of external walls of buildings
adjacent to highways may be determined.

INTRODUCTION.

Whilst the most severe external noise problem today is
undoubtedly due to aircraft, and in some areas the noise may
be primarily the result of heavy industrial processes, at the
majority of urban sites the most important source of external
noise is road traffic.

Because of its fluctuating nature, road traffic noise is
difficult to measure, except on a statistical basis. For ex-
ample, an individual vehicle will differ in its overall noise
level and spectrum according to the engine speed, and the gen-
eral state of repair of the engine, transmission, exhaust
muffler and body. When to these variations are added the wide
range of vehicles in use, from Minis to semi-trailers, it will
be realised that any statements made regarding traffic noise
must lack precision. However, from measurements made, both in
Australia (1) and overseas (2), it is found that certain con-
clusions may be drawn about probable noise levels due to traffic.

NOISE LEVELS OF FREELY FLOWING TRAFFIC.

In order to eliminate some of the variations outlined
above, measuring sites may be chosen on flat, straight stretches
of road away from intersections., In the Australian measure-
ments (1) sites were chosen on the Hume Highway and Anzac
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Parade Sydney. The roads were three lanes wide in each direct-
ion (usually with traffic only on the four centre lanes) and
had median strips. Total road widths were about 66 ft. (20 m)
and a sound level meter was set up 10 ft. (3 m) from the kerb.
The traffic noise was recorded and simultaneous traffic counts
were made. Most of the vehicles were private cars but from 5%
to 15% of the total was composed of commercial vehicles ranging
from delivery vans to semi-trailers. Roadside conditions varied
between three-storeyed buildings to relatively open country.

The recorded noise levels were subsequently analysed in
the laboratory using a high speed level recorder and statistical
distribution analyser. Traffic flow rates fluctuate consider-
ably, even under freely-flowing conditions and it was found
that individual noise samples should be limited to about 10
min. for consistency. (1). The means 'm' as sound pressure

level, dB re 2 x 10_5 N/m2 and as the weighted sound level,
dBA, together with the standard deviations 's' were computed
for each sample. These levels were then related to the
measured vehicle flow rates and compared with an empirical
equation derived by Lamure (2):

N =72+ 10 log Tﬁ%ﬁ where N is the mean sound level dBA
V is the number of vehicles
per hour.
A similar relationship was found for Sydney traffic, except
that the resulting levels were slightly lower than those
calculated using the equation.

Although mean values give a reasonable idea of the
overall external background noise level near a highway, it
is also of interest to know the maximum levels. It is found
that the maximum level tends to be nearly constant, whatever
the flow rate of vehicles, since maxima occur whenever an
individual vehicle passes the measuring position. From the
statistical analysis it was found that there is a 96% prob-
ability that levels will remain within the range (m+2s),

(1), thus the (m+2s) levels have been taken as the maxima
for design purposes. For Sydney traffic the value of (m+2s)

is about 90dB re 2 x 10 ~ n/m“, sound pressure level, or
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approximately 84 dBA sound level. (The sound levels, dBA show
more variability than does the sound pressure level.) Fig. 1
shows the results of the measurements of Sydney traffic noise.

SPECTRUM LEVELS OF FREELY FLOWING TRAFFIC.

For design purposes it is necessary to know the variation
of sound pressure level with frequency, in order to select walls
or other elements having suitable sound transmission loss of
characteristics.

The recorded noise levels were filtered into one-octave
bandwidths, and again these were analysed statistically. (A one-
third octave analysis would be preferable, but even a l-octave
analysis proves extremely time-consuming, each 10 minute sample
requiring 1 hour for data extraction alone.)} It was found that
different traffic flow rates had the greatest effect in the high
frequency part of the spectrum. Fig. 2 shows the average spec-
trum values, both mean and (m+2s) levels.

EFFECT OF DISTANCE.

A point source of sound in a free field is attenuated by
a 6 dB every time the distance from the source is doubled.
However, a stream of traffic behaves analogously to a line
source, not a point, and in this case the attenuation with
distance is about 3 dB when the distance is doubled. Maximum
levels, which occur when an individual vehicle passes the mic-
rophone do tend to approximate the attenuation of a point
source. Thus it is found that as the observation point moves
further from the source (the road), there tends to be less
difference between the mean and maximum levels. This effect
was measured with the microphone situated about 100 ft. (30m)
from the road. At the measuring height of 3 ft. (1m) above
the ground, which was grass-covered, an additional absorption
occurred in the 500 Hz octave band, (Fig. 3). This effect
would be less pronounced at greater heights above the ground.
It was found that the reduction of level with distance was
less than would be calculated from the 6 dB, 3 dB theory,
particularly at higher frequencies.
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EFFECT OF ACCELERATION.

The case of freely flowing traffic, although of import-
ance, 1s not the most common type of traffic found in urban
areas (in fact it is difficult to find suitable sites for
this type of measurement). Adjacent to most urban sites traf-
fic is subjected to slowing and acceleration due to traffic
conditions, pedestrian crossings, etc. Many of these inter-
sections are controlled by traffic signals which means that
all traffic proceeding along one road stops, and then accel-
erates as a group when the signal changes.

Since low gears are used when accelerating from a
stationary position, and since petrol engines make more
noise the faster the engine speed, it was decided to make
some measurements near traffic signals. Signals controlling
a pedestrian crossing where chosen so that all nearby traf-
fic halted and then accelerated together rather than the
condition that occurs when two opposing traffic streams are
controlled. As the mean noise level is a function of the
number of times the traffic is halted in a given period an
analysis was made only of the starting conditions of the
traffic. It was found that in this case the Maximum level
spectrum (m+2s) varied somewhat from that found for freely-
flowing traffic; low frequency sound pressure levels were
greater and high-frequency components lower. (Fig.3). Traf-
fic flow rates are meaningless in such a case, but it is of
interest to note that the (m+2s) maximum sound pressure level
was 93 dB, which is higher than in the freely flowing con-
ditions, but the (m+2s) sound level was 82 dBA, which is
slightly lower (due to the change in spectrum as mentioned
above.)

DESIGN CONDITIONS.

In order to determine the degree of sound insulation
required for the external walls of a building it is necess-
ary to decide on acceptable levels inside the perimeter
rooms. It is common to specify these levels by using Noise
Criteria (NC) curves, developed originally by Beranek (3).
These are closely related to the ability to converse and use
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telephones. NC curves are also used to specify acceptable
levels in other types of rooms, for example bedrooms, thea-
tres, ¢tc.  Typical requirements are from NC 25-35 for bed-
rooms, NC 30-40 ftor offices, NC 15-20 for theatres and con-
cert halls, As an example it will be assumed that a maxi-
mum ievel, within a room adjacent to a highway, of NC 30 is
required,

So that a factor of safety may be incorporated, it 1is
proposed that an average of the (m+2s) spectrum levels meas-
ured near the kerbside be used as design values. If, on the
other hand, 1t is considered sufficient to maintain the mean
background noise level at the designed Noise Criteria, then
the mean spectrum levels may be used Unless the building is
situated a considerable distance from the road it does not
seem necessary to make a reduction of level to allow for
attenuation,.

The required sound transmission loss {(S.T.L.) of the
external wall may be found by deducting the acceptable back-
ground levels from the measured traffic noise levels. In
this example, NC 30 levels are used.

a) Using maximum noise levels.

frequency, Hz,
1251250 | 500 | 1000 | 2000 | 4000

m+2s level 85 80 76 76 74 72

NC 30 48 1 411 35 31 29 28
required
S.T.L. 371 39| 41 45 45 44

frequency, Hz.
125/ 250 | 500 | 1000 {2000 [ 4000

mean level 78y 70 66 65 64 61

NC 30 48| 41 35 31 29 28
required
S.T.L. 27y 29 31 34 35 33




If these required sound transmission loss values are com-
pared with the insulation provided by common forms of external
wall construction, it will be found that systems such as 11"
cavity brick walls or double-glazed windows of 4 plate glass,
having 8' air space between the sheets, are necessary. If the
mean levels are used, 6" concrete is satisfactory, but stud-
framed construction provides insufficient insulation. 24 oz,
single-glazed windows satisfy the mean-level criterion pro-
vided that they form only 1% of the total wall area and that
the remaining wall is of masonry construction. So-called ther-
mal glazing units, having only about %" air space between the
glazing leaves do not satisfy either Criteria.

THE USE OF NATURAL VENTILATION.

It will be apparent from the above that satisfactory
conditions for domestic or commercial buildings cannot be
obtained if natural ventilation is used for rooms facing a
highway. If it is necessary to use natural ventilation, as
in many cases, it is desirable to limit the area of the open-
ing to the minimum consistent with health regulations, Typ-
ically 10% of the floor area is required to be window, half

of which must open. As an example, a living room of 180 ft?
is assumed to have a 12 ft.x 8ft. wall facing a highway; the

required opening window is then about 9.5% of the wall area,
It can be shown that in this case the sound insulation of the
wall would not exceed about 10 dB at all frequencies. This
would give a mean background noise level within the room of
about NC 55 (telephone use slightly difficult, raised voice
necessary at 3 to 6 ft.), and a maximum level of about NC65.

ARTICULATION INDEX,

An alternative method of finding the required sound
transmission loss of a,éﬁll in cases where natural ventila-
tion must be used is based on the Speech Articulation Index
(4). The contribution to intelligibility of each one-third
octave band of the speech signal is defined numerically and
may be expressed graphically as a "dot-field". The articu-
lation index (A.I.) of speech in the presence of noise is

then found as the ratio of the "dots' above the noise spec-
trum to the total dot field. A value of A.I. = 0.8 corres-
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ponds to about 100% sentence intelligibility. In order to ob-
tain this intelligibility in the presence of the (m+2s) spec-
trum levels for freely flowing traffic it is necessary to use
a wall having a rating of STC 28; the background noise level
would correspond to NC 60, (1).

Conversely, if the sound transmission loss of the wall
that is to be used is known, an estimation of the A.I. and the
speech intelligibility in the room may be made using the dot-
field approach.

USE OF THE SOUND TRANSMISSION CLASS TO SPECIFY SOUND
TRANSMISSION LOSS.

The sound transmission class (S.T.C.) is commonly
used to specify and rate the sound insulation of an element of
construction, However, this is not an economical method of
specifying the losses required when the insulation is against
traffic noise. 1In order to obtain sufficient low-frequency
insulation using this STC curve it is found that much more in-
sulation is provided at the higher frequencies than is necess-
ary. If a standard curve shape is used it would be preferable
to use a curve having more low-frequency insulation, for exam-
ple shaped rather like the British Grading Curve. This is
particularly important in the case of accelerating traffic.

CONCLUSION.

As mentioned at the commencement of this paper it is
difficult to be precise when dealing with a fluctuating sound
source such as traffic. However, it is believed that the
results presented may be of value when chosing suitable
systems of construction for the external walls of buildings
on main highways.
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PROBLEMS ASSOCIATED WI''H THL APPLICATIMN OF
LABORATCOHY DATA AND HEARING DAMAGE RISK CONTUURS
TO NCISE FROM MILIVARY VEHICLES

by
N. L. Carter and D. Brigden

Commonwealth Acoustic Laboratories,
Sydney.

The paper draws attention to some conditions which may
invalidete the use of laboratory data and damage risk contours
when applied to the noise from tracked military vehicles. Some
new data are presented in support of this view and a method of
arriving at an estimate of the auditory hazard in spite of these
difficulties is described.

Some problems to be considered in the application of laboratory data on tempor-
ary threshold shift (TTS) and industrial damage risk contours (DRC) to noise from
military vehicles are : :

(i) variations in schedule of exposures from those typically provided
for in the criteria, e.g., noise exposures may not occur daily nor extend
over as much as 10 years.

(11) variations in the baseline acuity level, or 'resting threshold' of
the populations of people to be exposed to the noise.

(1i1) limitations in the capacity of octave band analysis to give inform-
ation about the noise on the following matters :

(a) momentary fluctuations in noise level and frequency composition;
(b) the presence of pure tone components (Kryter, 1966);
(¢} the presence of impulsive components (cf. Cohen, 1966);

(@) other relevant conditions of exposure, e.g., whole body vib-
ration, which could affect threshold shift directly by
eliciting the acoustic reflex (AR) and possibly by other
means (Guignard, 1965; Farrant, 1966), or indirectly by
affecting the sound attenuation provided by ear defenders
(Jacobson, 1562);

(iv) the appearance of low frequency hearing loss as a result of exposure
to some spectra. Data on the effects of low frequency noise are scarce

and even when included in the formulation of damage risk contours are often
evaluated fror their effect at test frequencies of 500 Hz, 1,000 Hz and
above (Kryter, 1965).
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(v) the lack of reliable informw=tion on the actuzl conditions of use of
ear defenders by personnel. This is related tc (iii) {4 above.

The present paper will illustrate some of these protlems in connection with the
evaluation of the noise hazard and the requirements for auditory protection presente
by & tracked military vehicle (an armoured personnel carrier (AFC)). The remarks
will mainly concermn the application of one set of hearing damage risk cortours (DRC)
those proposed by the (U.S.) National Academy of Science - National Resesrch Council
Committee on Hearing, Bioacoustics, and Biomechanice (CHABA) (Kryter, 1966).

In Fig. 1 is shown an octave band analysis carried out at the Commonwealth
Acoustic laboratories (CAL) of the average noise level encountered in the interior
of a diesel powered armmoured personnel carrier travelling at cruise speed. Also
showmn in this figure are two damage risk contours. It will be seen that the noise
level exceeds both of the criteria and it would appear therefore thut some form of
hearing protection should be used by persons nabitually exposed to the noise.

Other questions raised at the time this analysis was carried out required that
we evaluate the temporary hearing loss of rersonnel exposed to the noise as well and
an attempt was made to calculate, from experimental data reported in the literature,
what the average temporary hearing loss would be 6 seconds, twe minutes and one howx
after exposure to the noise for a period of approximately one and cne half hours
(Piesse, 1965). The results of one of these calculaiions, made on the basis of the
octave band analysis (Fig. 1) together with equations given by Ward (1959) are shown
in the next figure (Fig. 2).

It was subsequently considered that the¢ calculations could have overestimated
the expected temporary hearing loss because the conlitions of exposure in the
personnel carrier are quite different from the exjerimental condlitions under which
Ward arrivéd at his equations (Carter, 1966). These sources of error were :

(1) The driving conditions in the vehicle wenld not normali, be the
same as those predicated in the earlier AL report.

(1i) The calculations of hearing loss were based on Waiu's experiments
using a number of young normel hearing university studerts as subjects.
Effects of the same magnitude would not be expected in a random sample
of trained soldiers because of the better hearins actity of the students
to start with (Hecker, 1965; Fletcher, 1563).

(ii1) The interior noise of an AF" has characteristics not evident from
the octave band analysis but which are quite aprarernt to the ear, 1In
particular it fluctuates rapidly with time both in intensity and fre-
quency composition. The relevance of this for the present study depends
on some data by Fletcher, who showed that acoustical stimuli vary in
their effectiveness in eliciting and maintaining the aural reflex (AR).
These and other investigations ?Reid, 194€) suggest that the general
characteristics of stimuli most effective in maintaining the reflex are
Tapid frequency or amplitude variations with time and a complex spectrum.
This is typical of APC noise.
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(iv) the personnel in the vehicle are simultaneously exposed to noise and
to fairly severe whole body vibration. Data by Farrant (1966) have shown
thet the AR can be elicited by vibration stimuli (of much higher frequency )
applied to the external canal, and it is possible that whole body vibration
mgy have a sufficient component at these frequencies present in the canal
to at least facilitate contraction of the AR. 1If this were so it would add
to the likelihood of an aural protective effect not accounted for in Ward's
data and therefore our calculations based on them.

In view of the relation between temporary and permarient hearing loss shown by
Nixon and Glorig (1961, 1962), the above reservations could be applied to estimates
of permanent hearing losses resulting from daily exposures to APC noise, and it was
decided to carry out an experimental study of the effect of the noise on 14 assault
troopers under simulated operational conditions. The hearing of these troops and
four crewmen w:s tested accordingly before and after two one-hour and two one and
one-half hour periods in the vehicle in the course of one day. HMeasurements of
hearing acuity used pulsed tone, Bekesy audiometry covering the frequency range
2,000 to 6,000 Hz inclusive (Carter, 1966).

Fig. 2 gives the obtained hearirg losses measured two minutes after exposure
(PrS,) together with the calculated hearing losses. C(learly the cobtained losses are
far Jess than those predicted on the basis of Ward's equations. The study cannot,
of course show which of the hypotheses presented earlier, (baseline acuity of the
subjects, fluctuating noise levels etc.) if any of them, would account for the
differences between the calculated and obtained results.

The calculated TTS, values are, of course, averages and when taken together
with data on the dispersion of TTS, values about the mean inmply that some troops
will have losses exceeding 40-50 dﬁ two winutes after exposure, the amount of TT3
which is generally regarded as the level at which some residunl PTS (permanent 2
threshold shift) becomes possible after a sirgle exposure. Our experimental results
reversed these conclusions by showing that given the obtained average losses, no
assault troopers (exposed to the noise for possibly five days per month and there-
fore given adequate time for recovery) should incuzr losses of this mognitude from
single exposures.

However these results also sugcest that compenseble hearing losses may occur in
& small proportion of AFC crewmen if they are exposed to the noise daily or nearly
daily for periods up to 10 years, when the data are taken together with some inforr-
ation by Nixor and Glorig (1961) on the relation between temporary threshold shift
zeasured iwo minutes after one day's exposure and permanent threshold shift, measured
after 10 years of exposure. Qur recommendations were based on this data and not onm
damage risk criteria availatle at that tinme.

A& further and sonewhat unexpected finding from this study was that more temp~
crary hearing loss occurred at 2,000 Hz than would no:mally be expected to accompany
Ene obtained lossee at higher frequencies and this raised the suspicion that hearing
~oT even lower frequencies may be involved as well. The importance of the frequen-
“iec below 2,000 Hz for speech perception is well known and there is the additianal
rossitility that if high frequency hearing loss frow other sources, either temporary
Gr permanent, is combined with low frequency loss due to the ammoured vehicle the
“vnsegquences for the person concerned would be quite serious (cf. Coles, 1965).
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In the abovementioned study temporary hearing loss was the main concem the
possibility of permanent hearing loss of passengers being remote because the noige
exposures were repeated very infrequently, allowing good time for camplete recovery.
In considering the effect on crewnen, these priorities are reversed, firstly because
regular exposures are likely and secondly because operating the vehicle requires

Since the permanent effects on hearing of daily exposures is the main point at
issue the application of damage risk contours (Kryter, 1966) is appropriate.

The applicebility of the DRC's for the prediction of rermanent hearing loss ig
questionabl wever because of the results of the gtudy already referred to, of the
effects of /the noise of the APC on TTS since the CIABA DRC's are based to a consider-
able extent on the type of laboratory data provided by Ward's experiments. In Fig.
2 of a 1965 paper by Kryt.r for example there is almost exact agreement between the
curves of sound pressure level as g function of frequency and duration that produce
an equal amount of TTS (i.e. the ninimum amount of temporary threshold shift for
speech impairment to be noticed), and DRC's for daily exposure. This could be
regarded as completely acceptable if the industrial noise and the laboratory noise

given must be unacceptable in the present context for the same reason, since the
noise produced by the APC differs from that used in Ward's experiments in the way
described earlier.

As noted earlier, although the TTS data verify our suspicions that neither
Ward's equations for the calculation of TTS nor the CHABA DRC's are directly applic-
able to the effects of tracked armoured vehicle noise on the hearing of the troops
using them, the experiment cannot show what characteristics of the noise, the subjecte

However, values of theoretically calculated temporary hearing loss corrected for
differences in bageline acuity between Ward's experimental subjects and our troops
(the corrections were based on further work by Ward (1963), Glorig et al (1961), and
Hixon and Glorig (1962)) are also showm in Fig. 3. Clearly the differences are not
solely attributable to this source and even if the other contributing factors were ag
we suggested earlier, there is no quantitative data which would enable us to make the
additional corrections necessary to the hearing losses predicted on the basis of
Ward's equations or the CHABA criteria.

A defengible procedure which would enable us to use the obtained TTS data and
retain the CHARA damage risk contours without full understanding of these causal
conditions can, however, be developed from the obtained TTS data as follows,

Ward's equations contain, besides a number of constants, three variables. These
are the SPL of the traumetizing octave band of noise, the duration of exposure, and
the amount of TTS produced. Normally (as in our preliminary calculations) the SPL
and the duration of eéxposure are known and the amount of TS is calculated from the
equations,

0f course, Ward's equations can be solved for any of the three varigbles men-
tioned above provided that the values of the other two can be determined. Here {t
was decided to treat the SPL in certain octave bands of the noise spectrum as unknowns
and to derive an 'Bquivalent SPL" for each of the octave bands.
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The caleulated SPL for each octave band can then be comphred with the measured
$TL for the band and the difference in level noted. These differences can be aver—
aged to obtain a correction factor tc be appliecd to the whole spectrum.

The above procedure assumes (i} that equal TTS is preli tive of equal ultimate
PTS (permanent threshold shift) and (ii) that the .oxiousuess of this atypical noise
heard under unusual conditions could be ejuated #. %t tne noxiousness of indusirial
type noise by calculating what the level of the noise spectrum wo:ld have to have
been had the exposure conditions been the same as used by Ward, to proluce the amount
of TTS measured.

An estinate of the amount of attenuation at any frequeancy required of ear
defenders under these noise conditions to ensure that the hearing of crewmen be
adequately protected is given by the difference between the adjusted noise spectrum
and the appropriate CHABA danage risk coatour at that frequency. (see Fig. 4).
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SOME PRACTICAL ASPECTS OF HEARING CONSERVATION
BY
H.R. WESTON, A.S.A.S.M.

Scientific Officer, Division of Occupational Health

N.S.W, Department of Public Health

This paper is based on industrial experiences.
Prevention in the buying stage is stated as the
most important factor in reducing occupational
deafness. A noise specification is suggested.

Reference is made to noise reduction by enclosure,
with some reasons for failures, and practical
difficulties which are often overlooked by well
meaning enthusiasts. A practical illustration is
given and it is pointed out that enclosures can be
used more extensively in industry with a combination
of technical advice and operation know how.

Finally the author discusses ear protection as a last
resort but, nevertheless, an essential part of hear-
ing conservation, Some reasons, for objections and
suggestions for motivation are given.

Prevention by Design and Purchase

Prevention in the design purchasing and planning stage
is by far the most important single factor with which we can
hope to reduce occupational deafness. It is the only way in
which we can overcome inconsistencies with human behaviour.
To a large extent customers control what the engineers and
‘equipment manufacturers are going to do; in the past they
have not asked for noise reduction. Users can motivate and
assist manufacturers of equipment by including noise in
buying specifications.

As a guide to industry, when ordering new equipment the
following figures, which correspond to N.R.85 (I.S.0.) are
suggested as the maximum desirable levels in the vicinity of
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the operator's ear, under operating conditions, with a sound
level meter on fast response,

Desirable Maximum Level for New Equipment

Octave Band 63 125 250 500 1000 2000 4000 8000
Mid Frequencies (Hz)

Maximum S.P,L, 103 96 91 87 85 83 81 79
in Decibels

While this is considered a reasonable practical limit it
will not eliminate all risk and it should not be regarded as
final. Efforts should, of course, be made to attain lower
levels where practical.

If the noise requirements cannot be met manufacturers
should be asked to supply particulars of the noise from
their machines so that the user can take it into account in
his proposed design, location and building,

Reduction by Segregation and Enclosure.

When there are existing sources which constitute a risk
and which cannot be reduced, industry should very thoroughly
examine means of segregating and enclosing noisy processes
and machines if practical.

It is unfortunate that situations occur where one or two
noisy operations which could be 1solated, such as engines on
test, are permitted to create a hazard for many personnel who
are themselves on relatively quiet work.

However, enclosure should not be taken for granted. We
sometimes hear that it is easy to reduce industrial noise by
barriers and enclosures. This form of publicity by would-be
noise abaters, although well meaning, is most inadvisable
and misleading. It fails to recognise the problems invol-
ved, it tends to embarrass rather than to encourage indus-
try and 111 advised action may result in unnecessary waste
of money. In some cases it appears to encourage resistance
to protection in a situation which is virtually impossible
to reduce.
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In some cases the ultimate action is a compromise.

If an enclosure is to be effective it is desirable that
it should be impermeable and sealed to eliminate leakage
paths. 1In practice many attempts fail in this respect.
Openings may be required for adjustment, maintenance, material
handling, pipework ducts, operating levers, etc. It is fut-
ile to expect a high transmission loss where there has to be
a large area of opening.

If designed to meet acoustic requirements operational
problems may be introduced such as obstruction, additional
movements, heat and ventilation and restricted vision; in
practice vital doors and closures are removed and are not
replaced. However good a design is acoustically, usually
if it hinders the operation in any way it will not be succ-
essful. Speaking ergonomically, it must be designed to suit
the worker as he cannot be expected to readily adjust to
suit the machine,

The efficiency of enclosures, requiring a lining of
porous absorptive material, is sometimes quickly reduced
by coatings of oil, cement, metal splashes, etc. 1In some
cases perforated replacement panel covers have been succ-
essfully used to overcome this problem and splash plates
may be applicable.

Operations such as heavy type hot forging do not read-
ily lend themselves to suitable enclosures.

It should be emphasised that enclosures may be compli-
cated, costly and often futile. There are situations where
they are neither practical nor economical. It seems pre-
ferable to be realistic.

However, the author is of the opinion that if manage-
ment is sufficiently motivated, acoustically designed en-
closures can be and should be applied in industry much
more extensively than they are at present.

They must be compatible with operational requirements.
This requires the application of sound control principles
together with with a complete understanding of practical
operation. It would seem desirable for the acoustics eng-
ineer to work in consultation with the plant manager, eng-
ineer and particularly operation personnel concerned.
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As an illustration, a 6 header wood moulder would be
Cclassed as difficult, perhaps quite correctly, by many
woodworking shop managers, There are exhaust ducts, feed
openings, finished product openings, it requires ready acc-
ess for adjustment, etc. Nevertheless, it has been done,

There have been illustrations of enclosures with spring
loaded doors for this type of machine. 1In this particular
case, shown in sketch, the operators felt that hinged doors
could not provide the desirable flexibility but sliding
doors were found to be practical.

Without any refinements such as overlap or sealed
doors, lined ducts for feed-in or acoustic lining inside
1t gave an effective improvement of 10 dBA.

In another case a plastic granulating machine was en-
closed in a ply-wood box lined with porous absorptive mat-
erial. A suspended rubber sheet three-sixteenths of an
inch thick provided a suitable closure for the feed chute
opening which otherwise would have been an escape route,

If they are to be effective, barriers need to be
close to either the machine, or the operator.

Mechanical handling methods enable the use of barriers
with glass vision panels for opeérators, such as in timber
mills, where the sources are limited and the noise is more
or less directional. Barriers are usually ineffective if
there are numerous sources, perhaps in a large and rever-
berant building, particularly if the operator has to make
frequent excursions to various parts of the mill,

Situations where a noise source does not require fre-
quent access, such as tin cans crashing together in a can
chute, can readily be treated by a duct lined with sound
absorptive material.

Ear Protection.

Ear protection has often been described as a '"'last
ditch stand". However, it must be considered a most imp-
ortant part of hearing conservation as there are still
many cases where reduction to a safe level is either not
practical, or it is a low range matter. The object is to
reduce to a safe level noise entering the ear. For most
industrial purposes the following kinds are available, vix:-
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(a)

(b)

(c)

(d)

Ear muffs are supported by a band over the head, a neck
band suitable for wearing with a safety hat and some are
attached to a safety hat.

They are convenient and do not require individual fitting.
Ear canal caps are held firmly against the entrance to the
ear canal by a small lightweight head band but they do not
enter the ear. They do not require individual fitting. A
suitable fit depends on the employee adjusting them correctl

Ear plugs fit into the ear canal. There are many types of
prefabricated plastic plugs which are made in a range of
sizes. The correct size is important, and individual fit-
ting of each ear is required. In order to obtain a good
seal there will be some pressure on the ear and conse-
quently discomfort can be expected initially. They are
easily carried and also easily lost or left in the '"other
pocket',

Fibreglass Wool is available from which fresh ear plugs
can be made up daily by the employee. There are differ-
ences of opinion on these but, providing care is taken to
make them up to fit the ear canal they will provide a
suitable attenuation. A disadvantage is that it is dep-
endent on the employee to ensure that it is made up
correctly. It has the advantage that prior fitting is

not required.

This material is being used widely in many industries

here and.overseas and in the Armed Services. There are
indications that employees will accept it more readily
than many permanent types.

Typical attenuations in dB are as follows:-

Frequency Hz 250 | 500 | 1000 | 2000 | 4000
Fibre Glass Wool 11 13 17 29 35
Normal Ear Plug 16 17 24 28 27
Medium Ear Muff 18 26 43 43 46

Fitting and Indoctrination

It is desirable for the employee to select from a range

of protection the type that suits him best,
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The most logical place for initial fitting at first thought
might appear to be in the plant medical centre. While this

is suitable for giving instructions on the correct use and
reasons for protection, ear protection will make a quiet situ-
ation quieter and it will not give the employee a true indica-
tion. On the other hand, if fitted in the work environment
there are advantages, the reduction is dramatic, the benefit
obvious, and it gives a better understanding of the changes of
levels involved. Introduction of noise into the fitting room
1s a suitable compromise. Often employees will not accept ear
protection readily. There are a number of reasons some of which
are as follows:

*  Management has not taken the trouble to provide it prop-
erly. It must be suitable for the job and for the empl-
oyee. He must be taught how to use it, how to adapt to
a new level of sound and how he should adjust his own
voice level.

* Discomfort. Protection must be suitable for the situ-
ation. It will require some time to become accustomed
to it. If it hurts, the ear should be given a rest for
a few days.

* Indifference, or a resistance to a change. With the in-
sidious onset of hearing loss he is not aware of the im-
portance.

* Fear of missing speech, warning signals, or roof move-
ment in tunnels. Usually in a noise such sounds are
heard as well or better.

* Ability to hear changes in the sound of machines.
* Annoyance by low frequency drumming and resonance in muffs,
* Irritants, chemical vapours and heat.
* A large difference between the noise and the quiet
periods.
* He is '"tough" and does not require protection.
* A routine approach without recognition of differences
in individuals and in situations.
Some reasons for non-acceptance may be based on false con-
ceptions. Objections should never be overlooked. There may
be a good reason, or a fear that can be explained. Management

should find out why, and either correct the difficulty or
explain it.
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When fitted well the improved comfort in his work will
go a long way to gain acceptance.

Fortunately many of the industrial noises which are
difficult to quieten will lend themselves to ear protection
but some exceptions are likely.

It is the responsibility of management to educate and
motivate the employees so that ear protection is used. This
will require personal attention by a responsible person, fre-
quent follow up, the co-operation of foremen together with
patience and understanding by all concerned.

Union leaders, in the interest of the welfare of their
members, also have a responsibility to encourage them in the
use of ear protection. The industrial manager 1s usually in
a position to know the '"industrial climate" and to decide on
the approach which is appropriate to his problem. Efforts
to achieve the successful adoption of a hearing conservation
scheme may well be rewarded by an improvement in plant oper-
ation and morale.

Summary .

Prevention is the most important part of hearing con-
servation. Users must demand and specify quieter machines.

Industry should give more thought to segregation and
enclosure but false conceptions should be avoided. It is
often a complicated problem requiring close co-operation be-
tween the sound engineer and the production management.

Ear protection remains an essential part of the program.
It's acceptance will depend largely on the ability of manage-
ment to provide it properly and to resolve difficulties,
cither real or false, that they may encounter.

If a hearing conservation scheme is to be successful,
as with any safety programme, it requires the sincere inter-
est and support from the highest levels of management and
the co-operation of the union.
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THE REDICTTON OF ATRPLANE JET NOTLF
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ABSTRACT . ) ) : .
The noise from the growing number nof flights of jet powered aircraft

of ever increasing naize hac produced s public nuisence. Tt ir dilfi-
cult to assess thir nuisance and a brief mention is made of the technie
ques premently available.

Reduction of the exposure of people to this noise can be accomplished by a
number of techniquesn, nuch as the removal of - airports to leer densely
populated areas, & change in airplane flight patterns and a change in the
airplane jet engineg.

The last method {r examined in some detail and the theory of aerodynamic
noise generation as it applies to the suppressiaon of jet noise is discuassed.

1. INTRODUCTION

The ever growing number of airplane flighte with their attendant noise
radiation has produced an increasing nuisance to people exposed to thia
noise. In order to be able to discuss this nuisance in a quantitative
manner, a meaningful measure of the noise nuisance is required. The
number of attempts to do this have been few but we have, in this paper, ~
adopted the index of community nuisance proposed by Richards (1967) as
such a measure.

The factors in determining the communi ty nuisance are inter-related in
a complex manner but two factors are obviously of importance, the
number of people affected and the intensity of the noise at its source.
Most of this paper is devoted to examining this last factor, the
efficiency of the aircraft engine as a noise generator.

Changes in design have led to a reduction in the noise generated from
an engine of conatant size, but because of the ever increasing size of
the modern aircraft engine, the overall noise has remained much the
same. : - '

In order to maintain even this trend on future engines which undoubtedly
will be larger, all the favorable changes in engine and nozzle variables
will have to be used to best advantage. The aim of this paper is to
consider these changea. = - ' ’ :

2. A MEASURE OF NOISE NUISANCE
The intensity of acoustic radiation which ia often expresséd in terms
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of the logarithmic scale, the decibel, is an exact measure of the sound
but it is not directly related to the response of the human ear. The
"annoyance" of sounds of equal intensity but different frequency is not
constant and so the perceived decibel unit (PNAB) was intrnduced to take
‘nto consideration the different response of humans to broad band noise
of different spectral content. This scale, however, does not take into
account the two other factors, the duration of the sound or the effect of
discrete frequencies superimposed on broad band noise. 1t appears that
doubling the duration of a noise makes the "annoyance" greater than

that of a noise of twice the intensity for the original duration.

As & measure of the "annoyance'" to a community due to airplane
departures from an airport Richards (1967) has proposed the ICN

(index of community nuisance). The ICN is proportional to the

population density times the total static daily thrust at take off, times
the acoustic conversion factor, times the path factor, times the for-
ward speed factor.

Richards (1967) shows that the total static daily thrust at take off is
almost directly propertional to the number of passengers per day since
the installed thrust per passenger varies little from airplane to air-
plane. Thus the total thrust and so the ICN dc not change if one has a
iarge numbter of departures of small aircraft or a small numbter of
departures of a few jumbo jets.

The pathr factor and tre speed factor take In*o account the different
departure rrocedures the airplare carn use. The pilct can use the *hrust
of the engines tc increase altitude or to increase speed. Arn irncrease

n altitude puts the aircraft further from the pecple on the Zround while
ar increase in velocity changes the speed factor ty reducing the exposure
time of people cn the ground and reducing the intensity of the noise
source. Still another technigue is to reduce the thrust of the engines
as the airplane crosses the community boundary. Ey this technique the
maximum noise on the ground is reduced but, because of the decreased

rate of climb, the area exposed to this lower noise is increased.

The proposed supersonic transports previde more flexibility than sub-
sonic planes for adjusting the departure procedure because they have
excess installed thrust at take off. The noise contours on the ground
for an SST of gross weight 60C,00C 1b. were estimated for three cases:

(i) The aircraft was flown at full power and maximum
rate of climb

(11) The aircraft was flown at full power and at the
community boundary the rate of climb reduced to
500 ft/min,,the forward speed being held constant

(1i1) The aircraft was flown at full power and at the
community boundary the rate of climb reduced to
50C ft/min,,the extra power being used to accelerate
the aircraft.

The ICN was calculated for these three cases with the assumption that the
community btoundary was 3 miles from brake release and that the
population density was constant over the rest of the flight path. For
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case (ii) the ICN was increased & dB over case (i) and for case (iii) was
increased 1 4B over case (i).

Thus it appears that the improvement in ICN by changing the path and
speed factors is small. The changes in flight path for subsonic ai -
craft, within the restrictions imposed by safety considerations, will
lead to smaller changes ir the ICN than in the above example.

The two remaining factors in the ICN over which we seem to have direct
control are the population density and the acoustic conversion factor.

2. POPULATION DENSITY

The number of people affected by aircraft noise is dependent on the
density of people within the areas exposed to such noise and so by re-
ducing *the population density within the areas exposed to the most

intense noise, the community nuisance is reduced. This would require

the zoring of land use around future airports and the purchase of existing
properties at present airports. One must bear in mind that as the Wilson
Report {(1%7?) pointed out, some people may still choose the convenience

of living in the vicinity of the airport over the inconvenience of the
roise nuisance.

Greatrex (1966) has examined the cost of purchasing the existing land
arcund airports and has roncluaded that the cost is no less than the
currernt cost of fitting noise suppressors to jet aircraft.

Froviding acousti: insuiation for the houses near airports reduces thre
nulsance to the people. This, hnowever, 1s only a partial solution that
is not directly considerec in the ICN but can protably be best con-
sidered as a change in effective population.

4, ACOUSTIC CONVERSION EFFICIENCY

The other factor in the ICN over which we have direct control is the
acoustic conversion factor or intensity of noise radiated per unit of
engine static thrust.

There are two types of jet engines currently in use on commercial
airpianes, the turbo jet engine and the turbo fan engine. In the case
of the turbo jet engine the noise at high power settings is generated
in the exhaust gases while in the case of the turbo fan engine where

a large mass of slow moving air is produced by the fan, the radiated
sound is mostly dominated by the noise of the machinery. In this
paper we are considering jet noise which makes the results applicable
to the first kind of engine although with recent advances in fan
design Jet noise may soon predominate in turbo fan engines.

The noise from an engine exhaust is generated by the turbulent
fluctuations within the flow and with a complete specification of the
low, the radiated noise can easily be calculated using Lighthill's
equation. To date, however, this description of the turbulence in a

jet has not been available.
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Lighthill was able to describe the gross changes in noise radiated with-
out a complete description of the flow by using dimensional arguments.
We will use these mrguments to examine the changes in noise from jets
of different size, velocity and temperature. In 'a later section we

will examine a more detailed model to make deductions about the

changes in roise that can be achieved once the primary exit conditions,
such as size, velocity and temperature have been chosen.

Lighthill's (1952) dimensional argunents can be used to show that the
total noise intensity, P, is

P KD? vf 2

where D is the jet diameter,
Uo is the jet exit velocity
T is the jet static temperature

and K is a coefficient that experimentally appears to
vary as T2, )

Thus the total noise becomes

p~12 o8 e Ceeanaba
[}
The thrust, F, from a subsonic riozzle, or a correctly expanded
supersonic nozzle is

r P w eveeeb?
T

For a choked nq@zle, there is ar additiomal pressuré term in thne
expression for .thrust and now the effective diameter and velocity reed
to be carefully defined.

Consideration of the above equations shows that the total noise intensity
may be reduced by decreasing the jet exit velocity, diameter, temperature,
or thrust. The change in intensity ottained by adjueting the thrust
(holding diameter and temperature constart) is shown in"Pig. 1. This is
approximately: the same chLange as achieved by."tkrottling biack" a turbo
jet engine. The change in total acoustic intensity ac. a result of
variations of the quantities in Eg. 4.1, holding thc thrust constant,

is shown in Fig. 2. Notice, for example, that a 40% increase in the
diameter leads to almost -2 dB reduction in total noige. JIn perceived
decibels, the magnitude of the changes will be different because of
variations in the frequency distribution of the noise. In the following
section we will examine the noise intensity in terms of the PNAE scale.

5. PERCEIVED DECIBEL CHANGES

The perceived decibel scale was developed vy Kryster {1953) to be a
measure of the subjective "noisiness" of a broad band noise. The
"annoyance" of & sound is greatest when it lies near a frequency of 3,400
cps. and so the different frequencies are weighted in the calculation of
the perceived decibel to take into account this varying response of the
"average" human ear. ’
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The curves presented in Sect. 4 were in terms of acousti p.wer and so
to assess the changes in "noisiness' brought about by changing the f{low
variables, it is necessary to kmow the correction that must be applien
to the curves in Fig. 1 and Fig. 2 in order to have the changes in PNdB.
To do this, we must choose a spectrum for the noise radiated from a jet.
Howes (1960) has collected a number of spectra of the total power
radiated and he shows that for turbo jet engines these spectra are
universal when plotted against Strouhal number fD , f being the

i
o]

frequency. We have used the curve in Fig. 3 to represent the noise
spectrum in the rest of this paper. It should be pointed out that there
are variations from this spectra at different angles to the jet axis but
in order to make definite statements we have ignoved these variations.

Increasing the diameter or lowering the velocity moves the peak in the
spectrum to lower frequencies and towards or away from the most 'moisy"”
frequency bands. The change in "noisiness" or perceived decibels about

lO}D/Uorl, keeping the total noise intensity constant but changing D or
Uo’ is”srown in Fig. 4.

There is not much change in the "noisiness’ urtil the jet diameter is
much lower than that of the usua. aircraft engine. (For example an exit
velocity of 1500 fps and an exit diameter of 2.2 feet are typical values

for a JTLA engine installed on some Roeing 7C7 aircraft.)

For tne example considered in Sect. 4, =z 4O¥ increase in the diame*er
Teads to a %% increase inD/U (at constant thrust). The change in

PNEE ig thre sum of 8.8 @&, O%for total noise intensity from Fig. 2 and
-C.4dR" Gue to the subjective correction for human response from Fig. b,
Trus the change in perceived noise is -%.2 PN@2.

&. ATMOSTHFRIC ABSORPTION

While the propogation of sound waves through a ron-uniform medium is
very comp.ex, one effect is fairly well undercstood. This is the

reduction of sound intensity due to molecular damping of the sound.

We have .sedé tne Knudsen-Fneser curves, see Knudsen (1928} to describe

the incre ng attermation with distance, frequency znd decreasing relative
humidity.

Using the spectrum in Fig.  and calculating for a standard day (70%
relative humidity), we have determined the change in total intensity
due to atmospheric absorption. Results are presented in Fig. 5 for
distances of 2,000 feet and %,00C feet as a function of D/T . Since
the maximum intensity along a sideline occurs at about 45° %o the jet
axis, these curves are representative of attenuation at 1,000 feet
and 1,500 feet sidelines. Note we have used the overall noise
spectrum in these calculations and have not considered the extra
reduction occurring on a FNdB. s&cale, over and above that shown in
Fig. 5, as a result of the preferential absorption of high
frequencies.

*for values typical of JThA engine
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7. Flow DISTURBANCES

In an attempt to change the acoustic efficiency of the jet once the
primary engine exhaust variables were chosen, nozzles have been design-
ed which disturb the flow in a manner disadvantageous to noise
production. It is interesting to examine the changes in the flow that
bring about these changes in noise. To do this we will require a more
detailed model of noise generation than that used in Sect. 4.

First let us consider the mixing process given a fixed rate of mass

flow at a fixed velocity. The mixing occurs as the result of the aiffu-
sion of mass and momentum between the moving stream and the

surrounding air. The diffusion rate is a complicated function of the flow
but amongst other things is proportional to the level of the turbulent
fluctuations. Consider an irregular nozzle as in Fig. 6 from which

air leaves at a velocity U . The air with zero momentum diffuses into

the jet from all sides unt®1 the velocity at the centre of the moving flow
begins to fall off because the velocity scale (the maximum velocity
difference across the mixing region) begins to decrease.

The noise is generated within a" jet by the turbulent fluctuations or
to be more precise fluctuations of turbulent stresses. A turbulent
stress is the product of density and two velocity components, i.e.,

Pu.u,
13

where u. is the fluctuating part of the velocity in the i direction.
Each sthess has a directionality pattern associated with it and tre
directivity of the resultant sum of all the stresses is strengthened in
the downstream direction and reduced in the upstream direction because
of the convection of the stresses by the mean velocitv. The sound rays,
because they are generated within the moving jet, are refracted as they
travel through the jet by the velocity and temperature grsdients somew
what in the manner shown diagramatically in Fig. 7. The resultant
directivity pattern is substantially changed because of refraction from
that of the sources within the jet.

Now changes in noisiness of a jet can be considered the result of three
effects; changes in total power, changes in directivity and changes in
the perceived decibel correction (which is a function of characteristic
frequency).

The expression for the total power generated within the jet (see for
example Jones (1968 a)) contains two "types" of terms, those
expreasing self noise and those expressing shear noise. Both terms lead
to the same expression in a simple model for noise generation. We will
use the expression for the noise from unit volume of turbulence discussed
previously (Jones (1968b)) so that
AP | (y2y2 (w)‘v ceeenna7l
az aor
where 3y is the gradient of the mean velocity across the flow and
represents the characteristic frequency of the stresses,

V is the characteristic volume of the stresses and ;?is the
mean square of the turbulent wvelocity.
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The total poise is then the integral of Eq. 7.1 over the whole of the
jet, i.e.,

—52
P~ﬁu) FRANMRARY -
3T =

I1f we perform the integration of Eq. 7.2 in the two directions across
a jet such as that in Fig. 6, we have the noise from a slice of the
jet. As discussed in Jones (1968b) the characteris ic width of the
region of turbulence is best represented by

Ug / 30
¢ 57

j.e., the inverse of the mean velocity gradient normalized by the
veiocity on the jet centre-line at that cross section. The cross
sectional area of turbulence in an irregularly shaped jet is then the
product of some perimeter {or wetted surface), C, and the character-
istic width of the turbulence and so the noise from a slice of the jet

becomes
— 3
ar 2)2y oy veeenaa7e?
v, U( (ué) 3¢ C ki

In & jer {rom a round nozzlé the characteristic volume of the
stresses appears to be proportional to the cube of the characteristic
width of the turbulent region but in some disturbed flows the
characteristic volume of the stresses has been reduced while main-
taining 3V constant. The product

ar
v w)?
UQ ar

in Eq. 7.3 would be constant if V was proportional to Ua/ av 3
and so it is comvenient to measure the changes of noise ar
in terms of the wvariation of V away from

(3 3)

Also in Eq. 7.3 we have the circumference of the turbulemt region.

An increese in C leads to more surface area through which diffusion can
occur. Thus the velocity at the centre of the jet begins to decay in a
shorter distance and the number of slices from which significant noise
is radiated decreases. The combined effect of these counteracting trends
will result in very little change in the total noise (altbough the other
varisbles in Eq. 7.3 may depend implicitly on c).

The changes in the total power, P, as a resuli of changi-g the two

quantities j:E nnd\ﬂ.%e;:ur the whole of the mixing region is showm

in Fig. 8. As slternative is to attempt to change j;_! net over
the whole of the jet, but just at vositions of greatest sagnitude. The
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turbulence /uE varies across the flow and so a redistribution of the
fluctustions towards the edges of the mixing region could lead to a
substantial reduction in the total power radiated.

The level of turbulence in a mixing region is described by a complex

set of equations wuich to date have not been solved (although it appears
possible with present knowledge). In practical jets the flow will always
be turbulent (because of the high Reynolds Number) but the level of this
turbulence may be changed. DBy suitable disturbances toc the flow the author
has been able to achieve reductions up to 20% in the turbulence level

and st the same time a 40K redyction in the volume factor

X" )
vud /(3
Frox Fig. these combined changes would amount to
a -64B reduction in noise. An optimimtic value for changes in turbulence
and volume is probably twice those above and so about -12 dB would be

a prectical limit to the noise reduction that can be achieved by changes
in the turbulence.

The second effect that can lemd to a change in sideline noime is the
directivity.

The maximur noise along a line parsllel to the axis of a jet occurs at
& pomition downstream of the exit nozzle, the maximum being a function
of the jet directivity and the distance to the sideline at each
particular angle. A typical directivity curve for a turbo jet repro-
duced from Howes (1960) is showm in Fig. 9. It is possidble tc have
different directivities that lead to a changed noise level along »
sideline and the directivity that we are seeking is that which produces
the lowest sideline maximum.

The directivity pattern is determined to a large extent by the
refraction of the sound waves. Since the sound that is generated in
the forward direction camnot be refracted into the rearward direction
by the gradients that exist in a jet, we need only conaider ways to
optimize the directivity in the downstresm direction. It is, of course,
conceivable that the poise geaerating mechanism could be changed so
that more noise is generated rearward. This is very unlikely to be a
significant change because most of the noise sources are symmetric in
the forward and rearward directions.

The directionality factor that leads to the ssallest sideline
maxizum is

Direc { 8 ) ~ cmmdeo cereeed7ob
sin2 4
since the intemsity at a smideline h units of &istance from the jet

axis is

2

sideline intenxity -~ n? sin“ # Direc ( 6 )

The directivity im £q. 7.4 unfortunately produces infinite radiation
along the jet axis, HNowever, exploiting tbe form of Eq. 7.4 but using
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a uniform directivity near the jet axis gives a workable expression.

Thus 1 |0|> 0‘

piree () = <

- 1 -8%<p<h” P
sinZ 6*

The maximus sigdeline intensity from the directivity of Eq. 7.5 is a
function of 6 ., In Fig. 10 we have plotted this maximum sideline
intensity relative to the maximum that results from the directivity in
Fig. 9, keeping constant the total power radiated in the forward semi-~
circle. From this figure one can see that %f the constant portion of
the directivity was confined to the first 5 from the jet axis, a
reduction over the existing directivity of the maximum sideline noise
would be about -~-7dB. This reduction of the sound, however, does not
change the ICN which depends upon the total exposure.

A third effect on which the "noisiness" of a jet depends is the
characteristic frequency of the radiated sound which in turn depends
upon the characteristic frequency of the turbulence in the mixing
region., For the turbulence that develops within a jet from a round nozzle,
the changes in "noisiness" as a2 function of D/U , (assuming the
intensity of the sound is constant) are shown iR Fig. 4. If the nozzle
is not circular but some other shape, the turbulent structure is
initislly controlled by the charscteristic width of the nozzle, but as
diffumsion of the momentum proceeds, the jet begins to take on a
characteristic width equael to that of a jet from a circular nozzle of
equivalent exit area. Let us assume for the moment that diffusion has
reduced the strength of the noime sources to a negligible magnitude
before the jet begins to go into the mecond phase above. If we also
assume that the dismeter in Fig. 4 can be replaced by the character-
istic width of the jet (and for example in the case of many small jets
well separated this im a very good lpproxi;tion) then the perceived
decibel correction begins to decrease at 10° D/U_ = .05. This ias

the point where a significant fraction of the nolse is radiated

above the mudible range. Also as Fig. 5 shows, atmospheric attenuation
will lead to an increased reduction in intemaity at these high
{.equencies.

The maxirum attesustion that can be achieved by increasing the
characteristic frequency can be calculated from a combination of
Fig. 4 and Fig. 5. TFrom these figures one can see that by breaiing
the jet into units about 1/50 the original size, a reduction of
"noisinesa" of about -12PNdB. results. The alternative approach of
moving the characteristic frequency to values lower than the sudible
range has not been investigmted as it appears very difficult to do
once the total exit area is fixed.

8. SHIELDING

In the above discussion we have been implicitly assuming that the
observer ias exposed to all the mixing of the high speed jet with the
surrounding air. If some or all the mixing occurs within an mcoustic
shield, them the rmdiated smound could be significantly changed.
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The ejector nozzle is an attempt to take advantage of this concept, some
of the mixing occurring within a shroud. Of course much the same
smount of noimse is generated and unless it is absorbed within the shroud
it emerges from the ends of the ejector.

CONCLUSIONS

An examination of a measure of the public nuisance of jet aircraft, the
index of community nuisance, showe that for a given number of
passengers transported, the two most promising ways to make a signifi-
cant change in the environment around an airport are to control the
population density around the airport and to change the acoustic effici-
ency of sircraft engines.

A reductiorn in population density tc 0% of its presert magnitude
reduces the ICN by -10dB. A reductior in acoustic eff.ciency depends
upon the flow variables anc the most practical change in the primary
variables is to increase the engine diameter. A 40%¥ increase in the dia-
meter, keeping the thrus: constant, can lead to a -9.2dB. change in the
ICN. A change in acoustic efficiency can alsc be achieved keeping tre
primary flow variables conetent by using "suppressor nozzles'" whick can
modify the turbulence structure  Reasonable velues for a change ir
turbulence level and volume suggeet a reductior of -12dB. in the ICN,
while a change in the characteristic frequency of the turbulence,

another -12dB. Tinally a change :n the directivity can give a -7dB. change
in maxizum sideline noime but lit:ile change in the ICN.
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AERODYNAMIC NOISE IN SEPARATED FIL.OWS

by

D. C. Stevenson and F.R. Fricke
(Monash University)
SUMMARY

This paper contains a review of the available measure-
ments of the fluctuating pressures that occur at boundaries in
separated flows. These pressures are measured with a
microphone set flush into the wall. The actual noise trans-
mitted through the wall will depend on the noise transmission
characteristics of the wall.

The definitive flow models and results described are
for forward and backward facing steps and a fence normal to
subsonic flows and for supersonic flows over steps. Less
definitive flow models and results from several workers
(including separated flow in water conduits) support the
results.

There is a paucity of both quantitative results suitable
for engineering applications and theoretical analysis which
would help the understanding of the noise producing process.

1.0 INTRODUCTION

Flow separation occurs in many practical situations
and may be a source of noise or fluctuating loads on a struc-
ture In many cases a separated flow is avoided because of
power loss or increased flow resistance, but there are many
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examples where economic and practical considerations are
more important, Separated flow often occurs behind
canopies, cowlings, cut-outs, corners, steps, etc. - on
missiles, light aircraft, motor and rail vehicles and in ducts
and components in heating and ventilation systems.

Early studies carried out by Garrick, Hilton and

Hubbard? showed that fluctuating surface pressures in a
separated region could be many times greater than those for
an attached turbulent boundary layer for similar flow
velocities. Their results were obtained from aircraft and
rockets in which the type of flow separation and details of the
nature of the flow could not easily be defined or measured,

Probably the first definitive study on surface pressure
fluctuations in separated boundary layers was carried out by
A. L. Kistler,%2 his results being for supersonic flow.

As far as the authors are aware, apart from their own
work, the only specific study on pressure fluctuations in sub-

sonic separated flow has been carried out by A. M, Mohsen3
in which he considers flows over backward and forward facing

steps as well as fences, H,H, Schloemer? has carried out
work on effects of pressure gradients on turbulent boundary
layer wall pressure fluctuations, but in this case the boundary
layer was not separated. Other studies relating to wall
pressure fluctuations in separated supersonic flows have been
carried out by Speaker and Ailman. >

In a report by Bull and Willis® concerning experimental
investigations of the surface pressure field due to a turbulent
boundary layer brief mention was made of pressure fluctuat-
ions in the region downstream of a small step. Their results

were carried out in a 2' diameter water tunnel. H. Boerner
also reports results in water conduits in which flow
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separation is deliberately induced.

2 0 TYPES OF SEPARATED FLOW

2. 1 Some General Comments:
One of the difficulties 1s that of defining a separated

flow either in terms of flow properties or experimentally
in choosing a typical model to represent flow separation.

The problem of separated flow has attracted workers
for almost 100 years, the first paper being written by
Kirchoff in 1869 when the classic model of flow separation
behind a cylinder was discussed. The analysis was re-
peated by Lord Rayleigh in 1876, but both Kirchoff and
Rayleigh assumed that the wake downstream of a cylinder
did not close.

The circular cylinder model fortunately has many
practical applications such as air flow over heat exchangers
wires, etc., as well as being a well defined theoretical
model. However there are many other types of boundary
conditions that give rise to separated flows which may not
be so easily defined, but which are of practical importance.
Examples in practice abound, the separated flow over
steps. fences and around corners, are typical examples of
practical importance and only recently have workers such
as A. Roshko® and G.K. Bachelor 9 pointed out that an
important condition not previously considered is that of
closure of the wake or separated flow.

It seems that the behaviour of a separated flow in
terms of boundary layer theory is still not well understood.
In many studies a relatively long time average is taken so
that the flow presents an apparently steady picture. This
approach is inadequate when studying pressure fluctuat-
1ons in a separated flow.
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2.2, Flow over Forward Facing Steps:

In an investigation at supersonic speeds Kistler has
measured the fluctuating pressures in the separated
regions ahead of a step at Mach numbers of 3. 01 and 4, 54,
The step was 2'"" high and the boundary layer thickness
before separation 1.5 " and 2. 05" thick respectively.
Figure 1 shows the type of flow investigated by Kistler
and the pressure fluctuations were found to be up to 20
times as great as in the undisturbed boundary layer ahead
of the separated region.

The variation of the fluctuating pressure with time
showed that at the point of separation upstream of the
fence a type of random square wave modulation occurred.
(See Fig. 1). This indicated that the separation point was
moving over a certain region, For this area the spectral
density was very high at low frequencies and within the
separated area this large low frequency peak disappeared.

Speaker and Ailman also carried out tests in a
supersonic flow over a step in a wind tunnel. At Mach
numbers of 1.4 and 3. 45 they found that the fluctuating
pressure in a separated region upstream of the step
could be over 20 times the undisturbed value and was
dependent on the thickness of the upstream boundary
layer. As might be expected, as the relative thickness
of the boundary layer increased the value of the
pressure fluctuations decreased. In their case the
thickness of the boundary layer varied from about the
same thickness as the step height to about twice the step
height.

The work so far described has obvious applications
to aircraft and missiles and gives vital information

concerning not only noise that might be transmitted to the
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inside of the craft, but also gives a measure of the
fluctuating or buffetting load on the skin itself which is
important when considering the fatigue life of the
structure.

At subsonic speeds up to 375 fps Mohsen reported
pressure fluctuations in the region forward of a step 1"
high. He found that the value of the maximum pressure
fluctuation was about 10 times that of the undisturbed
flow. In subsonic flow there is a further separated
region, although smaller in area, at the top of the step
and 1in this region Mohsen reports pressure fluctuations
25 times as high as in the undisturbed flow.

For supersonic flow Kistler found that the separation
point was approx. 4-5 step heights 1n front of the step. In
the case of subsonic flow Mohsen found the separation
point to be approx. 3-4 step heights in front of the step.
Both workers found that the fluctuating pressure levels
increased above the undisturbed flow levels at the
separation point.

On top of the step Mohsen found the reattachment
point to occur between 2 and 23 step heights downstream
of the step face. When the pressure fluctuations are
expressed as the ratio pZ/q they are found to be
independent of air speed. Similarly the separation point
1s also found to be independent of air speed.

Figure 1 shows the variation of pZ /q with x/h.
There 1s a shight variation with h which is thought to be
due to interference effects from the sidewall and roof,

In the case of subsonic flow typical spectra at the

upstream separaticn point shew that most of the energy
18 spread nver a wider band and behind the flow
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reattachment point the low frequency energy begins to
drop in magnitude.

2.3 Backward Facing Step:

Figure 2 shows the approximate flow configuration
downstream of a backward facing step at subsonic speeds.
Reattachment occurs between 4 and 5 step heights and is
found to be independent of flow velocity.

For this flow there are two different regions that
produce aerodynamic noise. The first region is in the
turbulent shear layer leaving the edge of the step, which
is somewhat similar to the turbulent mixing region of a
jet. In the neighbourhood of the reattachment point a
different and stronger type of noise generation occurs as
the turbulent flow is now able to generate a dipole type of
noise. There is a third source of noise which arises from
the boundary layer noise in the reverse flow behind the
step but this has been found to be insignificant.

The values of the wall fluctuating pressure levels
when normalised by the free stream dynamic pressure
rise gradually from their undisturbed flow value, just
behind the fence, to a value over 10 times the undisturb-
ed flow level near the reattachment point. Thereafter
they subside gradually. Speaker and Ailman found
similar behaviour for supersonic flow over aft facing
steps at Mach numbers of 1. 41 and 3. 48.

Immediately behind the step most of the energy is
contained in the low frequency end of the spectrum. As
the region of reatta:hment is approached., more energy
is added to the higher frequencies, the levels measured
depending very much on the transducer diameter (that
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1s its resolving power).

2.4 Flow over a Fence: 10

Both Mohsen and Fricke and Stevenson ~ have shown
that in subsonic flow the pressure fluctuations down-
stream of a fence are about 10 times their undisturbed
value, The separated region is much larger than in the
case of forward or backward facing steps. The flow
reattaches at about 13-17 fence heights behind the fence
and the peak fluctuating pressure occurs in the neigh-
bourhood of the reattachment region. The reattachment

point has been found to be dependent on interference and
blockage effects in the particular experimental arrange-
ment,

There will be an upstream region of separation for
flow over a fence and the behaviour of the flow will be
similar to that of a forward facing step., Downstream of
a fence the flow separates at the top of the fence and the
separation line extends above and behind the fence into
the stream before reattaching at a point much further
down than in the case of a backward facing step.

Fricke and Stevenson found that the reattachment
point and pressure spectral densities showed no sig-
nificant variation with Reynolds number or boundary
layer displacement thickness upstream of the fence.
Using a similarity method they were able to give
reasonably accurate predictions of sound pressure level
behind fences. Provided interference effects and trans:
ducer resolution were kept constant the variation of the
spectral density with frequency (both non.-dimensional)
and the variation of | p2/q with x/h collapse satisfactorily
into one curve,



As 1n the case of flow over a backward facing step they
were able to distinguish between different types of noise
generation downstream of the fence. There was a jet
noise or quadrapole type of sound generation in the free
shear layer just downstream of the fence and a dipole
type of noise generation near the reattachment point.

Figure 3 shows the variation of the pressure
fluctuations with distance downstream of the fence.
These are 1n fair agreement with results obtained by
Mohsen. Spectral analysis showed that at the point of
reattachment there was an increase in spectral density
at low frequencies The size of the microphone is
Important - 1ts resolution being increased with de-
creasing diameter.

2 5 Separated Flow in Water Conduits:
Bull and Willis in & brief investigation measured

pressure fluctuations behind four different sized
circumferential steps in a 2" diameter water tunnel.

It 1s possible from consideration of the spectral density
plots that Bull and Willis took measurements in the
recombined or perturbed boundary layer.

H Boerner carried out a fairly complete invest-
1gation on the origin of noise from water flow in con-
duits. His results for turbulent boundary layers agreed
generally with those obtained for air flows. Measure-
ments were carried out in flows behind orifices. In the
case of water there 1s an added complicaticn in that
cavitation may occur downstream of the orifice.

3 0 SUMMARY OF RESULTS

The table below presents a summary of the magnitude

of the pressure fluciuations discussed earlier:
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4.0 CONCLUSIONS

The magnitude of the pressure fluctuations in a separated
flow may be up to 25 times that of an undisturbed flow. The
results obtained from laboratory experiments are in good
agreement with those found on missiles and aircraft. Mach
number does not appear to have a significant effect on both
boundary layer and separated boundary layer type of noise
production,

There is a shortage of data for subsonic separated flows
and in the case of water the effect of cavitation 1s worth
further investigation.
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ACOUSTICAL FEATURES OF A NEUW
TELEVISION STUDIO

MeHs Stevenson*
SUMMARY

Factors effecting acoustical conditions in a television studio
are discussed and measures adopted to provide a desirable
acoustic environment in a new studio designed for the record-
ing of television programs on film are described. Compromises
which became necessary to keep the cost within economic limits
and to produce a studio which, initially intended for the
recording of drama, may ultimately be required for the record-
ing of music are described, The measured performance charact-
eristics of the studio are quoted.

The acoustical design of a television studio usually involves
a number of compromises, since in most instances the studio
must be suitable for a variety of uses which call for can-
flicting acoustical conditions. These requirements broadly
involve firstly isolation from unwanted sound, whether orig-
inating outside the building or within it, secondly ths
achievement of a reverberation period characteristic which
will permit satisfactory recordings to be made of different
types of sound, and thirdly, cost,

Acoustical Isolation

In order to achieve guiet conditions within the studio, it is
necessary to isolate it from both external noise and from noise
created within the building. When there is a high level of
external noise a more expensive type of construction is
necessary than would be the case for quiet locations and this
can greatly affect the cost. In some areas it may be assumed
that quiet conditions will prevail for most of the time and
that the likelihood of a thunder storm or other loud inter-

* Chief Engineer, Amalgamated Television Services Pty. Ltd.,
Sydney.



fering sound occurring at the time of recording is sufficiently
remote to justify taking advantage of the economies that can be
effected by the adoption «f a lighter typs of construction than
would otherwise be necessary,

Isglation of the studio from noise created within the building
can be made effective at minimum cost if the spaces adjacent to
the studio are used for the accommodation of offices associated
with the administration and program building activities assocc-
iated with studio production, It is, of course, necessary to
take steps to isolate plumbing and water services from direct

¢ nt~ct with the studic floor or walls so that sounds from water
flowing in pipes is not telegraphed into the studic area,

The ATN studic complex is built in an area in which the ambient
noise level is low, In the initial construction, a relatively
simple method of construction was adopted and this proved so
satisfactory that it has been adhered to in subseguent additions,
the latest of which is Studio C, the subject of this paper. The
ATN building is a steel frame structure, sheeted on the outside
with 2€ gauge ribbed steel sheets fixed to horizontal girts at
approximately 4'6" centres, On the inside of the steel sheet-
ing there is a 1" layer of rockwool batts supported by the girts
or between them by horizontal brackets spot-welded to the inside
of the steel sheeting. They are further held in position with
wires stretched between the girts.

Further acoustic isolation is provided by a 1" thickness fibrous
plaster board fixed to the inside surfaces of the girts. Joints
between the plaster boards are roughly "set" so that there are
no cracks left through which sound may readily pass, Rs the
girts are 5" x 3", the air space between the steel sheeting and
the outside face of the plaster is 5". 1" of this is used for
the rockwool insulation on the back of the stese’l shests.

T e construction of the roof is slightly different, uweather pro-
tection being provided by corrugated asbestos cement under which
there is a 2" layer of rockwool batts, These rest upon 1"
fibrous plaster sheets which are similar to those used for the
linin. of 'he walls, The difference in con-truction for the



roof was adopted to minimise the noise from rain,

In ordsr to minimise noise from activities within the building
all occupied areas adjacent to studios are used for quiet activ-
ities such as offices associated with studio operations. Uhen
additional studios are added, these office areas help to main-
tain a high degree of isolation between studios built on either
side of them.

Reverberation Characteristics

1. Absorbing Surfaces

The optimum reverberation period for a studioc is determined by
the volume of the studioc and the purpose for which it will be
used.s A studio built in a television station will have a knouwn
volume but it cannot be assumed that it will always be used for
the purpose for uwhich it is originally designed. Studio C at
ATN was intended for the performance of drama but there is no
certainty that it will not at some time be required for musical
performances, Studios intended for the performance of musical
and variety programs should have a longer reverberation period
than those intended purely for dramae. As it is possible to add
reverberation to a performance recorded in a relatively dead
studio, using one of the reverberation units now readily avail-
able, it was decided to design the studioc with a relatively low
reverberation period and to artificially add reverberation when
necessary for musical recordings which may be made in the studio
at a later time. This technigque is now commonly used for
normal music recording in which numerous microphones are used to
give better control of separation between instruments than can
be achieved with a single microphone pick-up of a large
orchestra, It makes the recording largely independent of the
reverberation period of the room in which the recording is made.

According to BBC authors1, the reverberation time for a tele-
vision studio having a volume of 235,000 cubic feet, should fall

1 Bird, Guildford & Spring, Research Department, BBC Enginger-
ing Division. Data for the Acoustic Design of Studios. REC
Engineering Djivision Monograph No. 64, November, 1966,
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between the highest acceptable time of 0,98 seconds and the
lowest practicable time of 0,67 seconds, with the optimum being
0.7 seconds. According to the same authorities, the optimum
reverberation time for music in ths same studio would be 1,7
secaonds, Calculations indicated that a reverberation period
of 0.7 seconds would be achieved if all of the treated surfaces
of the studio had an absorption co-efficient of 0,75.

After considering a number of absorbing materials, it was
decided to adopt an absorbing blanket comprising 2" thick 4-6
lbs. per cubic foct mineral wool with unperforated "Sisalisa-
tion 450" on the back and perforated "Sisalisation 450" an the
front face. If suspended in front of a 9" air space it was
estimated, based on available tests of other similar materials,
that this treatment would provide the following absorption co-
efficients;:

250 Hz - 0,65 1,000 Hz - 0,85
615 Hz - 0,75 2,000 Hz =~ 0,8
4,000 Hz =~ 0,7

These absorption co-efficients were higher than those required
to produce an optimum reverberation period for the studio but
measurements of the completed studic indicated that the estima-
ted values were high and that the sffective absorption co-
efficient in practice was nearer to 0.6

Acoustic blankets do not stand up to the wear and tear of studio
operations so it was decided to provide brick surfaces up to a
height of 6 ft, Remaining walls and ceiling surfaces, except
those necessary for control booth windows, lighting control
equipment and doors, were treated with absorbing material

2. Sound Diffusion

In addition to having acoustic absorbing material in a studio,
it is also necessary to provide some means of ensuring that the
sound within the room will be diffuse?. This condition is

2. Vern 0. Knudson, PhD: Syril M. Harris, PhD. Acoustical
Oesigning and Architecture. John Wiley & Sons Inc. 1950,



assumed 1in the Eyring formula used for the calculation of re-
verberation time. Design features adopted in the studio under
review to achieve diffuse sound distribution involved the shape
of the ceiling and twa adjacent studic walls, shown in Figure 1.
Although the external appearance of the building suggests that
the roof may be flat, the supporting trusses provide a fall
from the longitudinal centre line to the side walls of approx-
imately 6 ft. The 1" plaster board lining and acoustic
blankets follow this shape so that the interior of the studio
roof has the form of an inverted V which is approximately 6 ft,
higher in the centre than at the sides. This shape avoids the
likelihood of standing waves that would be expected between a
horizontal ceiling and the floor, which is a flat and fully
reflective surface, At the same time, some diffusion of sound
is effected,

The end wall opposite that in whig¢h the control room is locatec
and the adjacent external side wall are both designed to pro-
duce diffusion of sound and at the same time reduce the poss-
ibility of flutter which would be expected between parallel
surfaces, especially in the 6 ft. high brick section nearest to
the floor. Diffusion is effected by constructing these tuwo
walls in the form of a series of VU's with a pitch of 12,5 ft.
and a depth of 15 inches. The depth of the V's was reduced

to 10" above the 6 ft. level to enable the 9" spaces between
the back of the blanket and the wall at the apex of sach of the
U's to be used as a series of return-air ducts for the studio
air conditioning system.

Results

The surface area available for treatment in the studio amounted
to 14,000 sqg. ft. In order to achieve a reverberation period
of 0.7 seconds, the absorption required would be 11,000 Sabines
80 that the average absorption co-efficient required for the
absorbing material would be 0,79, Measurements~ of the

3, Measurements of the acoustical characteristics of the
studio were made by Louis A, Challis, Acoustical Engineer-
ing Service, 210 New South Head Road, Edgecliff,
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acsustical characteristics after the completion of the studio
indicated a reverberation pericd at 500 Hz of 1,28 seconds with
the studio floor clear of sets, This corresponds to an effect-~
ive acoustic absorption co-efficient of 0.58,

Further tests made with the studio floor fully covered by drama
sets indicated a reverberation period of 0.7 seconds. Figure 2
shows the reverberation characteristic of the studio with the
floor cleared and also with the floor half occupied or fully
occupied by sets. It is interesting to note that there is
little difference in the performance for a partly occupied or

a fully occupied studio. The higher reverberation period
measured with the studio floor clear of sets is an advantage

for musical recordings, which would benefit from the additional
reverberation time,

Typical decay characteristics for several frequencies are shouwn
in Figure 3, The linearity of the decay is attributed largely
to the effect of diffusion achieved by the shape of the walls
and ceiling,.

Figure 4 shows the effectiveness of the isolation from external
noise, Uhen the studio was completed it was found that in one
case a water pipe had been bonded to one of the studio walls,
causing a noise when water flowed, and rectification of this
became necessary. In addition the door seals proved ineffect-
ive after some wear and are being replaced.

Figure 5 is a general view of the studio showing the staggered
walls.



A DISCUSSION ON ROOM ACOUSTICAL
CRITERIA AND MODEL TECHNIQUE

BY
DR. J.L. JORDAN AND P.R. KNOWLAND

Introduction

There has been considerable research and practical observations
by a number of workers in the field of acoustics in the past ten
years concerning the process of sound generation and decay in

auditoria.

The classical concept of reverberation as originally proposed by
Sabine has proved to be inadequate as a design criterion and
much recent work has been carried out in an attempt to correlate
the measurable acoustic process occurring within a room to the
subjective listening assessment.

These workers have illustrated the important effect of:

(1) Dependence of laterial reflections which convey
to the auditor the feeling of space and ambience
of the sound.

(2) The effect of strong overhead reflections on the
clarity of sound.

(3) The process of the building up and initial

decay of sound pulse.
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This latter situation has been of particular interest to the
authors. Investigation carried out in the early part of this
decade showed that the building up of a sound pulse and in par-
ticular the build-up of the last 10DB before the peak level was
achieved appeared to relate to the subject assessment of the
room acoustics. In particular it appeared to have a bearing

on the feeling of response from a hall, a condition which is of
special significance to musicians. This lead to the concept

of "Rise Time" which is defined as the time length of a noise
pulse sufficient to reach a level 3DB below the stationary level.
An investigation carried out in the Concert Studios in Ccpen-~
hagen showed that improved conditions for the musicians on the
Orchestral platform improved with decrease in rise time. The
decrease was achieved by use of acoustical baffles above the
stage area. A result of these measurements and other investi-
gations confirmed that the values of rise time on stage should
be less than the values within the auditorium. The reverse was
a condition known as inversion and considered undesirable.
Lately a new consideration of "Rise Time" has been defined as
"Steepness" which means the slope in (DB/msec) of the build
up curve. A low value of "Rise Time" corresponds to a large
value of "Steepness". Ideally a concert hall is desired to have
a large value of "Steepness" with the value on stage exceeding
the values in the auditorium.

Notwitastanding the importance of other evidence it seems that

L-2



research carried out M.R. Schroeder et al 1) has provided most
useful information. This research showed clearly that for artif-
icially reverberated signals (observed in an anechoic chamber)

a close corelation existed between the assesment of Subjective
Reverberation and the so called "Initial Reverberation Time"
(determined from the initial slope of the decay curve). Less con-
vincing was the evidence obtained when listening to recorded
music from actual concert halls. However this may be partly due
to the limited number of tests of this kind actually performed.

This has lead to a concept which we wish to call "Early Decay
Time" (EDT) and is defined here as the average slope of the decay
process between the levels -5 and -15 below the starting level. 2)
The measurement of this quantity has been made possible as a
result of the theoretical and experimental work done by M.R.
Schroeder on pulse-intergration. 3) A single integrated curve of
a very short pulse (shot or tone burst) will, in fact, correspond to
the ensemble average of a large number of decay curves produced
by interrupted random noise. Thus avoiding the random fluctuat-
ions the integrated curve of a short pulse shows only few and
limited irregularities and therefore lends itself readily to the
evulation of the EDT, Curves of this kind have already been
published by several authors. 4, 5, 6.

As before in the case of "Steepness" a relationship between the
Early Decay Time on stage as compared to the audience is of

importance.
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It appears that it is desirable for the average value of EDT in the

audience area to exceed the average value of EDT on stage.

To examine these consideration during the process of design of
an auditorium, a problem exists in that the "Early Decay Time"

is not calcuable by emipirical means. This is because the value
of EDT is dependent on the actual reflection pattern that occurs
at the point of measurement. To determine "EDT" during the
design of an auditorium an acoustical model, to duplicate the
reflection pattern, is required. This model could be a computoer
programmed as required, or an actual say 1/8 to 1/16 scale
model. The scale model is felt to present many more advantages
than a computor programme and accordingly has been used as the
basis of acoustical design on a number of recent projects by the
authors.

At present there are two scale sizes which could be considered,
this is 1/8 or 1/10. An 1/8 model has the advantage of having
an octave relationship. That is if measurements were carried out
at 16KC octave band then the corresponding octave at full scale
would equal 2KC. However reverberation times achieved with the
model would have to be multiplied by 12.5. The other size 1/10
has advantages of being cheaper to construct than the 1/8 model
and that reverberation times involve shifting of the decimal point.
On the other hand the 16KC octave band used for original measure-

ment corresponds to a new octave of 1.6KC. This particular
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situation does not present a major problem as existing 1/3
octave band filter sets can be modified to give an octave with
centre frequency of 1.6KC.

The main frequency used for measurement is 16KC correspond-
ing to 2KCor 1.6KC full scale. This particular frequency is
considered to represent an important rejoin in terms of auditory
perception and results determined for 16KC (model scale)
reflect the characteristic to be anticipated at other closely
related frequencies.

There appears to be no point in testing past 30KC (3KC or 4KC
full scale) as the effects of humidity on the acoustic conditions
in the model together with the limits in the acoustic instrumen-

tation make testing conditions complicated above this frequency.

The feasibility of model testing is dependent upon the use of
multispeed tape recorders, the speed originally used were
374" per sec/32" per sec for 10:1 or 30" per sec/33" which
gives 8:1.

It is a fact that 30" per sec is a standard tape speed used for
broadcast tape recorders and that no special modifications are
necessary, on the other hand 373" per sec is a now standard
speed and special modifications to the tape recorder are
required.

In the last year we have seen the introduction of a small num-

ber of highly developed tape recorders which make it feasible
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to use tape speeds of 18%/1 7/8 or 15"/1 7/8" to achieve the
scaling required.

Results to date have shown good similitude between the acoustic
model and the final constructed hall 3). In some cases there
have been small variations but these have appeared to be
contributable to the particular audience used in the model

being slightly over absorbent.
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