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ABSTRACT

Because of their high-level and characteristic noise signatures, helicopters suffer the
tactizal disadvantage that they can be heard ot very great distances and efforts

to reduce this detection range are continuing. Extensive research into helicopter
noise generation mechanisms has now made it possible to estimate the radiation with
some confidence at the dezign stage. Unfortunately, sound propagation and aural
detection, factours of equal importance to the military problem, have not been
understood to the same extent, Consequently, the principal objective of this
experimental program was to develop the methodology for the prediction of heli-
copter aural detection thresholds from measured or estimated parameters of signi-
ficonce.

Fallowing a discussion of the subjective aspects of helicopter noise generation, the
effects of atmospheric and terrain features upon the observed sound are reviewed.
Limitations in the measurement and analysis of helicopter noise are also examined.
A review of research into the mechanisms of human aural detection gives the bock~
ground to the experiments in which o group of subjects listened to 5 large number
of synthetic and recorded helicopter sounds inside a specially designed acoustic
chamber. Through these experiments, a model for calculating aural detection
thresholds was developed, tested, and found to be accurate to within+ 4 dB,
Appendices to the report include detailed instructions for applying several ver-
sions of this method and also provide simplified procedures for estimating propa-
gation losses.
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FOREWORD

The work reported herein was performed by Wyle Laboratories Research Staff
under Contract DAAJ02-69-C-0083 (Task 1F162204A14235) for the Eustis
Directorate, Ui, S. Army Air Mobility Research and Development Laboratory,
Fort Eustis, Virginia. The work was carried out under the technical cognizance
of Mr. William E. Nettles of the AMRDL staff.

This report describes the work of many members of Wyle Laboratories Research
Staff. In particular the author wishes to ackrowledge the considerable efforts

of Mr. B. D. Adcock, who designed and developed the data acquisition system
and computer analysis procedures described in Appendix II; Dr, R, J. Cunitz,
Staff Sensory Psychologist, who evolved the experimental design; Mr. R. B.
Boulay, who was responsible for execution of the experimental program; Mr. L. C.
Sutherland, who reviewed the sound propagation mechanisms and prepared

Section 2.3 and Appendix | of this report; and Mr. A. C. Jolly, who developed
methods for the digital generation of acoustic stimuli.

Wyle Laboratories is also indebted to the U. S. Air Force Flight Dynamics
Laboratory and Mr. D. L. Smith for making available a large number of helicopter
noise recordings and to the National Aeronautics and Space Administiation,
Langley Research Center, Dynamics Loads Division and Mr, D. Hilton for similar
services,

Figure 23 is included by special permission of John Wiley and Sons, Inc. of
New York, N. Y.
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1.0 INTRODUCTION

The military value of helicopters for tactical and surveiliance mistion: is reducec by
their high-level and very characteristic noise signatures. In many cituations o
helicopter can be heard approaching from distances between 5 and 10 m.les,

which at helicopter speeds gives several minutes worning to tie eremy. The chonces
of survival in such situations can be low,and aircrews have learned 1 taica advantuge
of natural acoustic barriers to minimize this audible worning.

The fact is that noise generated by a helicopter represents a very tiny iraction of in
total power expenditure, typically around one tenth of one percent, ond i is very
difficult to manipulate such a small energy dissipation through aircraft desigrn,
Nevertheless, many years of research has led to a fairly cleur uidentonding of
helicopter noise ganeration mechanisms with the result that :t is now pcuible, in

principle at least, to exercise some degres of control over *he wwise charucteristics
at the design stage.

Unfortunately, the modern helicopter has evolved through ¢ proces: of aerod)namic
and mechanical refinement to the extent that most changes which are Jesiroble for
noise reduction purposes gerorally involve some performance panalty or high
manufacturing costs. Such compromises are usually unacceptable, und mainiy for
this reason helicopters are still noisy. The foct remains, howeve:, tho! for certuin
missions, it is most likely that there are potentially benefizial tradeoffs to be made
between performance and detection distanca. For exampia, c 6 4B nolse reduction
could reduce detection distance by half. If this could be achieved for o speed
reduction of even 25 percent, a one-third reduction of werning time would rasult,
Obviously, considerably better figures than these may be anii:ipoted.

The difficulty in evoluating such possibilitiss lies in establishirg a realistic ralatica-
ship between noise reduction at the source and detection distunce. Helizopter noise
is surprisingly complex and so too, fo an even greater degree, is hurmon perception

of noise. Unforiunately, aithough many of the faciors which contribute ro community
annoyance by aircraft noise have been the subject of extensive ressarch., most of

the findings are not applicable to the aural detection problem vAich involves much
lower iound intensities. The main study of helicopter detectotiliry was made by
Loewy ' in 1963, and his paper is still the standard refecence or the subject,

Whatever the trade-off between noise and performance, it it importunt that performance
penalties are minimized. Without accurate aural detection criteria there is always

the danger that emphasis might be addressed at reducing noise in *he wrung way.

For example, there would be little point in silencing a tail roter if the moin rotor

could be heard at greater distances in the first place. With retiable criteria, on the

other hand, analytical studies could ba made of all operationa! aspects of specific
noise control procedures.
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The main objective of the present study is tc develop impruved criteric tor defining
helicopter aural detectability threshoids. Consideration is given to the source
choractaristics, tho effects of sound propogation fhuough the air and over ground
cover, human hearing ocuity, and the ampient noita errvirunment. A comprohensive
exporimansal ©rogram was conducied to estatlish and valicate a new threshoid
prediction procedure, which is described with full ingtructions for its use in
Anpenaix IV,

Bacovse halicopter noise is 30 complex, bacouse in the pust there hos been consider~
obig disagrecment terween different sources of acoustic data, and becouse potential
saurces of error ure mary, the application of ocoustic analysis technigues to

Yeticupler noite have olso been reviewed. Attention is confined ro the principles
invoived rather than to hordwrira deiails, but it is hoped that the rwterial in

Saction 2.0 will contribute 20 a clecras undervtanding of the doty requirements.
Section 3.0 is devoted to the hurwn haaring mechanism,ond Sectior: 4.0 and 5.0

desc ibe the expevimental pmgrom underhikan, The repert is concluded in Sections 6.0
anc, 7.0 by o sumnary of the major conclusions and @ number of recommerndations for
future reiearch,
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2.0 HELICOPTER NOISE ANALYSIS AND PERCEPTION

2.1 FREQUENCY -TIME RELATIONSHIPS

When an observer hears o helicopter approaching, he is sensing fluctuations of the
atmospheric pressure at the position of his ears, A microphone (i.e., a sensitive
pressure transducer) may also be used to monitor these fluctuations; and if its volrage
output is displayed as a function of time on an oscitlegraph or oscilloscope, patterns
such as those shown in Figure 1 wiil be observed. The mean value of the pressure is
the atmospheric ambient, and the oscillations about it are due to wave propagation
from pressure disturbances caused by the helicopter (and any other sources in the
vicinity). The choracter of the sourd, as judged by the listener, is entirely
dependent upor: the manner in which the pressure varies with time, and Figure 1
illustrates @ number of helicopter noise signatures which vary considerably in their
subjective characteristics. The hearing process will be described in some detail in
Section 3.0; it is sufficient fo state here thot the eor is an extremely sensitive
pressure sensor with a working dynamic range of over 1,000,000:1,

Tones

Tha simplest form of acoustic signal is a tone which has o purely zinusoidal pressure
time history, Provided the signal is continuous, that is, it repeats itself precisely
from cycle fo cycle ad infinitum, it can be adequately and conveniently represented
in either the time or frequency domain, os shown in Figure 2.

The left-hand diagram shows the function p_ sin 27 f_t plotted against time in the
range 0<t < T, , where T is the period of the sigmf equal to the reciprocal of the
frequency f_. The right-hand diagrom is a frequency coordinate f,. A pure tone is
ampiitude p_ at the frequency coordirate f . A pure tone is rarely, if ever, heard in
practice; the closest approximation would Be generated by a tuning fork or,
electronically, by an oscillator/ioudspeaker combination, The frequency of this
sound has a first-order influence on its subjective pitch (although other factors,
which will not be discussed here, also affect this atiribute), Middle C on the piano
keyboard, for example, has a frequency of 256 Hz, and octave intervals represent
doubled or halved frequencies. This illustrates the relevance of the frequency
transformation in psychoacoustics. A tone is observed as a continuous sound, not

as a fluctuatirg quantity, and is described subjectively in terms of both its pitch and
its level, the latter being dependent upon the pressure amplitude p . Tones with
different pitches are easily distinguished by a human observer, andhis hearing system
is capable of very selective frequency discrimination.

It is a simple matter to measure graphically both the umplitude and frequency of the
signa! from a pressure time history diagram. However, it is not normally convenient
to perform this analysis, and direct-reading aralog instruments are avcilable to

(7]
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analyze the electrical output from a microphone. In order to eliminate the ropid
fluctuations from the signal, it is necessary to toke a time average. Since the time
average of an acoustic pressure fluctuation is, by definition, zero, the signal is

first squared to eliminate the negative portion. The mean squared pressure for a tone
can thus be obtained by integrating over exactly one period as follows:

T .‘2
o = -—‘-— ° sin2nf ¢t dt
P T Po o
° %0 1)
Po
sy

The square root of this quantity provides a value whick is directly proportional to
tha pressure omplitude known as e rcot mean square (rms) pressure

Po
Pms = /5
2

However, since the mean squuire pressure is proportional fo acoustic power or intensity
it is normally preferred to the rms pressure in acoustic analysis. Alsc, because of the
very large pressure ronge of practical interest, it has become an accepted practice to
express sound pressures on a logarithmic scale. The Sound Pressure Level (SPL) of @
scund in decibels (dB) is written

3

101 £\ = 20! Pems dB
SPL = o9, > o9, e 2

where p_is o standard reference pressure of 2 x 1973 newfons/meferz. This
particulzoxr refarence was chosen because it is in the region of the threshald of
cudibility for a 1000 Hz tone. Throughout this report SPLs in dB ara referenced to
this quantity unless otherwise stated. *

*Strictly speaking, the decibel notation should always be accompanied by a staterent
defining the reference. The lciter has begn dro%oed herein because of the frequent
use of dB and the unwieldiress of 2 x 1077 N/M*,
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If, in Equation (1), the period T is not known, a close approximation to P? can be
obtainad by integrating over a period which is large compared with To since

T
= 1
= i —— H
p = Lim T J'O P, Sin 2nf°t

T—ow

Q)

In practice this approximation is a very good one,provided T is more than about

3 times greater than T_. An instrument which performs (approximately) the operation
described by Equation (3) (and takes the square root) upon an elecirical signat is
called an rms detector. Analog instruments usually contain a voltoge squaring
circuit and an RC (resistance~capacitance) averaging circuit which, for sinusoidal
signals ot least, gives an ocutput signal closely proportional to p . if T is not large
compared with T_,then the output voltoge merely fluctuates obouT the rms value.

The lindtations of this device for some complex sounds more typical of helicopter
noise are described in Section 2.4,

General Periodic Sjg_nal_s

Although the sine wave or tone is of somewhat academic inferest as an acoustic
signcl per se, it is of great importance in the copacity of @ component of more
camplex signals. Any harmonic function, that is, one which repeats itself precisely
and regularly during successive equal time intervals, con be exactly represented as
the sum of a number (sometimes infinite) of sine and cosine components of the
fundamental frequency and its harmonics. (The n-th harmonic is the component with
c frequency n times the fundamental or a period of To/n.)

That is
3 4)
pit) = ngl (c:n cos 21rnfof+ bn sin 2nnfof)
or
d i2nnf t
p(t) = Real Part of ;l Ae ° {5)

where the A_ are complex.

Periodic sound is commonplace in cur mechanized world. Practically any device
which utilizes rotating or reciprocating machinery and operates continuously generates
harmonic sound: piston engines, compressors, circular saws, electric motors and,
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of particular relevance here, propellers and rorors al! generate acoustic wavaforms
which are periodic in nature. That this is true of helicopters may be seen in

Figure 1. Generally specking, the more discontinuous the waveform, the more
harmonic companents the signal contains. A square wave, for example, contains all
odd-numbered harmenics, while o repetitive spike contains oll harmonics with equal
omplitudes. More realistic sounds contain a finite number of harmonics which
generally decay in amplitude with harmonic number. The more pulsatile the sound

is, the more harmonics it will contain. This may be seen in Figure 3, which shows
sume oscil loscope records of a computer generated waveform. The period of this
signal is 100 msec (i.e., a fundomental frequency of 10 Hz), ond the signal was
reproduced for analysis by a magnetic tape recorder which resulted in some distortion.
However, the waveforms do cleorly illustrate the effect of an increasing number of
harmonics. All in~phase (cosine) harmonics were included, and the amplitudes were
inversely proportional to the square root of harmonic number; that is, they decayed in
omplitude at the rate of 3 dB per octave. The signals contuin, raspectively, the

first 5, 10, 20, 40 and 80 harmenics of the fundamental leading toward a very spiked
waveform for the highest number, Subjectively, this sound cousisted of a train of

pulses which increased in sharpness with a definite cracking sensation in the case of
80 harmonics.

Similar trends may be noted in Figure 4, which demonstrates the effect of harmonic
decay, i.e., the rate at which successive harmonics diminish in amplitude. Each
signal contoins the first 20 cosine harmonics, but the harmonic decay rates are,
from top to bottom, 0, 3, 6, 9 and 12 dB per octave. The sharpness of the spike
diminishes at the higher decay rates,

The phase between harmonics also has a bearing on the waveform as Figure 5 shows.
The six different waveforms differ only in interharmonic phase (defined by the relative
proportions of the sine and cosine comporents), aithough the phase difference
between adjacent harmonics (i.e., between the 1st and the 2nd, the 2nd and the

3rd, and so on) is constant in each case. The values of this phase difference are

0°, IOO, 20°, 30°, 60° and 90° for the six diagrams. Although the harmonic
energies of the signals are identical, the nature of the wavefurm appears to vary

significantly and could create an impression that the harmonic energy distribution
differed from case to case.

Regerdless cf phase, the mean square pressure of a harmonic signal is equal to the
sum of those of the individual components; in other words, the erergies add as
follows:
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and N is the total number of harmonics. Howaver, it may be noted from Figure §
that the magnitude of the peak pressure varies with interharmonic phase. The
crest factor of a signal is the ratio of the peak amplitude to the rras amplitude, and
since, as we shall see, the crest factor of a sound has considerable significance in
acoustic analysis, phase is also important from this standpoint.

The frequency diagram of @ harmonic signal is called a line spectrum since it consists
of a number of vertical lines, one for each harmonic. For its complete definition, a
harmonic waveform in fact requires two such diograms, either one each for the cosine
and sine comporents or an amplitude spectrum coupled with a spectral representation
of harmonic phase. For most purposes, phase is ignored and the mean square value
of each frequency component is plotted in an energy spectrum.

An rms detector by itself cannot, of course, provide any information regarding the
harmonic composition of o periodic signal. To obtain this, the signal must be
examined with a frequency selective filter which is able to discriminate between one
harmonic and another, In its simplest form, a "band pass" filter is ¢ tuned circuit
which responds to excitation in a narrow frequency range. An ideal filter is one
which passes all energy within a defined frequency interval and rejects cil energy
outside this band. Although such characteristics cannot be achieved in practice,
modern filter technology is such that active devices approaching the ideal, with
"skirts" that fall off at 60 dB/octave and more, are possible. Filter bandwidths
(defined as the frequency interval between the 3 dB~-down points) of practically any
value can be selected, although their use is subject to many practical constraints as
we shall see. For harmonic sound, a very narrow filter can be used in conjunction
with an rms detector to accurately measure any number of individual components.
To discriminate between adjacent compenents (of equal amplitude), it is only
necessary that the filter bandwidths is less than the frequency difference between
the components. |f the components differ in amplitude, it is necessary to examine
the filter characteristics in some deta:l to determine whether individual ones could

be isolated.

Random Noise

Although sources of harmonic noise are common, most sound has a randem nature

such that its time history fluctuates in an unpredictable and irregular manner.

Like most random functions, however, such noise is normally the result of o
constrained process and is amenable to measurement or specification in a statistical
sense. Noise whose long-term rms level does not vary is called "stationary.” That is,
a stationary random noise is one whose sound pressure randomly fluctuates about a
zero mean in such a way as to maintain a constant rms level. The degree of
stationarity is really related to the time over which the rms level has been averaged
since, in general, it will always fluctuate if the averaging time is short enough. In
the normally accepted sense "stationarity"” assumes a very long averaging time,

it ARStan".




Because it fluctuates rundomly, random noise, unlike periodic sound, cortains
energy over a continuous frequency range. This can be understood by considering
that a random time history never repeats itself and therefore has an infinitely long
period, Its fundamental frequency is thus zero, implying that its Fourier components
have zero frequency intervols between them. On the other hand, to keep the total
energy in the signal finite, these harmonics must have zero amplitude. To avoid
this impasse, the concept of Power Speciral Density (PSD) is introduced which, as
its name implies, describes the distribution of power density (in pressure’/Hz) as a
continuous function of frequency. If the power spectrol density function is w(f),

the mean squared scund pressure [evel is

o =fo°° wi(f) df @)

The subjective quality of a staticnary random noise depends, of course, on the
distribution of w(f). A frequently used concept is that of "white" noise, an

idealized signal with uniformly distributed energy, i.e., a constant value of w(f)

and a normal (gaussian) pressire amplitude distribution, White noise, or its
approximaiion produced by an electronic noise generator, sounds like the hiss of
escaping steam, but the sensation, because of the dynamic characteristics of the
Yearing mechanism, is essentially dominated by the high frequency components,

Jot exhoust noise is also a wideband random noise, but its spectrum, instead of

being flat, tends to rise from low frequencies to peak in the region from 100 to 250 Hz
and cdecay from there at the rate of 6 dB or mere per octave. At very great distances,
most of the high-frequancy energy is absorbed and jet noise sounds rather like a dull
rumble, o typical characteristic of low-frequency random noise which is spread over

a range of frequencies. As the bandwidth of random noise is reduced, the waveform, |
as might be expected, tends to become more sinusoidal in oppearance. However, ;
the amplit:de of tiis wave fluctuates in o random manner, and the smaller the |
bandwidth, the greater the excursions become. This in fact is the major difficulty
associnted with the analytis cf random noise.

In order to :neasure the distributicn of power spectral density (PSD) with frequency,
we can use a ti!ter/rms detector to measure the energy in any particular passband
and obtain on estimote of PSD by dividing the result by the bandwidth. Provided
the true PSD does not vaiy significantly over ine filter freauency range, the result
will be ¢ good approximation; i.e.,

] ! (8)
w()~ g J:_T p;df
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where p_is the filter output signal and the squaring/time integration is the rms
detectich (although the square root is not required). A typical result of this process
is sketched in Figure 6. The upper trace shows the time history of narrow-band
noise (or the output of a narrow-bandpass filter applied to widebard noise). After
squaring and averaging this signal, an rms detector cutput would appeur like that in
the fower skatch, where measured mean square pressure, depending on the averaging
time, follows the rise and fall in the pressure envelope, fluctuating about the
expected or true, long-time average value E(p?). The emor between the measured
ond the true values decreases with increased averaging tire, and it is necessary to
understand the relationship in order to make an adequate ¢ s mpromise between analysis
time and accuracy. The standard deviation of these fluctuations, 0,2, can be shown
(s.g9., Reference 2) to be a simple function of the averaging time, T, and the
bandwidth of the noise (or the filter) Af:

a2 1

P oL

= (9)
E) Vv ART

The actual distribution of the error is the chi-square (X ?) distribution of classical
statistical theory, and tables of its values have been used to prepare Figure 7 which
shows the 80% confidence limits associated with any single sound pressure level
measurement made with a combination of bandwidth Af Hz and averaging time T
seconds. The limits show the renge, relative to the measured value SFL, within
which there is an 80% probability that the true mean SPL lies. This figure can be
used to select the bandwidth required to achieve a given accuracy. For example,
to achieve an accuracy of + 1 dB, the product Af « T must be approximately 40 or
greater. For a bandwidth of 5 Hz, an averaging time of 8 seconds is required,
implying, for the frequency range 0 to 10,000 Hz, a total analysis time of

8 x 1000 = 8000 seconds if each band is analyzed consecutively, On the other hand,
a bandwidth of 100 Hz would reduce this to 40 seconds, showing the importance of
choosing the coarsest bandwidth consistent with adequate resolution. In gencial, if
the signal is known to have a fuirly smooth, slowly varyirg PSD function, a coarse
bandwidth may be used. If the PSD varies rapidly, as is the case for any signal
which contains harmonic spikes, ¢ much narrower bandwidth is required.

The above technique is called constant bandwidth analysis and is used whenever
detailed spectral resolution is required. A more commonly used method in acoustic
work is known as constant sercentage bendwidth analysis, a technique based on the
fact that whereas narrow bandwidth resolution is normally required at low frequencies,
increasingly less resolution is acceptable at Ligher frequencies. This is because
narrow bands are generally required to identify the presence of discrete frequency
spikes, or concentrations of energy in a very narrow range of frequencies. Since such
components normally occur at integral multiples of a fundamental frequency fr the




spacing between spikes is also f_. Thus, constant-percentage filters, whose bandwidths
are proportional to their center ?requencies can isolate harmonics with a degree

of resolution which is independent of the fundamental frequency. The most commonly
used filters have octave and 1/3 octave bandwidths, although other popular

instruments use 1,/2 octave, 1/10th octave, and 6% and 1% bandwidths. Preferred
center frequencies for the octave and 1/3 octove center frequencies have been agreed
upon internationally and are used throughout this report. The upper band frequency
{imit of an octave filter is twice the lower limit, whereas the ratio for 1/3 octave
bands, of which there are three per octave, is V7= 1.26. The corresponding
bandwidths are 0.707 and 0.231 times the center frequency, respectively.

The application of these analysis techniques to helicopter noise is discussed in detail
in Section 2.4,

2.2 HELICOPTER NOISE SOURCES

It is not the intention here to treat helicopter noise generation in depth. For

detailed treatments of the subject, including methods for the prediction of scurce
characteristics, the reader is referred to references 3 through 13. However, it is
necessary to relate the subjective characteristics of the radioted sound to the underlying
source mechanisms, and the major sources will be reviewed in turn.

The main sources of helicopter ncise are the rotors und the engines, in that order,

The engine exhaust is a predominont component in the noise of piston-engine machines,
being a highly pulsatile sound with considerable harmonic content. However, most
modemn helicopters use turbine engines which radiate a combination of periadic and
random noise, the former from compressor and turbine components ond the latter
mainly from the turbulent exhaust flow. Jet exhaust noise, described previously, has
a broadband random spectrum which tends to be distributed over higher frequencies as
the exhaust nozzle dimensions get smaller or the flow velocity higher. A distinctive
feature of jet exhaust noise is that the greatest part of the energy radiates at acute
angles to the flow, i.e., generally in an aft direction. Compressor noise, on the
other hand, tends to radiate forward from the engine intake and is caused by the rota-
tion of the compressor blades and their interactions with unsteady wokes. Again, fre-
quency depends upon engine size; normally the fundamental is above 1 or 2 kHz

and for the small turbines typical of small helicopters, it can approach the upper end
of the audible frequency range (~15 kHz). In any cvent, the higher harmonics of
compressor noise approach or exceed this limit and are thus inaudible. For this
reason, compressor noise sounds pure-tone like, being the characteristic whistie of
turbine engines. Georbox noise, also significant at short distances from the helicopter,
could be described similarly. However, both components are normally small at large
distances from the helicopter because of atmospheric and other absorption effects,
which are discussed in Section 2.3,
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This brings us to the rotors, which generate the characteristic noise of helicopters.
Rotor noise generation mechanisms have been the subject of extensive research, with
the result that, qualitatively if not quantitatively, the processes involved are rea-
sonably well understcod, There is a tendency for acousticions to divide rotor noise
into three specific categories: rotational noise, broadband (or "vortex™) noise, and
blade slap.

Rotational Naise

Rotational rioise has a periodic waveform and is the "thumping" or pulsatile component
with a fundamenta! equal to the Blade Passage Frequency (BPF),

f = 60 NgB, Hz (10)

where Ny is the rotor rpm and B is the number of blades, Many harmonics of the fun-
damental are normally present, but in most helicopters, the energy in the fundamen~
tal harmonic of the main lifting rotor(s) dominates the spectrum, However, since the
BPF is low, typically in the range 10-20 Hz, the fundamental itself does not contri~
bute much to the perceived noise. Rotational noise itself results from two distinct
actions, one of which is referred to as thickness noise and is related to the periodic

di plocement of air particles as the blode passes. The other more important mechanism
is the action of aerodynamic forces ceting on the blades, which, when they move or
fiuctuate in level, generate noise.

The most straightforward case, studied by Guﬁn‘s, is that of the steady thrust and
drag forces. These components oscillate backward and forward and from side to sice
relative to an observer who is some distance away from the rotor and in doing so ra-
diate sound waves toward him, Because these motions are not exactly sinusoidol,
Fourier harmonics of the rotational frequency are generoted and biade symmetry cau-
ses all harmonics which are not multiples of the number of blades to cancei each other
out, Probably of greater importance, hovever, is the action of unstecdy revolution

to revolution, which by the very nature of rotor aerodynamics they ure constrained to
do, they also generute harmonic noise in a very efficient manner. Again, these per-
iodic forces move toward and away from the observer as the blades rotate; consequently .
he hears ¢ variation of frequency from any airload harmonic due to the Doppler effect.
Because muny airload harmonics exist and because each generates a range of acoustic
harmenics, the net result is the radiation of a very wide range of discrete freguency
comperients.  These harmonics are clearly evident in the narrow band analysis of heli-
copte: noise shown in Figure 8, Also, the importance of the periodic component to
tha ucoustic waveform may be seen in Figure 9, which records the waveform at var-
ious instants during the approach of a UH-IF helicopter ot an dltitude of 1000 ft and

a speed of 60 kt. At the farthest distance, the profile is dominated by the main rotor
moisc; but as it approaches, an increasing "ripple" due to the higher frequency tail
rotor may be noticed.
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The magnituda of the pariodic noise and the frequency distribution of the harmonic
energy are largely conkolled by the rotor design, particularly by its total lift,

number of blades, disc loading, ard above all the tip speed. The acoustic power
radiation increases very rapidly with this parameter, and the harmonic energy

becomes more and more significant as the blode tip speed approaches high subsonic
Mach numbers. This is purely a Doppler effect. As a periodic noise source approaches
a listener, both the amplitude and frequency of the observed pressure wave increase

by the factor (1 - M) ™' where M is the source Mach number in the direction of the
listener. In the case of a rotating source, M oscillates periodically about zero; as

its amplitude approaches unity, o very great frequency and pressure range umplification
occurs. The result, as shown in Figures 3 and 4, is for the impulsiveness of the
waveform to increase, eventually reaching a condition which is known as "blade slap.”
This should be termed "high-speed blade slap™ to distinguish it from a second and more
common condition which sounds very similar but has its roots in o totally different
mechanism. This is "wake interaction slap" and is caused by an impulsive aerodynamic
load fluctuation experienced when a blade passes through the vortex wake trailing

from another blade. This commonly occurs with tandem-rotor helicopters where the

two rotors interact, but it can also happen for single main rotors in conditions of low
inflow; for example, during a descent or landing flare. Examples of pressure waveforms
for varying degrees of blade slap are shown in Figure 10 obtained from the recording

of a single flyover of a CH-47A helicopter. A comparison of this development with
Figures 3 through 5 indicates a gradual increase in the higher harmonic content of the
signal,

Broadband Noise

Progressing to higher frequencies in the rotor noise spectrum of Figure 8, we see that
the harmonic spikes gradually merge into a humped region of the spectrum which

has been termed “"vortex" noise. Previously thought to dominate the noise down to
fairly low frequencies, recent research 14 has indicated that harmonic componentis can
control the spectrum level of frequencies up to and above the 40th harmonic of the
BPF, even ot low tip speeds. Mevertheless, the signal becomes increasingly random
at higher frequencies and reflects the turbulent instability of the flow cenditions at
high Reynolds numbers. The precise origins of these broadband components are still
being investigated, but it is clear that biode surface pressure fluctuations induced

by both boundary layer, shed vorticity and flow turbulence contribute to this radiation.
For present purposes, it is sufficient to consider that an airfoil moving steadily
through the air radiates stationary random noise such as that represented by the
spectrum sketch in Figure 11. Now, in much the same way that harmonic pressure
fluctuations on o rototing blade are observed by a stationary observer to generate a
range of frequencies, so the observed spectrum of a rotating random source is observed
to oscillate in level and frequency as shown in Figure 12. This periodic spectral
transformation is the familiar "swishing" effect associated with the sound of rotors at
close range., Very approximately, both frequency and overall sound pressure

12
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oscillate between limits given by the ratio (1 + M)/1 - M), where M is the maxi-
mum source Mach number component in the direction of rhe observer. The fallowing

ranges are of significance (where the subscripts "max" ond "min" denote maxima and
minima in the observed values):

Pmax T+ M
= ~ I - px R
Y
min (
]
Pmax ('*M_" (12}
-3 T-M !
P min
Mmax (F) (s
Af . T-My
min

(Here Af is the observed bandwidth of the noise radiated by o fixed source energy
bandwidth),

(p?/A F)mcm
(;;/A f)m in

o
T-m (14)

1+ MYy
Note that although the total sound proswr;:.;‘o\l flucnsates by 10 IOGIO(FW) ds,

'—_-n-) db. if the source spectrum is fiot,
this change would be observed in any frequency band, Figure '3 shows the waveform:
of "pink" noise* modulated harmonically in the range 0 - 12 dB, This corresponds to
values of M batween 0 and 0.33. If the spectrum is not flat, os for example

the PSD level changes by only 10 logyg (

* Pink noise has a constant specitum level o+ measured Ly o constont percenrage
bandwidth anolvzer,
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indicated in Figure 1}, then considerah!y greater fluctuations couid be dyserved
of o s.agle eguency Jue to the absolute tregoency ascillations. It must be re- :
membeied that these cyclic modulations are, ir fact, superimposes upon modula- ;
tions which olreody eris* due to e rurcom nature of the xound, end for this reason
they tend to be obscured as shown in Figure 13, Whether or nor the amplitude var-
iotions ure perceived us hormoric modulotions or not deperds upon the bandwidth of
the noite and the fequency and depth of the modulation.

2,3 HELICOPTER MOISE PROFAGATION

The ruise gencraiion charocteristics of ¢ helicopter are o function of its flight
confi uration ano ondient urmospheric conditions., However, the sound observed ;
ot any roint on the ground is very greatly influenzed by the sound propagation !
path aleng whizh acoustic enevgy is dissipaled by a variety of mechanisms. The f
effect of propagatic s upon the observed signature is dependent upen (o) atmos- ;
phecic conditions, (k) the pusition of the source relative to the ground, and (c)
the ground features adjacent to the sound path. The propogation lasses zan be
classifiact in terms of thase frctors o3 tollows:

Spreading Losses:
(o) Uniform sphericol spreading {Inverse Square Law) losses
(b) Monuni form spreading

- refioctior by firite bourdaries
- refractior. by ronuniform atmosphere
~ difbeetion (zcatlering) by ncnttationary atmasphere

Absorptior Losses:
{a} Absorption by atmosphere

- ¢lassical Ghsorption
~ maiscular reloxation absorption

{oj Al:orption by ground and ground cover

Each of these effects, ony one of which may predominate depending upon atmos-
gheric und ground cov' 1 conditions, is reviewed briefly in this section, Also,
more cetoiled analytical comsiderations. together with specific method: for pre-
dicting propagation Inuses tor the purposes of estimoting heliconter datectability
runae are presented in Appendix L.
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Spreading Losses

(o) Uniform Spherical Spreading - In an ideal medium the total sound power
radiated from a point source through an expanding spherical »we front
remains constant so that sound pressure levels are reduced = o dB each
time the distance from the source doubles, Deviations from this rule occur
for finite-size sources at small scurce-to-receiver distances where the phy-
sical dimensions of the source region are comparable to the propagation path
length, However, for the propagation path lengths to be considered here,
this "near field" effect is not significant, and uniform spreading loss can
be computed by the simple 6-dB loss per doubiing of distance from the
source. This loss is independent of frequency.

(b) Reflection by Boundaries - If the source is within a few (say less than 10)
wavelengths of the ground, sound reflection effects will affect propagation
characteristics. These includz amplifications (a) due to an effective increase
in source power when the height is small compared with a wavelength, and
(b) due to the interference between the direct and reflected signals. Variations
in the for-field sound levels of up to 6 dB are possible.

(c) Refraction by Nonuniform Atmosphere ~ Atmospheric wind velocity and temp-
erature gradients change the directionality charucteristics of a source by bending
the sound rays as illustrated in Figure 14, As noted in Figure 14a, a “"shadow
zone" is formed in the presence of a negative vertical velocity of sound gra-
dient caused by vertical changes in either wind speed or velocity. Conversely,
a positive vertical velocity of sound gradient, Figure 14b, will cause the
sound ravs to be bent back toward the ground, resulting in a phenomenon known
as "focusing.” In the case of a negative temperature gradient, the shadow
zone is in the shape of a circle with the source as center; however, in the
presence of wind, the shadow zone is as iilustrated in Figure 14c. Here the
shadow zone begins upwind and has u beundary shape as indicated in the figure,
Downwind, however, there can be "focusing" of the sound rays similar to that
shown in Figure 14b. Theoretical methods for predicting the effects of refrac-
tion are well developed (e.g., reference 15). However, these require detailed
definition of the atmospheric distribution of meteorclogical paramaters and are
thus not convenient for practical studies of helicopter detectability. Also, two
points of practical significance should be mentioned. The first is that refrac-
tion effects are not strongly dependent upon frequency and are insignificant
for elevation angles greater than about 10 degrees. The second is that opera-
tional use can be made of strong negative temperature gradients over a site
which couse upward refraction of sound and reduce detection range. Such
conditions are prevalent in the later hours of daylight. The opposite situation
during the early hours of the day causes sound o propanate over exceptionally
large ground distances.
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(d) Scattering by Nonstationary or Turbulent Atmosphere ~ Turbulence scattering
is another important source of atmospheric attenuation for low=-frequency
sound. It does not involve a dissipation of sound energy, but a redirection
of it. Its principal effect, on a directional sound field, is to equalize
acoustic energy propagating in all directions at large distances from the
source. This is a direct result of the scattering of the sound field by the
nonuniform sound velocity distributions in atmospheric turbulence. Thus,

a highly directional sound profile can be gradually rounded out, tending

to ¢ nondirectional pattern at great distances from the source. This scattering
or redistribution of sound energy is, in fact, the basis for a finite limitation
in the excess attenuation in a shadow zone discussed in the previous paragraph.
In the frequency range of 60~100 Hz, the observed scattering loss coefficient
for ground-to-ground propagation of sound is of the order of 0.4 dB/1000 ft.
This appears to be o characteristic frequency range for maximum icattering
attenuvation for ground-to-ground propagation. However, it is not possible

to make detailed quantitative estimates of this scattering attenvation within
the present state of the art, so that reliance must be placed on experimental
data. Such data indicate the combined effect of refraction and scattering
losses for propagation at low elevation angles of the source. Empirical pre-
diction methods which account for these combined effects are presented in

Appendix 1.

Atmospheric Absorption Losses

Atmospheric absorption losses have two basic forms: (1) classical losses associated
with the change of acoustical energy (or kinetic energy of molecules} into heat by
fundamental gas transport properties of a gas, and {2) for polyatomic gases, relax-
ation losses associoted with the change of kinetic or translational energy of the
molecules into internal energy within the molecules themselves, A detailed review
of atrnospheric absorption losses is contained in Reference 16.

Of the two forms of absorption loss, molecular or relaxation loss is far more important ot
lower frequencies. This component depends on frequency, temperature, and humidity
content and, in the critical frequency range, is primarily due to vibration relaxation
enhanced by the presence of water molecules. Until recently, the significance of
nitrogen as the principal contributor to this loss was not recognized so that previous
comparisons of theory and expen;nenf based only on relaxatica of oxygen molecules
were in substantial disogreement °." Figure 15 illustrates a typical comparison of lab~
oratory measurements and fheorehccl predictions. By including relaxation of nitrogen
in the theoretical predictions, substantial improvement is obtained in the agreement
between theory and experiment. To avoid total reliance unon this iaboratory data,
allowing for real atmospheric noruniformiiies, a practical approach has been based
vpon correlating theoretical predictions (using meteorological conditions measured

on the ground) with field measurements of atmospheric absorption losses. A number
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of field investigations hove been made of air absorption losses for aircraft noise over
nearly vertical propagation paths. Typical results, from References 19 and 20, are
shown in Figure 16. This figure also shows the predicted values for the absorption
loss coefficient, a, in ¢B/1000 ft based on the refined theoretical methods summarized
in Appendix | and/or weather conditions measured at the ground. The cbserved dif-
ference between prediction and ficld measurements of the absorption coafficient is
attributed primarily to the fact that surface conditions are only an approximation to
v the uctual nonuniform structure of the atmosphere, However, when vertical profiles
for weather data have been sxamined, it has bean found that surfa:e measurements of
temporature and humidity are reasonably accurate predictors for the average tempera~
ture and humidity in the first 1000 fi above the ground. Thus, for deteciion studies,
surface conditions for tamperatyre oad humidily are considered to be «decuate for
pradiction of atnuspheri cbsorpiion losses for low=flying helicopters,

Abserntion Losses by Ground Surfaces and Ground Cover

The -7ast majority of field measurements of sourd uropagatior losses have been made
over horizontal propagation paths with ground surface caditiors ronging fron hard
concrete to thick dense jungle. As indicated earlior, the effect of rafraciion an
sound propagetion s particelarly important for necr=horizontu! fropagation paths,
Thus, fie.d measurements are not a reliable scurce of data for isolating erfects of
ground cover unless great care has beea taken in the exzerimant to remove ary
effacts associcted with weather, A'so, it is necessary ic consider propagsiion ovar
very fong path lengths. Field measuraments which comtina these tao features in the
experimertal plan -- curefui ¢ couniing for weather effech, end propagation over
long distances -= are vary limited. Applicabie reciltc, frum Referances 21 through
24, are suramarized in Figurs 17, [t is apparent that gre-und Goserption effects can
increase the sxcuis absorption very supstanticlly ovar that due ' aimospheric absorp-~
tion alone. For purposes nf e timating maximum detection range, it may be assumed
r : that the min‘mum loss for very small elevaiion angles o the source ( < 10°) will be

i due to scattering los.ss from lurtulence near the ground. This minimur excess atten~
vatian for ground-to-ground propagation is defined in Appendix i.

! Summiary of Prediction Msihods

Engineering prediction methods for estimating propogation losses for a wide range of
. waather and ground cordiiions are given in detail in Appendix I. These methods are
bosed on o critical analysis of available theery and data on the phenomena outlined
in the preceding paragraphs, For greliminary estimates of detectabilty range, the
following expressions may be used. The first covers the case where the propagation
angle 3 (between horizontal end sound propagation path) is greater than 10 degrees.
The second applies to cases where this angle is less than 10 degrees. The predicted

‘ propagation loss is based on the approximation that the loss at 250 Hz is a valid measure
for initial estimates of detectability range.
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Elevation Angle Greater than 10 Degrees:
(o) For R(T+ 40) 2 500

where R= Relative Humidity, % and T= Temperature, °F

0.4
0 0.6 [R—‘}O%g@] dB/1000 ft. (16a)
(b) For R(T+ 40) < 500
R(T + 4
o= 0.1+0.7 [—(30%9)] , dB/1000 1. (16b)

Elevation Angie Equal to or Less than 10 Degrees:

Add to loss determined by Equation (16), the fixed attenuation loss given by

-J/tan 38 a7)

A = 10e , dB
9
where (3 = elevation angle, degrees.

The actual propagation losses experienced at a given site will be subject to consid-
erable variation due to variations in weather conditions. An approximate indication
of the magnitude of this variation is provided by the following expression based on
unpublished Wyle Laboratories data. The latter comprises a statistical analysis from
over 2000 aircraft noise measurements over a range of 700 to 3200 feet,

) SR
aEA = 1.3+ 0.3 [-m] ; dB (18)

i
-

where aEA = standard deviation in excess absorption over slant range (SR), feet

2.4 HELICOPTER NOISE ANALYSIS

The proper way to analyze helicopter noise depends entirely upon the purpose for which
the analysis is being performed. In general, there are two basic reasons for measuring
helicopter noise characteristics: first, as part of research and development investiga~-
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tions of source mechanisms and, second, in order to derive information for use in
studies of the effects of helicopter noise, for example, upon communities which

are exposed to it, The requirements are likely to be more stringent in the first

ccse than in the second. For research purposes, the greatest possible resolution

and accuracy will be required. Data requirements might, for example, inciude
individual harmonic amplitudes of rotational noise (possibly including phase) and the
power spectral density of random components, all specified as functions of fiight
configuration and position. On the other hand, the effects of ncise are not nor-
mally dependent upon such details, as we shall see, and it generally is adequate

to determine much brooder features using fairly coarse filter bandwidths, for example.
However, over and above the basic requirements, the proctical complexity of per~
forming these measurements must be considered, Invariably, the sxperimenter must
make a very difficult choice between resolution, accuracy and analysis time.

Noise Recording

Thus far it has been assumed that suitable records of helicopter noise pressure time
histories are available for analysis, Whereas these are best obtained as the direct
voltage output from a microphone system in the field, this approach is normally im-
practical or impossible because of the time required to perforn the analysis. Thus

it is necessary to acquire a permanent record of this voltage on a magnetic tape
recorder,

The ideal recording system would meet the following requirements:

a) Frequency response flat between 0 and 20,000 Hz
b) Working dynamic range of 120 dB+

c) Crest factor capacity of 15 dB+

d) Zero frequency (tape speed) error

The secend of these is considerably beyond the present state of the art. Direct-
record, audio tape recorders (which record a voltage proportional to the sound
pressure) can reach a 60-dB signol ~to-noise ratio, but their frequency response
is poor compared with that of an FM (frequency modulation) machine. Also, their
transient response (to rapidiy changing SPLs) appears to present a problem for heli-
copter noise recording. An FM tape recorder (which records a carrier signal whose
frequency is varied by an amount proportional to the pressure signal) can meet the
frequency response requirement but has a poor dynamic range of less than 45 dB.
Allowing an adequate margin for high crest factor tclerance, this is reduced to a
practical value of 25 -30 dB. This puts a big demand upon the signal conditioning
system, which must be designed to maintain the tape recorder input voltage within
a narrow operating range, yet ot all times meet rigorous calibration requirements.
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Finally, commonly used general-purpose, high-guality microphones are normally
deficient ot frequencies below 20 Hz., Special purpose systems are required which
use an FET preamplifier stage to avercome a low-frequency problem. Microphones
are available which come close to meeting all the requirements described above,
but orly for a particular orientation. All microphones tend to be highly directional
at high frequencies and must be arranged with considerable care.

The problems of helicopter noise measurement have been investigated in a parallel
project, and the detailed findings have been reported by Brown?® .

Spectrum Analysis

The principles of spectrum anclysis are well established and are documented in many
texts (e.g., Reference 2). However, an opplication of these techniques 1o helicogter
noise is not stroightforward because of its unusual composition of random and periodic
noise. Analysis requirements for these components tend to conflict, and significant
errors are likely if due attenrion is not given to each. The bandwidth/averaging time
requirements for siationary random noise were discussed in Section 2.2,ard it remains
to examine the measurement of mean square levels for tones.

The mean squared sound pressure of a sinusoida! signal is
T
——— o]
p’ = TI— J p cosmi)2 dt (19}
Q
o 0

where w= 2 7f and To is exactly one period = 27 /w seconds. (Equivaient to
Equation 1).

A mean-square detection circuit computes a running estimete of this value, which is

2 t
sz = pToJ' cos’aw b
t-T
p?
0
= = [l + k cos (2wt+¢):l (20)

where T is the averaging time of the circuit and

sinwT

k= wT

(21)
That is, the output of the measuring device oscillates about the true mean square value
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pl = RG/Z with an amplitude k(p? and a frequency 2w radians/sec. Thus, the

limits of the error associated with the instantoneous measurement E:n are

- 1+ lk!) ]
T (D) 48 and ‘7(___) dB 22
p ( " an p ]- Ik' ( )

Figure 18 shows the sound pressure level error limits corresponding to Equation (22) as
a function of T/To. Only the envelope of the possible error is shown; its actual

value oscillates with time t and drops to zero at all integral multiples of 0.5 To. The
figure shows that the accuracy is better than +1 dB for T/T°> 0.8 and better than
+0.5dB for T/To> 1.33. That is, provided the averaging time is greater than one

and one-third periods of the frequenay of the tone to be racasured, ths measured
meon square level will be within 0.5 dB of the true value. It is most important to
note, however, that this sratement is irue only for a sin%le tone . The errors asso-

ciated with the rms detection of harmonic complex will be considered separately
baelow.

Cemparing the requirements for random and sinusoidal noise at a frequency of 10 Hz
(typical of o main rotor BPF) vtina, for example, a 5-Hz filter bandwidth, it is clear
that the tone requires considerably less averaging time for an accuracy of +1 dB

(.08 seconds) then does random noise (8 seconds). -

A hovering hLelicopier radiates noise which is essentially stationary at any fixed mi-
zrephene location. Provided no excessive level fluctuatinns occur due to propaga-
tion irreguloritier, and a sufficient length of record is available, any degree of
wectra! analysis con be applied. For high resolution, a narrow bandwidth tracking
fitter cun be slowly swept through the frequency range at a rate which is compatible
with the required averaging time. if, ot the low frequencies, only harmonic infor-
maiion i required, a low averaging time is acceptable. If the random "noise floor"
levels betwaen the spikes are required, then a longer averaging time and correspon-
dingly lower sweep rate is called for as specified by Figure 7. in any event, ot
wificiently high frequencies, typically above 300 Hz or so, the random components
ot the signal become important and the sweep rate must be reduced or a wider band-
width selected. The latter altemative is unavoidable if modulation amplitudes are
required. Suppose, for example, we wish to examine a 10-Hz modulation of the
random noise and the modulction depth (i.e.,the ratio of the peak level to the
trough level) is 6 dB. To detect this variation, the averaging time T must be sub-
stantiolly less than the modulation period To’ say, 20 msec. To discriminate the

periodic modulations, they should be significantly greater than the random level
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fluctuations. To keep the latter to o level of + 1 dB requires the product Af-T to
be greater than around 40. Thus, a bandwidth of 40/,02 = 2000 Hz would be re-

quired; This reveals the difficulty of measuring modulation depth unless it is very
large,

The net result of these requirements is that a detailed narrow-band analysis of heli-
copter noise (in real time) can take several hours to accomplish. When this is
multiplied by the number of positions necessary to define the spatial characteristic
of the sound field, the total analysis time expands to days or weeks.

If the signal is nonstationary, as in the case of an aircraft flyby, an additional
constraint is that the agveraging time T should be small compared with time scale
of the signal change. This is required for two reasons. First, because the source
is moving, and it is normally desirable to measure the signature ai some fixed
direction of radiation relative to the aircraft; second, because if the signal char-
acteristics change appreciably during the averaging time, the measurement will
be erroneous. The extensive subject of nonstationary data analysis is bevond the
scope of this study, but some simple examples u sfully illustrate the problem.

The orientation problem increases in severity as flight-speed increases and micro-
phone distance decreases. Accepting an angle of 5° to be a limit upon the
change of position of the helicopter with respect to the microphone, the avera-
ging time for o speed of 100 kt and a distance of 200 feet should not exceed

100 msec. This in turn would require a bandwidth limit of 400 Hz tor the analysis
of random noise with a +1 dB accuracy. Note that in the case of a helicopter
cpproaching the microphone, this constraint is considerably relaxed. Theoretically
at least, only the change in sound pressure level with distance need be considered.
Neglecting excess attenuation, a 1-dB change in level corresponds to a 20% re-
duction in distance. For a distance of 2000 ft, and an aprroach speed of 100 kt,
this criterion could be met by an overaging time of 2.4 seconds. In practice of
course, short period fiuctuctions of much greater than 1 dB wil! be observed due

to propagation effects,

The spectrum analysis problem is best described with reference to a sinusoidai
signal. For a moving source, both frequency und amplitude are observed to change
due to the Doppler effect. If a Fourier analysis is attempted with respect to a
fixed period, spurious frequencies are introduced because the signal is non-~
sinusoidal. This problem can be overcome by transforming the data to a re-

* The required information is better extracted by "ensemble averaging™ over many
successive modulation periods. However, this technique requires the precise
definition of the modulation cycles.
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tarded or source time-frame but this operation is beyond the capabilities of con-
ventional instrumentation and in any case requires a precise knowledge of the
aircraft position and propagation effects. Instead, it is more common to select
bandwidths and averaging time to best compromise resolution and accuracy.

For mony reasons, 1/3 octave band filters frequently provide a good compromise

to these requirements, They are sufficiently narrow at low frequencies to allow
identification of the first few harmonics and increase in bandwidth rapidly enough
to provide statistical confidence at the higher frequencies of the random compo~
nents (assuming a constent averaging time). A sufficiently small number (23) of
adjocent bands cover the entire audible frequency range of interest (12.5 to 20,000
Hz) to allow the proctical use of a bonk of parallel filters and, finally, as will be
seen loter in the report, provide a useful analegy to the hearing mechanism. For
these reasons, 1/3 octave analysis is very widely used in the aicraft noise field.

However, for helicopter noise, 1/3-octave band analysis is not without its prob-
lems. Figure 19 shows the waveforms from the cutputs cf a number of 1/3 octave
filters applied to recordings of two helicopters. Thase on tha left-hand side were
obtained from that of a CH-47A tandem-rotor machine cpproaching the microphone
at 100 kt ir a blade slap condition (os evidenced by the pulsatile pressure signa-
ture at the top of the page}. The right-hand diagroms correspond fo on HH-43B
helicopter (twin meshing rotors) hovering ot an altitude of 50 feet at a distanc 2

of 200 ft from the microphone. This particular sound in:ludes considerable high
frequency energy as evidenced by the large omplitudes associated with the 500,
1000, and 2000 Hz bands. Amplitude modulation is apparent in all bands al-
though the envelopes have an irregular appearance at the higher frequencies.
Turning to the CH=47A rccord, we see that all filters display regular periodic
type waveforms which are very pulsatile (high crest factor) at the higher fre-
quencies. In particular, the band ot 125 Hz, which is centcred o the 12th har-
monic of the BPF (11 Hz) and thus encompasses the 11th, 12th and 13th harmonics,
shows a very severe modulation. It is interesting to coripcre these diagrams with
Figure 20, which shows similar resulte for ¢ synthetic woveform containing 100 har-
monics of a 20 Hz fundomentol. The harmonics decay at 3 dB/octave. The strong
similarity implies a similar harmonic composition, and the amplitude modulations
resu!t purely from the interaction of the finite number of comporienis within the
filter bandwidth. It may be seen that the more components there are within a
bard, the more impulisive the weve envelope becomes.

It has been found that these waveforms which have theoretical crest factors of up
to 9 dB present difficulty to analog rms detection circuits, Figure 21, for example,
shows two 1/3 octave analyses of a similar signal with a 10-Hz fundamental per-
formed with o B&K 3332 spectrometer/graphic ievel recorder combination. The first
plot, made with a lower limiting frequency {LLF) setting of 2 Hz, is accurate, as
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verified by narrowband analysis of the spech'um.* The second, with a 10-Hz
LLF, exhibits extremely large erors of 25 dB anc above at the higher frequencies.
The error is greater than that attributable to an inadequate averaging time as indi-
cated by Figure 22, which was obtained numerically for the ideal 1/3 octave bund
centered on the 20th harmoric (very similor results were also obtained for the 40th
harmonic), The graph shows the ratio of the maximum measured level to the true
level as a function of averaging time (expressed as a multiple of the fundamental
period To). Only the upper limit is represented, and it might be expected that the

iavel recorder pen would mairtain a position near this level. However, it tums
out that the capacitors in the averoging circuits do not hold their voltages between
successive pulses if the averaging time is of the order of this interval or less; they
consequently record an excessively low value. The rule uppears to be that the
averaging time should be significantly greater than the lowest fundamental period
present, regardless of whether or not this component is required in the analysis.
The practical significance of this problem is largely related to the number of har-
monics which can be discretely identified in the spechum, since the error becomes
serious only at high frequencies. Analyses of typical helicopter recordings showed
discrepancies of only 4~3 dB in the mid-frequency range, although greater ones are
clearly conceivable.

It is appropriate here to note that crest factors exceeding 9 dB can be handled

only by the highest quclity analog detectors since intricate circuitry is required to
perform the squaring process. In generai, these devices are not designed to accom-
modate crest factors in excess of 5 dB.

Real-Time Analyzers

Many instrument manufacturers are now marketing high~speed spectrum analysis de-
vices known collectively as "real ~time analyzers." These instruments use digital
logic or a combinction of digital and analog techniques to perform and record the
results of spectral anclysis at a very high rate. The highest rate possible normally
jepends upon the method used to display or store the data, but typically they are
capaoble of generating several specira per second. The use or details of these machines
will not be described here except to stote the reminder that they are subject to the
same principies aid restrictions that have been discussed. Their major advantages
over the “old fashioned" procedures are that they allow simuitaneous analysis of
actual or effective filter outputs and provide the data in a convenient form for pre-
sentation o« further analysis. Also, those units which perform digital rms averoging

* The lower limiting frequency setting controls an initial stage of time integration
(a second is introduced by limits set on the pen writing speed) where the time
constant is approximately equal to the reciprocal of LLF.
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g 3.0 AURAL DETECTION AND THE HUMAN HEAZING SYSTEM

| 3.1 THE AUCHTORY SAECHANISA

the human hearing unit corsists of three moiz divisions 5. atustrated in Figure 23, ;
odapted ircm Reference 26. These are ‘ne outer, middie and inner ears, The outer
ecr contains the visible portion, the pinna, which in humans is foirly ineffective but T
hos some sma!l effect in focussing incident sound waves upon the entrance to the ]
auditory canal. The auditory canal is essentially a straight tube, about 25 mm lcng
and 7 mm in diometer, Its inner end is closed by the eardrum or drum membrane, and
the tube thus has a quarter-wave resonance around 3000 Hz. At this resonance, the
sound pressure level at the eardrum is some 10 dB greater thon that ot the entrance to
the canul and because the resonance curve is fairly broad, the dimensions of the
canal have an important influence upon hearing sensitivity over a wide frequency
range ahove 1 kHz,

The drum membrane has the shape of a shaliow cone with its apex pointing toward
the middie ear which contains the three ossicles, the hammer (malleus), the anvil

3 (incusj, and the stirrup (stapes). This system of bones and ligaments mechanically
transmits the induced vibrations of the eardrum to the inner ear. The pressure in the
middle ear, which is filled with air, is equalized to that of the atmosphere through

, the Eustachi. . "ube, a cavity connecting it to the throat whichk is momentarily

E cpened by the act of swallowing.

The footplate of the stirrup covers an opening into the inner ear known as the oval
window, It is in fact hinged to one side of this window and is free to rock back and
forth to transmit pressure waves irto the inner eor.

The purpose of the middle ear appears to be to match the impedance of the air in the
auditory canol to that of the liquid in the cavity of the inner ear, The inner eor
itself has three parts: the vestibule or entrance chamber which contains the ova!l
window and a second saaled opening known as the round window; the semicircular
conu. : and the cochlea. The semicircular conals are connacted with the sense of
belonce and nlay no role in the hearing mechanism. The cochlea, however, ccatains
the audiiory nerve endirgs and other structures whose function is to translate
mechaniccl motions into neural stimuli and as such is of major interest in the studies
of the detection process.

B B el | il

The cocklea, named after the snail shell, is a coiled fube with a total lengih of
about 31 mm which makes approximately 2-3/4 turns. It mean diameter is about
1.5 mm und the tuhe narrows somewhat irregularly towards a point ar its closed end.
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The cochlear tube is divided longitudinaily into two chanrels known as the upper and
lower galleries by a rather complicated partition as shown in the cross-sectional view
in Figure 24, This partition extends from the base of the cochlea almost to the apex
but leaves a small orifice, the helicotrema, connecting the fluid in the two galleries
(Figure 25). One reason for this passage is to protect the delicate membranes of the
partition from possible damage by static pressure differentials. The partition, in fact,
contains two membranes, Reissner's membrane and the basilar membrane, which en-
close a duct containing a thick gelatinous fivid. Reissner's membrane does not appear
to play any rele in the hearing process other than to restrain the fluid. The basilar
membrane, which cn the other hand most definitely does, is connected to a bony
shelf on one side of the cochiear tube and the spiral ligament on the other. The bony
shelf is quite rigid and protrudes into the cochlea by an amount which decreases to-
ward the apex (Figure 25). Thus, the basilar membrane actuaily increases in width
from the base to the apex of the cochleo.

When the stopes is excited by very low frequency scund, the incompressible fluid os-
cillates between the upper and lower galleries through the helicotrema, the fluctua~
tions in the lower gallery being accommodated by deformations in the diaphragm of
the round window (Figure 25). At higher frequencies, however, the fluid inertia
prevents this orifice flow and instead, deformations of the basilar membrane occur.
This deformation is sensed by the Organ of Corti which transmits the information
through the auditory nerve to the brain, The Organ of Corti is attached to the upper
surface of the basilar membrane and traverses its entire length (Figure 24). It forms
a te mination to the auditory nerve which enters the cochiea alongside the beny shelf
ond contuins more than 20,000 hair cell sensing elements. These protrude from its
upper surface to connect with the tectorial membrane, a fairly rigid element extend-
ing from the bony theif. When the basilar membrane distorts, these hair cells are
put into tension, and in much the some way as a piezo-electric transducer, generate
small electrical voltoges known as cochlear potentials.

Many theories have been put forward to explain the dynamics of the cochlear system
and many experimental simulations have been attempted. However, due fo the ex-
tremely complex structure of the real system, many detoils are imperfectly understocd.
For present purposes, a simple explenation is adequate to introduce the concepts of
auditory frequency selectivity whick are fundamental to presently accepted theories
of the hearing process. This model is illustrated in Figure 25, which shows a dia~
grammatic representation of the cochlea and basilar membrane. As noted previousiy,
except at very low frequencies, antiphase vibrations of the oval and round windows
are possible because deformations of the basilar membrane allow the necessary fluid
motion. These deformaticns are highly localized for a fixed frequency input as seen
in Figure 26, which is a skeich of the longitudinal distortions of the membrane for a
1000 Hz tone. The entire cycle is illustrated in 8 diagrams ai 45€ intervals through
the 360° period. As might be expected, the higher the frequancy, the closer the
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disturbed area comes 1o the base of the cochlea until, at the upper end of the audible
frequency range, the motions are immediately adjacent to the base.

3.2 HEARING PERFORMANCE

The most important index of hearing performance, insofar as the present study is con-
cerned, is the threshold of audibility, that is the sound pressure level of the sound
vhich is just audible to the human observer in silence. From a physical point of
view it is thought that ot levels below the threshold, the generation of neural impul-
ses in the Organ of Corti is nil. When the acoustic stimulation slightly exceeds
threshold level, neuron generation is activated and a finite signal is transmitted to
the brain. The threshold level is strongly dependent upon frequency and, as might
be expected, varies substantially from listener to listener. Figure 27 shows a number
of determinations of the audibility function for pure tones. The considerable varia-
tion in these curves may be ottributed to different listeners, different experimental
techniques and most particularly, different methods of presenting the sound (ear-
phones, one ear, two ears, free field, etc.). This point will be discussed later.

For the moment the discrepancies are not important. What matters is the indication
of the associated ranges of frequency and level. The upper frequency limit of the
audible range exceeds 10 kkz and, depending upon age (the threshold at high fre-
quencies nommally increases fairly rapidly with age) and hearing acuify, can be as
high as 25 kHz. The lower iimit is scmewhat difficult to define, Normally thought
to be around 20 Hz, some experimentc indicate that sound is audible at frequancies
almost down to zero, provided the level is high encugh. What aiways casts some
doubt upon these measurements is the difficuly of avoiding harmonic distortion when
generating low frequency sounds. This opens up the poassibitity that it is sacond or
higher harmonics rciher than the fundamental which are hsard, Nevertheless, ex-
periments conducted in this study with a very low~distortion system have shown that
sound is definitely auditle at 10 Hz.

The most remarkeble “sature of the hearing syster is its enormaus dynamic range which
exceeds the performance of most electronic measuring eavipment by a lzrge maryia.
In the frequency range 1 - 5 kHz, minimum perceptible intensities can be as low os
10" wotts/cm? , at which level the vibraticn amplitide ot the eardrum is approxi-
matel one-tenth the diameter of the hydrogsn molecule. (if the heating weve any
more sensitive we would be able to hear the hissing of air molecules dua to thernal
agitation.) At the other end of the scale, the system is limited by tickle, discomforr,
and pain caused by excessive motions of the eardrum and ossicles. These limits, some
of which are also indicated in Figure 27, are somewhat difficult to specify because uf
subjective adaptation to high intensities, but they are sufficiently high to be beyona
the range of normal experience, The total dynamic range of hearing in the vicinity
of 1000 Hz is approximately 120 d8.
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At levels between these extremes, sound is observed to exhibit varying degrees of
quietness, loudness or noisiness. Considerable research has been devoted to the prob-
lem of definirg these subjective quantities in terms of meusurable characteristics of the
sound, This has led to the development of such indices as loudness level (in phons),
weighted sound pressure lovels (in <BA, dBM, etc.), and perccived noise level (in
PNdB). These quantities are derived by procedures which take account of many im-
portant psychosenscry features of the hearing process. However, despite their ob~
vious association with present <onsiderations, these procedures are cencerned with
sourd intensities well obove threshold ond, as such, are in o way applicable to the
avro! detection problem.

3.3 THE CRITICAL BAt'D CONCEPT

His pioneering studies of auditory performance and considerations of cochlear dynam-
ics discussed in Section 3.1 led Fietcher” to propose the concept of the critical band.

This notion is based upon the fact thait a single frequency tone excites a finite region

of the basilar membrane {cs shown in Figure 26) s0 that the excitation regions of tones
closely spaced in frequency overlap. Thus, if a second tone is added, it ahempts to

stimulate a region of the basilar membrane which is already in motion due to the first.
In the simpl2st possitle sere, the "critical bandwidth" is the frequency separation of
two tcnes whose excitation regious de not overlap fo any significant degree,

Nearly forty years of research {References 27 to 44) heve shown that the critical band
hypcthesis gives a sarisfactory explanation for most of the observed characteristics of
the heciing mechcnism. These include:

1. The raasking cf tones by random noise and the masking of noise
by tone:s

2, The growth of subjective loudness with bandwidth for hoth tone
compieres and rondom nuise

3. The iraquency selectivity of the ear and pitch discrimination

4,  The relationships hetween absolute thresholds for pure and
finite bandwidth sounds

thase discrimination
‘L f. & L b ch
e only major source o uisagreement between researchers is the exact dimensions of

the critical bands themselves. As in all psychoacoustic ineasurements, confidence
intervuls are large and rhe resuits appear very sensitive to experimental technique.

The early inessurenents of Fietcher and Munson®® were based upon two assumptions:




(@)  If a tone and wideband random noise are played simultaneously,
and the leve! of the tone is adjusted until it is just barely audible,
then only the random noise energy contained within the critical
band centered at the tone frequency is effective in masking the tune

(b) At the just masked level, the energy in the critical band is
equal to that of the tone

In fact, his experiments were based upon the second assumption which enabled him
to compute the critical bandwidth as a function of the tone/noise ratio directly as

01log ~Lf' = L- MS (23)

where L is the level of the tone at threshold and Mg is the spectrum level (PSD) of
the masking noise in the vicinity of the tone frequency. This second assumption in
fact imposes o specific definition upon Fletcher's critical bond function which is
shown in Figure 28 and has caused lafer researchers to refer to it as ¢ "eritical
ratio." Its actual variation with frequency was confirmed by the remorkably sim-
ilar results of i lawkins and Stevens®', obtained many years later and shown for com-
parison in Figure 28.

More direct investigations of the first assumption (a) have been performed by
Flatcher?’, Schafer, et al®, Bilger and Hirsch®®, and Greenwood”* and although
all confirmed that noise outside a certain critical bandwidth became rapidly less
effective in masking o tone, there is disogreement in the measurements of the band-
width., De Boerreviewed these and other studies and concluded that the critical
band cannot be accurately determined solely from masking experiments because the
vand limits are too imprecisely defined, This is seen to be the case in De Boer's com=
pilation of data which is reproduced in Figure 22. The plot shows, for tones around
1000 Hz, different measurements of the tone-to-noise ratio for differcnt noise band-
widths. Fletcher's model is shown for comparison. Possibly for this reason Zwicker,
Flottorp and Stevens™ turned their attention to the role of critical bandwidth in loud-
ness summation, performing experiments to measure the increase of loudness with
bondwidth., The sounds studied included both bands of noise and aroups of tones anti
in both cases they were able to clearly show that, for bandwidths (or frequency spa~
cings) up to a certain limit, the ioudness remains con<tant. Beyond this limit loudness
increases, They then compared their results with critical bands derived in different
ways. Cf particular relevance here, they first compared absolute thresholds for single
and multiple fones fo show that, up to a cerfain number of components (i.e.,up to a
certain bandwidth), the overall level of the just detectable complex remains constant,
When this limit is exceeded the detection level increases. Seccndly, the masking of
bands of noise placed midway between two tones (essentially the inverse of Fletcher's

experiments) was studied. Finally, they included data on the perception of inter-
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tone phase perception resulting from amplitude and frequency modulotion of tones,
This showed that phase effects were only important for tones within a critical band.
In general, they found close agreement between all these various results and were

able to recommend with some confidence, a revised critical band function, al~

though of similar shape to Fletcher's curve, turned out to be approximately 23 times
larger (see Figure 28).

The recommendation of Zwicker et al went unchallenged until 1961, when Green-
wood ¥, as a result of his earlier masking experiments®®, a study of optical measure-
ments of the basilar membrane, and some early psychophysical measurements, presen~
ted a revised critical bandwidth curve which is also shown in Figure 28, In deriving
this new result, Greerwood consolidated earlier beliefs* that critical bandwidths
represent equal distances along the basilar membrane (approximately 1 mm) and the
frequency intervals over which the inner ear performs a spacial integration. In fact,
his results agree fairly closely with those of Zwicker et al*in the mid-frequency
range, but diverge ot high and, more significantly, at low frequencies. In the
latter regard, it should be noted that Greenwood's curve appears to take account of
the only published data at frequencies below 100 Hz,

3.4 TEMPORAL EFFECTS

Evidence that the eor possesses frequency filtering abilities was discussed in the pre-
vious section. In a further analogy with acoustic dota analysis methods, it is of dis-
tinct interest to hypothesize that the auditory signal processing system includes en
equivalent of the rms detection circuit. The notion that such processing takes place
is perfectly consistent with observations of ihe perception of fluctuating signals (e.g.
beats ond other modulated sounds) and severai investigators (e.g. References 42
through 44) have attempted to measure the appropriate time constant, However, dif-
ferent sources of data conflict, with averaging times between 5 msec and 200 msec
having been suggested, As with other characteristics, it seems that @ precise value
depends almost entirely upon the type of experiment used to determine it. In¢c:n=
eral, a value between 100 and 200 mssc seems to be discussed most frequent!y.

3.5 SUMMARY

For the purposes of the present study the following observations, based on o review of
relevant research into the functioning of the hearing mechanism, seemed to be
important:

1.  Absolute threshold data for pure tones are plentiful and in sufficient
agreement to define on appropriate "average" value.
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The “critical band" concept appears well founded, well sipgorted
and is cen*ral to modemn auditory theory. A model of the aural
detection process must be based upon its existence, but there is
some discareement regording the form of the critical band function,

Most research has, of necessity, been confined to relatively simple
acoustic stimuli such as tones and narrow bands of noise. Little data
are available on more complex sounds such as those associated with

helicopters.
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4.0 EXPERIMENTAL PROGRAM

The main purpose of this study is to develop methods for calculating the qural
detection ranges of helicopters. To do this it is necessary to: (a) specify an
analytical/empirical model of the aural detection process and (b) define its applica-~
bility and accuracy. This section describes the experimental study which was
conducted ior these purposes.

4.1 EXPERIMENTAL REQLUIREMENTS

An accurate, practical and useful method for estimating the aural detection
thresholds of helicopter sounds should tuke account of all variables which are known
to be of first-order importance to the problem. These include the acoustic charac-
teristics of the helicopter, the effects of propagation over long distances on the
observed sound, the ambient noise environment in the vicinity of the observer, and
finally, the hecring acuity of the cbserver himself,

It is obviously desirable for each variable to be specified in terms of quantities
which can be conveniently measured, or more importantly from g design standpoint,
estimated. Of equal importance is ths need io recognize the degree of accuracy
with which each can be specified. Although it is eviden! that the psychoacoustic
variables themselves have wide confidence intervals, there is litile point in demanding
greater resolution than can be expected of the physical inputs. In this section each
of the main factors are examined in the light of these requirements and for their
applicability to a potential model.

Source Radiation

At the present time, the state of the art in helicopter noise estimation for design
purposes is such that the first few (<12 harmecnics of rotor noise can be estimated with
reasonable confidence (+ 2 - 3 dB) and the remainder of the spectrum with somewhat
lesser accuracy (+ 5 dB). The spectral details, associated with these estimates, in
terms of energy distribution, can be predicted fairly well but phase information, which
has an imporfant baaring on the pulsatile nature of the total sound, is beyond the
present state of the art. It may be confidentiy expected that as knowledge advances,
improvements in all areas wili be forthcoming, but the very nature of the problem
suggests that definition of high-frequency spectral details will always be difficult.
This is particularly true of such transioni phenomena as blade slap.

Helicopter noise can he measured with as much accuracy as the instrumentation

will allow. Modern techniques can provide very high quality data provided very
rigorous experimental procedures are followed. In practice it is difficult to maintain

33




TR RTE ST R N T LR RN
AT T R O R TR Ty S OIsSTTIv

oy 2.~

ideal conditions and instrumentation limitations make themselves felt. Measurements
at long distances from the hzlicopter are extremely sensitive to environmentu! con~
ditions while shert =onge measurements present problems with nonstationarity.

Taking all these factors info account it would seem that source noise should be
measured or estimated in terms of 1/3 octave kand spectrum levels. This bandwidth
is sufficiently narrow to allow fairly detailed spectral resolution, particularly being
close to the criticol bandwidth over a wide frequency range (Figure 28), and yet wide
enough to avoid serious errors due to ronstationarity in the analysis of flyover data,
Also, the reduction of design predictions to this format is fairly convenient. Further-
more, commercial analysis equipment for this purpose is readily available in a wide
variety of forms,

In addition fo frequency selectivity, there is the question of time averaging.
A judgement on an appropriate analysis time constant must be made on the basis of
both psychoacoustic considerations and the significance of shert-time scale signal
fluctuations such as blade passage modulation,

Propagation

The effects of the atmosphere and the terrain are of profound imporicnes to the
oural detectability problem, particularly the latter in the case of low-flying aircraft.
Unfortunately, although otmospheric absorption can be estimated with some reliability,
very little is presently known about terrain effects. Also of probable significance are
the effects of random signal level fluctuations due to atmospheric inhomogeneities
and other couses, Although unpredictable, these are always present ard, like other
propagation effects, wil! eventually become better documented. Some account of
their influerice is thus considered desirable.

Masking Noise

Masking noise may of course be specified in practically any terms, depending
upon what is known abou! the ambient noise in a particular environment, In general,
it seems unlikely that there would be any necessity to be more specific than on octave
band ievel spectrum; but ogain, for flexibility, the model should accommodate o 1/3-
octave band level definition. The effects of temporcl voriations of ievel could be
considered, but lack of detailed knowiedge would probably render this superfluous in .
the majority of applications.

Human Observer Characteristics i

Hearing acuity varies significantly from person o person and aisc from commu=
nity to community and must be included in the model as a variable. For conveniance
it should be appropriate to include this variable o+ nure tone absolute threshold func- |
tion.




Specific Objectives

In tha light of the foregoing considerations, the experimental program was
divided irito two phases with the following objectives:

Phase I:  To provide the necessary supporting data to establish an adequate
analytical mods! of the aural detection process. Subsidiary .
gools of the Phase | tests were spacifically:

1. To develop a reliable axperimental technique

2. To meosure absolute and masked thresholds for tones, tonal
complexes and bands of noise, both stationary and modulated

3. To investigate the critical band concept as applied to
detection of halicopter noise.

Phase {i: To test and or refine the model through application to actual heli-
copter sounds,

4,2 EXPERIMENTAL METHOD

Psychophysical Test Procaedure

Although an audibiiity threshoid is defined as that specific level at which finite
neural activity is stimulated, it is not possible to measure the thrashold level with the
precision that this description implies because of o difference between the levels at
which the stimulus is definitely audible and definitely inaudibie. The magnitude of
this difference is a function of many factors, including whether or not the signal is
increasing or decreasing in level, its duration, the degree of concentration of the
subject, whether or not he is warned of the signa!'s existence, what to listen for, and
so on. Many techniques have been estublished for the measurement of audibility
. thresholds and 6 choice batween them insvitably rests upon the desired compromise
between accuracy and speed; as in most measuremenis, higher precision generally
requires more fime,

In the psychophysical method which was originally proposed for the present
study, subjects were to listen to a helicopter sound that was gradually increasing in
intensity and were to respond when they first detected the sound. Unfortunately,
this method suffers from two well-known types cf eiror oiten cbserved in psychophysi-
cal experiments; errors of anticipation and errces of habituation, The former refers
to the tendency of subjects to consistentiy respond oo early, i.e., below their
actual detection threshold, and the latter refers to the tendency of subjects to wait
too ong before reporting their deteciiun of the stimulus, i.e., they respond well
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above their detection threshold. These errors are typically cancelled out by pre-
senting both increasing and decreasing stimulus intensity sequences: a procedure
which requires a relatively large number of trials with each stimulus to be affective
and which, conceptually, at leust, does not fit the field detection situation, The
original technique, therefore, could not be counted on to yield reliable results.
Furthermore, it was very inefficient; each threshold determination would probably
require at least 10 separate threshold determinations.

The standard psychophysical Mathod of Adjustment appeared to provide a satis-
factory balance between the requirements of reliability and effic’ency. A pilot test
of the Method of Adjustment was performed with eight subjects. Each subject adjusted
a logarithmic potentiometer to control the headphone (TDH-39) level of a computer~
simulated helicopter sound spectrum which was repeatedly "turned on" for approxi-
mately 1.75 seconds and "off" fo- approximately 0.5 seconds. Subjects manipulated
the potentiometer until they were satisfied that the sound was just at their detection
threshold. They then brought the signal to suprathreshold levels and repeated the
adjustment procedure for a total of 20 threshold astimates for each subject. Thresholds
estimated varied over a 22 dB range for the eight subjects. An individual subject
was, however, quite reliable at picking and remaining with a particutar threshold
value from trial to trial. The average standard deviation of the subjects around their
own mean thresholds was 1.7 dB. This small amount of variabiliiy indicated ifict the

Method of Adjustment could provide a reliable indication of detection thresholds for
complex acoustic stimuli.

Although the method appeared to be very refiable, it soon became clear that
it would be too time consuming fo investigate the lorge number of different helicopter
sound characteristics that contribute to detection. Each adjustment requirad between
30 and 60 seconds, Thus, if thrasholds were to be found for only 100 different stimuli,
and each threshold estimate were composed of only 10 different adjustments/subject,
each subject would have to make 1000 adjustments requiring a total of 500 to 1000
minutes (8 to 16 hours for this limited number of stimulus values).

An clternative approach was required because considerably maore than 100 data
points/subject were desired. Von Bekésy'’ described an audiometric technique for
determining pure-tone thresholds as a continuous function of frequency, which used
a modified Method of Adjustment. The technique has been favorably evaluated by
Hirsch*®, who found that it was c quick and reliab)~ means of obtaining auditory
thresholds across an entire audible frequency spectrum. Beékésy's audiometer consists
of a variabie-frequency oscillator that is coupled mechanicolly to a rotary drum on
whick is mounted an audiogram blank. The listener controls the direction of an
attenuator motor, continvously adjusting the signal level between the points whers
it becomes audible and then inaudible. A writing device inscribes the amount of
attenuation on the vertical axis of the audiogram blank so that the result is o contin-
vous line that moves up and down between points of audibility and inaudibility as a
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function of frequency. The Békésy method may be classified as a modified Method
of Adjustment, which is reliable and yields a large number of threshold determina-
tions in a short time,

The methodology used for the Bekésy audiometer was, therefore, suited to the
present task and the entire experiment was designed around its use. The test signals
were recorded on analog magnetic tope or generated in such o way that the stimulus
parameter under study, normally frequency, was varied slowly with time, A pure
tone audiogram, for example, was obtained during a 5 minute frequency sweep
from 12 Hz to 12,000 Hz. Whatever the signal, the s bject, who was able to
control the signal level, was asked to continually adjust it to the just—audible point
for the entire test duration. The conrrol and data acquisition. sysiem developed fur
this purpose is desc.ibed below,

Control and Data Acquisition System (DAS)

In order to obtain a statistically adequate number of measurements for the range
of variables envisaged, it was cloar from the vutset that some form of automated test
procedure would be required to obtain them reliably and accurately. Accordingly, a
significant proportion of the effort during this project was directed toward the develop~
ment of an automatic test control and data handling .ystem for large~scale Békésy
audiometry.

The system was centered around a 120~dB, continuously variable attenuator,
which contrelled the level of the stimulus sound being presented to the subject. The
setting of the attenuator was controlled by a bi-directional electric motor, which was
in turn contro!led by the subject. The fracking rate of the attenuator was 2 dB per
second in either direction.

Tha subject listened to the stimulus sounds inside an acoustic fest chamber. He
was furnished with a simple hand-held pushbutton cord switch and instructed to push
down the button as long as he was oble to hear the stimulus, reieasing it when the
signal became inaudible. Pushing the button drove the attenuator in the direction
of increasing attenuation and releasing it caused the sound level to increase again.

During the course of tha test the automatic data system sampied the position
of the attenuator setting at intervals of approximately one second, recording these
data on punched paper tape. These were subsequently subjected to computer analysic
by programs which converted the punched numbers to sourd pressure levels and related
these levels to the temporally vorving choracteristics of the stimulus sounds, The
results were made available as listings or plots of the means and deviations of the
threshold levels, either for individual subjects or as average results for an entire
tesi jury. An example plot is shown in Figure 30.




The data system and associated software have been desctibeu *n detail by
Adcock'’ . The main design features of the system together w i cpuraticn end
calibration procedures and data analysis methods are described in Appendix It to this
report,

Test Environment

It was originally intended to present all stinuli to the subjects in a totally
proaressive wave environment in Wyle Laborateries' 1500-cu ft progressive wave
chamber, which has been described in References 48 through 51. However, recent
experience in another project’® revealed a serious difficulty in maintaining a known
stimulus level at the subjects' ears at frequencies above 1 kHz, This problem is
caused by head diffraction patterns which vary between subjects and with head
orieniation. Accordingly, it was decided to avoid this problem through the use of
wide-frequency-range headphones. At the same time, the possible importance of
total body exposure at low frequencies was recognized and fo retain the effect of
nonauditory stimulotion, the tests were performed inside a newly developed low=fre-
quency progressive wave chamber. A crossover network was used so that the test
subject seated in the working section of this facility was totally exposed to frequencies
below 65 Hz generated by loudspeakers while listening to higher frequencies through
high-quality hinaural headphones.

A cutaway view of the acoustic chamber in Figure 31 shows its three sections,
The first is a 1300-cu ft loudspeaker enclosure co-taining four 30-inch~diometer
Electrovoice W30 speakers. These generate G test sound pressure level in excess of
120 dB at frequencies down to less than 10 Hz. To damp out resonances, two wedges
containing 170 Ib of low-density glass fibers are installed in this enclosure, The
speakers are mounted in a reinforced wooden baffle and are driven by the parallel
190 watt channels of @ Crown DC-300 solid-state amplifier. The total system has o
very low harmonic distortion of less than 0.3% at levels less than 100 dB. The middle
test section, which is 10 ft long x 8 ft wide x 7 ft high, can accommodate four se- *:d
subjects, although the present adjustment tests involved only one subject at a time.
Behind the working section and designed to absorb the total speaker power output of
more thon 50 acoustic watts, are four 20 ft long fiberglass wedges, each spanning the
full height of the chamber and expanding to a maximum width of 2 ft at the rear wall,
In all the facility is 50 ft long and is constructed of 12-in~thick concrete to provide
high attenuation of external noise.

The headphones used were the newly available Koss ESP-9 electrostatic units
which have a nominal frequency response (+ 5 dB) of 10 - 18,000 Hz. To minimize
self~generated noise, the AC-powered voltage source was replaced for the tests by a
dry cell fc maintain the polarization voltage of 50C volts. The E-9 energizer was
driven by a single 20-watt channel of ¢ Crown D-40 solid-state amplifier, like the
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DC-300 an extremely stable, wide-dynumic rang=-amplifier with excellent frequency
response characteristics.

Figure 32 is a schematic diagram of the entire sound generatio. and instru-
mentation system, The frequency characteristics of the system, as measured in a Koss
B&K é-cc coupler using a 3-in.B&K 4133 microphone, are presented * igure 33.
These calibrations were performed at a sound pressure level of approximately 100 dB.
The overall response curves, one for each earphone, are presented in Figure 33 (a),
and the lower diogram (b) shows the separate free field (loudspeaker) and pressure
field contributions (headphones). It should be noted that in the loudspeaker frequency
range, the headphone coupler arrangement is totally transmissive since precisely the
same function is measured beth with the headphones removed and with the microphone
removed from the coupler. Details of the calibration procedures used are describad in

Appendix 1l,

4.3 PHASE | TESTS

The main purpose of the Phase | tests was to validate the experimental proce-
dures Gid equipment and to investigate certain aspects of cural detection of relevance
to the helicopter problem which do not appecr to have been covered i previous
research. Specifically, these included measurements of absclute and masked thresholds
for tones, bands of noise, both stationary and harmonically modulated, and finite
bands of muitiple harmonic noise. The precise combinations of signals and noise
included are presented in Section 5,0. Altogether, more than twe hundred and fifty

individual tests were run over a period of 2 months for a total test duration of approxi-
mately 45 hours (including Phase [1).

Sub'lects

Initial Phase | tests were repeated with five sbjects, However, experience
showed that equally consistent data could be obtained with three trained subiects
selected from Wyle Laboratories engineering staff, so to cover the maximum ground in
the time available, the bulk of the experiments were performed with three subjects,
The absolute audibility function for pure tones averaged over these three subjects
showed good agreement with a variety of previous determinations taken from the
literature, This comparison is discussed in Section 5.0; it suffices here to siate that

the agreement was sufficiently close fcr the subjects to be regarded as having normel
hearing acuity.

Signa! Generation

Eorly experiments ccused abandonment of the original plan to perform all
experiments using a remote controlled tape reproducer as a signal source, This wos
due to problems associated with the extraordinary dynamic range of the ear as
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witnessed by the threshold contours of Figure 27, Very simply, it was discovered
that "tape hiss” was considerably more audible than the signal for tones and other
sounds with low frequencies and this problem required major alterations to hoth the
equipment and the test plan.

All pure-tone thresholds were obtained by what was effectively o standard
Bekéesy audiometric procedure using the BFO as a signal source with direct input to
the DAS amplifier. The automatic sweep facility of this oscillator wus used to vary
the frequency ot a rate of 0.83 octave per minute in the range of 10 Hz to 12,5 kHz.

Stationary random noise was investigated in octave or 1/3-octave bandwidths
by on-line filtering of pink noise reproduced from an FM tape recording (see Figure
32). During the test, the tape was played continuously into the stepping filter of the
B&K 2112 Audio Frequency Spectrometer which was automatically switched from band
to band at 0.83 octave per minute between 12,4 Hz and 10 kHz (1/3- octaves) or
between 16 Hz end 8 kHz (octaves),

The same technique was also used to generate modulated random noise and
multiple harmonic noise. The modulated noise was initially recorded on FM tape by
moduiating the same source of pirk noise with an electro-optical amplitude modula-
tor. This unit was driven by a modulating signal from an HP 650 A oscillator,
Modulation depths* of up to 12 dB and frequencies of up to 40 Hz were applied to
pink noise signals with energy between 10 and 12,500 Hz. Some oascilloscope records
of these signals were shown in Figure 13, The harmonic sounds containing one
hundred harmonics ond fundemental frequencies of 10, 20 and 40 Hz were generated
digitally by an XDS Sigma V computer, converted to analog form by a high=speed
digital to analog recorder ard recorded on an Ampex AG 500 1/4-inch direct record
tape machine.

Test Procedures

Test participation demands considerable concentration on the part of the test
subject, so to avoid fatigue, test runs were limited o the shortest possible duration.
For this reason all preliminary checks and setup procedures were completed before the
subject entered the test chamber. Uporn entering, the subject was seated and warned
of an imminent start by the test controller. A two-way intercom was installed, and
the controller was able to haar the subject at all times when a test was in progress.
The subject himself could monitor the progress of the test by watching a slave con-
sole which relayed the status of the DAS, [llumination of an amber “"STANCBY" lamp

* Defined in terms of the peck *o trough rms levels.
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indicated that the DAS was readied and the test could commence at any time, When
the display switched to "READY" (also amber), the system was eneraized and the
attenuator motor was running. At this time, the subject should have been wearing

his headphones and begin to perform his test function. When a green "RUN" lamp lit,
data was being acquired. The simultaneous illumination of g red “LIMIT" lamp warned
thut the attenuator had reached the end of its travel ond had thus gutematically
switched off the motor. This situation could only be remedied by the controller as
described in Appendix I, and to be sure that the abort had come to his attention the
subject was asked to cdvise the controller whenever the red lcmp was lit, At the end
of the run the display switched from "RUN" to "STANDBY" at which point the subject
was usvally asked to relax and ieave the chamber,

Should an abnormal situation arise during a run, the subject could operate a
guarded "ALARM" switch on the panel which lit a warning lamp on the main control
conwle and also automatically shut down the test, For coses of extreme emergency,

a switch was olso installed within reach of the subject ‘vhich cut off the electrical
supply to the audio power amplifiers. This precaution was taken to protect the subject
in the event of a signal runaway. However, no abnorma! situotions were experienced
at any time during the program.

Typical Phase | tests lasted between 5 and 10 minutes. In every case, the first
60 seconds of the stimulus signal was maintained constant to allow the subject to
acciimatize himseif and to give the motor time to move the attenuator to the vicinity
of the appropriate working range. Similarly, the final stimulus signail was maintained
for an additional 30 seconds as a check that the subject hod indeed tracked his
threshold accurately and was still concentrating at the end of the test, For wide
frequency range sweeps, the 100 dB dynamic range of the system was insufficient to
give a reasonable chance of avoiding running out of attenuator range. This problem
was remedied by inserting an optional 30-dB attenuator into the system at the DAS
output, T'.a procedure for using this was to hold the frequency sweep in the vicinity
of 400 Hz for a period of 20 seconds. During this time, the attenuator was switched
into the circuit, leaving the subject sufficient time to adjust to a new attenuator
setting before continuing the sweep.

4,4 PHASE !l TESTS

The puipose of this second series of tests was to provide comprehensive experi-
mental confirmation of the validity of the aural detecrability criteria for practical
application. The experiment was designed around the Beké&sy cudiometric procedure
but involved the use of recorded helicopter sounds in place of the "artificial" stimuli
used previously and a wide range of ambient noise spectra.
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The helicopter noise recordings were obtained from the U, S, Air Force
Flight Dynomics Laboratory, the Acoustics Branch of NASA Langley Research Center
Dynamics Loads Division, and from Wyle Laboratories' magnetic tape library. Many
signals were examined for their ability to meet the following criteria listed: in order
of importance)

1. Good sigral -to-noise ratio and signai quality;

2. Freedom from wind noise, insect sounds, bird calls, vehicle movements,
vaices, and other spurious sounds;

3. vong durction and staadiness;
4, A diversity of source characteristics;
5. Large distance between source and microphone.

In fact, inese requirements were difficult if not impossible to meet collectively,
and in almost all cases a compromise of some kind wos necessary. Probably of most
significance in this regard is that it was generally criterion number 5 that suffered,
and most of the sounds selected were recorded at distances substantially less than
detection range. The 21 signals selected for study are fisted in Table I.

Most of the original recordings were made on wide-frequency-range FM equip-
ment, and the initial intention was to use an FM reproducer to generate the test
stimuli in order to include the frequencies below 20 - 25 Hz. Unfortunately, severe
problems were encountered with the PS~207 remote operation facility which could not
be overcome during the available test period. Accordingly, it was necessary to copy

data to a direct record system for reproduction according to the arrangement shown in
Figure 32,

Because of the finite travel rate of the DAS aitenuator, any sudden, large
changes of level essentially cause the loss of threshold data while the potentiometer
travels to its new equilibrium preblem. To minimize the cccurence of such discen-
tinuities, the 21 signals were copied in sequence onto a master test tape through an
amplifier whose gain was continually adjusted o maintain an approximately constant
overall level.

The 1/3-octave band levels were read at 15-second intervals from time history
analyses of this tope made with a 300-msec averaging time (see Section 5.4). These
historias were turther averaged by eye to smoot, out low-period random Quctuations
for a total effective averaging time of the order of 10 seconds.

The tape, which was initiated and terminoted by 40 seconds and 30 seconds
respectively of a 100-Hz control tone for setup and calibration purposes, lasted about
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TABLEL §.

SOUND RECORDINGS USED IN PHASE {1 TESTS

ident, Helicopter Estimated Signal
No . Ty Flight Configuration Ground Distance  Duration
: ype ft. sec.
¥ CH-478 Hover in ground-~effect 200 57
2 UH-18 Hover and approach 5,000 61
3 UH-18 Hover in ground-effect 600 70
4 CH-478 Hover in grounZ-effect 300 94
5 UH-18 Hover in ground-effect 2,500 53
6 HH-438 Hover in ground-effect 200 25
7 HH-438 Hover at 50 ft altitude 200 23
8 HH-438 Hover at 200 ft aititude 200 20
9 HH-438 Hover at 500 ft altitude 200 29
10 CH-47A Flyover at 1100 ft, 100 kt trom 10,000 62
1 CH-47A Flyover at 750 ft, 100 kt from 6,000 37
12 CH-47A Flyover at 450 ft, 100 kt from 6,000 37
13 CH-47A Flyover at 250 ft, 100 kt from 6,000 36
14 QH-50 Flyover at 125 ft, 30 kt from 4,000 80
15 QH-50 Flyover at 1000 ft, 40 k¢ from 3,500 51
16 YOH-6 Flyover at 500 ft, 100 kt from 10,000 57
17 YOHR-6 Hover at 500 ft 200 36
18 CH-3E Flyover at 1000 ft, &0 kt from 8,000 85
19 CH-3E Hover at 500 ft 200 39
20 UH-1F Flyover ot 1000 ft, 60 kt from 9,000 N
21 UH-1B Ground run 50 81

43




N

-

23 minutes. The entire tape was played for each test in combination with ore of
eight different ambient masking sounds (including "zero" ambient for the determination
of absolute thresholds), These umbient sounds all comprised ga. ssian random noise
with spectrum levels designed to provide the severest possible test of the unalytical
thresho!d model. Only two spectrum shapes were involved: flat "pink” ..5ise and
noise whose 1/3octave band level decayed at the rate of 6 dB per octave  These
sounds were recorded on two separate tapes which were reproduced at difix.. at
levels to obtain the specified conditions.

\

To provide improved statistical reliability in these main tests, ten subjects
were used, These were all men in their twenties and early thirties who were selected
from approximately thirty applicants on the basis of acceptable hearing ability. No
related experience was required and, in cn attempt to derive reclistic rusults typical
of "untroined" listeners in the tactical situation, no extensive training was given.
Each subject was paid for his services and participated in each of the eight test runs
described above. In addition, sine sweep audiograms weie meusured on a number of
occasions. Because of the long duration of these tests, each subject was allowed at
least 30 minutes' rest period between successive tests,

The written instrections given to the subjects are presented in Appendix NI,
The porticipants were given ample time to study these and to ask any questions to
satisfy themselves and the Test Director that they fully understood what was required,
In addition they were allowed skort practice runs. It should be noted that the
iretructions mode specific reference to aircroft sounds. This was feit to be important
after preliminary tests revealed that a difference normally existed between the leve! at
which an unspecified stimulus difference was detected and the level at which the
signal was recognized as the sound of o helicopter.
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5.0 RESULTS AND DISCUSSION

The experimental jata presenied in Sections 5.1 and 5.2 wese read from the
computer plots such as shown in Figure 30. Curves were fitted thiough the uverage
threshold points by eye, and from it values were read and tabulated ot 1/3-octave
intervals. The data points shown in the various figures are these 1/3-octave values. All
results are averaged for the same three experienced subjects and it should thus be noted
that each 1/3-octave dota point effectively represents the contributions of approxi-
mately 45 individual mcasurements. The variability of these individual measurements,
due to both the differences between subjects and the adjustment oscillation, had an
average standard deviation of approximately 4 dB. However, deviations tended to
increase to around twice this value at frequencies above 4000 Hz,

5.1 ABSOLUTE THRESHOLD DETERMINATIONS

The absolute threshold of audibility for ¢ pure tone is shown in Figure 34 as a
function of trequency. Two sets of data are plotted, measured on two occasions
separated by several weeks, which indicate the degrea of repeatability obtained.
Very small differences are observed ot frequencies below 2000 Hz, but discrepancies
are apparent at higher frequencies. This reflects the increased data scatter at high
frequencies referred to above and is probably attributable te the difficulties of
accurately establishing the true sound pressure level in this region (see the head-
phone response diagram, Figure 33).

A best-{it curve has been faired through the data points for use as a basic pure-
tone reference in subsequent discussions. The slight hump in the curve around 80 -
100 Hz is purely a function of the stimulus presentatic i syster as Figure 35 reveols,
This cor:pares the thresholds measured in three ways: with headphones only, with
loudspeakers only, and with both headphones and loudspeakers connected through a
&5~-Hz crossover network, The loudspeaker-alone data is practically undistinguish-
cble from the "combined" curve, Lut a marked increase in the threshold level may be
seen for the headphone presented sound. This difference, with a maximum of 12 dB
at 25 - 31.5 Hz, is probably due to the different methods by which the sound presturs
ievels were maosured and the fact that the headphone levels differ batween the
coupler used for colibration puiposes and the normal head fitting position due to
leakage through the seal. The rapid convergence of the two curves obove 63 Hz
suggests that o higher fiequency crossover would have been more appropriate, but
the choice is not considered detrimental since the findings of the study are bosed
upon relative threshold measurements,

The pure-tone function is compared with previcus threshold determinations in
Figure 36, Fletcher and Munson®® measured the average threshold of eleven subjects
in 1933 using headphones, and this curve has been and continues to be widely used
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and quoted. Their curve agree. closely with present data in the mid-frequency range
(63 - 1000 iz), althaugh differences at higher frequencies become quite large, The
second curve, which demoncirates the increase of thresho'd leve! with increasing uge,
is due to Robinson and Dadson’, who performed a painstaking axperiment with 90
subjects to determine threshold levels for totally free fiela exposure (Minimum Audible
Field). The derived levels are those measured at the ceater of the head position in
the absence of the subject, and this wiil account to some extent for the lower threshold
evident in the 20-year-old cuirve around 4000 Hz. AsWiener'’ has shown, sound
diftiaction patterns around the head cause on increase in sound pressure level ot the
entrance to the eor, relative to that in the undisturbed field, by 10 or more dB at
frequencies above 1090 Hz. At frequencies below 1000 Hz, the Robinsor and Dadson
data is considerably lower than the other curves and is probably due to differences

in subjuct performance and extru-auditory effects not present with headphone stimu-
lation. At very low frequencies the curves tend to converge, although the previous
curves terminate at 25 Hz, One of the few previous studies of very low frequency
nuise was performed by Von B"e’ke/sy in 1936, and a report in Reference 53 explains
that this curve corresponds to the Minimum Audible Pressure measured at the eardrum,
In any event, this data is rather higher in level than that from the other sources. As
roted previously, the subtle differences between the various results are of no concern
here since the only requiremenr was to determine all thresholds in the same way to
provide zomparative results for ditference sound sources,

The absolute threshold for 1/3-octave bands of stationary random noise is
compared with the pure-tone curve in Figure 37, Again two ceparcte sets of data
ore shown, and the same comments regarding agreement apply. The differences
between the two curves are small but ceasistent, At low ‘requencies the noise
threshold is lower thar the tone threshold, whereas at trequencies above 1000 Hz
the converse is true. It is likely that the low-frequency difference is related to
the fact mat low-frequency narrow bands of random noise differ from pure tones
mainly in that their rms levels vary with time. In fact, subjectively, a low-frequency
band of noise sounds precisely like a tone with the same center frequency whase
intensity fluctuates in a random manner. Based on the analysis presented in Section
2,1, Figure 38 has been prepared to show the level in dB relative to the true, long
time averaged leve!, which is exceeded by a narraw band of noise for 10% of the
time. An averaging time of 200 msec was assumed to be typical of the hearing
system as discussed in Section 3.4. If it is appropriate to suppose that a listener can
detect the most intense 10% of the signal, then the fact that the curve of Figure 38
cgrees closely with the difference between the tcne and 1/3-octave noise thresholds in
Figure 40 supports the value of 200 msec for the averaging time for the hearing
system. However, the choice is arbitrary, and a higher percentage would imply a
smaller averaging time,

The difference between the two curves at high frequencies is largely a critico!
bandwidth effect. Accepting that the pure-tone curve is also correct for critical
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bands of noise (since both scunds stimulate the same region of the basilar membrane),
the fact that the 1/3-octave bondwidths are greater than critical bandwidths at high
frequencies explains the increase in threshold level, This is discussed further in
Section 5,3,

Also shown in Figure 37 is the 1/3-octave band spectruni of the ambient noise
in the test chamber, Measurements above 160 Hz are uncertain due to inherent micro-
phone noise, but levels are generally more than 10 dB below the threshold level.

The thresholds measured for octave bands of noise are pre-ented in Figure 3% in
comparison with both the tone and the 1/3-octave curves. Similur commeants are
applicable to the tone versus noise comparison, although the differences are smaller
at low frequencies and greater at high frequencies. This is precisely as might be
expected, Because of the increased bandwidth, the rms level fluctuations are decreased
at low frequencies, as shown by the octave band curve in Figure 38; whereas, the
increased difference at high frequencies reflects the higher octeve/critical bandwidth
ratio,

The results of various degrees of amplitude modulation of the random noise are
shown in the 1/3-octave band thresholds plotted in Figure 40, where the curve for
stationary noise is also included. The modulations were all impressed at a frequency of
10 Hz, typicai of helicopter main rotor blade passage frequencies, and at ievels of 3, 6
and 9 dB (corresponding to peak -to~trough pressure ratios of 1.4, 2 and 2.8 respec-
tively). Although some slight differences may be observed, there are no obvious tiends,
and it is felt that these cannot be regarded as significant, particularly at the high fre-
quencies. It should be noted that these modulution depths are equivalent, in the
case of rotor broadband noise, to tip Mach numbers of 0,17, 0.33, and 0.47, which
are perhaps rather low, but were restricted by the capacity of the modulator available.
The corresponding peak-to-mean sound t.res<ure level ratios (crest factors) are computed
to be 1.2, 2,2 and 2.9 dB respectively.

Absolute thresholds were also measured for 1/3-octave bands of harmonic noise
with fundamental frequencies of 10, 20 and 40 Hz respectively. The signals were
generaied wiih zero interharmonic phase, but instrumentation response may be expected
to have a significant effect upon the observed phase differences. In each case the
test included the 1/3-octave bands covering the range between the 3rd and 100th
harmonics of the fundameniol. The three sets of results are compared with the pure-
tone threshold in Figure 41, Only slight differences between the various data may
be noted, and again these are somewhat random, This is almost certainly true
between 50 and 160 Hz wkere the low-frequency bands pass signals which are
essentially sinusoidal with only very slight amplitude variations due tc interharmonic
beating (see Figure 20). The differences above 1000 Hz, where the threshold
should be influenced by the critical band effect, are too small to warrant much
discussion. Of particular significance here is that the outputs of the higher
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frequency bands are essentially highly modulated (Fugure 20) with crest- focfors of as -
much as 9 dB. The amount of modulation perceived will be highly. dependent upon
aural averaging time as indicated by Figure 22, which shows the:peak-to-mean SPL
ratio as a function of thls factor. If, as has been suggested by studies of omphiude .
modulated random noise**, the averaging time is much less than 100 msec, then for
the 10-Hz signal, o lnstener would hear intermittent levels considerably in excess of
the rms levels indicated in Figure 41. It is quite. likely, fherefore, that.these. .
observed level fluctuations depress the threshold (just as do the random ﬂucruohons
in low-frequency bands of noise) below the value which might be expected on a
critical band basis. However, even though the modulations are very apparent-in all
bands, the auditory averaging time and consequently the depfh of the. percewed
modulations are unknown. It can be stated that the: opporent perceived ‘modulation
diminishe: as the modulation (fundamental)’ frequency increases, a fact which ogain
points v the role of auditory temporal averaging.

5.2 MASKED THRESHOLD DETERMINATIONS

In order to investigate tie masking effects of ambient noise, slmulor experiments
were repeated in which the signals were mixed with wideband noise which was
essentially flat os measured by a constont-percentage bondwcdth onolyzer. The
masking of pure tones by this ncise at two. levals is illustrated in Figure 42. The
- bxoken lines show both the absolute threshold for pure tones and the 1/3-octave band
levels of the masking noise. It is apparent that the low-frequency thresholds are

controlled by ti:a absolute hearing obility, whersas the high frequency thresholds are
controlled by the presence of the masking. noise.. Ahhoud\ there are some differences
betveen the threshold signal-to-noise ratios ot the two Ievels, an attempt has been
made to minimiza these differences in the fixed cutves. . It may be seen that the

level of the just-audible tone decreosos, relative 16 the. |/3-oc|ove band level of the
ambient, as frequency increases, being: typlcolly 10 48 below. it at the hugh frequen-
cies. (i is interesting to compare Figure, 42 with the results of Hawkins and Stevens’ ,
which are reproduced in Figure 43, Figure 43 shovss masked: fone thresholds for four
different masking levels of "white" noise. fAIfhoud\ their data exfends .down only to
a frequency of 100 Hz, they bear a good resemblance to the. present ones, alfhough
detailed inspection reveals some notable: drfferences in the mid-frequency range.

Results for 1/3-octave bands of noise, both staﬂonory and modulated are pre-
sented in Figure 44. It may be seen that in the region where the moskmg noisu is
well above absolute threshold, the differenﬂal threshold is roughly constant at about
~ 5dB. In other words, the band of noise is just defecfoble ‘when fhe exnsﬂng level
of noise in that band is raised by 1.dB (since the addition of two uncorrelated signals
which differ in level by 5 dB gives a combined level T dB greofer than that of the
highest level). In terms of the auditory mechanism it can be stoted that a noise signal
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is audible in an ambient noise when the combined critical band level is increased by
1 dB. This is greater than the generally accepted just noticeable difference (JND)
of 0.5 dB (which is produced by a noise 9 dB less than ambient),

Use of the critical band concept leads to an explanation of the difference
between the masked threshold for tones and bands of noise which is evident in
Figure 44, Since we may assume that the tone is clso audible when it raises the com-
bined critical band level by 1 dB, the above ratio gives a direct measure of the critical
bandwidth, Use will be made of this in Section 5.3.

In Figure 45 the results for the masking of octave bands of noise are presented.
These ars entirely consistent with the 1/3-octave band data since the 1/3-octave band
components of the just-masked octave Lands lie approximately 5 dB below ambient
1/3~cctave band levels.

Figure 46 compares the masked thresholds for tones and 1/3-octave bands cf
harmonic noise; again, as in the case of abolute thresholds, the two curves are
essentially coincident. [In this case, however, it is clear that the threshold for
filtered harmonic noise is decidedly lower than that for 1/3—octave bands of random
ncise. It ¢ 'nonly be concluded that this difference is attributable to the high
modulation level in the case of the harmonic complexes. Depending upon averaging
times, the peak-to-mean SPLs for these signals can be as high as 9 dB (Figure 22) and

substantially greuter than those associated with the modulated noise signals studied
(vp o 3 dB).

5.3 AUDITORY FREQUENCY AND TEMPORAL RESOLUTION

Critical Bands

It is clear from the results plotted in Figure 44 that the "critical ratio” measured
by Fietcher and Munson and later by Hawkins and Stevens (see Figure 28) is ¢ function
of two parameters, It first depends upon the width of the criticcl band, the dis-
criminatory filter of the heoring mechanism, and secondly, the minimum perceptible
differences in the critica! band level caused by the addition of the tone. The factor
of 2.5 noted by Zwicker et al.’® between their critical band function and the
"critical ratio” is in fact the just-noticeable signal increment which, expressed in
logarithmic units, is 4 dB. This corresponds closely to the value of 5 dB observed
directly for bands of noise in Figures 44 and 45*, Figure 44 can also be used to obtain
a direct measure of the critical bandwidih by equating the energy in the just-audible
tone to that in the critical bandwidth of the just-audible noise; i.e., since

*But see paragraph 5.5
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L= N + 10 loglo Af (24)

where L is the SPL of the just-audible tone, N, is the PSD of the just-oudible noise
signal, and Af' is the critical bandwidth, Since N = N, - Af,, where the sub-
script 3 denotes 1/3-octave quantities, then *

10log, A = L-N, ¢ 10log Af (25)

The critical band function derived in this way is compared with those of Zwicker et al,
ond Greenwood in Figure 47,

The same equation (25) should be true whether the threshold is a masked threshold
or an absolute thrashold (in quiet). It has therefore been applied to the data from
Figures 40 and 42 to obtain further estimates of the critical bandwidth furnztion, which
are presented in Figure 50,

The three curves are perhaps more notable for their differences than their
similarities, a fact which corroborates the conclusions of Swets et a!.>’ , De Boer @,
and others, that critical bandwidths are very difficult to measure, being a function
of the measurement method, the assumed filter function, and many other psychosensory
varigbles. On the other hand, the results do ot least straddle the previously obtained
values, tending to favor that due to Greenwood ', Because of this, the fact that
Greenwood did use measurements made at low frequencies and because his function
has a convenient and simple mathematical description, it seems most appropriate to
rely upon it for an aura! detection model.

Multiband Detection

An important question which crises in the practical application of threshold data
for tones and narrow kands of noise is whether the simultaneous detection of more than
one band or frequency component influences the combined threshold level. To
investigate this problem, a test was performed to measure the masked threshold level
of a noise signai which varied in bandwidth steps between one single 1/3 octave
(centered ot 500 Hz) and 13 bands covering the range 125 to 2000 Hz. The spectrum
of the signal wus adjusted so that each band was equally detectable according to the
finding that the differantic! threshold for bands of noise is - 5 dB. The results,
illustrated diogrammatically in Figure 48(a), demonstrated that the masked threshold
decreased at a slow rate as the number of just-detectable bands increased. The rate
from Figure 48(5) is approximately - N/4 dB where N is the aumber of bands.
Although this data is very limited, it does suggest that the depression of the
threshold by multiple band detection is a small effect since in general it is likely that
detection will be confined to a relatively small region of the frequency spectrum.
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Averaging Time

Although the literature cites audifory averaging times between 10 msec and
200 msec, several considerations suggest that a value nearer to the latter is probably
more accurate. The first evidence is described in Section 5.) in connection with
the different threshold levels for low-frequency bands of noise, The second is
reloted to the fact that level fluctuations in bands of n>ise become less perceptible
as frequency increases. For 1/3-octave bands of gaussian random noise, the
transition from unsteady to steady sound occurs around 4000 Hz, For octave bands
it occurs at a little lower frequency. Naturally, this is a highly subjective
phenomencn, and the ubove statement is based upon very few observations, but it
does agree with ihe peak-to-steady rms data presented in Figure 38 for a 200 msec
averaging vime. The curves for octave and 1/3-octave bands of noise cross the 0.5~
dB just-noticeable difference line around the above-mentionad frequenciss. Ina
similar way, the perception of amplitude modulations in filtered harmonic noise
decreases as modulation frequency increases. The 40-Hz modulation frequency used
in the experiments appeared to approach the limit of perception. This would seem
unlikely if the averaging time were 10 msec (i.e., 0.25 x modulation period), giving
a peck-to-true level ratio of around 5 dB. For similar reasons, the agreeinent between
both absolute and masked thresholds for filtered harmonic noise would probably
diverge widely if the averaging *ime were very smaii.

5.4 MODEL FOR HELICOPTER AURAL DETECTABILITY

The experimental results presented in the previous sections provide the basis
for calculating the aural defectability of helicopter noise in the light of the following
conclusions:

1) it is reasonable to assume that a unique absolute audibility threshold function
exists which is the same for constant-amplitude tones and for critical
bunds of random-ncise where the latter should ideally be measured as
the 90th percentile level obtained from the output of a sound pressure
level detector with an averaging time of around 200 msec.

2) High levels of amplitude modulation do appear to cause an increase in
signal detectability, Although random signals with amplitude modula-
tions of up fo 3 dB peak-to—average SPL (corresponding to 9 dB peak-
to-trough SPL) did not reveal this increase, modulations as high as 9 dB
in the case of filtered harmonic noise did indicate a noticeable lowering
of the threshold. Again, it seems that peck sound pressure levels
recorded by a system with a 200-msec averaging time are appropriate for
the specification of detection level.
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3) The critical band function established by Greenwood provides a convenient
explanation for the observed differences between both masked and absolute
thresholds of the varicus sounds studied.

4) At levels well above the absolute threshold, a narrow-band signal is
audible in a noise background when the combined level of any critical
band is increased by 1 dB., i.e., when the critical band level of the
signal is increased to within 5 dB of that of the masking noise.

5) Simultaneous detection of many odjacent frequency bands causes a small
depression of the threshold, However, the effect is sufficiently small to
be ignored for practical purposes.

6) In the presence of masking noise, the combined threshold level may be
caiculated by (decibel) addition of the absolute threshold for tones and
the critical band masking level.

Since measuring instruments incorporating critical band filters cannot be obtained
commercially, it is necessary in practice to use filters that can yield an adequate
approximation to the critical band spectrum, One-third octave band filters are

most convenient for this purpose, although other bandwidths can be used with greater
or lesser accuracy.

In any event, fo compute the audibility threshold level of o helicopter noise
spectrum in a particular ambient noise environment, it is necessary (o' to convert
the ambient noise data to the form of a criticai band spectrum, (b} to define a critical
band masking ievel which is 5 dB less than the critical band ambient spectrum, (c)
to combine an appropriate absolute threshold of hearing with the masking level (by
decibel addition) to establish a combined threshold function, (d) to convert the
helicopter noise data to o critical band spectrum, and finally, (e) 1o adjust the
overall level of this spectrum to the highest value at which no critical band level
exceeds the combined threshold level,

When computing a detection distance, step (e) is a lengthy process because
the observed helicopter spectrum changes its frequency dependence with dista.ce
due to sound absorption, It thus becomes necessary either to examine the variation
of each individual critical band level with distance to determine which one is
critical, or to estimate a detection distance, compute the difference hetween the
signal and the combined threshold and iterate toward an exact solution based on the
magnitude of t'. error.

Detailed procedures for the calculation of both detection thresholds and detec-

tion distances, together with methods for converting both octave and 1/3-octave band
data to critical band spect-a are presented in Appendix IV. The next scziion includes
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the results of the Phase 1l 2xperiments and demonstrates the levei of accuracy which
may be expected of these procedures.

5.5 APPLICABILITY OF THRESHOLD PREDICTION PRGCEDURES

Figure 49 shows the eight ambient noise conditions established for the eight tests
which comprised the Phase Il experiments. The lowest ambient (Test 1) is the noise
floor of the test chamber and corresponds to "quiet" conditions, The remaining mask~
ing noises were mixed with the signal and generated by the loudspeakers and head-
phones. The broken line superimposed on these profiles is the average pure-tone since
inspection of individua! results indicated that two of the original ten subjects per-
formed very poorly (unac eptably high standard deviations of their threshold levels),
Even for the remaining eight, the standard deviaticn of the threshold (os previousiy
defined) was approximately 10 dB,

The eight combined critical band thresholds computed from the data shown in Figure
49 by the method described in Appendix IV, Method A, are presented in Figure 50,
Note that the two lowest ambient levels cause only a very small deviation from the
absolute tone threshold (lowest curve).

The 1/3-octave band spectrum of the helicopter recording was measured (for all fre-
quancies between 12,5 Hz and 10,000 Hz) at 15~-second intervals throughout its
length and digitized for computer analysis, The absolute threshcld level of the sig-
nal was computed in each case by opplying the measured attenwation level averoged
for all eight subjects. Each spectrum level corrected in this way for overali level ond
for the system frequency response was conwverted to an equivalent critical band level
by the method of Appendix IV, Method A. The differences between the estimated
threshold level L, and the actua! threshold level L in each band at all instents of

time were anulyze?j to derive the results presented in Figures 51 through 58 and
Tables Il and Itl, Figures 51 through 58 show (in 1/3-ociave rather than critical
band levels) the distributions of the measured threshold band levels abou? the theo~
retical values, Three curves are shown in each figure which correspond to the 75th
92nd and 97.5th percentiles of the measured level! disiributions. These are levels
exceeded by the measured threshold band levels 2,5%, 8% and 25% of the time re-
spectively. These diagrems show very clearly that the theoreticei threshold levels
are exceeded, at some part of the audible frequency range, for around 25% of the

time. Of direct interest is the average differences between the measured and thec-
retical threshold levels.

?

This information is listed in Table Il in terms of the average for each individual test
and the grand average for all tests. Two errors (differences) are analyzed: the
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TABLE 11, ANALYSIS OF THE THRESHOLD PREDICTION ERRORS
TEST Error L= de (Ln - Ln ) Error Lmin: (Ln - Ln in
NO., € e

mean std, devn. mean std. devn,
1 +4.8 2.4 +1.5 3.0
2 +5.3 2.5 +2.5 3.0
3 +4 .4 2,9 +1.2 3.2
4 +6.0 3.5 +2,7 3.5
5 +3.3 2.8 +0,1 3.2
6 +2.2 2.9 ~1.4 3.1
7 +3.6 3.4 +0.8 3.7
8 +2.0 4.0 +0.3 4.6
ALL +4.,0 3.6 +1,0 3.9

*L = theoretical threshold level.

= measured threshold level; L
n
e
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minimum error L. = (t_-L_) ., which s the minimum difference between the
m N ne min

measured and theoretical levels found in any of the 30 frequency bands at one in~
stant of time, and composite error ZL = EdB "Ln - Lne\, the decibel sum of all

30 differences at one instant of time. The latter is effectively the total intensity
level of the signal relative to the threshold level,

The grand average errors are + 1,0 dB and +4 dB respectively. In other words, the
helicopter sounds were just detectable, on the average, when an individual critical
band level increased to 1 dB above the theoretical combined threshold” , or when the
decibel sum of such differences reached a value of 4 dB., The associo*ed standard de-
viations of 3.9 dB and 3.6 dB suggest, in fact, that the second criterion is a little
more consistent. However, the increose in practical complexity does not seem justi-
fied by the small veduction in variability. Furthermcre, the average minimum differ-
ence, L., seems to be more consistent from test to test, i.e., as the ambient level
varies, than does ZL intertest standard deviations of the mean are 1.3 dB and 1.5
dB respectively). The stondard deviations of between 3 ond 4 dB seem satisfactory in
light of the subjective variability of opproximately 7 dB, the overage stondard devia-
tion for this experiment, Also, it is unlikely thaot the acoustic stimuli, both signal
and noise, could ever be specified with greater accuracy; indeed for most applica-
tions it is probable that significantly larger errors might be expected.

It is of interest to exaomine the frequency distribution of the minimum error L. pre-
sented for each test in Table Ill. For the lowest threshold levels (1), (2); and ?”
which would be encountered in practice only in the quietest forest or jungle environ-
ments, detections are confined to a limited band of mid-frequencies. This is also
clearly illustrated in Figures 51 and 52, As the ambient level of the "flat" ambient
noise is increased (Tests 3 through 6}, there is a noticeable shift of the most frequent
detection bands to lower frequencies, as might be expected. When the “sloping" om-
bient noise is used in Test 8, the combined threshold curve slopes at practically the
same rate as the typical helicopter noise spectrum cnd indicates inat derections occur
over a wide range of frequencies,

In the interpretations of these results, it is most important to recognize that the sounds
studied were selected to include as wide a range of objective and subjective charac~
teristics as possible. For the most part they are not typical of the sound observed ot
distances of tens of thousands of feet typical of helicopter detection ranges. In

* A poussible explanation for this 1 dB increment is that it is the margin required for
the listener to identify the sound as that of a helicopter (see Section 4.5).
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retrospect, it is perhaps unfortunate that the choice of signals and the unavoidable
change from FM to direct record/reproduction equipment weie jointly respon-
sible for a shifi of emphasis to higher frequencies. The Phase | results certainly
permit confidence that the low frequency threshold functions are accurate, but
further research is required to specify the magnitude and applicability of critical
band functions in that region with more precision,

A comparison of Figures 49 and 36 reveals that the average pure-tone threshold

for the subjects who participated in the tests is rather higher than the free field
threshold for the 20~year old men studied by Robinson and Dadson™. For general
application, it is recommended that the free-field curve measured by Robinson and
Dadson be used because (a) it is directly applicable to the case of helicopter
detection conditions (at lcast in open country}. and (b) it was obtained in experi-
ments involving a large number of subjects, For convenience, the data from
Reference 34 has been extrapolated down to 12.5 Hz on the basis of the present
results and tabulated in Appendix IV,
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.0 CONCLUSIONS

Helicopter noise is an unusually complex combination of periodic and random

sound, The periodic components, which contain multiple harmonics of the rotor blade
passage frequencies, dorinate the frequency spectrum below about 300 - 400 Hz.

At higher frequencies, the noise hus a brecadband random nature but is periodically
modulated im amplitude at the blade passage frequency. The problems of propagation,
meusurement and analysis peculiar to this kind of noise have been reviewed and an ex-
tansive !aboratory experiment has been conducted to investigate aural detection
mechanisms. The major conclusions are summarized below under the appropriate sub-
headings.

6.1

)

2)

6.2

N

2)

PROPAGATION

The effects of a uniform atmosphere on helicopter sound propagation are domi-
nated by relaxation losses which can be defined analytically with considerable
accuracy. Methods are provided for this purpose which may be confidently
used to predict attenuation as a function of frequency for air-to-ground
propagotion angles greater than about 10 degrees (measured from the ground
plone).

The effects of ground surfaces, ground cover, and atmospheric inhomogeneities
become important at propagation angles of less than 10 degrees. These effscts
are substantially less predictable because (a) many of the fundamental
mechanisms are poorly understood and (b) the parameters themselves are difficult
to define in an operational situation. However, empirical results are presented
which allow at least order-of-magnitude predictions to be made.

DATA ACQUISITION

For research purposes, a wide frequency range capability is required of the
measurement and recording instrumentation. la parficular, the sysiem shoulid
have a good response down to 5 Hz or less. This can be achieved only with
high quality condenser microphones used in conjunction with FET~type pre-
amplifiers and o wide-frequency-range FM tape recorder (0 ~ 20 kHz response).

The major difficulty with recording instrumentation lies not in the frequency
response performance, but in dynamic range, the critical item being the FM
tape recorder. At best these recorders have signal-to-noise ratios of 45 dB.
High crest factors and an adequate working tolerance reduce this to about
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6.3

2)

3)

4)

3)

30 dB for the peok sound pressure leve! during a flyover. This compares vary
poorly with the 120-dB range of the humon ear. Also, working systems muyst
be designed with special attention to signal conditioning with a variable gain
capability to make the best possible use of the 30-dB range.

DATA ANALYSIS

For most applications, helicopter sound recordings must be analyzed to define
the frequency distribution of acoustic energy. An appropriate procedure for
spectral analysis must be selected to compromise the requirements of resolution,
accuracy, and speed. For either periodic or random noise, the requirements
are well defined. The need to ~orsider both in the case of helicopter noise
imposes twofold constraints on the selection,

For harmonic noise, a narrow filter bandwidth is required, preferably consider-
ably less than the fundamental frequency of interest (which is equal to the inter-
harmonic spacing). The averaging time of the rms detection should be greater
than 1,33 periods of the component under analysis for an accuracy of + 0.5 dR,
or greater than 0.8 period for an error of less than + 1 dB. -

For random noise, the error increases as the product bandwidth x averaging
time decreases. For an accuracy of + 1 dB, this value should exceed 40; for
+ 0.5 dB, products greater than 200 are necessary. If the modulation ampli=
tudes are required, the averaging time must be very small (typically 20 msec)
so that they can be detected only by very coarse filters, unless provision is
made to average a series of modulation cycles.

For long-duration hover recordings, the main ccnstraint upon the analysis is
the physical time involved. A detailed analog narrow-band analysis, for
example, can take several hours. For flyby recordings, the signal is "non-
stationary ", and an additional requirement is thot the spectral characteristics
should not change significantly during the overaging time. The selection of
G averaging time must be based upon the flight configuration under study, but
this consideration generaliy eliminates the ability to perform a narrow-band
analysis at the higher frequencies. Harmonic components, however, can be
extracted with reasonable accuracy using high--speed analvsis equipment.

For general-purpose analysis of flight data, 1/3-octave analysis is recommended
since it provides a reasonable compromise between resofution, accuracy and

speed, it represents an adequate analog of the hearing mechanism, and it is
widely available in commercial anelysis systems,
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3)

4)

Reul-time andivzers are very usefu! for high-speed, large-volume acoustic
dnta taduction and ore port.cularly upprooriote for fivky dota analysis,
However, core is required 1o meet the accuracy requirements existing for ati
spachom analy s, particuloriy with regard to averag ag time,

Wher: interpreting filteiec dats, it is easy 10 confuse modulated random noise
with the wavetorm of a grsup of hormonics, since both exhibit u rodulation
enveliope with o period equal to the Lilade possage interval. The safest we,

to discriminate betwesn ther it to peacform o naivow ~band aralysis of the filter

ourput,

The accurate measurement of pulsatile seurd pressure levels with high crest
foctors requires an eloborate rms detection circuit., “veraging times shouie bie
saveral times areoter than moduiation periods, Failure fo meef this require-
men? can lewd to severe errurs in the measurement of highly modulated sianals,

PERCEPTION
The distinctive subjective charactar of helicopter noise is reloted to its highly
impuisive nature which is perceived ucross the entire oudible frequency range.

The perception of the froquency of perind ¢, pulsatiie noise is controlied by
the perio<icity ond not by the frequency content. The apparent datection ot
the rovor blade postoge fsequency does not necessarily mean thot the fundamer-
tol frequency is audible. Indeed, the apparent frequency remains unchanged
ever f many of the lower harmonics cre ramoved trom the signal, Eve v if
detacticn levels are controlied by signal ‘requancies around 200 Hz, the
ipression remoins that of o blade passage frequercy disturbance,

The cura! datectability of helicoptars is dependent upon three foctors: the
spectral and temporal characteristics of the siginai ot the observer's focation;
his hearing acuity; and the ambien’ noise environrents which mask the signal,

The critica’ bamdwidth function, which describes the frequency selectivity af
the hearing syster, ploys a central role in cueal detectobility. Meosurements
of this function pevformed as port of this study led to the adoption of Greer -
wood’s relotinnhip for the critical bandwidth.

for me purpases of sural derection analysis, .alicopter noise should idealiy
be amalyzed or spacified in terms of 90th percentile critical bordwidth fevals
as meosured with ur averoging time of arcund 200 meec, Howeve:, this
requirement s generolly improctical ard procedures are presertes for celcu-
lating detecticn fareshold fevels trom either octava or 1/3~octave band
estinmies of the helicopter signature and the ambient levels.
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6)  The 1/3-oztave procedure was extensively tested in an experiment involving
21 helicopter roise recordings, 8 ambient noise spectra, and 8 subjects,
The method was found to consistently predict detection thresholds to within
an accuracy of + 4 d8,




7.0 RECOMMENDATIONS

As a resulit of tnis study, it is recommended that:

1)

2)

3)

4)

Sound propagation at small air-to-ground elevation angles be studied in
depth. Definition of smali-angle attenuation presents a major problem in
the estimation of gural detection distances.

Field experiments be performed in various terrains using real helicopters and
a group of observers to verify the accuracy of the procedures presented
herein for predicting aural detection threshold.

Further research be addressed ot possible nonaudifory perception of noise
and the appiicability of the critical band concept in the frequency region
below 100 Hz. These undoubtedly have an important effect on helicopter
detectability,and it was not possible during the present study to give in=
depth attention to this problem,

Methods for recording and analyzing high crest factor signols typical of

helicopter noise be investigated. Several problems encountered in this
investigation indicate that very large errors are possible.

62

|

et i




T—

. — e T T T Y T T T

T R B et e

10,

= e e
= A T T T SRR SRR s .

LITERATURE CITED

Loewy, R. G., AURAL DETECTABILITY OF HELICOPTERS IN TACTICAL
SITUATIONS, Journal of the American Helicopter Society, October 1963,
pp. 36‘530

Crandall, S. H. (Editor), RANDOM VIBRATION, Massachusetts, M.I.T,
Press, 1963.

Cox, C. R., and Lynn, R, R,, A STUDY OF THE CRIGIN AND MEANS OF
REDUCING HELICCPTER NOISE, Bell Helicopter Company, TCREC Techni~
cal Report 62-73, U. S. Army Transportation Research Command, Fort Eustis,
Virginia, November 1962,

Davidson, |. M., and Hargest, T. J., HELICOPTER NOISE, Journal of the
Royal Aeronautical Society, Vol. 69, No. 653, May 1965, pp. 325-336.

Loewy, R. G., and Sutton, L. R., A THEORY FOR PREDICTING THE
ROTATIONAL NOISE OF LIFTING ROTORS IN FORWARD FLIGHT INCLUD-
ING A COMPARISON WiTH EXPERIMENT, Journal of Sound and Vibration,
Vol. 4, No. 3., November 1966, pp. 305-347,

Schlegel, R. G., King, K. J., and Mull, H, R,, HELICOPTER ROTOR
NOISE GENERATION AND PROPAGAT:ON, Sikorsky Aircraft, USAAVLABS
Technical Report 66-4, U, S, Army Aviation Materie! Laboratories, Fort
Eustis, Virginia, October 1966, AD 645 884,

Lowson, M. V., and Ollerhecd, J. B., A THEORETICAL STUDY OF HELI-
COPTER ROTOR NOISE, Journal of Sound and Vibration, Vol. 9, No. 2,
March 196%, pp, 197-222.

Sharlard, I. J., and Leverton, J. W., PROPELLER, HELICOPTER AND
HOVERCRAFT NOISE, Chapter @ of NOISE AND ACOUSTIC FATIGUE IN
AERONAUTICS, London, John Wiley, 1968,

Leverion, J. W., HELICOPTER NQISE - BLADE SLAP, National Aeronautics
and Space Administration Contractor Report NASA CR-1221, October 1968,

Wright, S. E., SOUND RADIATION FROM A LIFTING ROTOR GENERATED
BY ASYMMETRIC DISK LOADING, Journal of Sound and Vibration, Vol. 9,
No. 2, Macrch 1969, pp. 223-239,




S TR

M A

1.

12,

13.

14,

15,

16.

17.

18.

19.

EE S il

Sadler, S. A., and Loewy, R. G,, A THEORY FOR PREDICTING THE
ROTATIONAL AND VORTEX NOISE OF LIFTING ROTORS IN HOVER
AND FORWARD FLIGHT, National Aeronautics and Space Administration
Contractor Report NASA CR-1333, May 1969.

Sternfeld, H. I., Spencer, R. H., and Schaeffer, E. G., STUDY TO
ESTABLISH REALISTIC ACOUSTIC DESIGN CRITERIA FOR FUTURE ARMY
AIRCRAFT, Vertol Division, The Boeing Company, TCREC Technical
Report $1-72, U. S, Army Transportation Research Command, Fort Eustis,
Virginia, November 1962,

Gutin, L. Ya., ON THE SOUND FIELD OF A ROTATING PROPELLER,

from Physiks Zeitschrift der Sowjetunion, Band A Heft 1, (1936), pp. 57-71,
Translated as NACA TM-1195, National Advisory Committee for Aeronautics,
October 1948,

Brown, D., and Ollerhead, J. B., PROPELLER NOISE AT LOW TIP SPEEDS,
Wyle Laboratories WR 71-9, Wyle Laboratories Research Staff, Hampton,
Virginia (to be published),

Tedrick, R. N. and Polly, R, C., A PRELIMINARY INVESTIGATION OF
THE MEASURED ATMOSPHERIC EFFECTS UPON SOUND PROPAGATION,
Marshall Space Flight Center Memorandum MTP=-TEST=63-6, May 19463,

Evons, L. B., and Sutherland, L. C., ABSORPTION OF SOUND IN AIR,
Wyle Laboratories WR 70-14, Wyle Laboratories Research Staff, Huntsville,
Alaobama, July 1970.

Dean, E. A,, ABSORPTION OF LOW FREQUENCY SOUND IN A
HOMOGENEOUS ATMOSPHERE, Schellenger Research Laboratory Report
1237, August 1959.

Harris, C. M., ABSORFTION OF SOUND IN AIR BELOW 1000 CPS,
National Aeronautics and Space Administration Contractor Report
NASA CR 237, lune 1965.

Sabine, H. J., SOUND PROPAGATION NEAR EARTH SURFACE AS
INFLUENCED BY WEATHER CONDITIONS, WADC Technical Report
TR-57-353, Four Volumes, Wright A.- NDevelopment Center, Dayton,
Ohio, 1957-1961.




e e 8 o

20,

21.

22.

23,

24,

25,

26'

27,

28.

29,

30.

31.

Anon., Society of Automotive Engineers A~2]1 Committee, Data Presented
at Meeting of Working Group on Atmospheric Propagation, New York,
June 1969,

Parkin, P. H., and Scholes, W. E., OBLIQUE AIR-TO-GROUND SOUND
PROPAGATION OVER BUILDINGS, Acustica, Vol. 8, 1958, pp. 99-102,

Eyring, Corl F., JUNGLE ACOUSTICS, Journal of the Acoustical Society
of America, Vol. 18, No. 2, 1946, pp. 257-270.

Dobbins, D. A, etal., JUNGLE ACOUSTICS 1: TRANSMISSION AND
AUDIBILITY OF SOUNDS IN THE JUNGLE, U. S. Army Tropic Test Center
Report No. 7, Qctober 1966, AD 647804,

Wiener, Francis M, and Keast, David N., EXPERIMENTAL STUDY OF THE
PROPAGATION OF SOUND OVER GROUND, Journal of the Acoustical
Society of America, Vol. 31, No. 6, 1959, pp. 724-733.

Brown, D., BASELINE NOISE MEASUREMENTS OF ARMY HELICOPTERS,
Wyle Laboratories WR 71-4, Wyle Laboratories Research Staff, Hampton,
Virginia, USAAMRDL Technical Report 71-36A, U. S. Army Air Mobility
Research and Development laboratory, Eustis Directorate, Fort Eustis,
Virginia, (to be published),

Kinsler, L. €. and Frey, A. R., FUNDAMENTALS OF ACOUSTICS,
New York, John Wiley, 1959,

Fletcher, H., AUDITORY PATTERNS, Review of Modem Physics, Vol, 12,
January 1940, pp. 47-65.

Flatcher H. and Munson, W. A., LOUDNESS, ITS DEFINITION,
MEASUREMENT AND CALCULATION, Journal of the Acoustical Society
of America, Vol, 5, Ociober 1933, pp. 82-108.

Fletcher, H. and Munson, W. A., RELATION BETWEEN LOUDMESS AND
MASKING, Journal of the Acoustical Society of America, Vol, 9, July 1937,
pp. 1-10.

Milter, G, A,, SENSITIVITY TO CHANGES IN THE INTENSITY OF WHITE
NOJSE AND ITS RELATION TO MASKING AND LOUDNESS, Journal of the
Acaustical Society of America, Vol, 19, July 1947, pp. 609-619,

Hawkins, J. E. and Stevens, S. S., THE MASKING OF PURE TONES AND
OF SPEECH BY WHITE NOISE, Journa! of the Acoustical Society of America,
Vol. 22, Jonuary 1950, pp. 6-13.

65




e

32,

33.

35.

37.

38.

39.

40.

41,

42,

Schafer, T. H,, Gales, R, S., Shewmaker, C. A,, and Thomsen, P. O.,
THE FREQUENCY SELECTIVITY OF THE EAR AS DETERMINED BY MASKING
EXPERIMENTS, Journal of the Acoustical Society of America, Vol, 22,

July 1950, pp. 490-496.

Egan, J. P. and Hake, H, W,, ON THE MASKING PATTERN OF A SIMPLE
AUDITORY STIMULUS, Journal of the Acoustical Society of America,
Vol. 22, September 1950, pp. 622-630,

Robinson, D. W, , and Dadson, R. S., A REDETERMINATION OF THE
EQUAL LOUDNESS RELATIONS FOR PURE TONES, British Journal of
Applied Physics, May 1956, pp. 166-181.

Bilger, R. C., and Hirsch, J. 1., MASKING OF TONES 8Y BANDS OF
NOISE, Journal of the Acoustical Society of America, Vol. 28, July 1956,
pp. 623-630.

Zwicker, E., Flottorp, G., and Stevens, 5. S., CRITICAL BANDWIDTH
IN LOUDNESS SUMMATION, Journal of the Acousticel Society of America,
Vol. 29, May 1957, pp. 548-557.

Greenwood, D. D., CRITICAL BANDWIDTH AND THE FREQUENCY
COORDINATES OF THE BASILAR MEMBRANE, Journa! of the Acoustical
Society of America, Vol, 33, October 1961, pp. 1344-1356,

Greemwvood, D. D., AUDITORY MASKING AND THE CRITICAL BAND,
Journal of the Acoustical Society of America, Vol, 33, April 1961,
pp. 484-502,

Swets, J. A,, Green, D. M., and Tanner, W. P,, ON THE WIDTH OF THE
CRITICAL BANDS, Jlournal of the Acoustical Society of America, Vol, 34,
January 1962, pp. 108-113,

Deboer, E., NOTE GN THE CRIiTICAL BANDWIDTH, Journal of the
Acoustical Society of America, Vol, 34, July 1962, pp. 985-986.

Bourbon, W. T., Evans, T. R., and Deatherage, B. H., EFFECTS OF
INTENSITY ON CRITICAL BANDS FOR TONAL STIMULI AS DETERMINED
BY BAND LIMITING, Journal of the Acoustical Society of America,

Vol. 43, Auvgust 1967, pp. 56-63.

Zwislocki, J., THEORY OF TEMPORAL SUMMATION, Journal of the
Acoustical Society of America, Vol. 32, August 1960, pp. 1046-1060.

66




. asp——r L L]

43,

44,

45,

46,

47.

48,

49,

50,

51.

53.

Green, D. M., MASKING WITH TWO TONES, Journal of the Acoustical
Society of America, Vol. 37, Moy 1965, pp. 802-813.

Dubrovskii, N. A., and Tumatrina, L. N., INVESTIGATION OF THE
HUMAN PERCEPTION OF AMPLITUDE MODULATED NOISE, Journcl of
Soviet Physics-Acoustics, Vol. 13, No. 1, July-September 1967, pp.
41-47.

Von Bekdsy, G., A NEW AUDIOMETER, Acta. Oto Laryngol, Vol. 35,
1947, pp. 411-422,

Hirsch, 1. J., BEKESY'S AUDIOMETER, Journal of the Acoustical Society
of America, Vol. 35, September 1962, pp. 1333-1336.

Adcock, B. D., AN AUTOMATIC DATA SYSTEM FOR LARGE SCALE
AUDIOMETRIC TESTING, Wyle Laboratories Technical Memorandum,
Wyle Laboratories Research Staff, Hampton, Virginia (to be published).

Ollerhead, J. B., SUBJECTIVE EVALUATION OF GENERAL AVIATION
AIRCRAFT NOISE, Federal Aviation Administration Technical Report
NO-68-35, April 1963,

Adcock, B. D., and Ollerhead, J. B., EFFECTIVE PERCEIVED NOISE
LEVEL EVALUATED FOR STOL AND OTHER AIRCRAFT NOISE, Federal
Aviation Administretion Technical Report NO-70-5, May 1970,

Ollechead, J. B., THE NOISINESS OF DIFFUSE SOUND FIELDS AT HIGH
INTENSITIES, Federal Aviation Administration Yechnical Report NOQ-70-3,
May 1970.

Olleshead, J. B., AN EVALUATION OF METHQODS FOR SCALING AIR-
CRAFT NOISE PERCEPTION, Wyle Laboratories WR 70-17, Wyle Laboratories
Research Staff, Hampton, Virginia, November 1970.

Wiener, F. M., ON THE DIFFRACTION OF A PROGRESSIVE SOUND
WAVE BY THE HUMAN HEAD, Journal of the Acoustical Society of
America, Vol. 19, No. 1, January 1947, pp. 143-~146.

Licklider, J. C. R., BASIC CORRELATES OF THE AUDITORY STIMULUS,
Chapter 25 of HANDBOOK OF EXPERIMENTAL PSYCHOIOGY, Editor
S. S. Stevens, New York, John Wiley, 1966.

67

oad




61,

62,

Evans, L. B., and Sutherland, L, C., ABSORPTION OF SOUND IN AIR,
Wyle Laboratories WR 70-14, Wyle Laboratories Research Staff, Huntsville,
Alabama, July 1970,

Sutherland, L. C., A REVIEW OF THE MOLECULAR ABSORPTION
ANOMALY, Paper presented at the 77th Meeting of the Acoustical
Society of America, Philadelphia, Pennsylvania, April 1969,

Society of Automotive Engineers, STANDARD VALUES OF ATMOSPHERIC
ABSORPTION AS A FUNCTION OF TEMPERATURE AND HUMIDITY FOR
USE IN EVALUATING AJRCRAFT FLYOVER NOISE, Aerospace Recommended
Practice, ARP 866, August 1964,

Kneser, H. O., PHYSICAL ACOUSTICS - PRINCIPLES AND METHODS,
W. P. Mason (ed.), Chapter 3, Vol. Il, Part A, New York, Academic
Press, 1964,

Herzfeld, K. F., and Litovitz, T. A., ABSORPTION AND DISPERSION
IN ULTRASONIC WAVES, New York, Acodemic Press, 1959.

Hilsenrath, J., Beckett, C. W., Benedict, W, 5., Fono, L., Loge, H. J.,
Masi, J. F., Nuttall, R. L., Touloukian, Y. S., and Woolley, H. W.,
TABLES OF THERMAL PROPERTIES OF GASES, National Bureau of Standards
Circular 564, November 1955,

Knudsen, V. O., ABSORPTION OF SOUND IN AiR, OXYGEN, AND IN
NITROGEN =~ EFFECTS OF HUMIDITY AND TEMPERATURE, Journal of the
Acoustical Society of America, Vol. 5, 1933, pp. 112-121,

Harris, C. M., ABSORPTION OF SOUND IN AIR IN THE AUDIO-~
FREQUENCY RANGE, lournal of the Accustica! Society of America,
Vol. 35, 1963, pp. 11-17.

Harris, C. M., ABSORPTION OF SOUND IN AIR VERSUS RUMIDITY
AND TEMPERATURE, National Aeronautics and Space Administration
Contractor Report NASA CR 647, January 1967,

Baver, H. J., and Roesier, H., RELAXATION OF THE VIBRATIONAL
DEGREES OF FREEDOM IN BINARY MIXTURES OF DIATOMIC GASES,
IN MOLECULAR RELAXATION PROCESS, Chemical Society Special
Publication Mo. 29, New York, Academic Press, 1966, pp. 245-252,




67.

68.

69,

70.

71.

72,

Monk, R, G., THERMAL RELAXATION IN HUMID AIR, Journal of the
Acoustical Society of America, Vol, 46, 1969, pp.580-586.

Knudsen, V. O, und Obert, L., THE ABSORPTION OF HiGH FREQUENCY
SOUND IN OXYGEN CONTAINING SMALL AMOUNIS OF WATER VAPOR
OR AMMONIA, Jourral of the Acoustical Society of America, Vol. 7,
1936, pp. 249-253,

Henderson, M. C., THERMAL RELAXATION IN N3, O3 and CO WITH
ADMIXTURES, Poper presented ot the Fourth International Congress on
Acoustics, Copenhagen, August 21-28, 1962,

Holmes, R., Smith, F, A., and Tempest, W., VIBRATIONAL RELAXATION
IN OXYGEN, Proceedings of the Physics Society, Vol, 81, 1963, pp. 311-
319.

Knudsen, V. O., THE ABSORPTION OF SOUND IN GASES, Journal of
the Acoustical Society of America, Vol. 6, No. 4, April 1935, pp.

Knotzel, H., THE ABSORPTION OF AUDIBLE SOUND N AIR AND ITS
DEPENDENCE ON HUMIDITY AND TEMPERATURE, Akustische Zeitschrift,
September 1940, pp. 245-256.,

Nyborg, W. L. and Mintzer, D., REVIEW OF SOUND PROPAGATION IN
THE LOWER ATMOSPHERE, WADC Technica! Report 54-602, Wright Air
Development Center, Dayten, Ohio, May 1955,

Parker, J. G., EFFECT OF SEVERAL LIGHT MOLECULES ON THE VIBRA~
TIONAL RELAXATION TIME OF OXYGEN, Journal of Chemistry and
Physics, Vol, 34, No. 5, May 1961, pp. 1783-Y772,

Henderson, M. C., Herzfeld, K. F., Bry, J., Cookley, R., and Carriere,

G., THERMAL RELAXATION IN NITROGEN WITH WET CARBON DIOXIDE
AS IMPURITY, Journal of the Acoustical Society of America, Vol. 45, No. 1
1969, pp.

4

Henderson, M. C., Clark, A. V., and Lintz, P, R., THERMAL RELAXATICN
IN OXYGEN WITH HyO, HDO, and D20 VAPORS AS iMPURITIES,
Journal of the Acoustical Society of America, Voi, 37, No. 3, March 1965,

PP-

6%

o

1.

A..




75.

76.

78.

8l.

Tuesday, C. S., and Boudart, M., VIBRATIONAL RELAXATION TIMES BY
THE IMPACT TUBE METHOD, Technical Note 7, Contract AF 33(038) -
23976, Princeton University, January 1955,

Baver, H. J., NONLINEAR SHIFT OF RELAXATION RATES BY ADM!XTURES,
Journal of the Acoustical Society of America, Vol. 44, No. 1, 1968,

PP-.

Beyer, R. T., DOUBLE RELAXATION EFFECTS, Journal of the Acoustical
Society of America, Vol. 29, No. 2, February 1957, p. 243,

Henderson, M. C., and Herzfeld, K. F., EFFECT OF WATER VAPOR ON
THE NAPIER FREQUENCY OF OXYGEN AND AIR, Journal of the Acous~
tical Society of America, Vol. 46, No. 3, September 1969, p. 984,

Piercy, J. E., ROLE OF THE VIBRATIONAL RELAXATION OF NITROGEN
IN THE ABSORPTION OF SOUND IN A[R, Journal of the Acoustical Society
of America, Vol. 46, No. 3, September 1969, p. 602,

Evans, L. B., ond Sutherland, L. C., ABSORPTION OF SOUND IN AIR,
Paper presented at the 80th Meeting of the Acoustical Society of America,
Houston, Texas, November 1970,

Society of Automotive Engineers, METHOD FOR CALCULATING THE
ATTENUATION OF AIRCRAFT GROUND-TO-GROUND NOISE PROPA-
GATION DURING TAKEOFF AND LANDING, Aerospace Information
Report, AIR 923, August 1966.

Burkhard, M. D., Karplus, H. B., Sabine, H. J,, SOUND FROPAGATION
NEAR THE EARTH'S SURFACE AS INFLUENCED BY WEATHER CONDITIONS,
WADC Technical Report 57-353, Part Il, Wright Air Development Center,
Dayton, Ohio, December 1960,

70

e i = —




APPENDIX |
METHODS FOR CALCULATING PROPAGATION LOSSES

As discussed in Section 2.3 of the main 1ext, appropriate methods for the calcula-
tion of prenagation losses depend upon the elevation angle between the ground
plane and the line joining the source and observer. If this angle is greater than
approximately 10 degress, the total atteauation is controlled by the atmospheric
absorption which can be computed with some confidence by the methods described
in the first section below. For elevctions less than 10 degrees, attenuation is nor-
mally controlled by terrain effects, atmospheric refraction due to wind and tempero-
ture gradients, and scattering by turbulence, all of which are poorly understood ond
very difficult to predict. Methods for estimating the effects of ground cover and
turbulence are presented in the second section below, but it is amphasized that the,
ore based upon very fragmentary data and are subject to revision when further infor -
mation becomes available,

Attenuation data for both situations are presented, for ease of reference, in tabula-
or graphic form,

ATMOSPHERIC LOSSES (ELEVATION GREATER THAN 10 DEGREES)

The theoretical value for atmospheric (air-to-ground) propagation losses is the su-1 of
four components as discussed in References 54 and 55.

a =t ot 9 (O oy, (N (@)

where o = classical losses including, for convenience,
diffusion and radiation losses which ore

essentially negligible

a = molecular absorprion losses for rotationa!
rot . ]
relaxation of 02 and N2 molecules

a.(GC,) = molecular absorption losses for vibrational
vib .
relaxation »f O2 molecules

avib(N2) = molecular absorption losses for vibrational
relaxation of N2 molecules
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Zrascizal Flys Rotuticant Losses

The firsr two compunents car: he tumpad toaether since thay vory in the wme way with
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averoge « f the most oocyrate memurements of Fasie two componenss, they may e
expresien by (see Felerence 55;

3
b woant ey b . .
¢ oda AT 003 A 100 [ 200 £0, dB/YOY B (2
.t L5 - : .
whete to= famperature in degrees centigrade
f = fiequency in iz

»
Y

p prassure in atrospherss

The tamperatut e correction factor is volid over a temperature range of - 4C°C i
+ 60°C (-4U°F to Y40 F), It accounts fur tha variation in speed of sound ond
viscosily of oir which erter inivo the axpressicns for 2 and ©p in exactly she
SPETO mMTANTS,

Fo:r a typical standard.day conditiors ot sea leve!,

i

= 15C(59°F)and P*= 1, and

ta ¢ 4.86x 16", dB/TOCC fr (23

The correspordling vuluve from Reference 56 is 4,85 x 107", d5/1000 ft. The latter
has estentially the same tempercture variction,

_P_v’b!ar.ulo.r Vibration Loss

For any moleci:lar relaxation loss, the atrenuation in d&/1000 ft is given by

o, = 2648y & L (/£ ) I, dB/100O0 fr (29)
mo! max m m
< | WY
whese
Hoax = maximum foss in intensity per wavelength (dimemsionisst)
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fm =  frequency of maximum loss per wavelength, Hz
f = frequancy of sound, Hz
c =  speed of sound, m/sec

Two variables appeor in this equation which are necessciy and sufficient to define a
relaxation loss. As illusirated conceptually in Figure 59, these are the maximum loss
per wavelength (“max) and the relaxation frequency (fn) at which this maximum

occurs. As shown in the figure, when the loss is defined in terms of attenuction per
unit distance, it rises as the square of frequency below fm and then level: off to a

constant value wel! abov e the relaxation frequency, In air, this relaxation phenome-
ron for O2 and N2 molecules is catalyzed, or becomes much more efficient with the

right amount of moisture content in the air. Hence, this form of attenuation is very
sensitive to the absolute moisture content in the air, as can be seen from the final
tabular results. Due to the dominant role played by this !oss mechanism, and the
previous lack of an adequate thecretical explanation for extensive expsrimental
observations, it has been necessary to derive appropriate expressions in order to
extrapolate availeble data to o wide variety of weather conditions.

The value of Hoaxt for molecular relaxation loss for one gas in a mixture, is given by

{Refarence 57):

KWRCi

o —— (30)
mox ICVCP \Cv LiﬂCp E:,(I 1/2

where
R = universal gas consiant
Ci =  intemal enrergy of relaxation mode
Cv,' Cp = usual specific he?ts at constant volume and constent
pressure, respectively
K =  volume concentration of gas in mixture

For diatomic molecules (i.e., -02 or NZ)' the internal eneray for the vibrational

mode i3 determined from basic principles (Reference 58) to be
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and C = C -R
v P

Substituting Equation 31 into the denominator of Equation 30, the true value of
Hinax €90 be expressed by

K 2ﬂCi/R

Hmox = [iC 7€ 1/2 (32)
35 -1
o ()

In order to determine Ci/R from Equatiorn 31, the guanrity of Cp/'R must be defined

from very cccurate gas tables (5 or more significant figures) sucn a5 given in
Referencs 59,

An alternate method ior defining C, to a close approximation is based on application

of the Planck~Einstein equation for the internal energy of the vibration moda, This

is given by

2 -
CR = (i) Paddl (33)
' T /T2
['I —e
where
9. =  characteristic temperature corresponding to the particular

vibration mode, “K
T =  absolute temperature, “K

If the further approximation is made that Ci/R << CP/R, then CP/R-:7/2 and

Equation 32 can then be simplified o give a simple expression for . for
diatomic molecules, which is

K 4nC|.,/R

u = (34)
max 35

where C, is given by Equation 33 and K is the volume concentration of the gas in
1

the mixture.
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A comparison of values for B computed according to Equation 32 and nearly

all the available experimentally determined values trom the literature (References
60 through 71) is shown in Figure 60,

While the majority of the experimental points in Figure 60 of S for 02 lie

obave the theoretical line, the most recent measureme.ts by Harris and Monk near
20°C, which are considered to be the most accurate, agree very well with the
theory as given by Equation 33 and 34 with the following constants assumed for O

2
and N2.

Oxygen, K 0.20953, Qi 2239°K (Reference 71)

Nitrogen, K

0.7811, o, 3353°K (Reference 72)

Note that the above concentration constants are for dry air. it will be necessary,
for final computations, to account for the effect of moisture in the air when defining
Foax for the gensral case. The moisture content is usually very small at the con-

ditions for which tax is normally measured (i.e. - of the crder of 1% or less by

volume) and therefore will normally have little effect on the observed magnitude of

Hnox® For any general weather condition, however, the effective value of u

for 02 must be modified. Both theory and experiment show that the reiaxation of

H20 molecules occurs in concert with that of Oz,both having, effectivaly, a common

or coupled relaxation process with essentially the same relaxation frequency ’* .

Thus, a modified u for O, will be defined as
max 2

“'mox (02) = Hmax (02’ + ¥ max (HQO) (35)
where P max (02) is given by Equation 34 with the concentration constant K changed
to

K* = K -h/100)
and h =  %of H20 molecules in the air mixture (34)

Since H20 is a three—atom molecule, it can be shown that the value of Hoax (H2O)

can be given to a close approximation by (Reference 58)
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HO) - (h)nci s
“max H29) = \wm) w & (37)

where the internal energy, (Ci/R) for HZO reiaxation is given by Equation 33 with a
characteristic temperature (Gi) for the dominant H20 vibration mode equal to 2294°K

(Reference 73).

It should be pointed out that it has been assumed that the relaxation loss for HZO

molecules adds, in a linear fashion, only a small additional amount to the
vibrational relaxation loss predicted for 0,. ltcan be expected that more sophisti~

cated prediction models may be required in the future based ori the recent theoretical
studies by Bauer and Roesler®’, Bauer’®, and Beyer’, on nonlinear summation in
multiple reaction mixtures. However, the pradicted air absorption loss, based on
the model outlined in this appendix, will be shown to provide substantial agreement
with the experimental data from Harris in the low-frequency range of concem for
this study .

Relaxation Frequencies

Having defined the K g POFameters for air absorption, it remains only to define the

relaxation frequencies. Two values are required - one for sha combined vibraticnal
relaxation of O2 and H20 molecules (to be labeled fo) and one for the vibrational

reloxation of N2 (o be labeled fn). Both of these frequencies are a function of

humidity content of the air, atmospheric pressure and tamperature. For convenient
correlation with theory, humidity content is expressed as an absolute humidity (h)
in terms of the percentage of HZO molecules to the total number of molecules in a

mixture (the mole ratio). It can be shown that h is given in terms of relative
humidity, temperature and pressure by the following expressions:

P
h = P—‘ (RH), % mole ratio (38)
o
where
Po =  atmospheric pressure
RH = Relative Humidity, % |
Ps = vapor pressure of H2O in saturated mixture in air
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The ratio Ps/Po can be expressed by an empirical power law as a function of tempera-

ture within + 1% over the temperature range of ~40" to +60°C.

P 1o [-2:22+ 035161 - 1.26 x 10°° + 3,44 x 107¥]
|
[s]
(39)
whare
t = vapor (air) temperature, “C

Early semiempirical pow r law expressions for estimating the relaxation frequency fo

for oxygen (e.g., References 61, 68, 69) have been shown by more recent theoretical
studies by Henderson” and Monk®! to be inadequate. Using a modification of the
theoretical expression developed by Monk, the following equation has been found to
provide a satisfactory fit to experimental data as shown in Figure 61,

- P 1.124 10h
fO = i {” + 1750h + $1,400h [(m)] } (40)

where h is the absolute humidity given by Equation 38 a~d P* and T* ore the atmos~

pheric pressure and temperature relative to standard sea level pressure and 20°C,
respectively,

The relaxation frequency for nitrogen in air is less well defined. In fact, it has been
recognized only racently that nitrogen plays a significant rcle in molecular vibration
loss in air™, 7. The few absorption mecsurements which have been made on pure

nitrogen at audio frequencies’,”” indicate that the relaxation frequency in N2 varies

linearly with humidity content and has a value of about 200 Hz per one percent H,O

mole ratio at room temperature. 2

A relaxation frequency for nitrogen in an air mixture hos been established in an
indirect manner by a critical analysis of credible measurements in air, particularly
those of Harris. For each set of data, the observed tota! air absorption loss was
corrected for the "known losses™ already defined (i.e., classical and rotational

losses for air and vibration loss for oxygen only). The remaining anomalous absorption
could then be fitted to a genaral curve of the type illustrated earlier in Figure 59

and the vesulting value for fn estimated. Typical results of this process, one which

necessarily leads to appreciable scatter, is illustrated in Figure 62, This has led to

the following tentative expression for the refaxation frequency of N2 in air

"
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. N - _P_"
i= 40hg (41)

It shouid be stressed that there are ample guidelines and data available for pre-
dicting air absorption losses already published in the literaturs (e.g., Reference
56). However, none of these have used a completely theoretical mode! for their
foundation and hence are suspect or potenticlly inodequate for estimating air
absorption losses under unusual weather conditicns for which experimental data are
lacking, and for which helicopter detectability range inay be desired,

Application

Based on the expressions outlined in this appendix, the total air absorption has been
computed for a wide range of temperatures and humidities, The results are given in
Table !V for frequencies ot octave intervals between 32 and 8000 Hz (atmospheric
attenuation at lower frequencies is negligible). Values for intermediate frequencies
may be obtained by interpolation.

OTHER LOSSES (ELEVATION LESS THAN 10 DEGREES)

Ground-to~Ground Terrain Attenuation

For zero elevation angles, the total attenuation, in dB per 1000-ft distance, is given
in Table V as o function of frequency and ground cover. These data were read from
Figure 17 which may be used for intermediate frequencies if desired. The three
terrain types included are grassland, sparse jungle and dense jungle.

Ground-to-Ground Turbulence Losses

If the ground absorption is very small, for example over a very hard, sparsely covered
wrface, the propagated souad will still undergo a residva! attenuation due to
scattering in the turbulent boundary layer near the ground. Figure 43, which is
based on an analysis from Reference 80 of the experimental results in Reference 81,
provides an estimate of the mognitude of this effect as a function of frequency and
distance. Note that the curves give total attenuation and that this is constant at
distances above 4000 ft, Propagation losses obtained from this figure should be sub-
stituted for those obtained from Table V whenever they are greater.

Effect of Elevation Angle (8)

Reference 80 suggests the following formula for estimating the effects of elevation
angle upon the ground-to-ground absorption loss:
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AA = bA Y tan 33

]

where AA
o

ground~to-ground attenuation for 8 = 0, obtained as
described above

B = elevation angle of source above the ground
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TABLE IV. ATMOSPHERIC ABSORPTION LOSS - DB/1000 FT -
(a) FREQUENCY IN HZ = 32 |
TrEv? ELATIVYE HONIDIYY - 7
NG F 19 15 20 30 Ha N 100
=40 s DA e )6 1)y )Y 03 i) 2 s 13 ;
=35 «T 16 «)H o4 )3 «N2 «)2 !
=30 oY «3 0 «N5 o ¢ e 3 o) «N2
=25 « )7 e ) 3 03 2 «N0
=320 oY «YH o4 «33 )2 e} «J1
=15 « (1A K e N Y <03 o122 «02 «01
-10 )6 D4 N3 )3 «N2 ei)? e} ]
-5 «3J5 34 «D3 «N3 N2 N2 e 1
9] «05 et} 4y N3 «13 «ND 02 01
S o 003 «J3 i )2 «(} 001
1% o)A «23 «03 «NE «J2 201 «01
15 «J4Y 013 «N3 )2 N2 «N1 el
23 D4 «113 «03 «N32 «01 » 1 D1
25 e} 43 D3 N3 «N2 e}l «01 «N1
30 o) d «13 «03 N2 «N1i 01 e}
35 e x4 «)3 «J3 «)2 e N el
49 oYU «D3 «2 N2 01 o011 «N0
45 e} 4} N3 . 02 N2 «D1 01 «N)
‘)0 -{]Ll .ﬂl .02 in 0‘)1 Qr)l 0()0
35 PR/ «03 02 ei)1 o)1 o)1 « )0
1) 0’13 02 N2 o1 «1)1 e} '00
655 e)3 02 02 o 01 o0 «00
70 «N3 «D2 «02 o0l o1 «00 «Q0
=) «53 <) «O1L el e} «0Q «Q0
“n «D3 «22 N1 «)1 el «NQ0 s+ N0
o9 « 2 «" o1 o1 «NO « 00 «30
328 «N2 e}l «01 31 ) « 0N «00
95 a2 =01 N1 N1 ¢ )0 « NN «(3i)
179 «) 2 -f}! or)l c")l 3 « 110 )0y
175 » )2 )1 N1l «N] «) MALs] « 1)
114} o)) 0-’)[ ool -01 «i)) e IN a1}
115 o3 «J1 N1 «DN 03 D « 01
129 o1 P «N1 «3 3 D) e
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TABLE IV, (CONTINUED).
(b) FREQUENCY IN HZ = &2
TEMP RELATIVE HUMIDITY ~ %
DEG F 10 15 20 30 30 70 100
-40 o111 12 -13 513 «10 «09 «06
=35 «13 14 «14 13 ' Xy «08 «06
=30 «15 «15 «15 «12 «09 «07 «05
=25 -16 16 «14 12 +08 «06 «04
-20 «18 «16 «14 10 «07 «05 04
-1S «18 «15 «13 «09 «06 «05 +04
=10 »18 «14 ol2 «08 «06 «05 Q4
-5 «17 «13 «10 07 «J5 «04 <04
0 e16 «i12 «09 «07 <05 «04 «04
5 ol 4 o1 «08 «06 «05S +04 «03
10 «13 «10 «08 «06 «05 «04 «03
15 <12 «09 «07 «06 «0S «04 «03
20 o11 «08 «07 «06 «(d5 -04 «03
! 25 «10 «08 «07 (16 «05 «04q «03
30 «10 «08 «07 =06 04 «03 «02
35 «10 -08 «07 «06 Q4 «03 «02
40 «10 «08 «07 N6 04 «03 «02
45 «10 «(18 «07 06 Q4 «03 02
S0 10 «238 «07 «08 «03 «02 «02
55 «10 «08 «-07 «:05 «03 «02 «03
60 «10 «08 «06 «05 «03 «02 01
65 «10 «08 «06 «04 «03 «02 01
70 «10 «07 «06 + Q4 Q2 .02 e i
75 «1C «07 «0S «04 02 «02 <01
80 «09 «07 «05 =03 «02 «01 «01
8s «09 «06 «05 «N3 02 «01 «01
90 «08 06 «04 «03 «02 s01 «01
65 «08 «05 «04 «03 «02 «01 «01
100 «07 «05 «04 «02 «01 «01 «01
105 «07 «05 +03 «02 «01 «0l «01
110 «07 «04 «03 «02 01 «01 «01
115 06 «04 «03 «J2 «01 «01 «00
120 06 «04 «03 =02 «01 «01 «J0




TABLE IV, (CONTINUED).
(c) FREQUENCY INHZ = 125

TEMP RELATIVE HUMIDITY - £
DEG F 10 15 20 30 50 70 100
~40 «13 o16 «19 «23 «26 24 21
=35 +16 «20 «23 27 «27 24 19
-30 «20 «25 «28 «30 «27 «22 =17
-25 25 « 30 « 32 « 32 «25 «20 « 14
=20 «30 «35 +35 «32 «23 17 o112
=15 + 36 «38 ¢ 36 «30 «20 15 o111
-10 -40 '40 '36 027 018 -13 -10
-5 244 «39 2«33 24 o154 «12 «09
0 *45 «37 «30 «22 ol4 ~11 «09
S 44 «34 «27 o119 «13 10 «09
10 42 «31 «24 17 «i2 «10 «09
15 + 39 «28 «21 o106 12 «10 «09
20 «35 «25 «1G «15 12 11 «09
25 «31 .22 18 el 4 12 sl «09
30 «28 21 17 «15 12 «10 «03
35 «26 .19 17 «13 o112 «10 «03
40 24 «19 17 15 «12 «10 «07
45 «23 «19 el3 «106 ol2 «(9 «0J7
50 «22 «20 1y «16 11 +09 006
55 +23 « 20 «19 «16 e11 «08 «06
60 «23 «21 «19 «15 «10 «07 «05
65 24 22 19 15 «10 «07 «05
70 25 «22 19 14 «0D0 «)6 s 04
75 126 22 el13 «13 +08 «06 « 04
80 «27 22 «13 «12 08 «05 «04
85 027 .21 ol 012 CO'I 005 903
90 27 »20 «16 11 «07 «05 «03
95 «26 «19 «15 «10 « 06 « 0/ «03
100 26 18 P ¥4 «09 «06 Y] «}3
105 25 «18 «13 «N9 «05 04 «02
110 24 «17 12 N «05 «03 «Q2
115 «23 o116 12 04 «04 «03 «02
120 22 «15 1l 7 7 «03 o2
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TABLE (V. (CONTINUED).
’ (d) FREQUENCY INHZ = 250
- TEMP RELATIVE HUXIDITY =~ 2

DEG F 10 15 20 30 50 70 too

=-4C ol4 «l3 22 29 o] e g? Wl
«35 «13 e 23 29 «33 «50 «5% « 54
=30 23 «30 e 37 48 59 60 + 53
=295 229 »3Q 47 «59 065 «6D i3
~30 «38 e 50 «59 + 69 «67 «57 « 43
-9 e i3 e (2 71 75 65 S « 36

=10 «G0 o 15 «31 «79 e 50 .4 «3J1
-5 ‘e T4 ¢ 306 30 77 52 el 3 27
J « 37 » 94 «39 «71 45 el «23
S « 39 «97 e 86 64 eJ9 e:!3 22

10 107 «96 - 80 56 03 Py PA

15 1.10 «90 «71 el 8 «30 oL 21
20 1.08 e8B! 63 42 «28 24 22
25 1.C1 72 «55 «38 27 24 2
30 «92 64 e «35 27 % 223
35 « 83 *H6 o4t «34 e238 27 «23
40 «74 v51 w4l «33 «30 w7 e23
45 «05 7 « 3 » 34 ¢ 31 2 «23
S0 «5C R «39 » 35 «32 22 22

25 «hHY PRy o441 «33 «33 «2 21

60 «52 44 42 « 40 «33 "2 « 206
65 « 51 TS 45 «4l «3C a5 via

70 e H2 49 e 47 42 eJil 34 17
75 54 52 <49 242 «32 e’ <16
a0 57 *55 +51 42 «28 21 «}5
TR e GO « 57 « 50 o4l a7 elY + 13
90 64 « 59 «52 » 39 e 25 «15 « 12

- as «5d GO 5] « 38 «23 «17 «11
100 «71 « 60 e 50 «36 22 el 1D
105 e73 ¢ 59 o4 a3 020} PN NRAY]
. 110 W e 54 el «32 ol 13 )]
115 7Y e 55 .2 « 32 o1y 012 e IR
120 D DNTA o/it? 20 16 el] 07
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TABLE W, (CONTINUED).
(a) FREGUENCY INHZ = 530

TEMP RELATVIVE HATIDITY - %
LEG F 16 15 20 30 50 79 100
W
(-5 1% 1 G 24 «32 « 49 «&3 «Be
-35 19 25 «3i 43 «65 ~83 1.02
=30 24 «33 adil .Y1 «8% 104 I 20
-2% e3) 543 Y- 713 1-09 1-2? 20
=20 «q] « 57 72 2 Gy 1.33 143 f.3C
~1S «53 «74 94 1.2% 1.52 147 3 .20
-1 +69 « 97 120 152 162 141 1.0€
-3 R0 1.24 149 175 169 .27 R0
G 1+15 ieSh 178 1.38 149 f.20 «75
3 1-4Q6 185 201 1.85 132 95 <Gl
10 179 212 214 179 1.14 «79 «55
| -} 2.13 230 213 1+62 « 97 «8E 50
20 2+4% &e24 2402 1.42 «33 «60 » L8
2% 250 226 1+.83 1.22 «73 36 Y-¥1
30 2.65 209 161} 1:06 2&6 « 54 49
3£ a2.57 187 140 +92 «62 «%h «52
40 2.39 1.64 {22 283 62 «SH « 56
qc 2.15 1643 -107 «77 X eHrid 5%
50 19! ] e26 « Q7 +75 «HE 66 062
55 168 113 «91 «75 e 73 «70 «63
60 1049 104 «A8 «73 275 o T& 3!
&5 134 «9% «89 «8S «83 «i7S ~62
70 123 «98 «92 91 «87 +76 «60
75 117 1.00 «58 098 « 89 «TS 87
80 1.14 1.056 1.05 1.05 «90 «73 «S4
8% 1.16 113 1«14 110 «89 +70 51
90 120 1.22 1.22 114 «87 66 « 47
9% 1.28 I+31 130 1.16 «84 62 44
100 1.38 141 136 le16 « 80 «58 «40
10S 149 1+50 140 1.14 76 54 «37
110 161 157 142 1.11 72 « S0 234
115 173 1.62 142 107 «67 47 + 31
i20 1«34 165 140 1.03 «63 «43 «28
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TABLE IV. (CONTINUED),
(f) FREQUENCY INHZ = 1000

TEMP RELATIVE HUMIDITY ~ X
DEG F 10 15 20 30 50 7Q 100
~40 «19 «23 «27 « 36 e 54 72 «99
-35 «23 «29 « 35 «48 73 «99 1.38
-30 «28 «37 46 «63 «99 1.34 1.80
-25 «35 47 «50 «85 1-34 1.79 2(3‘
~20 45 62 «79 1.14 179 2432 277 }
~15 « 58 «81 1.05 1.52 9033 2486 3508'
-10 e75 108 140 2001 2'92 330 3013
-5 «9OH l1e42 1.84 2460 3s46 3¢50 2.93
G 1.29 1.86 2440 3285 3.80 342 2458
S 1.68 2442 3.07 388 387 3.12 2.19
10 2418 309 3:78 He34 Je66 272 1.84
15 280 3«84 Aed44 4652 3.27 2430 1.54
20 3:54 4«58 4092 4440 2.82 1.94 1.33"
25 4435 5.18 5.11 4404 2440 165 1.18
30 St 4 S«52 {40397 3457 2.04 o444 110
35 SebJ 552 L0359 3,08 176 1e3} 1.08
40 619 S+24 4.09 .64 157 1.24 111
45 625 4+76 3.56 2.29 1.45 124 $217
50 5.99 qe21 3.08 2.02 1.40 1.28 127
58 551 3e67 2.68 183 le4} 1.37 1.38
60 4493 3.20 238 1.72 o447 1448 1,50
65 4435 2.81 2.16 1«69 1.58 1-62 1.60
70 3.82 253 2.02 1.72 172 175 1.67
) 337 2:33 197 1 .81 1.88 1.87 171
84 3.02 2.22 1.99 195 2404 197 1.72
8% 2677 2+19 2.07 212 2.19 203 169
90 2.62 223 2.21 232 2.31 205 1-64
95 2455 2¢34 239 2.52 2439 2404 1.586
100 2¢56 2.51 261 2471 244 1.99 1.48
105 2465 2.72 2.85 283 2e44 192 1.38
110 280 2.98 309 3401 2440 183 1.28
119 302 325 3+33 3¢10 2¢34 173 1.18
120 3.29 354 3+53 3el4 2+.25 1.62 l-OZJ




TABLE IV, (CONTINUED).

(g) FREQUENCY IN HZ = 2000

TEMP RELATIVE HUMIDITY - 2
DEG F 10 15 20 39 50 70 100
=40 «33 «37 edl «50 «68 «87 117
-35 «37 «43 « 49 (2 « 38 lelb 159
-30 42 «51 « 50 « 77 le16 156 217
~25 «49 « 62 74 1.00 1«55 2ell 2496
=20 «S7 «76 « 94 1.31 208 237 398
-15 72 +96 121 1.73 2.31 3.86 5,13
=10 <30 1.24 1.538 2431 377 5.038 636
-5 le14 1.60 2.09 3.04d 498 6«40 Te22
0 145 209 2.76 410 637 756 7 e 46
5 1.88 275 3«65 54338 Te74 Be22 108
10 2443 3.62 4480 6338 Ce77 8621 629
15 317 e 7Y 6.22 Beds 17 7e00 5.+38
20 4413 613 786 QeTH Be86 668 4452
25 535 T79 9.55 1055 B8.05 Se71 3481
30 685 958 1099 1559 702 4-33 327
35 Beb2 11.26 1135 9496 601 /iel2 2.89
40 1054 12.50 11.96 Re9Y 512 3+58 2.65
45 12.39 13.04 11.36 7180 4e 4?2 320 2454
S0 1333 12480 1032 673 389 297 254
55 1459 11.94 Gell 5.1 3«52 237 2¢63
610) 1455 1075 7+93 SeQ & 3.31 2«39 261
55 13«2 9e47 5490 US54 3.23 3.01 3.05
70 12:.64 B.2C GedS HelT 3.27 .21 334
75 11.29 Te25 5S40 3«95 3en12 349 365
20 9.96 6e42 494 e84 366 383 394
as Re T8 5.79 Je64 3494 3499 4419 4420
90 Te79 535 4«51 Lel2 437 He5 4639
95 700 5.00 4e52 4edN 4479 LeR7 {el39
100 Hedl 4908 4a(6 LTk Held?2 G613 le5]
105 602 502 492 5023 562 5.31 445
110 5. 80 Se20 526 5673 596 539 4«31
115 Se75 5.51 575 625 el S¢33 4e11
120 HeA5 593 6430 XN Helde Se.28 3¢86
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TABLE tv, (CONTINUED).
(h) FREQUENCY IN HZ = 4000

TEMP

RELATIVE HUMIDITY -

“

DEG F 10 15 20 30 S0 70 100
=40 « 88 292 e 94 105 124 1443 1.73
=35 Q2 «9R 1.04 lel7 . 144 172 2417
~30 .97 1925 1185 134 172 213 279
=25 1005 1e17 1«30 156 212 272 369
=20 1.15 1.32 159 1+3R 268 3.56 4495
-15 1.28 153 178 2.31 347 473 670
-10 ledt 1«30 2416 2491 4057 635 9.00
-5 170 218 2«65 Je75 609 B8e¢52 1277
0N 2402 2¢A8 3438 4039 8.13 1126 1463
5 24646 3+37 /1e3% SediS 1078 1435 1684
10 3.03 413D 5656 $e53 1392 17.26 1771
15 3«80 5+54 741 11.23 1725 19.18 1709
20 4eR3 721 Qe G2 1453 2092 19.58 15645
25 Gel9 Ged0 1256 18.18 21«49 18.53 13¢42
30 798 1221 166272 21 e85 2134 16.61 1147
35 1731 1567 2016 24415 1936 14¢44 9.81
40 13.27 1967 2393 25607 1769 1240 8049
45 1690 23.71 25« 80 24635 15.39 1069 751
S0 2119 27645 2d8e11 2245 13.29 9,33 6«32
55 2555 20ed4 2779 20.01 1154 3«31 6«40
60 2967 3052 25695 1753 1016 761 6e21
65 3P.73 2953 2340 15629 9.13 Tel& 623
72 3415 27«37 2072 1342 ey} 699 643
75 33«79 Zhel7 10027 11.93 T+9C 7.01% 6Ge79
a0 3211} Al e 39 1610 10«81 T e 30 Te248 730
85 2935 1934 14431 1092 Tes5 Teb64y 791
CR 26« 40) 1714 124902 Den3 Sell Re20 360
95 2351 1534 11e88D 9.31 ne 56 8¢9 9«30
190 23602 1394 i1e20 9e34 Jgel17 GeE7 Ge97
195 1det2 12«01 19654 Yer0 YeDS 16-50 [0«54
110 16563 1222 1347 1007 1JeHy 1i:" 1096
115 1H5ebd 1173 19e#1 1074 11231 12.07 111838
120 14452 1173 1114 11.5% 12.30 1269 1119
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TABLE IV, (CONCLUDED).
(i) FREQUENCY IN HZ = 8000
TEMP RELATIVE HUMIDITY - 2%
DEG F 10 15 20 30 50 70 100
=40 3.038 3.13 317 326 3«45 3+64 3.94
=35 J.13 3.19 3.26 3.39 365 394 439
=30 3.19 3«28 337 356 394 436 5.03
-25 3.28 3«40 353 3.79 4435 4L4e96 596
-20 3.38 3«56 374 4e11 493 S.82 730
=15 Je52 3.77 4402 4456 574 7.05 9.24
~-10 371 4405 441 Se17 688 Ge81 12.00
-5 396 {4443 494 602 850 11.29 15.86
0 4.28 4.95 5«66 Te21 1077 1477 20499
) 472 565 5+65 386 13.93 19.48 27.238
10 Se31 660 8.00 11.13 18.25 25.52 33.96
15 6410 789 9.86 14426 23.91 32.55 39.50
20 715 9.63 12.39 18.50 3087 39.52 42.28
25 8455 11.99 15.82 2407 38.51 44476 4177
30 10.43 15.17 2039 3106 4550 46 .86 3876
35 12.94 19.40 26433 39.18 S50.16 45665 34.60
40 1627 24.91 33.72 4751 5139 42414 3033
45 20«63 31.33 42433 54.53 4942 37+64 2651
SO 26427 40 .26 51.33 S8.66 45.39 33.14 23.35
S5 33437 49.538 59.32 56.19 40523 29.12 20.86
60 4192 S58.79 6471 56 .60 3585 2578 1899
65 51.63 6636 66451 S2.10 3167 2314 17.65
70 61.64 7038 64485 4687 28.18 21.12 16¢79
75 7063 7169 6074 4176 25s40 2667 16.34
8o 77.09 69.23 55.41 37.18 23.28 1872 1627
85 80.01 6457 49.84 33.32 2173 13.21 1654
90 7928 S8.91 44462 30.138 20.71 18.11 17.11
95 T7Se¢64 S3.11 40 .05 2774 2015 18436 1795
100 7024 4773 36.22 25491 20.082 18.96 19.02
105 64.12 43.01 33.13 24455 20.28 19.85 20425
110 S804 39.04 30.72 23.39 20.91 2100 21.56
115 S2.44 35.32 23.94 2360 2187 2237 2287
120 4754 33.30 27.782 23.74 2313 2388 24.06
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TABLE V. TERRAIN ATTENUATION COEFFICIENTS (FROM FIGURE 17)

Attenuation ~ dB per 1000 ft

T Grosland Jemgle Somcie
16 0 0 0
31.8 0 0.15 0.9
63 0.6 2.1 14
125 2.6 7.2 34

250 6.0 12 48
500 7.6 15 63
1000 6.6 21 8
2000 3.9 30 120
4000 1.5 48 170
8000 0.35 70 230
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APPENDIX il
DESCRIPTION AND OPERATION OF THE AUTOMATIC DATA SYSTEM

The data system developed for the control and analysis of the aural detection e«peri-
ment described in Section 4.2 of the main text were described by Adcock in
Reference 47; only the essential features of the system and associated data reduction
softwars will be described here.

Dncrigﬂon

Particular points which were given detailed attention during the design, development
and comstruction phases included:

o A iimple, self-guiding operationai procedure, in order to minimize or
eliminate operator errors;

o0  An intricate systam of safety interlocks to guard against the acquisition
of bod data being acquired, either as a retult of an operator arror or
because of the failure of some subsystem or component;

o The compression of the acquired data into a minimum quantity of
punched papcr tape, in order to reduce analysis time without sacrificing
precision;

o  Subsystem modularity, to permit simplified checkout procedures, easy
maintanance, and a capability for development and modification;

o  The acquisition of data in a format which would be arror free, readily
interpretable, and prepared for immediate computer analysis.

The location of this unit in the sound generation system may be seen in Figure 32.
its maln element, with respect to the signal generation, is ¢ Grason Stadler Model
E 800-193 continucusly variabls 120 dB potentiometer which is used to adjust the
level of the stimulus signal.  Its input, taken directly from the signal source
(either @ tape recorder or an oscillator) is amplified by a Crown D40 amplifier
used in the copacity of an impedance matching device. It has o linear movement
with ¢ travel of 6 inches, has a flat frequency response between 10 and 10,000 Hz,
and has a resolution of 0,25 dB.

The attenuator is driven, through an antibacklash rack and pinion, by a reversible
motor at a rate equivalent to 2 dB/second. The position of the attenuator, and
whence the signal level, is monitored by a transducer which indicates the angle
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of rotation of the pinion drive shaft. This device, which is essentially a binary-
masked photoelectric shaft angle transducer, comprises a 10-inch-diameter, 1,25-
inch-deep FPlexiglas cylinder having around its periphery an opaque binary mask
made from standard 1~inch eight-hole biack punched paper tape. This mask is
coded in standard binary code from decimal 1 to decimol 255 and covers approxi-
mately 300 degrees of the cylinder's circumference. A high-intensity light source
located inside the cylinder and an array of silicon photodiodes are arrunged to
sanse the eight data holes and the sproccet hold in the tape. An eight-bit storage
register stores the binary coded tape character and is updated whenever any digit
changes value, The contents of this register are read and punched at 1.034-second
time intervals (controlled by an interna! clock circuit) by a Tally Model 1786 drive
package driving a Model P-120 eight-hole punch. The system continuously cutputs
tape characters read by the photoelectric sensors. The physical separation of the
characters on the cylinder and the gearing ratio are suci: that the interval between
characters corresponds to approximately 0.4 dB.

At the start of a test, the attenuator drive motor is started and continues to run
until the test is terminated, either at the end of the run or by an abort situaiion.
The direction of rotation is controlled by the test subject with a hand-held push-
button cord switch. When the button is pressed, the signa! level diminishes.

When it is released, the signal increases, By alternately pressing and releasing

the button, the subjeci continually adjusts the signal level between the just-audible
and just-inaudible points. _

Figure 32 shows ihs association of the dota acquisition system with the electronic
and acoustic equipment, and the subject's console in the acoustic facility. The
latter comprises an array of indicator lights to identify the current experimental
phase and to indicate cerfain abnormal conditions, and an alarm switch whereby
the subject may terminate the experiment in the event of an emergency.

The various built-in system functions including the monual override capabilities,
safety interlocks, abort, alarm and reset capabilities, cre perhaps best described

by the operations required to run a typical test, These are described below in
sequence with reference to Figure 64, which is a diagram of the DAS control panel.

1) The "Ready" button is pressed to prepare the system for the test.
The attenuator begins to reposition itsel f approximately hol fway
through its range and the instruction lamp "Rewind" lights up.

2) The stimulus tape is rewound on the tape reproducer, or other signal
sources prepared as required. When "Rewind" is hit to acknowledge
tha instruction, the "Rawind" lamp turns off, and the "Set I.D."
lamp lights up.
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4)

5)

6)

7)

8)
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The required test identification number (4 decibel digits) is set on the
front panel thumbwheel switch, The “Set 1.D." is hit to acknowledga
the instruction. The "Set |.D." lomps tumn off, and the "Runout"
lomp turns on.

The "Runout" switch is temporarily depressed to run out a length of
blank tapa from the perforator. This serves as a delimiter betwean

tests for the purposes of the data analysis. The "Runout" lamp turns
off, and the "Punch" lamp lights up.

The Punch Test 1.D. buttons "First” and "Sacond" are pressed to write
the contents of the thumbwheel registers on the paper tape. "Punch"
is hit to acknowledge the comriand, and the instruction lamp turne off,

When Steps 2 througk 5 have been accomplished, and when the motor
drive has centered itself ot the midway point of the attenuator range,
the "Ready" famp is lit.

When the subject is ready, "Run" is hit, The motor comnances driving
in a direction under the control of the subject, and the tape reproduce:
(if used) starts playing. The data acquisition system does not, however,
drive the tepe perforator at this time.

If o tape reproducer is being used, the "Run" phase of the operation may
be controlled and timad fully autematically through the use of a control
teno on a second ‘cpa channel. As soon as the "Run” switch is pressed
(Step 7 above), a yellow "Run" lamn will be lit on the main panel and
repected on the subject’s console. When the conivc! tignal is detected
from the tape reproducer, the data system is activated and the tape
perforator commences punching data. The yellow "Run" lamp turns off,
and a green "Run" lamp lights, which is ogain repeated on the subject's
console, This arrangement ensures a repeatable time origin each time a
given stimulus tape is played.

If o tape reproducer is not baing used as the stimulus source, or if the
tape is not furnished with a control tone on another channel, a manual
override is available to start the data acquisition procedure. Again,
when the "Run" switch is operated, yellow "Run" lamps cre lit untii the
"Tape Trigger Override" switch is thrown, at which time the system
commences punching data and shows green "Run" indicators.

During this period of dota acquisition, the approximate setting of the
attenuator is indicated by a meter in the bottom left-hand corner of
the console. Two amber indicator lamps are also provided to show the
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direction in which the subject is driving the attenuator at any time.
By observing these instruments, the test director is able to ascertain
that the experiment is progressing normally.

If the subi :t attempts to drive the attenuator beyond its range in either
directior., an "abort" situation arises, v-hich is handled as indicated
below,

9} At the snd of the recorded stimulus sound, the control tone also ends,
causing the parforator to stop, switching cff the tape reproducer, and
reverting the system to a "Standby' mode, with yellow "Standby"
lamps illuminated on the main and subject's consoles. In the event
that a trigger is not being used, the "Override Trigger Signal" switch
is moved to "off" at the end of the required period of time, with the
same sffect upon the system.

10) Retumn to Step 3 for the next test,

The above sequence of operations are required during a normal run. However, a
number of abnormal events are provided for by the system as foliows:

Low Tape -- When the tape perforator paper tape supply runs iow the warning "Low
Tape" lamp illuminates. In this condition the system will not ready for a new test
until the paper roll has been replaced.

Oparational Error -~ The system will not ready unless oll operations were parformed
in the correct sequence.

Abort -~ If, for any reason, tha subject tries to drive the ottenuator to its limit in
either direction in the course of a test, the motor automatically stops and an abort
situation arlsas. Tho test opecator is warned by the "Abort" lomp that the limit has
been roached, ond he may then either override the condition or terminate the test.
By watching the direction indicator lamps and by observing the reading o the main
ponel voltmeter (which is scaled from 0 to 120 dB attenuation), the operator is able
to decide whether to discontinue the experiment. If the direction indicator lamps
show that the subject is resolutely atiempting to drive the attenuator beyond its
roge, the operator would probably wish to abort the experiment and determine the
reason for this responte, if, on the other hand, the subject reverses the direction
of drive almost immediately, the axperiment may be continued by pressing the
"Abort" switch and allowing the system to revert to normal operation. In the event
that the experiment is to be termincted, pressing "Abort" and "Reset” simultaneously
will bring the system into "Standby ™, ready for the next test.
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Data Reduction

The format of the punched paper tape consists of blocks of date punched in binary
integer form and separated by lengths of blank tape.

Following the blank tape, the first two non-zero characters are interpreted as the
4-decimal-digit test identification number. The remaining string of non-zero
characters are read as binary integers, which represent the decimal integers !
through 255, The output of the attenuator position transducer is therefore recorded
to a precision of 1 part in 255, or about +0.2%, which was considered sufficient
for the experiments concemed. B

The data analysis was performed in two phases using two separate computer programs
written for a time-tharing computer service. Access to the computer was through a
Telotype ASR-33 terminal located at the test facility which allowed convenient and
rapid off-line reduction of the test data. The first progrom served merely to read
the experimental data punched by the data acquisition system, to print sufficient
information for the contents to be manually checked, and to store the good records
in o permanent file. The main analysis was then performed upon these files by ¢
second, independent program. Remembering that each file represents a time history
of detection level for one particular sound sequence as adjusted by one subject,
options were provided to process the files in four different ways for output:

1) The results of one test for one subject could be examined, each
data sample (which was originally recorded at a rate close to
1 sample/second) being listed or plotted as selected.

2) The results of one test for one subject could be analyzed, with
the time axis compressed for convenience of examination if
desired. In this case a group of samples could be comprassed into
one data point (defined by o mean and a standard deviation) for
listing or plotting purposes.

3) The results of several tests, for several separate subjects of replicaia
tests for the same subject, could be averaged, and mean and standard
deviation data presented at each time interval.

4) The results of several tests could be averaged, as in Method 3 above,
with the time oxis compressed also, as in Method 2. The mean and
standard deviation were thus values appropriate to a number of dato
points taken from several tests over some finite time span.

In order to perform the analysis. the program required several sets of calibration data
as follows:
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1) An attanuation table comprising 255 vclues, in dB, corresponding to
the 255 angular positions of the binory mask. This dat, obtained
as described under “calibration procedures,” allows precise conversion
of the punched datu to signal levels, in dB, relative to a calibrated
reference.

2) (optional) A function defining the overall system frequency response
necessaty to convert source level to the level experienced at the
subject's ears. This is tabulated as 31 values of a correction factor,
in dB, to be added to the signal level at each 1/3-octuve band center
frequency between 12.5 and 12,500 Hz. This function was used in the
analysi. of tests involving frequency as the stimulus variable. For sine
sweep tosts (see Section 4.4}, oppropriote values for the continuously
varying frequency ware obtained by interpolation.

3) The stimulus variable (typically frequency) as a function of time for
conversion of the time variable and more cornvenient interpretation of
the printed results. Although this function could be tabulated, it was
normally generated according to an appropriate analytical relationship
in a speciai-purpcse suhroutine.,

The anaiyzed results could be output in two forms: os a printed table as shown in
Table VI, and as o quick-look plot as presented in Figure 30, The listing provided
a detaiied tabulation of all values of the stimulus variable under study, the mean
signal level and the stendard deviation of the level if appropriate. The teleprinter
plot has a !imited resolution of 2 dB but proved to be a most convenient method of
condensing the large quantities of data involved. The zaro characters represent the
mean threshold level, and the asterisks denote tiie extent of the standard deviations.

Calibration Procedures

All calibrations of the rest aq::ipment were performed using a B&AK Automatic Fre-
quency Response and Spactrum Recorder Type 3332, This ceneral~purpose instruinent
combines three mechanically coupled units: o Bect Frequency Oscillater (BFO)
Type 1022, an Audio Frequency Specticmeter Type 2112 and th Level Recorder
Type 2305. It provides for the generation of sine waves at fraquencies up to 20,000
Hz, octave or 1/3-octave spectrum analysis ot frequencies down to 12,5 Hz (in
conjunction with a 5&K Type 1620 extension filter set}, and qutomatic plotting of
spectrol and time history data, Accessories included a BEK Modei 4133 3-in.
condensar microphone, a B&K 4145 1-in.condenser microphone, an HP Model 650A
test oscillator to cover frequencies between 10 and 20 Hz, and a B&K Type 4220
pistonphone, These items were fully calibrated prior to the test program to labora-
tory standards which in tum were treceable to the National Bureau of Standards and
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TABLE Vi,

SXAMPLE COMPUTER ANALYSIS

ANALYSIS OF 3 TESTS! 10g

103

104

ABS®LUTE SPL DB
TIME ELAPSED STIMULUS

COUNT TIME MEAN  SigmA PARAMETER
1 2.586 €Bed 5,9 «1200E 2
e 7.759 80.8 6.0 « 12008 R
3 12.931 93.1 Sel «1200E 2
4 18.803 98.8 3.5 +1200E 2
S 23.276 101.0 3.5 «1200E 2
é £28.448 98.6 $.5 «§QO0E 2
T 33.621% 975 8.1 « 1200 ¢
8 38.793 98.1 $.0 «1200E 2
9 A43.966 9646 3.8 «1200E 2
10 49.138 9609 2.5 +i2C0E &
1 $4.310 94.8 0% «1200E 2
12 $9.483 97.2 4.0 «1200E 2
13 640655 96.5 443 «1347€ 2
14 69 .824 87.7 L.a «ISEIE 2
15 75.000 84.9 3.6 17098 @
16 80.172 78.1 2.7 «1910E ¢
17 85.345 194 3.4 «R126E 2
18 90,517 73.7 3.9 +2359E B
19 95.690 707 4.3 +2608BE B
20 10n.862 68.3 3.7 2876 €
£1 106.034 64.% 4.4 «3I65E @
ge £11.207 61.6 3.0 03474 ¢
23 1164379 599 3.6 «3807C &
ga 2 .552 S61 3.0 edlbar g
es 12¢.724 55.6 3.6 +ASABE 2
26 131.897 54.5 3.3 «49S1E 2
27 137.069 $1.0 2.5 +SA04E 2
8 142241 SR.4 4.4 +«5880E 2
29 147.414 SR.y 2.8 «+6391E 2
s0 152.586 5042 Se9 «63Q0E ¢
3i 157759 Sied Leb «TSALE 2

96

j "““"n al ;‘. PO Vﬂ-.v..‘ R ot sad TR




™

Ly

e ot v 1 TP

R

which meet Military Specification MiL-C-45662A. A full set of calibration pro-
cedures was established during the test setup phase of the study and was rigorously
adhered to during the entire program. These operations are described below,
according to the frequency with which they were performed, with reference to
the schematic diagram of Figure 32,

Daig Acquisiiion System:

The data system itself was calibrated in two respects, and was also used
as port of the calibration precedure for the entire acoustic system. The
two system caiibrations are the clock pulse period, which governs the
sampling rate, and the relationshiz between the angular position of the
transducer shaft and the seiting of the attenuator.

The system clock was periodically calibrated to determine the pulse period
by allowing the system to punch data for a period of precisely 5 minutes as
timed by a stopwatch. In many repeats of this procedure, it was found

that the number of characters punched is repeatable to within a total spread
of 1 count, ~r an accuracy of approximately 0,3%. The overall mean
period was fcund to be 1,034 +0,3% seconds/count,

The relationship between the angular position of the motor/transducer/
attenuater drive shaft and the setting of the attenuator in dB uttenuation

is mechanically fixed and theoretically invariable, If, for any reason,
however, the drive system was disassembled or adjusted, or if some macha-
nical malfunction occurred, the sysiem was recalibrated. In practice,

the calibration was spot~checked daily. The BFO was odjusted to set up a
1-volterrns, 500-Hz tone as input to the attenuator at poirt A. Using the
motor drive override conirol, the assembly is driven to the minimum otten-
vation position, The graphic level recorder monitoring the crossover input
voliage of C was set to a zero dB level. The chart level recorder paper
drive and tape perforator were storted, and the attenuatoi was swept from
minimum fo maximum atteruation. The attenvaiion setiing was recorded as
a continuous curve on the chart recorder, with each punch pulse being
identified on the chart using the event marker pen. Upon reaching maximum
attenuation, the motor direction was reversed to drive the attenuvator back
to minimum aitenuation position. The curves were averaged, and the at~
tenuation settings read for each punch puise wore recorded for correlation
with the punched paper tape output.

From these results an attenuation setting in dB was obtained for each binary
count, and a 255-entry table was compiled for use by the analysiz program.
A copy of this table was kept in the lakoratory so thet periodic spot checks
ceuld be made as desired.



R adatan adh st Lot il

Lo d

Acoustic System - Frequency Respense:

For the purpose of computing the sound pressure level at the subject’s ears
from the input signal level monitored by the DAS, the overall system fre-
quency response function was required. This is the difference, in d8,
between the input signal level at C (where the signa! characteristics are
nomally measured) and the levels heard by the subject as a function of
frequency. In reality, it is difficult to define or measure these levels and
many conventicns are practiced. For free propagating sound it is most
common to specify audible level either as that measured at the entrance
to the ear canal or that measured at the subject's head position when the
stbject is absent, From a practical stondpoint, the latter definition is
probat:ly of more value since levels are normally specified or measured

in a relatively free space. Depending on frequency, the two values can
differ by as much as 10 dB. However, when headphones are used,

there is no free field to measure. Also, the measurement of ear canal
pressures presents a severe practical problem since it is very difficult to
locate microphones inside the headphone cups. Instead, an "acoustic"
coupler is used to simulate the human head and in which a ccndenser
microphone is seated at the bottom of a 6=cc cavity approximating that of
the outer ear. The coupler used in this study was a Koss/B&K unit specially
manufactured for the ESP-9 headphones. The precision with which this
coupler represents a real humar head is not known, but this imposes no
restriction on the validity of the results since we are only concerned

with sound pressure level values measured relative to the measured
absolute threshold. The only requirement is for both measurements to

be made in exactly the same way.,

The frequency response was thus measured using the B&K 1022 Beat Frequency
Oscillator as a signal source and using « 8&K 4133 microphone cartridge
tnounted on a B&K 2619 preamplifier inside the coupler. The pressure re-
sponse of this transducer is tlat between 20 Hz and 2000 Hz, with a slight
roll-off beyond this rang. reaching 1.0 d8 ot 10 Hz and 5 dB at 10,000 Hz,
The coupler was mounted t the subject's normal head position to properly
measure the low-frequency, free field componert and the absolute level

was established by applying a B&K 4200 pistonphone to the microphone
generating a known 124 dB at approximately 250 Hz. The "sine-sweep"
calibration was always performed with all system gain and attenuation
settings adjusting to give oredetermined rms voitages at each point in

the system. These settings were established during the system development

to provide optimum signal-to-noise situations and en optimum balance between
the free field and headphone signal levels. The response to a constant sinu-
soidal voltage, changing slowly in frequency . was shown in Figure 33(a) for
each headphone cup. It will be scen that the two earphones cre fairly well
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balanced, the maximum difference being approximately 2 48, It should

be noted that the frequency scale is displaced by a constant 10 Hz from

the printed recorder chart values. This reflects the use of the incremental
frequency adjustment available on the BFO to start the sweep at 10 Hz
instead of the standard 20 Hz. The linearity and frequency of the oscillator
between 10 and 20 Hz was checked using a low-frequency HP 650A
oscillator,

The relative contributions from the loudspaakers ond the electrostatic
phones to the total signal level are shown for the right ear cup in Figure
33(b). This was obtained by superimposing upon an identical curve the
two sine sweep response curves with first the loudspeakers and then the
heodphones disconnected. Figure 33(b) shows the overall responses
measured in each earphone separately.

As a second check on the system frequency variation, the response of

the system signal was obtained from an Allison Random Noise Generator,
shaped to an essentially flat 1/3-octave band spectrum {Figure 65a) and
recorded cn the Precision Instruments PS 207 FM tape recorder. This tape
was used whenever required as a source of "pink" noise. With this tape

as a signal source, the 1/3-octave band level specira shown in Figure

65(b) were recorded in the earphones. The right and left ear responses are
shov:n separately in Figures 65(b) and 65{c) which, together with Figure 33(b),
clearly illustrate the uniformity of response (+ 2.5 dB between 12.5 and
12,500 Hz) and the similarity of the two earpieces. To avoid the compli=
cations introduced by interaural differences, both for the headset itself and
the subjects participating in the tests, only the maximum signal occurring

in either earphone is considered for calibration purposes. Likewise, threshold
results are presented in the next section without regard to the ear in which
the signal was detected.

Ambient Noise:

At periodic intervals, the ambient noise inside the test chamber was measured
with the sensitive B&K 4145 microphone and analyzed into 1/3-cctave band
levels, This was done to ensure as far as possible that the noise floor was

at all times less than the threshold of audibility. Typical results are pre-
sented in Section 5.1 of the main text,

Daily Calibrations:

The calibrations described above were required to set up the entire system in
readiness for the fests and were only necessary following repairs or other
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changes which might alter the system performance. They provided all
the calibration data required for analysis of the test data. On a day-
to-day basis it was normally only necessary to make fine adjustments
to the various settings, to verify that no changes had occurred to the
system responses and to set up specific test stimuli as follows:

The spectrometer/level recorder was calibrated for overall leve! by ap- Lo
plying the 124-dB pistonphone signal to the coupler microphone. The '
headset was mounted on the coupler (left ear) with the unit at the normal “
heod position, and the chamber door s2aled, The oscillator frequency

was checked against the 60 Hz power supply frequency and adjusted

it necessary. With the DAS cttenuator in the low position cll volitages

were checked or set ot the predetermined values. A sin~ sweep fre-

quency response was then recorded between 10 Hz and 20 KHz and checked

by comparison with a standard colibration. In all checks performed, the

errors were undizcernible, With a 1-volt, 500-Hz signal applied to the

DAS input, the crossover input level (D) was recorded while driving the

potentiometer to maximum (120 dB) attenuation. This was also compared

with a standard, and at selected intervals the motor was stopped to check

the paper tape punch cutput cgainst the newer calibration. Finally,

with the DAS input voltage (b) returned to zerc and the attenuator still

at the maximum position, a 1/3-octave analysis was made of the micro-

phone output to ensure that no undue noise was present in the system,

A further option exercised periodically was to perform an identical

analysis on the right earphone.

Individual test stimuli levels were estoblished by monitoring and adjusting
the crossover input voltage to a specified level for o knov:a signal. For ,
recorded helicopter sounds, this was a 60-second 100-Hz tone recorded ot ' -
the beginning and end of the test tape. For other wideband signals, the :
500-Hz 1/3-octave band level was used. These levels were measured :
to the nearest 1/10th dB with the true rms voltmeter of the audiospectro-
meter.
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APPENDIX (i1
WRITTEN INSTRUCTIONS GIVEN TO TEST SUBJECTS

INSTRUCTIONS -~ Please recd carefully,

The purpose of tese tests is to determine how human listeners detect helicopter
noise. The resul.s will be used as a basis for the development of quieter heli-
copters.

You will be seated inside a specially designed acoustic chamber,and sounds will be
prasented to you through both loudspeakers and headphones. In many of the tests
you wili hear a uniform background noise which will remain constant throughout the
test and is beyond your control. Unless otherwise instructed, your job is to listen
for the sound of aircraft. When you heor an circraft or helicopter, deprass the
small hand-he!d button and hold it down until you can definitely no longer heaur the
aircraft, At this point release the button. Repeat this during the entire test, con-
tinving fo depress or release the button each time you definitely can or definitely
cannot hear an aircraft sound respectively.

To inform you of the test progress, we have installed a small console in front of you.
Immediately before the start of each test, the amber READY light will illuminate
and your confrol button will energize. The test is actually in progress when the
green light is on during which time we are making measurements, At the end of the
test the amber STANDBY light will appear and you may take off the headphones and
relax to await further instructions.

You will also notice a red LIMIT lamp. If this should light up at any time == please
alert the test director vio the intercom, which is always switched on. The system

has been in use for many weeks and has proven to be perfectly relioble. If, however,

for any reason the sound level becomes uncomfortably high and you are unable to
reduce it with your button the red switch or the wall to your laft may be thrown to
immediately turn off all sound. The ALARM-EMERGENCY switch on the console
stops the test and should be used orly under extreme circumstances.

The headphonas should be worn with the cable to your left ear. Please be sure to be
wearing them as soon as the READY light comes on.

The tests require considerable concentration on your part, and it is important for

you to rest between tests. Please notify the test personnel if you suspect your per-
formance deteriorated Gt any time,
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APPENDIX IV
METHODS FOR CALCULATING HELICOPTER AURAL DETECTICN THRESHOLDS

Three methods for the calculation of helicopter detection thresholds are presented in
this appendix. A choice among them may be made on the basis of the degree of
resolution of the available input data, the computational equipment available, the
accuracy required in the specific application, and the time available to perform the
computations. The first method, which in generl is practical only for machine
computation, requires specification of the 1/3-octave band level spectra for both
the helicopter noise signal and the embient noise at the observer location. These
data are converted, os accurately as possible, to critical bandwidth spectra, and
the transformed signal spectrum is compared to a combined threshold function. This
is the method which was tested a1 described in Section 5.0 of the main report. The
second method is sti!l based upon the use of 1/3-octave band level data but is
simplified by the adogtion of an approximate method for the inclusion of the critical
bandwidth effect. It is thought that this cpproach will be only slightly less accurate
than the first method, and yet it offers considerable simplification o° the computa-
tional steps. The final version requires only octave band spectral resolution and is
otherwise identical to the second method. It is probably less accurate than either
of the alternatives, but it is amenable to hand calculation,

Whatever the choice, the basic calculation indicates whether the particular heli-
copter noise spectrum is audible in the particular masking noise and by what margin.
This margin is obtained as the greatest (or ieast) difference between the signal and
a combined threshold. The true threshoid level for this particular signal spectrum
can be obtained by applying the appropriate dB cdjustment to reduce the above
difference to zero. In general, however, a change of signal level requires an
adjustment of the helicopter position, and this in turn, due to frequency dependent
attenuaiion effects, requires a modification to the spectrum shape. In this case the
thresheld is best established by iteration, basing successive estimates of the correct
result upon the previous error, Again, this procedure is best performed by machine
calculation,

In the following instructions, frequent use is made of the summation notations de
and (L] +L2 +oae ')dB' These are used to denote the decibel summation of sound

pressure levels according the formula

(L,+L +L,+ ...

2 3 dB

zn:dB (Ln)

L/10 L/10  L./10
10|ogw<10’ +102/+1o3 .

]

)
-oo/dB

A iih. s s corrnt. bkl s o

i




As an aid to manual calculation, o tabular method for sound pressure level summation
is presented in Tabie VIl at the end of this Appendix.

METHOD A. "EXACT" CALCULATION USING 1/3-OCTAVE BAND LEVELS

Data Rguired

L, for n=11030: the 1/3-octave band levels, in dB, of the helicopter noise
spectrum ct the observer location for the frequencies f_ = 12.5, 16, 20, ..., 10,000
Hz (or for whatever frequency range the dato are available).

Mg, for n =1 to 30: the 1/3-octave band levels of the ambient masking noise at the
observer location for the same trequency range.

Method

Step 1: Convert the 1/3-octave band levels L_ and M_ to critical band levels
Lr; ond Mr: using the "exact" relationships described in Table VIII,

Step 2: Calculate the combined critical band threshold fevet T' ai each fre-
quency as the decibel sum of the absolute threshoid A n(from Table 1X)
and the masking threshold (M - 5) dB; i.e.,

T = At M9 g

Note that if the difference between A' and (M - 5) exceeds 13 dB,

e, s « . n
it is sufficiently accurate to put T equal to the greater of A’ and
(M' - 5),

n

Step 3: Subtract the combined thresholds T from the critical band signal levels

L'. If the greatest value is greater than +1 dB, it may be assumed
that the signal is audible.

Examgle

A hypothetical example is worked in Table X. The 1/3-octave band levels of the
helicopter signal and the ambient noise are listed in columns 4 and 5 and the
absolute tone tnreshold is copied from Table IX into column 3,

103




S ———— —ye: T TR AT WY LR ¢ WO T BT AT R, S TR N AL W,W

Step 1 is executed in Tables XI and Xil according to the instructions provided in
Table 1l.2, and the results are transferred to columns 6 and 9 of Takle X, The
critical band masking level obtained by subtracting 5 dB from the ambient levels
is given in column 7. The combined threshold which is the decibe! summation of
the absolute tone threshold (3) and the masking level (7) is tabulated in column §&.
Column 10 is the datection level which is the difference betweszn the signal level
and the threshold level, Column 11 shows the audible level in aoch critical band
(al! positive values of the column 1C entry minus 1dB).

Thus, in this example the signal is audible in the four critical bands at 50, 63, 80
and 100 Hz, The most audible band is that at 63 Hz, and the audibility threshold
for the signal is 3 dB below that specified in column 4. The results of the example
calculations are shown graphically in Figure 66.

METHOD B. APPROXIMATE CALCULATION BASED ON 1/3-OCTAVE BAND LEVELS*

Data Required

As in Method A, Ln and Mn for n= 1 to 30, the 1/3-octave kand levels of the heli-

copter signal and the ambient noise.

Method

For this approach, the absolute audibility threshold has been converted to an effective
1/3-octave band ieve! threshold An so that no critical band conversions are required.

The computational steps required are as follows:

Step 1: Calculate the 1/3-octave band masking level by subtracting 5 dB from
each of the 1/3-octave ambient noise levels.

Step 2: Establish the 1/3-octave band combined threshold by the decimal
sumnxation of absolute threshold An (from Table 1X) and the masking
level; i.e.,

T, = An+(Mn-5) dB

*This method is only approximfely correct for helicopter type spectra which decay
fairly uniformly in the lowest bands. Errors will be greater for different type spectra,
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Step 3: Compute the detection leve! in aach band by subtracting the threshold
level from the signal level.

Step 4: The audible level is the amount by which each detection level exceeds
i d8.
Example

The previous hypothetical data is reused for this example which is worked in Table
Xill. Comparing the final results with those obtained using the exact method
(Table X) it may be seen that ths detection levels agree to within 1 d8. This is
typical of the relative accuracy which may be expected.

METHOD C. APPROXIMATE CALCULATION BASED ON OCTAVE BAND LEVELS*

Data Required
tk and ﬁk for k= 1to 8, the octave band sound pressure levels of the helicopter

signal ond the ambient noise in the frequency range 16 Hz to 8 kHz.

Method

The procedure is precisely the same os that for Methed B above except that the
equivalent octave band thresholds Ak from Table XIV are used. Again, the pro-

cedure should be restricted to helicopter type specira,

Step 1: Colculate the octave band masking levels by subtracting 5 dB from each
of the octave band ambient noise levels,

Step 2: Establish the octave band combined threshold by the decibel addition of
the absolute threshold Ak and the masking level; i.e.,

T AT -9 g

*This method is subject to the same restrictions regarding spectrum shape as Method B
(gev.).
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Step 3: Compute the detection level in each band by subtracting the threshold
level from the signal level.

Step 4: The audible leve! is the amount by which each detection level exceeds
1d8B.
Example

A complete example is worked in Table XV, The octave band levels listed in
columns 3 and 5 correspond to the 1/3-octave levels presented in the previous two
examples. The final result is again very similar, i.e.,an audible level of 3 dB in
the octave band centered on 63 Hz. This Jemonstrates the usefulness of this pro-
cedure.
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TABLE Vil. TABLE FOR THE ADDITION OF SOUND PRESSURE LEVELS
(TO THE NEAREST 0,5 dB)

d8 -20 -1c -0 +10
0 .010 .100 1.00 10.00
0.5 .on N2 122 .52
1.0 013 126 1.258 12.58
1.5 .04 141 1.412 14,12
2.6 .016 159 1.585 15.85
2.5 .0te .178 1.780 17.8
3.0 ,020 260 2.00 20.0
3.5 .022 .224 2,24 22.4
4,0 .025 .251 2.51 25.1
4,5 .028 .282 2.82 28.2
5.0 .032 316 3.16 31.6
5.5 .036 .355 3.55 35.5
6.0 .040 .398 3.98 39.8
6.5 .045 447 4.47 44.7
7.0 .050 .501 5.01 50.1

| 7.5 .056 .562 5,62 56.2

i

‘ 8.0 .063 .63 6.31 63.1
8.5 .071 .708 7.08 70.8
9.0 .080 794 7.94 79.4

| 9.5 080 891 8.91 89.1

Method:  Subtract the decade of the highest level from ali values and convert
! each to an energy value using the tabie. Convert the sum of the
energies to the nearest 1/2 dB level, remembering to replace the
decade.,

Example:  To calculate EdB (58+ 64.5+73.5 +71.5)dB, subtract 70 from each:

8.0 (-20), 4.5(-10), 3.5 (-0), 1.5 (-0)

Energy values: 063+ ,282+ 2,24+ 1,412= 4,01
Nearest dB level: 6.0

Add back origina! 70: ng = 76.CdB

vy - ———— e v 1 va—
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TABLE VIII, METHOD FOR CONVERSION FROM 1/3-CCTAVE BAND TO CKITICAL BAND LEVELS

b (dB)
n,
1
I 12 s lals]elzlelofrwoln]nzjn]u
n |l F ORNJts2.50 16 20 (25 [31.51 40 [ 50 [63 a0 {100l 125] 160 200 | 250
1 §2.5] 9.5 [ 0 -2 - - - - - - - - - -
2 16§ 8.5 0 0 ] -8.5 - - - - - - - - -
3 20} 7.5 0 0 0 {-1.5 - - - - - - - - -
4 25] 6.5 0 0 [ -5 - - - - - - - -
5 31,5} 6.0 -1 -9 0 (] 0 - - - - - - - -
é 40{ 5.0 - - - =3.5] 0 ] -1 - - - - - - -
7 ol ] - - -1 -1tsftoqjo -2} -}-1|-1|-71-1-
8 alast - | - - -7 -1 -]v]o]=ssp-|-1}-1]- -
9 olso] - - | -|-1-1-1=- 1|25 0 -5 -1}|-1-1-
10 100| 2.0 - - - - - - - - 1-3.5] 0o }|-6.5 - - -
n 125] 1.5 - - - - - - - - -5 0 - - -
12 160} 1.0 - - - - - - - - - - {-10.5} O |[-12.5} -
13 2001 0.5 - - - - - - - - - - - - 0 [-14.5
14 2501 0
15| 31s|-0.5 | P IBxoct” Method:
16 4001-0.5 For frequancios beiow 250 Hz (i.e. n S 13) the critical bandwidth is greater than the
: 1/3-octove bandwidth of the soms center frequeancy so that the critical band level must
177 5004-1.0 be obiained by summing the total or partial energies from a number of adjacent 1/3-
18 s30l-1.0 octave bands, The farmwla for this oddition is
14
-1.5
¥ 800 L =2 [L.*B ] vhere L.= L fori=n
20 | 1,000]-1.5 i L N oo
2V ) 1,250(-1.5
29 | 1,6001-2.0 (Note that the B are odded algebraicaily to the L. before the decibel summation
‘ ! ) across i), i !
23 | 2,000-2.0 Example: Compute the sound pressure level in the critical band centered ot 40 Hz
24 | 2,500]-2.0 en the 1/3-octave band levels at 31.5, 40, 50 and 63 Hz are 58, 54, 53 and 50.54B
25 | 3.1501-2.0 respectivaly (remaining levels moy bs ignored):
, .
L = 49 + 54 + 53 + 48.5
26 | 4,000]-2.0 o2y L ]
z7 | 5,000]-2.0 = 5845
28 | 6,300]-2.u For frequencies of 250 Hz and above, the exact method is the sume as the opproximate
29 | 8,000]-2.0 method below.
30 | 10,000]-2,0 2) Approximate Maethod:

Add olgebraicolly the increment Rn to the 1/3-cctave level l.n,' i.e.,L;= Ln+ Rn.
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TABLE X, WORKED EXAMPLE USING METHOD A,

- ——

-

11 : 3 4 5 5 7 ) 9 1 10 1
R _. 5 -
- ¢ Xlo_ 35 - x i R 3 I -
B |5 2 tslvisliee|tialoes|esald |3
Eley |V o8|83515 5|2 3|8 Plp8Rid 32| [B~
ZI 3§ |50 |82t Er |5 2VIEE s Rf2 1o
olez [ P60 3053 Es s Sl eoalitess |28
Slse |[AEfmQ 8ot giel|zeYg5c2|t58ee |32
ol auw CAFEF T T TOCE (OZ 1 JU 10K Elo Ly
nl| ¢ A L M M m-5 1 71 L n L
n n n n n n n n T
1] 12.5] 83 54 30 | 35.5] 30.5] 83 57 -26 -
2 6| 77 52 30 36 31 77 57 -20 -
3 20| 70 48 30 37 32 |70 57.5 {-12.5| -
4 25! 63 46,51 30 36.5 | 31.5] &3 57.5 |- 55| -
51 31.5] 56.5 | 44 30 56 3 56,5 | 52,0 |- 4.5 -
6 40! 50 42 30 35 30 50 48.5 |-1.5{ -
7 50| 43.5 | 40 30 34 20 | 43.5 | 45 1.5] 0.5
8 63| 36.5 | 36.5] 30 33.5 | 28.5] 37 41 4 3
9 8ol 31 a2 30 33 28 | 33 36.5 3.5] 2.5
o] 100} 26 28 30 32 27 29.5 | 31,5 2 !
n 125} 21.5 | 23.5] 30 31.5 | 26.5) 27.5 | 26.5 | -1 -
12} 160] 18 18 30 3 26 26.5 | 19 -7.5| -
131 200} 14.5 | 12.5} 30 an.s | 25.5) 26 12.5 | -13.5) -
141 250| 12 6 30 30 25 25 6 -19 -
15| 315} ¢ 0.5 30 29.5 | 24.5] 24.5| 0 -24,5| -
16]  4a00| 7 -9 30 29.5 | 24.5] 24.5| 9.5 | -34 -
17| 500{ 6 - 30 29 24 24 - - -
18] 430| 5 - 30 29 24 24 - - -
19l 800 4 - 20 28.5 | 23.51 23,5 - - -
20! 1,000| 4 - 30 28.5 | 23.5] 23.5! - - -
21| 1,250] 3 - 30 28.5 | 23.5| 23.5| - - -
22| 1,600 2.5 - 30 28 23 23 - - -
22| 2,000] 1.5 - 30 24 23 23 - - -
24| 2,500 o - 30 28 23 23 - - -
25| 3.150| -2.5 - 30 28 23 23 - - -
26| 4,000| -4 30 28 23 23 - - -
271 5,000] -1 - 30 28 23 23 - - -
28] 6.000{ 5 - 30 28 2 23 - - -
29} 8,000| 14 - 30 28 23 23,51 - - -
;ohoLooo 16 - 0 28 23 24 - - -
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TABLE XlIl. WORKED EXAMPLE USING METHOD B,

] 2 3 4 5 6 7 , 8
—_ % o
= _ » © © =
HEER 2l 583 38 5.0 o h
s | o S I 3 e2x 16 '
Z U9 ® 0l B 2 o9l = 1 & _
= N O5 g|] vo s S5 S~ v=-GC 9 -
) 2 S'I o 2ol =m §» 5 ‘8__- ) -g e Q= T 9
S |8 | SEEf xS 2L [ SEN[ 88| Q&L
n f A L M <5 T D S
n n n n n n
1 12.5 79.5 54 25 79.5 -25,5 -
2 16 71.5 52 25 71.5 -19.5 -
3 20 62 48 25 62 -14 -
4 25 53 46,5 25 53 - 6.5 -
5 31.5 48.5 44 25 48.5 - 4.5 -
6 40 44 42 25 44 -2 -
7 50 38.5 40 25 38.5 1.5 0.5
8 63 32 36.5 25 32.5 4.0 3.0
9 80 28 32 25 30 2.0 1.0
10 100 24 28 25 27.5 0.5 -
1A 125 29 23.5 25 26 - 2.5 -
12 160 17 18 25 25.5 - 7.5 -
13 200 14 12.5 25 25,5 -13 -
14 250 12 é 25 25 -19 -
15 315 9.5 0.5 25 25 -24.,5 -
16 400 7.5 -3 25 25 -34 -
17 S 7 - ) 25 - -
18 430 6 - 25 25 - -
12 800 5.5 - 25 25 -
20 1,000 5.5 - 25 25 - -
2 1,250 4.5 - 25 25 - -
22 1,600 4.5 - 25 25 - -
23 2,000 3.5 - 25 25 - -
24 2,500 2 - 25 25 - -
25 3,150 -0.5 - 25 25 - -
26 4,000 -2 - 25 25 - -
27 | 5,000 ] - 25 25 - -
28 | 6,30 ! 7 - 25 25 - -
29 8,000 16 - 25 25.5 - -
30 10,000 18 - 25 26 - -
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CH-478B
Hover in Ground Effect
Microphone distance = 200 ft

UH-18
Low altitude ¢pproach
Microphona distance =5000 ft

HH-~438
Hover at 200 ft oltitude
Microphone distance = 280 fi

QH-50
Flyover at 125 ft , 30 kt
Microphone distance =500 ft

YOH-6
Flyover at 500 ft , 100 kt
Microphone distance = 1000 ft

UH-18B
Grouad run, low power
Microphone 50 ft from tail-rotor

Figure 1. Examples of Helicopter Noise Waveforms,
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Figure 2, Time ond Frequency Representations of a Sine Wave
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(-3 dB/octave)

-1

(-6 dB/octave)

-3/2
a =a,n

n 1
{ -9 dB/octave)

4

(-12 dB/octave)

o = o cos2mit
E n ° <

n=1

Figure 4. Waveforns of Computer Gerierated Sounds
Showing Effect of Hasmonic Amplitude Decay,
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Figure 6. Fluctuation in Mean Square Value of a Random Signal,
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Decreasing Distance

(Each diogram shows one blade passage period)

- Figure 9. Waveforms Observed at Successive Times During

the 60 kt Approach of a UH-1F Helicopter ai 1000 ft,




increasing "Slap"

Figure 10. Waveforms Observed During the 60 kt Approach of a
CH-47A Helicopter {750 ft, altitude)
Showing Increasing Degrees of Blade Slap.




Source Radiation

o

fraquency

Figure 11, Conceptual Sketch of Rotor Broadband Noise Spectrum .

p.s.d.

:

Modulation
v i i “——
|
i ) { .
fo(l - M) fo fo(l + M) Frequency

Figure 12, Modulation of Observed Broadband Noise by Rotation,
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6 dB Modulation at 10 Hz

9 dB Modulation at 10 Hz

Figure 13. Waveforms of Modulated Pink Noise.
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(a) Ray Paths in Air When Vertical (b) Ray Paths in Air When Vertical
Velocity or Temperature Gradient Velocity or Temperature Gradient
is Negative Is Positive

! i
l Shadow |
]
: Zone H
s !
[ !
Receiver —p ~ : :
[ ]
I }
[}

() Wind Generated Shadow Zone

Figure 14, Effects of Refraction on Sound Propagation.
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Absorption Loss o, dB/1000

10 l L T

.

5+ -

Theory
including
R nitrogen relaxation —— ./
y -
Theory
P ot T %ib (O2)
‘ — / e
<
Ve
//
0.5+ /p Data from Harris -
/ (Reference 18)
/
//
0.2 ¥ =
/
/

0.1 L | 1 |

100 200 500 1000 2000 5000 10,000

Frequency, Hz
Figure 15. Comparison of Theoretical Predictions

and Laboratory Mcasurements of
Atmospheric Absorption Losses,
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Figure 16, Comparison of Theoretical and
Measured Values of Atmospheric
Absorption Losses in the Field.
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TR

Terrain Attenuation Coefficient - d8/1000 ft.

500 ! T ]

1 1 | ] |
200+ —
100} Dense Jungle ~
(ref, 22)
50—
Sparse Jungle
201~ (ref. 23) -
10— -
5+ N
o
21— O _
O 18 -ch high grass
U (ref. 24) -]
Open flat grassland
54 (ref, 21) —
2 -
1 ] [ / | { } 1 | L |
10 20 50 100 200 500 1000 2000 5000 10,000
Frequency - Hz

Figure 17. Absosption of Sound by Ground Cover.
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True SPL - Measured SPL - dB

Error oscillates between these limits

J 1 A ) 1

0.5 1.0 1.5 2.0
Ratio of Averaging Time to Period of Tone - T/l'o

Figure 18, Error in Measured Pure-Tone Sound Pressure
Level as a Funiction of Averaging Time,
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Lineu-
(-10 a8

16 Hz
32 Hz

63 Hz

125 Hz

250 Hz

Above
(¢) CH-47A  Aporoach at
100 kn., 1100 ft. Altitude

Right
(b) HH438 Hover at 50 ft,
Altitude - Ground Distance 200 ft,

lirear

(~10 d8)

16 Hz

32 Hz

63 bz

125 Hz

250 He

500 hz

1009 Mz

4000 Hz

8000 hz

Figure 19. Waveforms of 1/3-Octave Band Filtered Helicopter Noise.
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L R - TR

Linear

(-10 d8)

20 Hz

40 Hz

80 Hz

160 Hz

315 Hz

630 Hz

1250 Hz

P= o, 2 (cos 2mf )/ o ; f =20 Hz
n=1

Figure 20, Waveforms of 1/3-Octave Filtered Harmo.nic Noise .
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F\J_r_,_,—-—\._
-10

Arbitrary Datum

1/3-Octave Band SPL - dB re:

-20 FH
30
{a) Lower limiting frequency = 2 Hz
-40 l | L | | ] ] ]
10 20 50 100 200 500 1000 2000 5000
or
-10
=20
-30
(b) Lower limiting frequency = 10 Hz
-40 | G R | 1 | | |
10 20 50 100 200 500 1000 2000 5000

Band Center Frequency Hz

Figure 21, Effect of Averaging Time on 1/3-Octave Analysis of Harmonic Signal
Containing 100 Harmonics, fo = 20 Hz, decay = 3 dB per octave.
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QOssicles

Pinna Drium Inner Eor i

Cochlea
Middle Ear

Auditory Canal

(a) Sketch of Hearing Mechanism

Lower Gallery of Cochlea

‘4
Drum Membrane Round Wirdow

(b) Schematic Diagram of Hearing Mechanism

Figure 23. The Human Hearing Mechanism,
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Reissner’s Membrane

Upper Gallary

Tectorig) Membrape Cochlear Duct

Auditory Nerve

Figure 24, Cross~Section of the Cochiea,

Stupes
< Oval Window Helicotremq

<‘Round Window. Side View

Basilar Membrane

Top View

Figure 25, Diagram of Unceiled Cochleq,
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Sourd Pressure Level - dB

090 2200

Figure 26, Deformation Patterns > the Basilar Mc mbrane for
One Cycle of a 1000-Hz Tore (at 45° Intervals).

— | I 1 T
160~ Pain/Tickle

- ~ ’,/ _
IAOF........-~~°‘ -anc_...__.:_._o— o <

»A\ 000.00 -
1201~ \v —
]00: Discomfort ]
8O- -
60— DN -
40} [
20 Threshold

— Measurements

Y] o e
- 1 | ] -
2 10 100 1000 10000

Frequency - Hz

Figure 27. Various Determinations of the Thresho!d of
Audibility and the Threshold of Feeling.
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Bondwidth - Hz
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200
Zwicker et a|.36
100 |-
30
37
Greenwood
/ // Hawkins & Stevens3i
s/ 27
20 / Fletcher _
7
7/
/s
10 £ L ] L 1 1
20 50 100 200 500 1000 2000

Band Center Frequency - Hz

Figure 28, Comparison of Various Critical
Bondwidth Measurements,
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Tone Threshold Level =dB re: p.s.d. of noise

30 l T T 1 T T T T T
20t Fletcher's Moa'e|27 o -

oR @ & o0

8o,

Q
O O )
8 8 o
10H o o © -
o (o}
0 | ) I | L | | | {
] 10 100 1000

Bandwidth - Hz

Figure 29, Typical Experimental Data on the Width
of the Critical Band (from Reference 40),
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Figure 30, Example of Computer Analysis Plot.
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et |

b et i e

Remote Stop/Start Punch

) — 9
Ll e
‘
'A
K]
Y < < ]®
] Lo
Spectro~ A @/ .
moler R } [ 9 @ a4
Qe ~ Hi
@ DoEF ;‘ X-over
] 2 % Energizer’ 0
1 4 s ; !l .
3 ’ @ ~g- f Combined
Plotter Acoustic Chamb ] Signal/ Noise
6 PO I PITII TIPS
>
item Manufaciurer/Model Number/Description

1. Amgex AG 500, 2-track, 3-inch Direct Racord Tope Recorder/Reproducer
2. Precision Instruments PS 207, 7-track, k-inch FM Tape Recorder/Reproducer
3. BA&K 3332 Automatic Fraquency Response/Spectrum Recorder (Couples 4, 5 & 6)
4. BAK 1022 Beot Frequency Oscillator
5. BA&K 2172 Audic Frequency Spectrometer
é. BAK 2305 Grophic Level Recunier
7. Crown D49 Solid State 20W Power Amplifier
8. Wyle Automaric Control and Data Acquisition System
9. Wyle 30 dB Attenyotor
10, Sony TC 770/2, 2-irack, i-inch Direct Record Tope Recorder/Reproducer
11, Wyle Signal Mixer
12. Wyle 65 Hz Crowover Network
13.  Crown DC-300 Solid State 150W Powar Amplifier
14, Electrovoice W30 Low Freguency Loudspeaker
15, Koss E-9 Headphone Energizer
16. Koss ESP-9 Electrostatic Headphones
17. Koss/B&K bcc Earphone Calibration Coup'e:s
18. BA&K 4134 }-inch Pressure Rasponse Condenser Microphone
19, B&K 2619 FET Preomplifier
20, B&K 4145 1-inch Free-Ficld Condenier Microphone
21, B&K AQ 0029 100 ft, Extension Cable
22, Wyls = Subject's Monitor Console
23, Wyle - Hond-held Pushbutton
24, Simpson Model 260 Volt/Ohm Meter

Figure 32, Detection Experiments ~ Test Instrumentation.

143




@ e oy — —

Combination

$100 |
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Frequency - Hz
(a) Left Earphone - Showing Loudspeaker and Eerphone Contribution

8

3
]

Sound Pressure Level - dB

| |
Right Eor

Left Ear

-

10

%0 Frequency - Hz 990 9990

(b) Left and Right Ears

Figure 33, System Frequency Response to Sinusoidal Input.
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[T T T u T
100~ O Headphanes Only ]
O\O & Loudspeakers Only B
N
80 Q —=— Combined Speakers and Phones |
\O\ with 65 Hz Crossover
@ — (Figure 34) ]
v \
-02 60 —
3
«Q
:or .
¢
2
2
A L -
20 -
op~ T
| [ - I | 1
16 32 63 125 250 500

Frequercy - Hz

Figure 35. Comparison of Apparent Thresholds for Headphone,
Loudspeaker, or Combined Presentation of Stimulus.
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From comparisons of absolute thresholds
— =~ for tones and 1/3-octave bands of noise —1
(Data from Figure 37),
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- -~ for tones and octeve bands of noise

(Figure 39). /
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Figure 59, Variation in Normalized Relaxation
Loss Coefficiency With Frequency
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