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INTRODUC TION

HELICOPTER AURAL DETECTABILITY:; SIGNIFICANCE

Detectability of any military vehicle by enemy forces profoundly affects
the potential usefulness of that vehicle and the degree of utilization and
suarvivability which can be achieved in combat situations.

In the case of military helicopters, whether operating in surveillance,
close air support, or transport roles, it is usual for aural detectability
to assume significant importance relative to visual and infrared detec-
tion modes.

Particularly, in the case of an armed helicopter operating in the close
air support role at very low altitudes using terrain for concealment and
protection in nap-of-the-earth flight, aural detection distances are
typically greater than distances derived from other detection modes by
a wide margin.

OUTLINE OF THE PROBLEM

This study concerns itself with helicopter aural detectability, There
are three broad categories of effects which need to be quantified and
modeled:

1. Helicopter nolse generating and radiating characteristics.

2. Propagation of sound over long distances near grazing angles
through the atmosphere.

3. Reception and recognition of complex noise signatures (i, e.,
helicopter noise) by listeners.

All these topics have been studied separately in several instances.
There have been relatively few attempts to present a unified approach
to helicopter aural detectability per se. The first reported measure«
ments of aircraft aural detectability were carried out by Hubbard and
Maglieri” in 1958, but these werg related to a noise reduction program
on a particular aircraft, Loewy presented a comprehensive analysis
of the problem, and using data gathered from a variety of sources was
able to formulate a model for helicopter aural detectability.

Ollerhead™ carried out a laboratory study of the particular characteris-
tics of helicopter noise influencing aural detectability, and used further
published data on atmospheric sound propagation to advance Loewy's

9



model, Ungarl’L also outlined a method for prediction of aural detectign
distances but this was oriented toward light aircraft, and Fidell et al
carried out laboralory experirnents in the aural detectability of aircraft
in noise backgrounds.

Only one previous attempt has been made to check any of these models
in a field experiment. Hartman and Sternfeld specifically set out to
assess the aural detectability portion of Ollerhead's model but were
unable to obtain satisfactory agreement. This was perhaps due to the
difficulty of measuring an extremely sensitive parameter in field con-
ditions,

The problem of quantifying hellcopter aural detectability is not as
simple as it might first appear, Helicopter noise generating mechan-
isma are many and complex, and all are still not entirely understood.
In addition, the radiated noise is highly directive, and due to the
unstable character of helicopter flight, its average parameters are not
stationary with time. Then, too, propagation of sound through the
lower atimosphere is one of the least easily quantifiable effects in
acoustics today, This is due to the inhomogeneous nature of the layer
of air close to the earth's surface which varies with terrain and weather
conditions, and also due to the terrain itself.

Due to the physical variability found among human beings, their ability
to improve their perception and recognition by learning, and the effects
of other subjective paramoeters such as concentration and motivation
which are almost unquantifiable, the topic of aural detection itself is
perhaps the one least easy to model.

BRIEF DESCRIPTION OF THIS STUDY

It was not the purpose of this study to evaluate helicopter noise predic-
tion models, since that is properly the subject of separate studies. The
problem is thus divided naturally into the latter two independent seg-
ments of sound propagation and listener reception listed above, with a
typical noige source asgumed. This approach was adopted by
Ollerhead, ~ and it is followed here.

This study was conceived as & basic cxperiment for measurement of
helicopter aural detectability, and for assessment of the accuracy of
different aspects of models - particularly Ollerhead's ~ for computing
aural dctection distances.

In the current study, three Army helicopters and a group of 25 Army
personnul participated in an exercise spread over two weeks at the

10
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NASA Flight Test Facility at Wallops Station, Virginia, Noise record«
ings were made at five separate stations along two 12-mile test courses
to measure sound propagation decrements, while the response from

20 subjects, who were visually screened from approaching helicopters,
: wasg monitored.
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BACKGROUND TO HELICOPTER AURAL DETECTABILITY

HELICOPTER NOISE CHARAC TERISTICS

Clearly, the main sources of helicopter noise are its rotors and engines,
usually in that order. Noise sources and mechanisms are generally
broken up into many different categories, and since they are usually
linear phenomena, the resultant field is simply the addition of the fields
due to all the separate components. The main and tail rotors generate

several different types of noise, and each type can be represented by an
equivalent acoustic source:

1

2.

3.

Rotational Noise - Consider the disc of air through which the
rotor blades pass. Immediately under the blades, a section of
air is being accelerated away from the blade while the reverse
effect is evidenced on top of the blade. Any acceleration of a
gas produces a radiated acoustic field, This same section of
air, a short time after the blade has pessed, will return to a
semiequilibrium state, only to be disturbed again by the
following blade. This successive thumping of air within the

disc gives helicopter noise its chacacteristic pulsatile sound
(References 7-9).

Aerodynamic Noise ~ Even an aerodynamically streamlined
object moving through air leaves a turbulent wake behind it,
composed of relatively unorderly motion of air returning to
equilibrium after the recent disturbance. This mechanism
generates a swishing noise (References 9-12), which is char-
acteristically broadband. In the case of rotors, it is modulated
at the blade passage frequency and its harmonics.

Blade Slap -~ The most common mechanism for this intense
periodic banging noise, which is occasionally emitted by heli-
copters during high-speed flight or maneuvers, occurs when a
blade passes through the vortex shed by the tip of the previous
blade causing transient loadingsa and velocities approaching
sonic speeds. This phenomenon has been observed only for
main rotors (References 13 and 14).

Noise sources attributable to jet engines and drive mechanism may be
delineated as follows:

1.

Jet Noise - Broad frequency band aerodynamic noise originat-
ing in the jet efflux from turbulence generated by the shearing

12



motion of the jet stream relative to the ambient flow (Refer-
ences 10-12, 15).

n
)
i

T -

-

2. Compressor and Fan Noise - Noise from primary stages within
the engine which iz qualitatively similar to rotational and aero-
dynamic noise sources discuased in the case of helicopter

2 rotors above (References 6~17).

T

3. Gear Noise - Noise originating from the meshing of gears and
dynamic cscillation of drive shafts. This is usually the princi-
pal noise source within the cabin environment (Reference 18), ' .

5 : At distances where detection first occurs, these latter three noise
sources rarely contribute significantly to the detectable sound field.

T e male_ il

PROPAGATION OF SOUND THROUGH THE LOWER ATMOSPHERE

Individual Effects on Sound Propagstion in the Lower Atmosphere

e

Propagation of sound through the lower atmosphere is influenced by
numerous factors which are difficult to measure and more difficult to

¢

| ' '

b predict, This section will outline the nature of these factors and explain

E some of the anomalies which have been evidenced in previous experi- i,
ments, a

. First, consider the well-known effects, which may be observed in a
laboratory: : )

1. Spherical Spreading Losses - A point source in an ideal
medium radiates a spherical wave front which expands uni.
formly. Accordingly, the sound energy incident on unit surface

: area of the sphere decreases with increasing distance from the

} source by an inverse square relation. Thus,

where P, and P_ = sound pressure amplitudes at r, and r,
respectively; i. €.,

13
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2.

3.

1 r

-p 1 o . L
PZ z P1 rz or SPL2 = SPLl + 20 log ',

where SPL., and SPIL., = sound pressure levels in dB at dis=
tances r, and r, from the source respectively,

Abgorption by the Atmosphere - Atmospheric absorption losses
have two formas:

a. Losses associated with the change of acoustical energy or
ordered energy of air molecules into heat or disordered
energy of air molecules. In a given volume of a gas, the
molecules within will be in random motion so that at any
ingtant the total vector sum of all their velocities will be
zero., When a sound wave passes through this volume, the
random motion of the molecules will have superimposed
upon it a net resultant velocity, Transport losses in a gas
represent the gradual decomposition from relatively
ordered motion of the molecules to random motion or heat
(References 19 and 20), through the dual mechanisms of
conduction and viscosity.

b. Air is composed of several different gases whose molecu-
lar constituency is polyatomic. Polyatomic molecules may
exist in several internal configurations, each with an
associated energy state. Itis possible for this type of
molecule under tho right conditions to commute its energy
between internal and external states and vice versa.
Molecular relaxation losses are associated with the change
of translational kinetic energy of the molecules into
internal vibrational or rotational energy within the mole-
cules themselves (References 20-22).

Secondly, consider propagation of sound in the outside atmosphere.

Wind Velocity Gradients « When air flows uniformly at a con-
stant velocity over a large solid flat surface, there is a transi-
tion fromn zero velocity at the surface of the solid to the uni-
form i{ree-stream flow at velocity ""U" some distance away.
Although the definition of the thickness of this boundary layer
thickness ls, to a certain extent, arbitrary because transition
from the velocity in the boundary to that outside it takes place
~aymptotically, it is customarily defined as that distance away
from the surface of the solid where the velocity differs by 1%

14

. L .o . " . . . . - .
s — Bt tad B smirie i et s ke et e 3 ot i e pak iy 708 6D st vl S 1 11K ST 1 RN T\




—

T A T I

T LR DT

T

==

i
\
v

)

ey T

DT S e

T B T T T

Xy

5=

1
0
h

from the free-strearn velocity. Instead of the boundary layer
thickness, another quantity, the displacement thickness &%, is
often used. It can be considered as the thickness of a layer
with uniform velocity having the same mass flow as actually
occurs in the boundary layer. It is defincd by the relation:

h

f

[ U

[- o]
(U-u(h))dh
-0

When a sound wave propagates through such a boundary layer,
its rays follow curved, instead of straight, paths. Suppose a
helicopter is approaching an observer station from downwind at
a low altitude. Since, for detectability, we are concerned with
propagation over many thousands of feet, the prusence of even a
small wind gradient is sufficient to bend the sound rays a sig~
nificant amount. In thig case (Figure 1) the sound is bont up-
ward, giving rige to a '"shadow zone" some distance away. It is
important now to remember that sound is a wave motion and
Huygens' principle that all points on a wave front act as second-
ary sources applies, Thus, diffraction, or tho ability of waves
to bend around corners, occurs into the shadow zone and
instead of a sharp cemplete cutoif, the sound intensity decays
exponentially with distance into the shadow (Reference 23).

Consider now a helicopter approaching from upwind. Radiated
sound will now bend downward (Figure 2), and apart from
following a marginally longer path, the effect on the intensity of
sound reaching the obsarver will be slight, In the presence of
a nonuniform gradient, focusing may occur and sound intensity
downwind from the snurce may be substantially amplified,
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4. Temperature Gradients ~ The temperature of the surface of the
earth undergoes cyclic heating and cooling due to direct radia-
tion from the sun and other climatic effecte. Thus, a differ~
ential generally exists between measurements of air tempera-
ture at different altitudes. Since the speed of sound increases
with temperature, temperature gradients cause refraction of
sound rays similar to wind velocity gradients. A negative
temperature gradient (texrnperature decreasing with altitude)
will regult in sound waves being bent upward (Figure 1), while
a positive temperature gradient will result in sound waves
being bent downward (Figure 2),

5  Turbulence -~ Until now in the discussion, we have considered
uniform laminar flow and a stationary temperature gradient.
Generally, however, this is not the case since the mere
presence of a temperature gradient in air results in convection
currents, while flow over a realistically rough terrain with
vegetation and topographic irregularities results naturally in
turbulent flow. The distinguishing feature of turbulence in a

3 flow is that the velocity at any given time and position is not

9 found to be the same when it is measured several times under

4 seemingly identical conditions. Turbulence is often described

as a hierarchy of irregular vortex motions, or eddies, with a

: continuous transfer of kinetic energy down the scales from

" larger to smaller where it is eventually dissipated into heat by

’) ' the action of viscosity, When a sound wave encounters turbu-

/ lence, it undergoes a process known as scattering, This is a

rather loose term for a combination of reflection, refraction,

- and diffraction. Thus, if an eddy were well-defined and large

L compared with the wavelength of the sound under consideration,

| the principal effects would be reflection and refraction; if the

eddy were small compared to the wavelength, diffraction would
predominate.

Consider a thin sheet of turbulence covering the earth's surface
and evaluate its effect on the propagation of helicopter noige,
Usually the helicopter will itaself be imbedded in the turbulence,
and three effects will be evidenced as illustratea in Figure 3:

B Crar e

R

Ao e

a. A general broadening of the highly directive noise radiation
pattern so that some distance away noise measurements
are relatively independent of azimuth and elevation,

Imr————
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b. Redirection of sound energy, initially traveling parallel to
the earth's surface, out of the upper boundary of the sheet
of turbulence., Such sound energy will be scattered no
more, and is effectively lost to a ground based observer.

¢, Redirection of sound energy, initially traveling parallel to
the earth's surface, toward the earth's surface where it is
partially reflected and partially absorbed. This process
may take place many times over long transmission paths.

The first effect may result in relative amplification or atten-
vation of the sound, while the second effect always results in
excess attenuation. The third effect may result in amplifica-
tion or attenuation, depending on the reflectivity of the earth's
surface.

Superimposed on the above etffects will be '"twinkle'' or
"flicker! in sound monitored along the propagation path. In
terms of a human receiver, it occurs as hearing, then losing,
then again hearing the sound. This is due to the random
nature of turbulence and the widely different paths which
arriving sound may have traveled.

6. Edge Effects and Ground Absorption - Consider a plane wave
traveling parallel to a large flat surface. Due to boundary
conditions at the suc¢face, the wave will undergo some residual
attenuation; however, this ig usually a small effect since a
sound wave seldom in practice travels parallel to the ground,
especially in the presence of refraction and scattering. Thus,
the predominant effect is the absorption and partial reflection
of a sound wave incidenil on the surface at an angle other than
zero. Clearly, the degree of reflectivity of the surface is
dependent upon surface hardness and density of vegetation.

‘Combined Effects on Sound Propagation in the Lower Atmosphere

All the effects described hitherto are relatively straightforward in con-
cept. When they are combined, however, it is difficult to conceive of
their resultant effect, Consider, for example, propagation of sound
from a helicopter approaching at low altitude from downwind of an
observer station, and allow for the effects of wind refraction, scatter-
ing, and ground absorption in addition to spherical spreading and
atmospheric absorption (Figure 4). As illustrated in Figure 1, sound
rays tend to bend upward, giving rise to an exponentially decaying
shadow zone, The effect of scattering, however, is to increase the
intensity of sound in the shadow zone since sound is no longer able to
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follow the smooth curved path as shown in Figure 1. Indeed, if ¢he '
turbulence is sufficiently intense and the source is a significant distance '
above the ground, no shadow zone may even exist.

Under circumstances of severe scattering, ground reflectivity assumes j‘f :
increased importance since a large proportion of the sound eventually ).
reaching the observer will be reflected from the ground at least once. h
Thus, over dense vegetation, sound attenuation will be significantly
increased.

Take now the case of propagation of sound from a helicopter approach-
ing at low altitude from upwind of an cbhserver atation (Figure %) and
consider the previously listed effects. Sound rays will tend to bend
downward as in Figure 2, but scattering will tend to decrease this
refraction, allowing relatively more sound energy to escape from the
turbulent layer, and thus effectively increase attenuation over the case
of refraction alone. This is contradicted by another effect since sound
waves that would have been refracted to the ground will now travel
farther without this occurring. Thus, in this case, the net effect of
turbulence is probably small,

The above two examplas serve merely to illustrate the complex and _
contradictory results which may be seen when several effects on sound ’
propagation through a real atmosphere are combined, ‘

Since wind velocity gradients are not solely functions of wind velocity

measured at a point but are also dependent upon temperature gradient,

terrain roughness and large-scale meteorological events, it is

extremely difficult to make any quantitative assessment in the absernce

of continuous data concerning all necessary parameters at all distancea

and altitudes along the propagation path. Howover, even if such data 3
were available, a mathematical model has not yet heen developed for A
utilizing it. :

_ The detailed atmospheric and ground surface measurements, coupled
; with the development of a computer~based solution scheme, were not
considered in the scope of this study for several reasons:

1.  The atmospheric parameters would be essentially nonstationary.

2. They would not be readily obtainable to anybody wishing to i
egtimate helicopter detection distances for specific cases, 'y

(%Y
«

The combined nature of the propagation effects described, is
that sound intensity as measured over a given distance from a
constant source undergoes significant modulation. The
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magnitude of these fluctuations is sufficiently great that an
exhaustive study would, at best, yield only a probability dis-
tribution for atmospheric attenuation.

AURAL DETECTABILITY OF COMPLEX SOUNDS

The Critical Band

Human hearing and our perception of sounds are two of the most fas~
cinating examples of nature's artistry. The ear itself is a brilllantly
designed transducer which, when coupled with the topological capabili-
ties of the human brain, allows us not only to interpret rapidly changing
information but also to perceive intricate subtleties in the character of
the information.

The physical structure of the ear is relatively well-known, as arc the

mechanisms of the ear cavity, the eardrum, the ossicles, and the fluid :
dynamics of the perilymph exciting the basilar membrane in the cochlear i
duct (References 24 and 25). ‘

Any sound will excite the whole length of the basilar membrane, but

because of its shape, different areas are much more readily excited by
certain frequencies than others. This is because the basilar membrane
is long and narrow (about 35 mum in length with a tapering width approx-
imutely 0, 2 mm at the center). Thus, it is here that frequency decom-
position of acoustic signals first takes place, with lower f{requencies

exciting the wider end preferentially and higher frequencies exciting the ;
narrower end. !

Attached between the basilar and relatively rigid tectorial membrane are
thousands of tiny hair cell sensing elements. When the basilar mem-
brane distorts, these hair cells generate signals which are transmitted
through the auditory nerve to the brain,

The concept of a critical band is simply an analogy which has been used
to represent the ear by a series of filters, Such a filter characteristic
or aural discriminatory function is defined as being one critical band
wide,

This function is known to vary with frequency and sound intensity, and
its measurement has been the subject of several contradictory experi-
ments., A contributory reason for this is evident when one considers the
subjective nature of decisions which psychoacoustic subjects are
required to make, coupled with real physical variation from one person
to another and different experimental procedures,

24
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The principal reason for discrepancies between reported results, how-
ever, seems to have been that investigators have attempted to measure
a critical frequency bandwidth rather than the shape or fregquency
response of the critical band itself. This approach scems to have been
supported by the usual assumption that the critical band function is
equivalent to a perfect rectangular filter, while elementary considera~
tions or cochlear dynamice show that it is not.

Major u?gies on the width of the criticazlzbund were porformed by
Zwicker”  in the 1950's and Greenwood™  in the early 1960's, Zwicker
used a variety of psychophysical experiments including masking by tones
or noise, loudness summation, phase sensitivity, and detaction of
multiple tones. Greenwood's measurements were made using several
experimental masking procedures involving either tones or noisa as
signal or masker., He subsequently compared critical bandwidth mea-
surements with measurements of position along the basilar membrane,

Greenwood's and Zwicker's measurements agree reasonably well above
about 600 Hz (Figure 6) but diverge widely at lower frequencies, Both
linearize their measurements with distance of peak response along the
basilar membrane, but use different data for frequency response of the
basilar membrane, No definitive measurement resolving these discre-
pancies has yet been published.

References to measurements of the critical band above are distinguished
from mea!‘)xrements of another parameter, the '"Critical Ratio',
Fletcher, ° in his classic masking experiment, was the first to show
existence of an aural discriminatory mechanism in the inner ear. In
analyaes of his results, Fletcher made two simplifying assumptions:

a. The power in a critical band of random noise is just sufficient
to mesk a tone of equal power centered on that band.

b. "he shape of the critical band is analogous to a rectangular
filter.

Both of these assumptions have since been shown in References 30 and
31 to be unjustified.

In their recent book, Zwicker and I“ealc.itkelll.er:s2 give the most orderly
presentation to date on the aural mechanism. They present several sets
of curves of the critical band function and illustrate how it varies with
frequency and amplitude. A typical plot of the aural discriminatory
characteristic extracted from this publication is given in Figure 7. The
frequency scale is expressed in Bark or critical bandwidths (where

25
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1 Bark = 1 crit. bw), and plotted relative to the center of the band. The
shape of the aural discriminatory characteristic is not constant with
frequency expressed in Hertz, but if frequency is expressed in Bark

(e. g., a8 in Figure 8), then the characteristic may be translated without
changing shape along the frequﬁ\cy" cale. This convenient linearization
has been proposed by Zwicker™ ' and has been used for conversion
of measured to perceived acoustic signals in this study for both the field
test data and the computer model,

One further simplification has been uged in this study, namely, that the
aural di%%riminatory characteristic is independent of sound intensity,
Zwicker ~ shows significant broadening of the characteristic at high
noise levels (above 85 dB), Inclusion of this effect increases computer
time by about an order of magnitude and was considered to be unjustified
since high noise levels are rarely important in detectability, The
characteristic shown in Figure 7 was selected from subjective response
in the 60-70 dB range.

Perception and Recognition of Complex Sounds

The importance of the ear itself in sensing and decomposing our acoustic
environment is complemented by the ability of the human brain in
learning, perturbing, and comparing complicated patterns. When
viewed in terms of signal processing, the '"cocktail party'' effect, or the
ease with which one can discern the information carried in a single voice
at or below the ambient level in a crowded room, is remarkable,

This effect is of prime importance in the detectability of complex sounds,
particularly those as distinctive as helicopter noise. Let us dwell on the
actual processes to which an acoustic signal is subjected.

First, there is frequency decomposition by the ear. Even the most
advanced Fouriex analyzers currently in existence do not possess the
ear's capacity for processing rapidly changing information. The ear's
capability is equivalent to having several thousand matched purallel
filters, each terminated by its own perfectly attuned integration network.
Few informed measurements have been made of the auditory integration
network, but it would seem reasonable to suppose that evolutionary
processes would long ago have selectively developed the fundamentals of
signal processing theory., Thus, to obtain sensible speactral information
from the critical band filter lattice equivalent to the ear, we require a
frequency-dependent time constant. The ideal time constants for both
Zwicker's and Greenwood's determinations are contained in Figure 9.
This has been obtained from the criterion

28




2xTxAfzn (n=40)

where T is the integration time and Af is the filter bandwidth. The
quantity ''n'' on the right side represents the minimum number of
degrees of freedom generally considered adequate for spectral analysin,
Percentage errnor versus degrees of freedom for the 90% confidence
level is plotted in Figure 10.

Figure 9 shows that higher frequencies require a very short time
conitant whereas low frequencies require a long time constant.

Our brain senses the multitude of time varying signals and fits known
patterns of them, rejncting rapidly those that do not match. This
mechanism may be active or passive; that is, we may obtain cues
perhaps in the form of the movement of a persons lips in a nolgy envir-
onment or we may strain to hear a helicopter that somcone else has
already heard. Generally, however, our senses or data acquisition

facilities are free-running; that is, we do not have to turn them on ov

reset them as we do when we wish to cornmunicate, and the mout
sophisticated interpretations are made without any conscious effort on
our behalf,

This field appears to be relatively unexplored. Even if a suitable fre-
quency analyzer were available, it would not readily be possible to apply
a realistic analysis procedure to the perception and recognition of com-
plex sounds for general computer proceseing. Programs to perform
even simple topology in a reasonable time frame do not exist.

¥or specific cases, however, an analog may be used for this sophisti-
cated procedure. The approach that is usually adopted is to apply
empirical adjustments, for specific nonrandom sounds, to an energy
detection model which uses the ratio ga nigml power to ambient noise
power as an indicator of detectability,” ' within each critical band
with a {requepcy-dependent sensitivity term. The experiment performed
by Ollerhead” represented just such an evaluation for helicopter noiss
signals,
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FIELD MEASUREMENT PROGRAM

INTRODUC TION

The measurement program was designed so that two primary correla~ .
tions could be performed under a varieiy of operational and environ-
mental configurations:

1. ¥leld measyrements of detection threshold criteria with
Ollerhead's™ laboratory-derived detection threshold criteria.

2. Field measurements of aural detection distances with estimated
aural detection distances.

PROGRAM OU'TLINE

General

The measurement program was conducted at the NASA Flight Test
Facility at Wallops Station over a period of two weeks in May 1973,
Tests were conducted in the early morning and late afternoon to mini-
mize interruptions and errors caused by uncontrolled noise in the area.

A geographical outline of NASA's Wallops Station facility and vicinity is
given in Figure 11, The main runway iy oriented in an east-west direc-
tion, with tidal inud flats in a line eastward and partially wooded farm-
land to the west. Two approach paths for helicopter flights were used,
from due east and due weat, toward the subject site near the weast end of

the main runway.

The three helicopters used in the program were selected so that they
represented a crogs section of types currently in Army service, namely:

1, UH-1B - Iroquois ~ Utility, seven passenger

2, AH-)G - Cobra ~ Attack, two seat

3, OH-6A - Cayuse - Light reconnaissance
During test perivds, two aircraft were airborne at a time, each carry-
ing a radar transponder for accurate low-level tracking by the fleld
radar installation. The aircraft not engaged in a test run was kept in a

loiter area acoustically remote from the test area. With the exception
of the final five flights, the helicopters made their approaches singly in
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a randomized order, each helicopter repeating a particular flight path
over a given terrain at speclfic altitude and velocity six times to allow
conditions at the listening subject's site to be varied,

Subjective Aspuects

N ~ The listening subjects consisted of two groups of ten soldiers in the i
. early and mid-twenty age group. They represented a random selection
?}l . from a group of volunteers., Only those whose audiograms showed

! . unusual hearing losses (greater than 10 dB from normal) were rejected.
! The configuration of the subject site is illustrated in Figure 12, The

\

)

} , two groups represented different conditions of attentiveness and were

bl : separated from each other by a distance of about 30 feet. An acousti~ :
i , cally transparent, visual screen (constructed from burlap) surrounded f
I . each group, visually screening them from each other and from the

¥ : approaching aircraft. Each subject was visually screened from the

S ' other members of his group so that he could not obtain visual cues from

E.‘n"- : his neighbors (Figure 13),

-

b ; All equipment for communications with the aircraft and the control

\ ‘ tower, as well as aquipment for monitoring and recording acoustic and

subject response data, was located in a trailer approximately 500 feet Z
from the subjoct site (Figure 12), ! )

u - " Communication with the subjects wae achieved via two illuminated dig.
play panels, one for each group (Figures 13 and 14).

i Activity at the obsetrver site was closely supervised by research staff
; personnel who wore able to communicate with tho trailer via a field

| tolephone,

, The subjects were given switches by which they were expected to record . 3
}‘I 1.  when thay thought they heard an approaching helicopter, and I
<( 2,  when they could positively confirm that a helicopter was
; approaching. v

To agsist in informing and motivating them, they were provided with the
' following instruction sheet on the day prior to commencement of tests
during an introductory meeting. This was followed by a series of
practice runs so that they could familiarize themselvesy with the proce-
dure.
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Figure 13,

Subject Screening and Communications Display
Panels
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Instructions Given to Subjects l

1. You are here to participate in an experiment in the aural

' detection of helicopters. This experiment is of great impor-
tance to the U, S. Army since it is quite usual to hear an
approaching helicopter before it can be seen, The purpose of
this experiment is to evaluate existing analytical prediction
methods of detection. The results will be used in tactical
planning.

L 2,  You will be detecting the aircraft under various ambient condi-
tions, which will be heard over the loudspeaker system located
in the direction of the approaching helicopters on the other side
of a screen,

3. This screen is here to visually screen you from the helicopter
and the other subject group who will be at a condition of alert- .
ness different from yourselves. Itis most important that you ‘ -
do not communicate with the other group while a test is in '
progress.

4. Each of you has been given a switch. It has two levels. When .
you think you hear a helicopter, but are not absolutely sure, :
you should depress the switch to LEVEL ONE, identified by a } -

i ' weak spring, When you are absolutely sure that you hear a i
E helicopter, depress the switch all the way to LEVEL TWO, '
identified by a strong spring. This level should be selected
only when, in an actual combat situation, you would notify
others of a helicopter approach.

Under some conditions you may think (or be sure) that you hear
a helicopter and change your mind. You are quite free to do
i ' this and may release your switch to the appropriate level.

! . The switch is quite easy to operate; however, because of the _
i spring action, it must be held at the level you select all the j
R o time you hear, or think you hear, a helicopter.

" 5. In order to inform you at all times what the test controller

:l ' requires you to do, illuminated displays have been provided. ,
I. 1 ‘ s
a., Test Off: When the "Test Off'' light oniy is on,
\HE (Green) you may leave your seats and talk if you 4
I wigh, : 1
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b. Standby:

{Yellow)

c. Quiet
(Blue)

d. Listen:
(Red)

e, Diversions:
(Yellow)

f. Helicopter
Approaching:
(Red Flashing)

When the ''Standby’ light is on, you
should remain seated, but you may talk
if you wish.,

Remain seated and maintain complete
silence.

}old your switch in your hand and
respond if you hear a helicopter.

In order to simulate a real-life situa-
tion, you will aometimes be requested
tc perform certain tasks, participate
in organixed activity, or perhaps just
read the literature of your choice, You
will not be warned of a helicopter
approach, but you will be expected to
keep the switch in your hand and
respond immediately if you hear a
helicopter.

On about half the occasions, you will be
warned that a helicopter has begun its
approach toward you; refrain from all
other activity, hold your switch in your
hand, and concentrate on listening for a
helicopter.

Your Group Supervisor will provide you with an observation
shee* on which you should record the run number., He will call
out this number before the start of each run.

If there are any coinments that you would like to make about a
particular run~-for example, you heard a jet aircraft fly over-

head during the run, or you were disturbed by an insect, or any

situation that may have occurred.-please write them next to
run number on the observation sheets.

Please base your decision according to when you detect the
helicopter~-~there are no right or wrong answers, and it is
important that you do hot watch the person next to you during a
run and allow him to influence your decision,
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Subjesct Group Diversions

The inattentive subject group was given a series of tasks to perform.
These were intended as diversions and consisted of the following:

1. Completing Standard "The Adjective Check List'' and "The
Paychological Strong Vocational Interest Blank" were
Questionnaires used under this activity category.

2, DPerforming Tests / College entrance type ""Scholastic
Aptitude Tests' were distributed to the
subjects. Since some were considering
entering college themselves, this
proved to be a relevant activity, When
they had completed them, they were
given answer sheets and allowed to
correct thelr own work.

3, Reading Literature Periodicals and books were provided
of Cholce and subjects were encouraged to bring
their own reading matairial,

In order to avoid boredom, the conditions of attentiveneso were inter-
changed st convenient intervals. 7To account for intergroup variations
and to improve confidence levels in the data, each flight was repeated
with only the relative attentiveness of the subject groups interchanged.

Controlled background noise conditions were created on two-thirds of the
runs using artificlally gencrated noise from a loudspeaker system. This
consisted of four 30-inch woofers and a mid-to-high frequency unit
located 30 feet from the subject groups. To ensure uniform directivity
for the apeakers, they were inountsd on l-inch plywood boards placed
flush with the ground, Holes dug in the ground provided natural enclo-
sures,

The artificial amblient masking nolse was a constant (stationary) random
noise whose gpectrum was shaped to simmulate typical community and
transportation noise (Figure 15), Three different subject site back-
ground noise levels were used: quiet ambient, and two levels of mask-
ing noise, In Figure 15, a comparison is made of the three ambient
noine levels at the subject site and surf noise, trash pickup and street
cleaning. It should be noted that the noise levels at the subject site
were controlled and, therefore, relatively constant, whersas noise from
rmany community and transportation activities is nonstationary, These
latter levels as shown in Figure 15 are averages over times, generally
long compared with a typical aural integration tirne, thus in termas of
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aural detectabilily, it may be inferred that, especially for higher levels
of artificially generated masking noise, equivalency with a noisier
environment than first apparent may be appropriate. That is, detection
might occur in practice during a quiet lull in a noisy background,

Atmospheric Propagation

During each test run, tape recordings were made of the noise at the
microphone positions and subject site shown in Figure 11. Since the
noise emitted by a helicopter is not stationary with time, even under
flight at relatively uniform speed and altitude, it was nocessary to
locate several acoustic measurement systems In line under the flight
path. These systems each incorporated IRIG B time code generators
which were synchronized at the start of each day with the computex
clock in the radar installation, thus making it possible to relate all
noise recordings and radar positioning data back to the instant of emis«
sion at tho aircraft. :

It was not thought possible within the scope of this investiyation to make
a sufficient number of measurements of atmouspheric variables to yield
truly detailed information on sound propagation. It was accordingly
decided to adopt a "magnitude and scatter' approach to sound propaga-
tion decrements as measured between the three stations, using mea-
saurements of atmospheric variables made at the subject sitc only.

Since preliminary trials showed that the aircraft which were to be
utilized wore detectable under certain conditions at distances in excess
of 40,000 feet, it was necespary when following the ahove upproach to
monitor sound propagation over distances of the same order of magni-
tude. In order to accomplish this on approaches from tho cast, the first
microphone station was located on a boat in Queens Sound Channel
(Figures 11 and 16A) approximately 20, 000 feet from the subjoct site,
The second microphone station was located at the end of a 1000-foot
cable from a specially instrurnented mobile acoustic van (Figures 11 and
16B) at a distance of 7300 feat from the subject site. ¥or approachos
from the west, two mobile acoustic vans near microphone stations wero
used, located approximately 10,100 feet and 8000 {coet, vospectively,
from the subject site,

Weather Systems and Limits

Temperature, relative humidity, wind spced and direction were moa-
sured continuously at an altitude of 15 feet near the subject situ.

To provide additional information, weather balloons were doployed at
approximately l-hour intervals., Wind velocity as a function of altitude
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Mobile Acoustical Stations
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was obtainable from each balloon, and alternate balloons gave tempera-
ture and humidity as a function of altitude.

Weather conditions outside the following limits caused tesis to ceanme:

1. Wind Velocity > 12 knots
2. Relative Humidity > 90% :
3. Relative Humidity < 30% |

The first limit was imposed due to the difficulty in obtaining acoustic
measurements in high wind due to microphone-generated wind noise.

High and low humidities generally represent unstable weather conditions,
influencing sound propagation in an unpredictable monner. To avoid f
such conditions, the latter two limits were imposed.

Acoustic Measurements at Subject Site

The three microphone locations at the subject site are shown in Figure '
12. One was located on the same 30-foot radius as the subjects from !
the artificial noise generating systern and pointed horizontally toward

the noise generating system and approaching aircraft. The other two

systems were located a distance of some 300 feet from the noise

generating system and pointed toward the approaching aircraft, All
microphones were encased in large wind screens (right<hand portion of

Figure 144),

Three microphone systems were used for the following reasons;

1. For measurements in a natural ambient with no artificial noise,
it was preferable to use the cross spectrum of microphone (1)
with either (2) or (3) from which to derive helicopter noise,
because locally generated acoustic signals such as some wind
noise and insect nolse are incoherent over a large distance,
whereas acoustic signals originating from far away should have
a coherence function of near unity, Thua, for such measurec-
ments, significantly better signal/unwanted-noise ratic should
result,

2. For measurements in an artificial ambient, the remote micro- :
phone signals (2 and 3) should contain a component of artificial '
ambient noise approximately 10-20 dB leas than the subject
microphone (1), thus making it easler to separate helicopter
noise from the ambient acoustic field,
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Summary of Test Conditions

| By
I - Seventy~two flights were planned, under the following conditions: '_
|

| Alert

Completing Standard

/\

Two Conditions nf Psychological ,
Subject Alertness Questionnaires
i Diatracted Performing Tests o]

' Reading Literature i A

7 5 of Choice P
) i .
| :

mbient

x Three Site Noise

Ambient + 10 dB ’
Conditions

/N

Ambient + 20 dB ?
| AH-1G# (Cobra) oY

3 : x Three Helicopters UH-1B# (Iroquois)

/N

OH~6Af (Cayuse)

|
: : [
B - f Altitude Velocity -
) (feet) (lnots) }
i . AH-1G NOE 20 b
g | 200 150 5
g | f Open Path 1500 90 P
] ' i
y | UH-1B & 200 90 . ‘
x Four Flight Conditions OH-6A 1500 90 ‘
'i 1500 110 3
3 AH-1G 200 150 ;
b : Partially < !
-8 , Wooded Path SUH-1B & 1500 90 i
' CUH-6A |

i || Due to ideal weather and cooperation of all pergsonnel concerned, 96
' ; flights were completed, allowing additional correlations and increased

confidence in the acquired data. A complete list of flights is contained
in Volume II (Classified).
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FIELD SYSTEM FOR ACOUSTIC DATA ACQUISITION

General Degcription

The ficld system for acoustic data acquisition consisted of highly sensi-
tive microphone systems, time code generators, subject response
switches and encoders, variable high-passa filters, signal conditioning
electronicy, magnetic tape recorders, and direct-write oscillographs,

Block diagrams of the system are prescented in Figures 17 and 18.
Majur components of the system are listed in Table 1,

The acoustic measuremet.t requirements in this program involved
restrictions not normally faced. Specifically, it was necessary to pro-
vide a high~qguality system capable of measuring very low noise lovels,

Major System Coruponents

Microphones

The microphones used wore Bruel & Kjaor Type 4145, l-iach dia-~
meter, freo-field condenuei microphones with a nominal sensitivity
of 26 dB re 1 volt per N/m"~, Their frequency response in this
system is + 2 dB from 10 Hz to 18 kHu at normal incidence to the
diaphragm. For this reason, the microphone axis was pointed
parallol to the ground at all measuremeni statlons,

Sound l.evel Meter

For inltlal amplification of the microphone signal, a Bruel & Kjaer
Type 2203 sound level metor was used, This instroment was de-
signed for outdoor and laboratory acoustic measurements. It
fulfills all requirements of IEC 179, the International Standard for
Precision Sound l.evel Mcters, and was woll sulted tc the require-
ment for a very reliable instrument with very low noise floor for
acoustic meansurements in the field,

The instrument is self-contained and completely portable, The
microphone attaches directly to the unit. With the type 4145 micro-
phone, the measuring range for linear measurements is 38 (o

134 dB, For 1/3-occtave measurements, the dynamic range is more
than 22 to 134 dB overall, or 10 to 134 dB above 500 Ha.

The sound level meter provided a maximum output voltage (at full-
scale deflection) of three volts rmu, This was the maximum inpui

signal to the signal conditioning amplifiers.
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SUBJECT Banksof Amplifiers

I \x High Level
Low Level
2 ' Lic
O B High Level
MIC /S1LM _# Low Level
C High Level
Low Level 14~
D Track
HiEh Levol Tupe
Filter -~ Liow Level Deck
REMOTE
N4
wa) /
Oe & |
L S ted
el < islacte:
v L1
W Galvo
/ Amp
Subject \
Response ! Subject
Switches H Response Oscillon
(10 each) Encoder Sraph
Subject
Response ! Subject
Switches ! Response
(10 each) Encoder

RIG B Time Code

| Voice 1{

Figure 17. Block Diagram of Instrumentation at Subject Site,
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Voice - Arnp
Oscillograph

Figure 18,
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Block Diagram of Instrumentation at
Mobile Laboratories.
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TABLE 1 - FIELD MEASUREMENT SYSTEM EQUIPMENT LIST

Equipmaent Quantity Model Manufacturer
Microphone 4 4145 Bruel & Kjaer
Sound Level Meter 4 2203 Bruel & Kjaer
Amplifier 16 ZE-0003  Bruel & Kjaer
Filter 3 3342 Krohn-Hite
Subject Response Encoder 2 - Wryle

(10 channels each)
Tape Recorder - 1 inch 1 VR~-3300 CEC
Tape Recorder - 4 inch 2 VR-3300 CEC
Galvanometer Amplifier 3 1-172 CEC
Oscillograph 3 5-124 CEC
Veltmeter 1 2606 Bruel & Kjaer
Speaker 2 ‘W-30 Electrovoice
Speaker Assembly 1 - Allied
Amplifler 1 D~40 Crown
Amplifiar 1 DL-300 Crown
Spectium Shaper 1 123 Bruel & Kjaer
Random Noise Generator 1 650R Allison’
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Signal Conditioning Amplifiers

'I'he signal conditioning amplifier, a Bruel & Kjaer Type ZE-003,
congists of a low-noise, 40~-dB, four-stage transistor amplifier
preceded by a 60-dB step attenuator (10 dB per step). As illus-
trated in Figure 17, four channels of these amplifiers were uped
per microphone to supply four inputs to the tape recorder consist-
ing of two filtered and unfiltered signals, each at two sensitivities
differing by 10 dB.

Variable Filter

A Krohn-Hite Model 3342 variable filter was used in the high-pass
mode in order to reduce undesirable low-frequency wind or electri-
cal noise below 50 Hz to improve the dynamic range of the record-
ing. The instrument is battery or AC powered and provides 24 dB
per octave roll-off characteristics, Two channels per unit offer a
selectable gain of 0 dB or 20 4B,

Subject Response Switches and Encoders

The subject response switches consisted of hand-held, three-posi-
tion momentary push-button switch assemblies. The three positions
allowed the subjects to acknowledge 'mo detection!', ''think", and
"sure' per the instructions given to them, Kach switch energized
an oscillator circuit, and each of the detents caused a different out-
put level to be delivered by the oscillator agsembly. HKach encoder
had ten switeh inputs corresponding to ten oscillators, each gener-
ating a different, 1/3-octave center frequency sine wave. The range
of these frequencies was 32 to 250 Hz,

The encoder combinad the signals from all ten oscillator circuits
and provided a single composite signal to the tape recorder. Upon
frequency and amplifude analysis of the composite signal, the con-
dition of each switch could be determined.

Tape Recorder

The tape recorders, CEC Model VR 3300, were standard instru-

mentation recorders equipped with 'M record and playback clec-
tronices, Tape speed was 15 ips at the subject location and 30 ips
at the two stations along the approach path., Frequency response
was flat to 5 kHz at 15 ips and to 10 kHz at 30 ips.
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RADAR TRACKING SYSTEM

The location of the radar station is shown in Figure 11. The device was
an AN/MPS-19 $-Band unit employing a 0, 8~-microsecond square trans~
mission pulse and low noise parametric receiver with image rejection
filters, and an 8-foot parabolic antentia. Beacon tracking, rather than
skin tracking, was used because of the low-altitude parts of the flight
program., An adequate separation between aircraft was maintained to
allow singular runs with no noise interference. Range piecision of the
system was 1 30 feet rma, and angle precision is + 1 xaudl {0.0563°) rms,
Helicopter position was sampled ten times a second and acquired by the
on-line computer and transcribed on magnetic tape, Subsequently, as an
off-line process, this data wae smoothed by digital filtration using a
4-second time constant and dirferentiated to yield velocity coordinates.
(Note that smoothing deca not impart any position error at constant
velocity, but merely serves to damp the random equipment errors).
Printed output at 1-second intervals of helicopter position in Polar and
Cartesian.coordinates, as well as the respective velocities was provided
in addition to digital taper containing the same information.




DATA ANALYSIS AND CORRELATION STUDIES

SUBJECT RESPONSE DECCDING

Each subject awitch controlled a unique frequency with different voltage
levels corresponding to either ''no response'!, ''think you hear it'!, or
""supe you hear it response levels. The subject responses were
decoded by replaying the combined signals through a tunable filter and
noting times with corresponding levels of response for each subject.

The responses were evaluated for each subject group individually, and
for both groups combined, according to each of the following methodol-
ogies:

1. One point was allowed for a ''sure'' response and one-half point
was allewed for a ''think'' response, giving a maximum total for
the ten subjects on each group of ten points, and for both groups
combined of twenty points. This was done on the rationale that
if two people thought they heard an approaching helicopter, it
might be roughly equivalent to one person being sure that he
identified an approaching helicopter,

2, ~ All "think" responsas were ignorad and '"sure" responses weoere
summed in the same manner outlined above,

Typical examples of combined subject response patterns svaluated in
this manner are plotted in Figures 19 through 22, as combined per-
centage of response against time. Also shown is the helicopter slant
range distance, as obtained from the radar tracking data, Comments
regarding extraneous giimuli (i, »,, dog barking) and number of subjects
noting this (e.g., 2 out of 20) are indicated in theas figures.

Comparison of Figures 19 and 20 with Figures 22 and 23 shows that the
percentayge of subject detection may increase slowly or rapidly. Thus,
the sprecd in diatance over which the helicopter is partially detectabie
may be large or small, Thiv spread does not seem to be sensibly
expressible as » function of helicopter slant range but does seem to be
dogonaent on atmospheric paramaeters and flight profile. For example,
if the sound is undergoing substantial modulation dve to nonuniform
refraction and scattering, then the increase in intensity at the position
of the listening subjects will not be uniform, Thus, the detection thresh-
old of those subjects who are especially alert or who possess acute
hearing may be exceeded during a large peak in the modulation early in
the approach and then drup below this level and remain there until a
later, larger peak in the modulation when the thresholds of a larger
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proportion of subjects will be exceeded. This process might occur only
once or several times until the thresholds of all subjects are exceeded,
explaining different rates of increase in detection level.

Figures 19 through 22 show that detection responses computed from the
two methodologies outlined above do not differ substantially. In Figure
23, however, during a run when another aircraft was present in the
vicinity, the responses are markedly different, indicating a large pro-
portion of 'think' responses. It is also evident here that subjects
changed their minds several times concerning the certainty of detection.

Detection distances for the three aircraft in the various flight profiles

during different ambient noise conditions at the subject site are sum-
marized in Volume Il (Classified).

PROPAGATION ANALYSIS

Data Reduction Procedures

Acoustic data was recorded at three stations under the flight path
(Figure 11) to allow intorstation decraments in sound pressure level
relative to the same emission time to be computed. The reason for
using more than one acoustic Jata acquisition station is that helicopter
noise is not stationary due to the unstable nature of a helicopter in
ﬂighto \

Since the source itself was moving, and flight time way substantial
relative to scund propagation time, a retarded tinie techniquoe was
necessary, Thus, with reference to Figure 24, suppose r., r,, r,, the
distances of the helicopter from stations 1, 2, 3, respectively, arc all
known at time "{_'' when an acousatic measurement is made at station 2.
These distances need to be corrected to the true distances at the time
that the sound was emitted from the aircraft, namely, ', r'_, r'_,

1 2 3
may be shown that

It




L3

where

Evidently, then, the sound measured at time 't,!" at station 2 must be

velocity of sound

aircraft velocity

aircraft altitude

distance batween stations 1 and 2 (see Figure 11)
= distance between stations 2 and 3 (see Figure 11)

H it n® Yy

Helicopter Position at Time t,

Station 1 Station 2 Station 3 ‘

5 —L'-- ) —"'I

Figure 24, Time-Retarded Slant Range.

(2)

(3)

compared with sound measured at times "t," and "t." at stations 1 and 3
respectively, where

[

R e U

12 c
(x', = x')
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The measurement is further complicated by the necessity of making one
of the following two assumptions:

1,  That the natural ambient noise at each station remains constant \
with the approach of the helicopter. (Thus, in order to obtain
a true helicopter noise signature at any time, one may simply
subtract a prerecorded natural ambient signature from the
combined signature recorded during the approach,)

i
1
y
..i

2. That the natural ambient noise is insignificant in magnitude i
compared with the helicopter noise. : !

The former assumption has the advantage of allowing measurements \ j
down to lower helicopter noise levels and thus over farther helicopter :
slant ranges, It has the disadvantage that it is impossible to check the §
assumption. The latter assumption is more easily justified by setting a f
margin sufficlently large that any fluctuations in natural ambient noise :
are insignificant, This was the method used.

A General Radio Model 1921, real-time 1/3-octave spectral analyzer ;
with integration time set at four seconds was used for reduction of the
propagation data. The procedure used was as follows;

e T L

1. Acoustic data from station 2 was replayed through a high
fidelity reproduction system so that the operator could aurally :
monitor the reproduction, i

L i i ——

2. A l/3-octave spectrum was taken at the start of each run using

. calibration signals recorded before and after the start of each i
: : period of testing during the field experiment to calibrate the

aystem. |

ol 3, The tape was played on through the run until the operator could
r aurally detect tho approaching helicopter. The time was noted
' and data acquisition started simultaneously on the analyzer.

SIS kRN N il it a e TA o B o ittt e L

L . 4. At the end of data acquisition, the tape was stopped and a plot

. was made and labeled with station number, run numbaor and

| time (t,). This time was subsequently correlated with heli- !
: copter position from wradar tracking data.

o TR . .

5. The tape deck was started again and a further spectrum
acquired at a start time ten seconds after the last. This proce- .
dure was repeated unti) the end of the run, ylelding a series of
spectra at convenient intervals of ten seconds throughout the _
run, :
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The entire process above was repeated for each run,

6. Usging computer printouts of radar data, distances r,, r,, r

weore computed for each plat at the actual times (tz) noted on
the plots.

7. Retarded time t, and incromented time t, as well as time-

retarded distances r'., r',, r', were computed using the rela-
tions given earliexr and the values of t,, r,, r,, r, derived

AR S A
above in steps 4 and 6.

8. 'Tapes from station 1 were played back and 1/3-octave spectra
made in a different color ink at times t, over the corresponding
plot from station 2, as well as the ltaré of each run,

9. Similarly, a third set of plots from station 3 at times t, was

superimposed upon the earlier two from tapes recorded at
station 3.

An examp).‘e of one of the resulting merics of plots ia shown in Figure 25.
These plots were prepared in such a manner that they could be used

directly [or the computation of atinospheric sound attenuation between
stations,

Computation of Interstation Attenuation

The 1/3-octave spectral plots made in the manner described above were
scrutinized and frequency arsas annotated where apectral lavels were a
minimum of 5 dB above the ambient level recorded at the beginning of
cach run (ylelding a maximum error of +1.2 dB with a constant ambient).

Differences between corresponding 1/3-octave spectra measured at

alternate stations were computed by direct subtraction of spectral levels
in dB. The effect of spherical spreading was removed by aubtracting

1"

2

by, = 20 log -;-,-1-' (6)
r'.3

A2_3 a 20 log -;-;-— {7
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from differences between stations (1 and 2) and (2 and 3) respectively.
Standard values of atmospheric absorption (Reference 37) for each fre-
quency band at measured temporature and humidity conditions (in dB per
1000 ft) were evaluated for each run, multiplied by (r'2 - r"l) and

(r'3 - r'z), and subtracted from the remaining differences,

The resultant experimental values of excess attenuation were expressed
in terms of an attenuation coefficient in dB per 1000 feet, They repre-
sented atmospheric attenuation in excess of atmospheric absorption and
spherical spreading, and are presumed to be due to scattering, refrac-
tion, diffraction and ground absorptlion, An example of one of these
spectral plots obtained from run number 75 along with an example of
values of excess attenuation is contained in Figure 25.

Correlation of "Excess! Attonuation With Atmospheric Parameters

Due to the inhomogeneour iature of the lower atmosphere, the nonlinear
variation of velocity and . mperature with height, and the prevailing
physical geometry comprising a source above a partially reflecting
plane, itis not expected that a simple power law will account for the
falloff of ""excess" sound attenuation with distance.

Instead, as shown below, it was determined that a practical, empirical
collapse of the attenuation data could be made as follows:

e For elevation anglas less than 2°, a linear regression law of
excess attenuation versus wind vector,

e For elevation angles between 2° and 10°, an empirical linear
decrease in excess loss frorn the value given by the linear re-

gression law above, to zmero at 10°,

Elevation Angles l.ess Than 2°

In the far fleld, at ono mile or greater from a source, and at an
altitude of less than 200 feet, the angle of incidence is about 2° or
less, Under thase circumastances, it was found that a simple power
law with distance from the source reasonably represented '"excess"
sound attenuation.

The most meaningful weather parameter with which to correlate
"excess' attenuation was wind vector, i.e., vpwind or downwind
propagation. Clearly, "excess'" attenuation bears a complex rela=~
tionship to many other factors. However, in a combat situation,
these factors are unlikely to be measurable, so evaluating the

64

T R R IR T e



T PR e

S g

ng

i

.

Lall

at

i
!
H
i
!
i

raca of Wind Vector Show
65

Extraction of Velocity

Typical T

Figure 26,

(Hay) peeds puim




"Bjeq] 9A®IDO~-£,/] POINSESIW WOIJ UOIBRUINY
Jraeydsounyy SS30K uo LJID0[3 A PULM JO J09IFH L7 2an3dt g
33 0001/{gPp) uontenuayy Siyoydsounyy s83dXF
£ Z

o Y

v Z 1
T — a1 4 Y 1 .\u T

_ . { ..

(€€ 9@and1 g woay} 2uT] 1°poNW - /
{128 jurod sTy; Ioj) swry 3L I-yseg - - -

LR 22 L

putmdn uoyofiodosg puncg
“~TIZH gy Aouenboiy

G1

JR e

(o908 [33) A3100T0 p pUIM

66

e dren o Yy

3
5
i
3
2

' . Iy
S e W




[ -2 N, R S T

— e e e e = e — i e T s o i e s

I - B T U S

*ejB{] BABIQ~-¢ /] PRANSTIP WOI J UO[ENUINY
srragydsounyy sS90X Ue AJID0je ) PULM 3O 1993Fd "9z o@andix

3 0001/{gp) wonyenuany ds1xagdsouny ssasxy

; ¥ W ¥ NAWF ¥

(¢¢ 2an81q woIy} sury [9peW
{328 jurod sIq} I03) Qury NA-iseg ---

‘go

67

e AT

(098 /33) £310019 A PUIM

| \ / §
/ puimdp; uoyobodoyy punog
7 0cz  fousnbazy —401
m



‘eje(J 9AB}OO-¢ \..— mvo.nﬂwd.v«& TEOX I UOHENUINY
srroydsounyy ssadXy uO AIIDOTRA PUIM JO 3997 *6Z @1y
37 0001 /{gP) uonrnuayy dliagdsowyy SsadXF .
] ¥ 3 Z 1 0
T I J T ! T L. AR B
{¢¢ 21813 woay) surT PPOW -
(399 jurod sr 103) SUTT ILI~33cH =~= . . -

41 Z

b=
~ 03

A

(=]

0

4 =

. =

=

-

h fed

. - P Mv\

/ puimdny uoyobodozg punog
T Aoverbaiy 01




S, T T e o e

eye(] FAR}OO=¢ /] peInseoy urcl1 g ﬂoﬁdnﬁvﬁ..ﬂ
a1z0udsown}y $S99XF UO AJI00T2A PUIM JO 1031  *0¢ 2Indrg
3 0007/ {gp) uorzenuany S11aydsouny 893Xy

S ¥ £ : O
T T 1 &l
.,” /

(¥ 91n31 g woaj) Jur] PPOW . B
(398 Jurod sTY} 103) ITUTY 118 - - - \ .

69

¢
o,
(ows/33) Aayooye A putp

g fownbay 01




*B2yJe(] PAEIPO-¢/T vonﬁhmus oIy UORenudsly
d1Ieydsouny $S90XH UO AJDOPA PUIM Jo 3597 °1¢ 2mIrg
¥ 0001/(gpP) woTIenNUaIPRy J1asydsouny sea>X7]

—t

{¢ 2131 wWoay) sury 9POW
(39s jurod s1q3 103) @ury JrF-3sog ~--

puimumoq uoypEndaig punog
TEGGz mebey T

e e rmm = o -t o= i s - iai - E o = p oo
—ER e b v D o =y Tt o T e it 2 s ) S

(098 /33) £319019 A PUIM

70




“ered 2AR}IO~¢ /1 POINSBOY TOIJ UOTIENUINY
srraydsouny SSooXE U0 AJIDOTPA PUIM JO 109pH "Z¢ 2andig
13 6001/{gp) uonznuany >11oqdsouny a3

01

] ¥ Z
| g 1 L M\ 1 L_q 1
(¢ @and1g woxj) o2ury [epoyN
{398 ju10od sTuy3 303) 2ury )1 g-3s°g ---
puIMumOG uoyobBodaid punog
IO ovenbeyy
R |

(o0 [33) 310010 A pUI M

e e e e mi——— e e = n

71

Yer oo vt '
T o T Tt P St eyt LS. T8 £ P SRR B 8 A 8 o

R L O PR

-

s iar




2.0

1.5
i
b
1.0
(3]
[ ]
3
R
.5
0

slope (A) vs, Frequancy (i)

I~

b [ A = 033 10851

G
W; D

5 100 2 5 1000 2 5 10, 000
Frequency in Hertz
Intercept (B) v#, Frequency (1)
®
|9
P P g
% [0) ~SIWBE . T
™ 23
D¢ 8+ g
T
g 1002 5 0 5 , 000
. Frequency in Heriz

Figure 33. Results of Regression Analysis on Excess
Atmospheric Absorption for Sound

Propagatior Upwind,
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magnitude of scatter due to their influence is considered to be the
only practical approach.

Wind vector was measured using a standard cup and vane anemo-
meter. Cups mounted rigidly on the tips of a metal cross cause the
entire assembly to rotate on an axis perpendicular to the plane of
the cross with a velocity proportional to wind velocity, ' Wind direc~
tion is given by a separate vane. The dynamic response of such an
anemomaeter provides an accuracy of about § percent, within a time
of approximately two seconds for a change in flow velocity of eight
feet pexr second. A typical pen recorder trace is given in Figure 26,

Even with this slow response, there was a substantial variation in
the graphic records of wind velocity, Under these conditions, it is
possible to extract at least three parameters to describe wind
velocity: gust or peak velocity, mean velocity, and lull or mini.
mum velocity. Better correlation was obtained between excess
sound attenuation and wind velocity measured at lull than with other
wind velocity parameters, so this parameter was used. It is oasily
obtainable from pen recorder traces as shown in Figure 26.

Values of excess atmospheric attenuation for selected 1/3~octave
frequency bands are plotted against wind lull velocity in Figures 27
through 32, In some instances, as many as three points on a plot
may originate from a particular run, while in some instances only
one point or perhaps none at all were obtainable from a run.

Figures 27 through 29 represent sound propagation in an upwind
direction for three typical 1/3-octave bands: 63 Hz, 250 Hz, and
500 Hz respectively, Figures 30 through 32 represent sound
propagation in a downwind direction for the same three 1/3-ovtave
bands. All approaches except six were made either from due
upwind or downwind; thus, there was insufficient data to present for
the crosswind case.

The data, of which examples were illustrated above, were subjected
to a double linear regression analysis treating upwind and downwind
propagation separately. The results are summarized in Figures 33
and 34, where the following linear regression parameters are given:

E = Au+ B
where

excess atmospheric absorption in dB/1000 ft,
wind velocity measured at lull in ft. /sec.

o
non
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and A and B are given by

A
B

.33 log £+ .099
~.23log £+ 1.6

{1 |

For sound propagation upwind and for sound propagation downwind,
A and B are

A
B

.06
.36

ion

It must be emphasized that these results are valid only for the
geometry outlined earlier.

Elevation Angles Greater Then 2°

For angles of incidence larger than 2°, it may be expected that
excess attenuation will be less than that derived above. It is
possible to develop this quantitatively only in a limited way, The
reason is that the requirement restricting comparison of sound
received at different points on the ground relative to the same
emisuion time means that angular dependence cannot be measured
unless acoustic data acquisition systems are in line with the source,
i,e., 6, = 02 = 0, in Figure 35, However, the acoustic data
acquiuil‘ion systemsu were not in line with the source, so in order to
develop a limited quantitative form for angular dependence, the
following assumptions were made:

l. For values of 0 of the order of 10°, no excess atmospheric
attenuation was present,

2, For values of 8 between 2° and 10°, no noticeable effect
due to nonuniformities in helicopter radiation pattern wasu
present.

Suppose, now, that the angle of incidence at a particular emission
time 18 10° as measured at station 2 during an approach at 1500 ft.
altitude from the east. Applying the firet of the above assumptions,
it is possible to estimate nolse radiated by the helicopter (at a
distance close to it) from the noise record obtained from station 2.
The second assumption implies that this 1s identical to the sound
radiated in the direction of atation 3, We may use this to estimate
the noise at station 3, applying inverse square law and atmospheric
absorption corrections as before, and comparc this with the mea-
sured nolse at station 3 relative to the vame emission time as the
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noise record for station 2. The difference is due to excess atmos-
pheric attenuation at an angle of 5.8° (Figure 35K),

There is a limited number of cases which may be used to derive
thic type of data.

No flights mado at 200 feet altitude or less may be used for these
measurements since the assumption of uniform radiation would be
violated. That is, slant ranges of approximately 1300 feet are
required to fulfill the requirement of 6 > 10°. At a speed of 100
knots, during a period of four seconds (averaging time for
1/3-octave spectra) the angle of incidence 8 changes to 18°, which
violates the assumption of uniform radiation.

Flights at an altitude of 1500 feet exceed an angle of incidence of 10°
at a slant range of about 8800 feet, This yields only three possible
combinations of distance and angle (21,000 ft, 4.1°; 28,000 ft, 3°;
and 15,000 ft, 5,8° (see Figure 35)) since values of slant rangn
pignificantly smaller than 8800 feet violate the assumption of
uniform radiation as before.

Values of excess atmospheric attenuation for angles of incidence
between 2° and 10° are functions of at least three variables, namely,
angle of incidence, slant range, and wind vector. As illustrated
above, even with simplifying assumptions, only three combinations
of angle and distunce on any flight at 1500 feet altitude were avail-
able for obtaining excess attenuation for angles of incidence between
2° and 10°. Three points are clearly insufficient to map a nonlinear
function of two variables.

An attompted solution was constructed as followa: A linear weight-
ing factor | for angles between 2° and 10° was assumed, to be
applied to the results of the regression analysis for angles less than
2° (Figure 306). That is, slant range dependence was assumed to be
an inverse power law as before, and the resultn of the regression
analysis for wind vector dependence were assumed to be applicable.

These assumptions were subsequently checked by comparing values
of excess attenuation for five cases with values obtained at the sarne
values of wind velocity, at angles less than 2°, The results of this
comparison are shovn in Figure 36, where it may be scen that the
linear weighting factor providens a reasonable approximation to the
limited experimental data.
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DETECTABILITY ANALYSIS

Data Reduction Procedures

Acnustic measuroments were made at three positions at the subject site
to facilitate the separation of heiicopter and ambient noise components.

Data analysis was performed initially on a Time Data, Model 1923,
Fourier analyzer programmed tu acquire data from the subject site
microphone (microphone 1 - Figure 12) on channe) '"A'" and one remote
microphone (microphone 2 or 3 -~ Figure 12) on a second channel "B' in
parallel, The following speciral functions were computed in realtime:
(1) power spectra of "A' and "B", (2) cross spectra of "A'" with "B",
and (3) coherence Tunction between "A" and "B, These were subse-
quently written on magnetic tape. During the transfer of the functions to
magnetic tape (less ‘han one secound), acquisition of data ceased but
resumed immediately after the transfer was comrleted. Except for this
interval, data analysis was coatinuous.

The program used for the majority of the data reduction employed a 512~
point Fourier transform with data sampled at a 4-kFz rate and with anti-
aliasing filters set to cut off above 1 kHu, giving 128 spectral poiats
between zero and 1 kHz or a spectral resoluticn of 7.81 Hz. Sixteen
ensemble averages, i.e., two seconds, were taken to give 32 spectral
degrees of freedom for the raw apectra,

Some portions of the data which did not reveal any significant response
above 500 Hz were repeated, ernploying the same size transform as
before but with data sampled at 2 kHz and antialiasing filters set to cut
off above 500 Hz, giving 128 spectral points below this frequency at a
spectral resolution of 3,91 Hz. The same number of ensemble averages
yielding the same nuraber of spectral degrees of freedom as before, but
a 4-second averaging time, were used.

Microphone calibration data were acyuired from the analog tapes for
channel "A' in precigely the same manner as tes. date and stored as the
first record on each digital magnetic tape. To ensure that cross-
spectral functions between the two channels were correctly evaluated,
the gain on channel "B'' was adjusted so that the channel "B" calibration
signal gave the same voltage level as the '""A'" calibration signal, so

the two microphones always had effectively identical gains.

Digital tapes containing the various spectral functions were reformatted
and a special-purpose subroutine was written so that they could be read
easily by a FORTRAN program in a general-purpose computer.
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i Computation Procedures

The program for analysis of test results in the general-purpose com-
puter was written to allow maximum flexibility, The busic procedure iw
as follows: ' -

', Extract calibration signal from first record on digital tape and
find root-mean-square vah e,

y 2. Read record number, types of spectral function, and destination
numbers of mnemory storage arrays from user card file,

3. Read specified functions for above record from digital tape;
calibrate and store in memory storage arrays as specified
above,

4, Repeat processes 2 and 3 until memory storage arrays are full,

g 5. Initiate computation by a flag in the user card file. A helicop-
*er noise spectrurn H(f) and ambient nolse spectrum A(f) for a
particular record numbsr (time) are extracted in as purea
form as possible by manipulation of the gpectral functions in
the memory storage arrays. In each spectrum there are i
values Hk{f) and .Ak(f) where k = 1 to n.

; 6. Convert both helicopter noise H(f), and ambient noise A(f)
3 power sq_ectra,l da;_\aitws expressed in dB/Hz to eritical band
levels H (f) and A (f) by evaluation of the following functicns:

n )
H(£,) = 10 log {Af > o e 15/10 xW(Z, - z.k)] (8)
. = -k -
1
n A(f )
A'f(f ) = 10 log, [Af h> klO! k+ 1910 wiz, , .- Zk"'} (9 - ;

where k = 1 to n, and the functions Z = Z(£, ) and W = W(Z
repregent subjective frequency (Bark) andlghe aural discrfm]ina—
tory filter shape respectively, They are defined in Figures 7
and 8, Note that in Figure 8 two poussible derivations are given
for Bark (Z) as a function of Hertz (f). Both derivations were
used for comnarison in the analysis of data.
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7

Apply Ollerhead's detectability criterion to the critical band

levels of helicopter and ambient noise. Values of the detect-
ability parameter "§, " greater than zero at any frequency £
should coincide with i&etecﬁon, where

t
T(£, ) (AT(£,) - 5.0)
¥no o £ /10

=i :
= H(f,) - 1,0 - 1,0 log,; {10 (10

and T(f, ) is the pure tone threshold at frequency f, in dB. For
these calculations, values of the pure tone threshc‘ﬁd shown in
Figure 37 were used. As indicated in the figure, a sixth-order
polynomial expression was used to approximate the data for
T(f) {rom References 3 and 38.

The detectability parameter 61: may be explai.nefl as follows.
By extensive psychoacoustic testing, Ollerhead™ showed that
helicopter sounds were detected when bk was greater than zero
or when ‘

8, = [H*(fk) + Ml - 1.0] >0 | (11)

where H*(fk) is given by equation (8) and

Tl no .

10

+
(A'(f, ) - 5)
k “°] (12)

M'(£,) = 10 log [10

is the efiective level of the masking spectrum at the critical
band frequency fk‘ This is simply the linear summation of the
mean square pure tone sound pressure at free-field threshold
with the mean nquare critical band sound pressure of any actual
ambient noise present reduced by 5 dB. Note that when the
critical band level of an actual masking noise is of the order of
15 dB or more above pure tone free-field threshold levels, the
influence of the latter will be negligible but that when the
critical band level of the ambient noise is near pure tone
threshold levels, the addition of the latter on an intensity baais
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is equivalent tu assuming that pure tone threshold levels repre-
sent an internal auditory system noise floor.

The principal difficulty in exercising the above procedure occurs in

Step 5, since it ias not readily possible to clearly separate helicopter and
ambient noise in & field experiment. Several procedures were tried,
and the following two appeared optimum for the two categories of
ambient noise environment:

1. Artificially generated noilse at subject site:

: : Power spectral densities of signals from the remote and sub-
& ject microphones (microphenes 2 and 1 respectively, in Figure
3 12) before the arrival of the helicopter were taken to represent
natural ambient and total ambient, respectively, Total ambient
b consists of natural ambient plus artificially generated ambient,
b The power spectral density of the remote microphone during

| the helicopter's approach, minus the natural ambient derived

A above, was taken to represent helicopter noise. The total

i ambient derived above was taken to represent ambient nolue,

This method assumes that neither natural nor artificial
ambients vary during the run. The process was found to yield a
noise floor for computations of ''§, ' down to below ~10 dB, forx
the combination of conditions encountered in tho field test.

T T

i , 2, Natural ambient noise at subject aif.e:

. The assumption was made that the natural ambient at the test

! site was comprised of noise originating both in the near field

a (e.g., ingect noise and most wind noise) and in the far field

(e. g, distant traffic noise). By taking the crcss spectrum of
the subject and remote microphones, the incoherent portion (or
noise generated in the near field of cach microphone) is oblit-
- eratad and only the coherent portions (or noisc generated in the
- . far field) are left.

ey

Thus, for measurements taken before the arrival of the heli-
copter, the power spectrum from the subjoct microphone rew
- presents the ambient noise, and the cross spectrum between

i subject and remote microphone signals represents a residual.

3 The cross spectrum boetween the two microphones during a
helicopter's approach minus this residual was assurned to

| represent helicopter nolse, This process, as with the one out-
[ lined before, assumes that neither the amblent nor the residual
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varies during the run. The noise floor of this process for
computations of "6k“ wag similar to that found in the previous
method.

Resulta

Three main correlatione using subject detection data were made, These
were in the form of:

1. Correlation of Detectability Parameter '"p" With Subject
Rerponses :

To illusirate the manner in which the detectability parameter
varies with subject response during a helicopter approach,
eight typical cases axre shown in Figures 38 through 45, Figure
38 represents a helicopter approach under natural ambient
cunditions, and the detectability parametsr ''4" was derived

i using the second method outlined above. Figures 39 through 45
s represent approaches under artificial amhbient noise conditions
' with ''§" being derived using the first method outlined above.

The plots in the Y-~Z plane show measured subject detection

) level in percent, evaluated using the first and more compre~

< henaive methodology described in the sectlon ""Subject Response
i Decoding'',

‘ At successive time intervals, plots in the X-Y plane show
L values of the detectability parameter versus frequency,

. Shaded areas in each of these indicate 5-dB bands of the detect-
ability parameter §. Higher values of b are associated with
darker shading.

|
|
'\t There are several interesting points L0 note concerning Figures
) 38 through 45:

i
) a. There is & clear correlation between measured subjact
) response and detectability parameter.

b, The detectability parameter does not increase uni-

formly with time; for example, in Figure 41 an early
o rise ir '"'&" above zero corresponds with a rise in sub-
: ject detection to 20%, but both fall substantially before
- rising again about 15 seconds later.




N T T e

i it e

|

¢. The region of partial detection is often spread over a
substantial time, with initial detections taking place at
lower frequencies and later detections corresponding
to emergent peaks in ''§" at higher frequencies. For
example, in Figure 42 initial detections occur at
250 Hz, while large emergent peaks at 500 Hz corres-
pond with a sudden increase in subject detection level
from 50% to 100%. A similar situation is evidenced in
Figure 43,

d. Detection usually takes place over a broad frequency
band (Figures 39-43) and is sometimes characterized
by several discrete peaks (Figures 44 and 45).

To assess the accuracy of the detectability criterion defined
above, according to the results measured in this full field test,
the following procedure was adopted. Subject detection levels
were broken down into five bands: 0-15%, 15-30%, 30-50%,
50=70%, and 70-100%. Peak values of the detectability param-
eter ''§'' falling within these bands were noted and were aver-
aged for each run. The mean values of ''§" (§) for each run
were then averaged over all runs and plotted against the aver-
age subject detection level in each of the five bands. The
regults are shown in Figure 46, with values of ""§' derived
using Greenwood's critical band function, and in Figure 47
based on Zwicker's critical band function,

In both cases 50% detection level occurs roughly at zero "&",
Although the difference between the results using Greenwood's
or Zwicker's functions is not significant, Greenwood's function
ylelded more low-frequency detection peaks, which wao perhaps
to be expected due to the narrower critical bandwidth at lower
frequencies of Greenwood's data (Figure 6), resulting in less
smoothing of discrete frequency helicopter rotational-noise
componenta. Note that in Figures 46 and 47 the subject detec~
tion levels, in percent, are plotted on a probability scale; and
to a first approximation, the data fell close to a straight line,
suggesting a normal distribution of measured subject response
versus theoretical detection level,

In summary, a principal result of this study may be drawn from
the coincidence of 50% subject detection level and zero "§'".
This confirms the results of Ollerhead's laboratory study that
for helicopter noise, & masking level 5 dB below the ambient
critical band spectrurn yields a realistic model for median
likelihood of detectability.
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Effect of Altitude on Detection Distances

In order to illustrate, from a different point of view, the effect
of decreased atmospheric attenuation at angles of incidence
greater than 2°, the results contained in Table 2 of this volume
and in Table 2 of Volume II were compiled. Here detaction
distances obtained from flights at less than 200 feet altitude are
compared with detection digtances from flighte by the same
alrcraft at an identical velocity but at an altitude of 1500 feet.
To minimize the effect of changing atmospheric parameters,
whether measured or unknown, this comparison was restricted
to flights close together in time. As an additional check, vari-
ations in measured atmospheric parameters between each pair
of flights are listed.

Detection distances were compared for each pair of suitable
flights at the following detection levels: 20%, 30%, and 50%.
The mean ratio of detection distance for flights at low altitude
{< 200 ft.) relative to the detection distance for flighte at
1500 feet was 0,68 1 0.22 as shown in Table 2.

That is, a helicopter approaching at an altitude of 1500 feet was
detectable at approximately 1.5 (on average) times the dis-
tance of a helicopter approaching at an altitude of less than

200 feet.

Rffect of Listener Attentiveness

The effect of listener attentiveness/digtraction on relative
detection distance was assessed in the following manner, As
summarized in Table 3, the detection distance obtained for each
flight at the 20%, 30%, and 50% detection levels for the distract-
ed group was divided by the distance as detected by the alert
group. Since each flight was repeated with only the relative
conditions of attentiveness interchanged, this quotient repre«
sents an independent statistically meaningful measure of the
effect of attentiveness on relative detection distance.

The mean value and standard deviation of the quotients for all
cases were 0.97 + 0,28, indicating that no significant effect of
attentivenesa on detection distance was observed in this study.

A cautionary note should be expressed regarding this result.
No matter how diligent the effort to otherwise occupy a
""distracted' subject, and no matter how highly motivated the
attentive group, throughout the course of several days and
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TABLE 2 - MIASURED EFFECT OF ALTITUDE ON RELATIVE DETECTION DISTANCE
Altituda § 200 ft | Altitude = 1500 ft Oifferences Elapased
% Dista Distance e I by 4
Dutection | o o :mn“ Run (‘ti Temp.f Rel. ol, | Betwean /0
Laval No. No. (©r) | Hum, [(Lul)]  Runs H
Dy di] ) | ) | (min)
20 13 20060 16 20750 0.97
30 13 18480 16 19960 -3 .9 | 1.46 3 0. 93
50 13 14520 16 19780 0,74
20 134 12410 16 20780 0,80
30 134 12140 16 19960 -3 9 4“5 23 0.6
50 13A 10560 16 19750 0. 484
20 17A 1980 16 20730 0,87
30 1A 13090 16 19960 0 0 6,63 [ 0. 66
50 174 12670 16 19750 0,64
20 20 6600 24 14680 0. 68
30 a0 8810 24 118560 1 2 1076 L 0. 49
50 .30 3960 24 10610 0,37
0 26 9240 0 15360 0,60
30 26 8030 30 14260 [ 2 | o 1+ 0. 56
50 26 7390 30 11280 ) 0. 54
20 32 8430 A 19430 0. 43
30 32 8240 36A 19430 -2 -4 | 2.2 28 0,42
50 3 7390 36A 16740 0,44
20 L1} 13200 42 18320 0,12
30 38 7920 42 16470 0 -1 014 21 0.48
50 3 ¢490 42 183520 0,42
20 19 9240 ) 16630 0,86
30 19 [13{] 21 16160 1 -1 |.o01s 10 0. 54
11 19 1340 21 13400 0,86
0 28 12140 21 17480 0. 69
30 s 9780 21 18840 1 1 0.3 13 0,63
80 2% 8530 21 14360 0. 60
20 L} 13040 EY) 26720 0,49
30 s\ 11670 I} 26240 0 0 |-0.73 12 .48
80 L} 11190 1} 43440 0. 80
20 1Y 19270 19 19170 1,00
30 13 17690 39 19170 2 -4 [-0.8 10 0. 92
50 't} 13620 39 149010 0,12
an H 1910 [l 19890 1,12
tu 2 21680 4 19430 ' 1 0.7 9 111
50 2 19010 4 1450 1,04
0 ) 24820 10 26930 0.92
10 8 22100 10 23020 -1 2 |-2,22 13 0.99
50 [ 20860 10 19170 1,09
<0 ) 12149 61 11380 1,06
10 ) 9500 o1 11040 0 1 [} 12 0.86
%0 1) $920 51 Liora 0. &9
a0 46 6440 47 §450 0.1
30 4% 5020 41 1760 0 0 2.2 ‘ 0. 6%
80 46 4540 41 1500 0. 61
20 52 3020 83 400 0.93
30 1} 330 ) 9240 0 [ L.41 5 0. 41
L 52 890 53 3980 0,40
€0 43 8810 44A 1390 0.1
30 4 5810 44A 660D 1 -1 1,6 12 0,88
80 4 5490 FrYy 5200 1. 04
10 49 3400 som se10 0. 63
30 4 2640 508 7660 0 0o |-3.63 36 0,38
50 &9 2320 308 6760 0, 3s
‘Mean [)]
Standard .
Daviation L H
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TABLE 3

TR g e T Tl

DETECTION DISTANCE

LA 4 bt AP

- EFFECT OF ALERTNESS ON RELATIVE

DETECTION DISTANCEg(ft) RELATIVE DISTANCE
Run Alert Group Distracted Group | Distracted CGiroup
No. Detection Levels | Detection Levels Attentive Group
20% ] 30% ] 50% | 20% | 30% ] 50% | 20% ] 30% | 50% |

2 22723 22441] 19058 19651 | 19058 18764 . 86 .85 .98

3 * 36432| 35376136432 3590435376

4 ol W% ok ¢ ok e dok

5 | 44753] 44370| 44188) 44935] 44753] 44753} 1.0 1.011] 1.01

6 |22371) 21994 20521)22558|21627/19590| 1.03 .98 . 95

7 " " * " " *

8 26400} 22176| 1953623760} 2323222176

9 43036 42295} 41851142735 42586 42446 991 1,01 ] 1.01
10 §24224| 22982 19656|24531119221]18927] 1.01 .84 ] 1.01
11 145936 | 43476| 42010] 41824 | 41644 41289 . 96 .98
12 21305 | 20781} 19709} 21305| 18634 16831] 1.00 . 80 . B5
13 20322 20009} 17933] 18412 16650 8983 9l , 83 . 50
13A 112570 ) 12396 12055] 10600 10105| 9747} .84 . 82 . 81
14 }20452) 20209} 19232] 19964 19964 {19719 .98 .99 | 1.03
16 |22176] 22176120064 18480 1795215840
17A | 15845 13845] 12365 19116 1306112708} 1.21 .94 | 1.03
18 |21718) 20984 19746} 21958 21958{21718] 1.01} 1.05 | 1.10
19 8803 8046] 7316] 9255] 9255] 9103] 1.05] 1.15 | 1.24
20 89761 7392| 5280] 6336 3696| 2640 _
21 12867| 12867| 12435 16543| 165431 16123] 1.29] 1.29 | 1.30
22 " * ax " * "
23 18495] 17289 15690 16413| 16233 | 15520 . 89 . 94 .99
24 14645| 12675 10560| 14806] 11668 115051 1.01 .92
25 136601 13378 11704] 8616| B616| 7926 .63 . 64 . 68
26 8448| 8448] 7920 7920 7392| 5808
27 * 15840 15840 ] 137287 14256 12672
28 9385| 9147 8684 7920| 7392 6864
29 21548 21548 | 20867 21548] 20702205291 1.00 . 96 . 98
30 16880| 16409 | 14356] 9157 9157 8710 .54 . 56 .61
31 133791 12923 | 11505 | 12302 1134910886 .92 . 88 .95
32 8542) 8235| 7321] 4235| 8235| 7321 .96 | 1,00 | 1.00
33 23765| 23463 | 22564 | 33751 22865| 22564 1. 42 .97 1 1.00
34 127071 12707 | 11416 11416] 10894] 8461 .90 . B6 V74
35 31043) 31043 30306 24960} 24960(23713 80 . B0 .18

#* No Radar Track

*¥ Other Aircraft in Vicinity
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TABLE 3 (continued)

DETECTION DISTANCES(ft}

RELATIVE DISTANCE]

Run Alert Group Distracted Group Distracted Group

No. Detection Levels Detection Levels Attentive Group
20% | 30% Y 50% ] 20% | 30% | 50% | 20% { 30% | 50%

36A | 22783|19302 | 17703) 19302] 16904 | 16427 CB51 .88 ] .93

37 16368{ 13200 13200] 19536 19008 | 17952 '

38 14631113253 6336] 10277] B043| 7487F 70| .61

39 1913819138 | 189901 200041 19138)18834] L. o3 | 1.0G | .99

40 96631 9663 ] 9415 9159] 8912 844! 951 .92 | .90

41 3074826030 ) 24941 25488} 24759 ) 24759 .83 951 .99

42 15768115634 | 15490 22109 | 19810} 15490} 1.40] 1.27 |1.00

43 6336) 58081 5280] 6336] 6336] 5808

44A | 11158] 5260] 5260) 7444 7339| 6864 .67 1,40

45 8401 8274 6336] 89851 8540] 8540] 1.07| 1.03

46 o864 | 4752 | 3696] 6336 4224 3696

47 8452 8452 7750| 7750 7492 7i00) .92| .89 | .92

48 8778| 8618 8288}10085] 8457 8457] 1.15 .98 {1 1.02

49 6864 | 0B64 | 2493 2751 | 2366 1710 . 69

50B | 1230811767 T7392] 0BO64] 6864| 6864

51 83851 7911 | 6336] 9862} 9862] 9182] 1.18 | 1,25

52 5520| 5106| 4402] 8964| 3430| 3290} 1.62 . 67 15

53 9189 | 8617 8471] 9647| 9327 9327] 1.05 | 1,08 10

54 15981113047 | 12872 8598) 8448| 8127] .54 .65 .63

55 101001 8875[ 3696] 6249| 6336] 4752] .62

56 16966 16061115376 13307} 12167 | 11701] .78 761 ,176

58 18644 | 180451174411 15675 15675 155321 . 84 .87 .89

59 9121| 8847 6864113887 13737]11980] 1.52 | 1,55

60 52801 4752 | (864 ] 8448| 8448 7392

61 10134 9997| 8768 11505111365 110911 1,14 | 1,14 | 1,26

62 13071 | 13071110664 1282712579 | 11870) .98 W96 | 1,11

63 24603} 2436623003 F 25853|25340|25340) 1.05 | 1.04 | 1. 10

64 17512 | 162491162491 149891372013 04| .86 | .84 | .81

65 * 26275]24401 " % 2 .97 1.13

65A 13760337603 137603) 37603136736 35886 1,00 .98 .95

66 32377] 28828269406 | 19440 ) 18825 | 18405} .60 | .65 . 68

67 18287 (18287} 18022 § 32789 16959 | 15885) 1. 79 .93 . 88

68 5359 | 5359 5667 ]17949] 9968 ] 9763] 3.35 | 1.86 | 1,72

69 32499 132499131149 } 36896 36627 31149) 114 | 1,13 | 1.00

70 6011 ] 6011} 5614] 7416} 7416 6011] 1,23 ) 1,23 ) 1,07
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i

1 TABLE 3 (continued) ;

| DETEC TION DISTANC ES(ft) RELATIVE DISTANCE ¢
Fi Run Alert Group Distracted a;oup jgtracted Group ;

g No, Detection Levels Detection Levels Attentive Group . 1
: 20% | 30% | 50% [ 20% | 30% ] 50% | 20% | 30% | 50% ]
M 71 37456 37194 36642) 37456 37194 36923] 1,00 | 1.00 | 1.01 : )
! 72 14256 | 13360| 12114 13360 12529] 11698 .94 .97

73 38078) 37662] 36390 38078] 37662 36390| 1.00 | 1.00 | 1,00
74 18152116513} 11749] 13002 11958] 11958] .72 72 ] 1.02 : 1
X 75 27173127173 24954 23841 23305] 19991| .88 .86 . 80

16 18609) 9537| 7096] 7503] 6494 5281f .40 .68 .74
7 34092 | 28858 25559 24774 24529 21805) .73 .85 .85 }
78 9318] 6081]| 5098] 5494 5494 5494] .59 .91 ¢ 1.08 ]
79 35746 ) 43143] 31435] 33168 32471 31262} .93 .75 199 s
B0 30624 30096) 30096 30624 30096 24816

8lA # * 24381] 23661] 21836] 20753 .85
82 230311 22847)21968) 13823| 13469} 13296 .60 . 59 .61
B3 33458 33294 32581] 33964 33794 33458f 1.02 | 1,02 | 1.03
B4 32930 32739] 32556 32373 32373] 32191] .98 .99 99
85 2166920964 19052} 22729 | 19052 18692] 1,05 91 .98

it o DTS

I

86 15483314596 137158 153057 15305 13715 991 1,05]11.00
87 24409 239921 22481] 275191 270964 22891 1.13 1.1311.02
88 21623120278] 20145) 30428 30166 22544] 1. 41 1,49 | 1.12
89 27133 249411 245951 29974) 29645 29308] 1.10} 1,19 | 1.19
90 M * * A * *

91 f21626]21276] 21276] 25789 21788 21276 1.19 | 1.02 | 1.00
92 J22435] 22435} 22253] 20115| 18862 18143] .90 .84 | .82
93 | 31680) 31680] 22825] 19164 | 18794 | 18062 .79
95 [32133]| 31967 29949] 34342| 19062 18538} 1.07] .60 | .62
96 f[22617] 22436 19258 1891718390 17877 .84 .82 | .93
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: : nearly 100 flights, it is probable that the true relative condi-
tions of attentiveness between the groups did not differ substan-
tially. A cursory examination of the quotients in the last
columns of Table 3 does not indicate any significant trend over
the course of the experiments.
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MODEL FOR HELICOPTER AURAL DETECTABILITY

DESCRIPTION OF MODEL

General Qutline

The computer model for helicopter aural detectability is designed essen-
tially as described in the preceding sections of this report. It is intend-
ed to he sufficiently flaxible in operation to allow the user a wide variety
of possible forms of input data.

The model requires, as input, a helicopter noise spectrum, meagured
while the helicopter is approaching toward the acoustic data acquisition
system in a flight profile as near as possible to that for which detect-
ability contours are required. It is permissible but not good practice to
predict contours at a different flight altitude but mandatory that airspeed
and operating conditions be closely representative of the required
approach profile, It is further recommended that the helicopter noise
be significantly above the ambhient noise where recordings are made,
i.e., greater than 10 dB at frequencies below 2,000 Hz, and that no
measurements be made at slant range distances less than 5,000 feet.
These requirements ensure that a reasonably clean stationary signal,
free from near-field effects, will be obtained.

The preferred method of spectral analysis for helicopter noise is to
employ a constant bandwidth not exceeding 15 Hz, although the model is
also designed to accoept 1/3-octave levels,

The program subtracts the measured ambient noise spectrum from the
measured helicopter noise spectrum and computes attenuation coef-
ficients using measured atmospheric conditions, Measured slant range
18 converted to time-retarded slant range from flight profile information,

The next parameters are a set of ""As Required' ambient nolse spectra
whose format of spectral analysis does not have to match the format of
the measured spectra, In addition, a set of "As Required' atmospheric
conditions should be specified whereupon the program computes attenua-
tion coefficients for these values and proceeds to perform detectability
calculations at 2,000-foot increments from 2, 000 to 60, 000 feet. Xor
improved resolution at shorter distances, calculations yay alternately
be performed at 200-foot increments from 200 to 6,000 feet,

Three detectability calculations are performed for each value of heli-
copter slant range in order to account for scatter. Uncertainty bands
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are allowed on both excess atmospheric attenuation and audibility to give
minimum, median, and maximum probable detection ranges.

The user may specify several levels of detail in intermediate outputs,
but & mandatury summary table is produced at the end of cach detect-
ability calculation, giving a readily decipherable display of distance
versus frequency of detection.

Form of Input Data Required

The first parameter is a level-of-detail output indicator giving the user
four poasible levels of output information. ‘The input data then divides
naturally into two parts; '"As Measured'' data and '""As Required' data.

The category of measured data begins with a spectral type indicator
denoting 1/3-octave levels or constant resolution power spectral analysis,
Two spectra follow: a measured helicopter noise spectrum (S,), and an
ambient noise spectrum (S,) measured in the same manner shortly
before the arrival of the he?licopter. In the case of 1/3-octave spectra,
levels are in dB per 1/3-octave for 16 Hz through 8 kHz, In the case of
constant resolution (Af) power spectra, levels are in dB per Hz for N1
points at intervals of Af.

Atmospheric and flight profile parameters describing conditions under
which the measured data were obtained are required in the following
form:

Air Temperature - Tm (°F)

Absolute Humidity - Hm (gm /m3)=:«

*Note: The Absolute Humidity may be obtained from Relative Humidity
by the following relation (Reference 39):

[23.8733 - (2939/T) - 4,922 LogyoT]

. 0
H(gm /m?) = 4 = . RH
(13)
where RH = Relative Humidity in %
T = Temperature in K
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Wind Velocity
Measured at Lull - u (fps)

Wind Direction

Relative to Flight Path

(Note: 0° - Implies Aircraft

Approach From Downwind) - Gm degrees

Terrain Parameter - P (smooth surface,
farmland with crops,
heavily wooded)

Aircraft Altitude - h__ (feet)
Aircraft Velocity - Vi (fps)
Aircraft Slant Range

at Measurement of S1 - L (feet)

In the category of "As Required'' data, it is necessary to specify one or
more sets of desired ambient noise spectra (S,) which are prefaced as
before with a spectral type indicator. Spectra may be input as described
above in the most convenient format, which may be different from the
format in which the helicopter noise spectrum was presented, Several
sets of ambient noise spectra to a maximum of ten may be used,

These are followed by one or more sets of “As Required' atmosapheric
and flight profile data, T _, H o U 0 o P o v., representing
parameters as described above. ix listenar ca’i:egoriaation parameter
denoting either an isolated individual or a group completes the input data.

Houpekeeping Procedures

It is first necessary to obtain a '"'correct" helicopter noise spectrum (S,')
by subtracting the ambient noise immediately before measurement:

Sl/IO SZ/]‘.O
8,' = 10 log (10 - 10 ) (14)

All subsequent integration and comparison procedures are performed at
the same constant spectral resolution so that if 1/3-octave spectrum
levels have been input, they are converted to equivalent constant
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bandwidth power spectra. This is carried out by a simple bandwidth
correction, If ambient noise spectra of constant bandwidth different
from the measured helicopter constant bandwidth spectruin are input,
they then are converted using this latter spectral format as a datum, by
linear interpolation.

Due to the fact that the real-time sound emission point is behind the air-

craft, a time-retarded measured slant range (r' ) is computed:
v 1 v2
1
m(rz_Az )—i+<rz_ m ,2 )z
c m m m cZ m
r' = (15)

The propagation and detectability analyses are evaluated in two logical
loops; the outer loop increments the successive sets of ''As Raquired'
ambient noise, atmospheric and flight profile paramaeters, while the
inner loop increments '"As Required'' helicopter slant »ange distances
(rt) in ster of 2000 feet atarting with a valus of 2000 feet.

The firat step within the inner loop is to compute the time-retarded "As
Required' slant range (' ) using the same relation given above, sub.
stituting subscript "'¢" for all subgcript "'m'''s

Fropagation Analysis

The helicopter noise spectrum at distance r_ at the same current set of
"As Required'' ambient noise, atmospheric and flight profile parameters
is computed for the k'th frequency (f, ) in three forms--a maximum (H )
& median (H ), and a minimum (H }=-by the following relations:

! N
”m) Y

r

1(llc) = S'l(k) + 20 log(

(16)

- 1563 {Llr(m * Gninl (k){
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r! r'
o i —t),
Hz(k) =8 2(k) + 20 log (r'r )"’ 1000 {le(k) + Lan(k)
(17)
r'
r
~ 1000 1L‘1r(k) - Lzr(k)}
(x=)
e my). . m
Ho(k) = 8, (k) + 20 log R )"’ 1000 {le(k) * qminLZm(k)
{18)

r
r
= 1000 ?Hr‘” + qmamLzr“"}

where L. (k) and Llr(k) represent atmospheric absorption coefficients
for "As Measured' and "As Required'' atmospheric parameters respec-
tively., These are evaluated from a functional reduction of curves of
atandard atmospheric attenuation as given in Reference 37. 1., (k) and
L, (k) represent the empirically derived values of excess atmoapheric
at%gnuation from this study due to refraction, diffraction, scattering out
of the turbulent region, and partial ground reflection for '""As Measured"
and "As Required" atmospheric parameters respectively, The method
of evaluation is as follows, First, attenuation for the case of sound
propagation upwind (El) is evaluated:

dB

By = (p U *+Bp W (moo ft )

m m
where for a smooth "As Measured' terrain (Pm= 1, aee Figure 33):

dB (st

A1 = ,0333 log fk + . 0994 (1000 m ) \“c )
dB

131 = -, 225 log fk+ 1.58 (1000 m )

hm
v = 1.0 for Arc Sin R <2’
m
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h h
¥ = -.125 Arc Sin (-;_Lf‘— ) + 1,25 for 2°<Arc Sin—- <10°
m m
v = 0 , for r' >10°
m

Then attenuation for the case of sound propagation downwind (E )is
evaluated:

E, = (©p UpntDp W (1000 £t)
m m

where for a smooth "As Measured" terrain (Pm= 1, See Figure 36):

. dB_\ /(. ft
¢, = 0.06 (1000 ) (aec)
dB
Dy = 0.36 ' (1000 ft)

A cosine interpolation is carried out for other angles of approach
relative to wind:

, dB
L m(k) =,5 (El' Ez) Cos em+ (E1+ Ez)} (—i'm) (19)

Similarly, L, is evaluated for the "As Required" case.

2r
No adequate data is available at present for any other than smooth
terrain, Thua, although the facility for propagation over other terrains
ig incorporated in the model, value. of P_ or P_ other than unity will
cause an "srror halt'" message to be outpiit.

The factors %9ma and 9, account for the standard deviations on
measurements o excess a’fmospheric attenuation. They are numerically
equal to approximately 1,15 and 0,85 respectively. These numerical
values are slightly smaller than measured standard deviations of excess
atmospheric attenuation since they have beon adjusted for estimated
errors arising due to experimental techuique.
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A Detectability Analysis

Correctly formatted helicopter and ambient noise spectra, defined as _’:':
power spectral densities and corrected for propagation to the current '

' "As Required" slant range, are converted to critical band levels by
* evaluation of the following functione: i &
13! | :
B i

3 ' ;H (£, , N /10 | ,
3 ! - ‘
i ; H J.(t‘k) 10 loglo [Afi ;-k 10 x W(Zk +i Zk)] (20) |
1 - tA(fk oy }/10 | :
A (£,) = 10 log,, E&f 2 10 x Wz, | .- zk)] (21) | 1

g

l . where the functions Z(f) and W (Zr 1. ) are defined in Figurel 6 and 7. I 3
i :- In the model, these relations are expreued in the following functional |

3 , forms: v i

18 ; !

P | 10 10 10 10 10 10 ;
- : § 3
: (225)  Z = 4. 671 + 22 3721 £ - 57027 £ 4 '1"“!’3“?' g2 . 1:333 33’; gty £e135 1585 £ | ]
3 i | 10 10 10 10 10 _
. ! | | .
! . : whexe Z is subjective frequency in Bark and { is frequency in Hz,

k. ! derived from Greenwood's published relation for critical bandwidth
X , (Reference 20), and B
1.
I-‘ i J - L Y .

| t 6.7 ge 103 (-1.3 Z__)2. 506 _ .li ]
L f (Z“liO) W =10 1
= | 1.2
k| 67l 144 20 _ | . ;
B | (Zrel‘o) W =10 : :.
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where W is the gpral discriminatory weighting characteristic derived
from Zwicker's = published data, in terms of relative subjective
{frequency in Bark. The integral of this function is nearly unity as
shown in Figure 7, '

the three helicopter spectra expressed in critical band levels each
associated with the current ""As Required'' ambient noise spectrum:

I

| |

..'

Ollerhead's detectability parameter § is then evaluated three times for
|

l

|

' | T(£;) /10 - A*(fk) - 5.0}/16
6j(fk) =H j (fk) - 1.0~ 10 1°glo 10 +10
forj=1, 2, 3

where T(f,), the pure tone threshold in dB, at frequency f is given as in
% Figure 37 by the relations F = Lcagmfk and,

[EPORE GF UVNE S R S S

3 4 6

3 T = 273,4 - 584, IF + 860, 4F - 690, 0F + 283, 4F% - 56, 9F° + 4. 44F

A ‘ Evaluation of the 4.'s now depends on the listener categorization param-
g eter. The results ‘derived in the field test and presented in Figures 46
= and 47 represent the responses of isclated individuals, Thus, for this

' case, it is reasonable to adopt a confidence band of plus or minus one

| standard deviation. That is, from Figure 46 for values of § in the range
=3 dB to +3 dB, 66.6% of a randon sample of listeners would indicate
positive detection. Thus, for the case of an individual listener, the
maximum detection distance will be given when any §.(f. ) % -3 dB, the
median detection distance when any 3 (£ ) % 0 dB, and the minimum
detection distance when any 63(fk) = 32

For a group of listeners, the situation is clearly different, due to a real
range of hearing aculty, Thus, those with more acute hearing will :
communicate with others, and an earlier detection will bo made than by
an isolated individual, From Figure 46, based on the assumption that
detection by the first 20% will alert the entire group, maximum detection
distance will be given when any § (fk) £ -4 dB; the medium detection
distance, when any 62(£k) » -2 dH.
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Form of Output

Four posaible levels of output detail have been allowed, yielding the
following:

Level 0: The following input data will be printed for identifica-
tion and verification:

All titles - i

""As Measured'' and "As Required" atmospheric and , \‘ .3
flight profile parameters

o e S T e il s il e o hat

Results of the detectuability analysis will be summar-
ized in the form shown in Table 4, where the abscissa !
is a distance axis in increments of 2, 000 feet, and the
ordinate represents frequency bands where detection
occurs,

TR e T ST I T

Detectability is indicated by a "D! for certain
detection, with the band of likely detection given by
3 dots with the median probable detection distance

: indicated by an "'X",

Level 1: Output as in Level 0, plus,

verification.

Level 2: Output as in Level 1, plus, }

ot e T i . Ko Sk, S A . S 1 e Sl skl O il

Reformatted 'npectra, critical band spectra levels, and
tables of values of the detectability parameter.

Level 3: Output as in Level 2, plus,

e it ek B

I Tables of propagation decrements for "As Measured"
| and "As Reguired' conditions, as well as a table of
pure tone thresholds. )

F

|

. Helicopter and ambient noige spectra as input for
L )

{

!

:

f

!

:

|

§

[

)

o The latter two levels of output generate large gquantities of line printer ' 3
paper and should be used only when required.
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E’ TABLE 4 - SUMMARY OF DETECTABILITY ANALYSIS

'1 PROBAEILITY OF DETECTION FROM: |
H 68% to 100% = D
' - . 50% to 68% = 4+ 5
| | ABOUT 50% = X !

32% to 50%

u
1

BLANK

"

! 0 to 32%

r - RANGE IN THOUSAND FEET
g , FREQ ?
, (Hz,) 2| af 6|8 10| 12{1a]16] 18} 20] 22| 24 '
L o- solp|D|D|D|Xx | - |
[ 50- wol p[pD|D|{D|D | + | x| - ‘
E‘ 100- 150 p|D|D|D|D | D | X{- .
: 150- 250y b | DD DD | D | X[ - i
f 250- 350 D|D|D|D|D D + I x -

“ 350- 500 | D [ D} D |D | D D + | X - !
E 500- 700 [ D | D|D|D|D | D | + |X

j 700-1000 | D | DD D |D | D | + |x

E;- ! : 1000-1500 | D | D| D |D | D D X | -

E ; 1500-2000 | D | DD |D |D | X | - |
E \ 2000-3000 |
- 3000-5000

4
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COMPARISON OF MODEL WITH EXPERIMENTAL DATA

Tests Using '"Same Run'' Acoustic Data

In order to carry out a preliminary aseessment of the accuracy of the
basic model, helicopter and ambient noise 1/3-octave spectra were
obtained for each of the 96 flights. It was not always possible to obtain
natural ambient noise on the acoustic measurement system before the
arrival of the helicopter, so the attempt was made always to select
helicopter noise spectra significantly above the ambient,

Each pair of measured spectra was then applied, together with measured
atmospheric and flight profile data, to predict individual detection
distances for the same flight from which the data was taken. These
predictions were evaluated only for the median detection distance and
were correlated with measured detection distances at the 10%, 20%, 30%,
and 50% detection levels. These correlations are shown in Figures 48
through 51,

This procedure provides an accuracy check of the model under a wide
variety of ambient noise, atmospheric and flight profile parameters
without confusing the comparison by using the additional facility of
translating from one set of atmospheric and flight profile parameters to
another.

Best correlation occurs at the 20% detection level, whereas from
Figure 46, an optimum correlation would be expected at the 50% level,
This ie probably due to error incurred initially by not subtracting
natural ambient noise from measured helicopter spectra, resulting in an
overestimate of helicopter noise.

The correlation between measured and predicted values shows a sur-
prisingly small degree of scatter.

Tests Using "Same Flight Profile' Agoustic Data

A comprehensive test of the accuracy of the model was carried out by
extracting helicopter acoustic data from a single fligut for each of the
three aircraft and associated three flight profiles and using it to evaluate
theoretical detection distances for all other flights of the same aircraft
at the same flight profile but under different atrnospheric conditions.

For this set of calculations, a mixture of 1/3-octave and constant band-
width spectra was used.
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Figure 48, Comparison of Median Estimated and Mezaured

Detection Distances for 10% Measured
Detaction Level (From 1/3.QOctave Acoustic,
Spectra Measured on Same Flight).
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Measurad Detection Distance (x 1000 ft)

Comparison of Median Estimated and Measured

Detection Distances for 20% Measured
Detection Level (From 1/3.0Qctave Acoustic
Spectra Measured on Same Flight).
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Figure 51,

L

Measured Detection Distance (x 1000 ft)

Comparison of Median Estirnated and Measured
Detection Distances for 50% Measured
Detection Level (From 1/3.0ctave Acoustic
Spectra Measured on Same Flight),
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As before, theorstical and measured detection distances were correlated,
and the results are shown in Figures 52 through 55.
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Measured Detection Distance (x 1000 ft)

Comparison of Estimated and Measured Detection
Distances for 10% Measured Datection Level.
Estimated Distancea From Acoustic Data Measured
for "Same Flight Profile',
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CONCLUSIONS AND RECOMMENDATIONS

The study described in this report is based on pragmatic empiriciam and
should be regarded as a practical engineering, rather than a scientific,
study. Nevertheless, it is expected that the computer model which was
developed from the results of the field experiment should provide satis-
factory estimates of detection distances for hel.copters not differing
significantly in noise characteristics {rom those in the experiment, and
travelling over similar terrain.

Within these qualifications there are significant improvements over the
model developed by Ollerhead:

1. Addition of a statistical distribution tc Ollerhead's detectability
eriterion.

2. Quantization of a ''group' or "individual listener!' parameter,

3. Introduction »f a new procedure for simulating aural frequency
decomposition of sound,

4. Tormulation of an empirical model for atmospheric attenuation
of sound in the lower atmosphere over long distances,

Additionally, the experiment confirmed Ollerhead's detectability
criterion as a median value for individual response.

The following quasi~deterministic effects have been included to increase
accuracy and convenience of the model:

1. Time-retarded distances.

2, Corrections from measured to required flight profile and
atmospheric parameters.,

3. Spectral format conversion.

The facility for incorporating data for more heavily vegetated terrains
than those encountered in the experiment has been provided in the model,
but no reliable data are available as yet for such conditions.
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In terms of practical interpretation, the results of the experiment
clearly indicated the following:

1.

2,

3.

4.

A helicopter approaching at high altitude (2 1500 feet) was
detected substantially (about 50%) farther away than one
approaching at low altitude (= 200 feet).

A helicoﬁter approaching from downwind is substantially less
detectable than one approaching from upwind even if there is
low prevailing wind.

Helicopter noise is apparently sufficiently distinctive that
unprepared or inattentive listeners appear to detect the sound,
on an average, as early as alerted \isteners.

In quiet ambient noise conditions, it is to be expected that
noisier helicopters may be detected at distances in excess of
eight miles,

The spread in distance over which the helicopter is partially
detectable may be large or small. This spread does not seem
to be sensibly expressible as a function of helicopter ¢lant
range but does seem to be dependent on atmospheric parametors
and flight profile.

Areas for further work, In descending order of importance, include:

1.

2.

3.

A theoretical study of sound propagation in lower atmosphere
should be carried out using & realistic atmospheric model, and
applying known physical principles to determine relative mag-
nitude of the major effects.

An experimental study of sound propagation in lower atmos-
phere over a well instrumented course for several categories of
terrain and meteorological conditions should follow or be
asgsociated with the theoretical study.

In the area of detectability, a computer simulation of human
perception of complex sounds supported by small-scale labora-
tory experiments would not only increase the accuracy of the
model, but would also create an entirely analytical tool for
application to other aural detection problems.

The attempt was made in the introductory sections to illustrate the full
complexity of the phenomenon of helicopter aural detectability, As was
clear from even an initial consideration of the problem, there is scope
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LIST OF SYMBOLS AND ABBREVIATIONS

A (f) ambient noise spectrum

A (f) ambient noise spectrum - critical band levels
c . velocity of sound, fpas

dB ' decibel

E ‘ excess atmospheric attenuation

f frequency

h height, aititude, ft

H (f) helicopter nolse spectrum

H‘r (f) helicopter noise spectrum - critical band levels
H_ Hr humidity (measured, required), gm/m3

i, j) k indices

ips inches per second

I_.1 atmospheric attenuation coefficient

for molecular absorption, and heat
conduction losses

L, ' atmospheric attenuation coefficient due
to refraction, diffraction, scatteriug,
and ground absorption

mic microphone

n index

NOE nap of the earth (variable altitude
flight close to earth's surface ag

\ obatacles permit)
\

IWN ssure amplitude

Pm, Pr terraiﬁ\giameter (measured, required)
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PSD power speciral density

—

] ; .
= | 9 nax’ Smin factors on excess atmoapheric attenvation

-3 RH relative humidity, percent :
1 ‘ r radial distance from source, slant range, ft

| . * ot slant range {(measured, required), ft ,
I:, ' r' time-retarded distance from source i

' } i S, S, S, spectra for input to aural detectability model

SLM sound level meter ‘ :

: ‘ ‘ SPL sound pressure level z

1 l t time, sec 1

; T integration time, sec '
‘; T . T, temperature (measured, required), ‘¥ 1

. 'l T (f) pure tone threshold |
: u o .y wind velocity, (measured, required), fps !

; U free stream wind velocity, fps ‘

i Vi Vo VL aircraft velocity, (measured, required), fps '
'? '. w aural discriminatory characteristic ,
" \ x Cartesian coordinates ‘ 17

y Cartesian coordinates '

' Z subjective frequency parameter (Bark) .'
-‘_' 8 Ollerhead's detectability paramaeter : ‘,
Ho boundary layer displacement thickness, ft
A spherical spreading loss | .Ij
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e

spectral resolution, filter bandwidth, Hz
angle of incidence, deg
standard deviation

weighting factor applied to linearized
excess attenuation
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